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Preface

Each of the chapters in this book is based on a lecture given at the eighth ‘Infection and Immunity
in Children’ (IIC) course held at the end of June 2010 at Keble College, Oxford. Thus, it is the
eighth book in a series, which collectively provide succinct and readable updates on just about every
aspect of the discipline of Paediatric Infectious Diseases.

The ninth course in 2011 has another exciting programme delivered by renowned top-class
speakers, and a further edition of this book will duly follow.

The clinical discipline of Paediatric Infectious Diseases continues to grow and flourish in
Europe. The University of Oxford Diploma Course in Paediatric Infectious Diseases, started in
2008, is now well established with a large number of trainees enrolled from all parts of Europe. The
Oxford IIC course, as well as other European Society for Paediatric Infectious Diseases (ESPID)-
sponsored educational activities, is an integral part of this course.

We hope this book will provide a further useful contribution to the materials available to trainees
and practitioners in this important and rapidly developing field.

Melbourne, Australia Nigel Curtis
Bristol, UK Adam Finn
Oxford, UK Andrew J. Pollard
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Our Time of Pestilence: Purchasing Immunity
and Ignoring the Misery of Others

Philip Alcabes

1 Prisoners of Life

In 1593, Thomas Nashe’s poem “In Time of Pestilence” admonished the wealthy not to trust in their
riches [1]:

Gold cannot buy you health;
Physic himself must fade;

All things to end are made;
The plague full swift goes by;
I am sick, I must die.

The Royal College of Physicians had already been in place for 75 years at that point. Physicians
were making strides in identifying and differentiating plague from poxes and other maladies. But it
was true that doctors—*“physics,” Nashe called them—were of little help, even for the wealthy.

How different today. The physic no longer fades. Residents of so-called developed countries
believe that, as much as each of us must die, we must not die too soon. Gold can buy health, at least
here in the wealthy world.

Median life expectancy is long in the affluent world today: over 82 years in Japan and Singapore,
81 in France and Canada, 80 in New Zealand and Spain (79 in the European Union generally) [2].
Even amid the capitalist muddle of American healthcare, half of U.S. residents live past age 78.
Twenty percent or more of the babies born in the developed world in 2010 will still be alive at the
start of the twenty-first century. We have used our wealth well, it could be said, using it for
wellness.

But we pay a moral price. We remain “prisoners of life,” as the eastern European writer Joseph
Roth once put it: the implacable unpredictability of the universe is everyone’s lot. The affluent are
prisoners no less so than are the poor.

We who can buy our health and longevity easily imagine we can escape all harms. Striving to
preserve the increasingly protracted future to which the public feels entitled, health authorities in
affluent countries are expected to foresee the coming plague, the pandemic in waiting. The U.S.
government awarded a contract to a private firm in 2006 for USD 363 million for development of
multi-type botulinum antitoxin, for instance (there are only about 100 botulism cases per year in the
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2 P. Alcabes

U.S., almost all of them caused by just two of the seven possible botulinum neurotoxin types [3],
but the need for antitoxin against all seven types was rationalized on the basis of future risk of
bioterror events). The botulism contract of 2006 was dwarfed by the USD 5.6 billion spent that year
for “pandemic influenza preparedness”—this was at the time of fears about HSN1 avian flu, which
had killed about 200 people worldwide although none in the U.S. [4]. One American health official
estimated that between 7% and 8% of U.S. health expenditures went for emergency preparedness
that year [5]—even though the vast majority of fatalities are caused by non-emergent conditions like
smoking, common infections, and so forth. And the expenditure has increased since then.
Emergency preparedness isn’t the only preoccupation. The affluent also seek to stem the forecast
tide of dire consequences of the epidemics of modernity. Obesity keeps increasing, threatening to
“reduce quality of life and increase the risk for many serious chronic diseases and premature death,”
according to the U.S. Centers for Disease Control and Prevention [6]. The World Health Organization,
lumping overweight with obesity and pointing out that two-thirds of adult men in the U.K. and other
parts of northern Europe fall into this category, emphasizes that obesity is a malaise of modernity [7]:
Obesity and overweight pose a major risk for serious diet-related chronic diseases, including type 2 diabetes,

cardiovascular disease, hypertension and stroke, and certain forms of cancer... The rising epidemic reflects
the profound changes in society and in behavioural patterns of communities over recent decades.

Note the recurrent appeal to risk. Preventing the ever-more-distant and ever-less-predictable
future calamity means that risk becomes the grammar for our conversation about health. Meanwhile,
our sense that freedom from epidemic threats is our due deafens us to others’ misery.

2 Purchasing Health

In Thomas Nashe’s day, English life expectancy was between 35 and 39 years [8]. Rates of infant and
childhood mortality were well over 10%, and a man who reached age 30 had only even odds of living
to 60. Many died of plague in plague years, so affecting to Nashe. But they died of consumption, spot-
ted fevers, poxes great and small, purples, apoplexy, consumption, or a host of other conditions—some
no longer part of our lexicon—in non-plague years. Horribly often, women died in childbirth.

Even in the early 1800s, even in the world’s wealthiest places, death in childhood or by child-
bearing was common. One out of every four infants born in New York City died before its first
birthday then, and only half of those Americans who survived childhood and adolescence lived past
the age of 50 in 1810 [9].

Changes in social structure and expanded choices for women and laborers made life in the
wealthy world longer and healthier by the twentieth century. Sanitarianism, primarily in the form of
urban sewerage systems and clean-water supplies, had put paid to cholera outbreaks. Housing
reform, along with improved nutrition, had begun to limit the spread of contagion. The workplace
safety movement was reducing injury rates. Perhaps most important of all, affording women better
control over their reproductive cycles was leading to reduced family size, lowering both infant and
maternal mortality rates, and providing fewer opportunities for infectious foci to extend into severe
outbreaks. Death began to seem escapable to the middle classes.

It was social reform that generated the healthful transformation of modern life, but consumerism
was given credit for it. From roughly 1900 onward, buying the ingredients of the more salubrious
life and the delayed death seemed increasingly possible. Products were available for this: disinfec-
tants and deodorants, foods that had been inspected for purity, sanitary facilities, pasteurized milk
[10]. In 1905, the director of New York City’s Bureau of Laboratories, Herman Biggs, asserted that
health could be purchased. “Within natural limitations, a community can determine its own death
rate,” Biggs said [11].
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Today, we are followers of Biggs. Our credo is that we can purchase our immunity. We can buy
longevity, and we do. Advanced life expectancy is the hallmark of the wealthy country today.

Everywhere else, the poor die in droves. They die of the chronic effects of malaria, schistosomia-
sis, onchocerciasis, filariasis, trypanosomiasis, or AIDS. They die during war or of hunger. They die
in disasters. In the poorest parts of the world, half the population is dead by the age of 40—just as
in England in Nashe’s day.

Today’s health conversation in the affluent world is wrapped up self-indulgently in the protracted
future. The talk is of soda taxes, secondhand smoke, and obesity, of vaccines and autism, of diet and
databases to track diabetes control, of preparedness. While everywhere else, people die badly. Focused
on threats to the longevity to which we are now entitled, we manage to avoid, as Susan Sontag put it,
“reflect[ing] on how our privileges ... may ... be linked to their suffering, as the wealth of some may
imply the destitution of others” [12]. By speaking of the contemporary world only in the language of
risk to our health, we allow ourselves to live with, and generally ignore, this fact: We of the affluent
nations are party to depriving the rest of the world, the dollar-a-day world, of health and longevity.

3 The Deceptive Language of Risk

When we talk about epidemics, we are talking the language of risk, not of health. Specifically, not
of humane health—the health of humankind. Those who do not have the gold for the risk-free life
do not die in epidemics: the term “epidemic” is not accorded to the agents that kill the poor en
masse. As the textbooks on public health or tropical medicine adumbrate, the diseases that scourge
the have-nots (malaria, et cetera) are considered to be endemic problems in the so-called developing
world. “Epidemic” means “meaningful to us”; “endemic” means “sorry, not our problem.”

For us in the affluent world, and especially our kids, today’s epidemics are of obesity, autism,
attention-deficit/hyperactivity disorder, eating disorders, and binge drinking. We have, famously
and controversially, experienced a pandemic of HIN1 flu. These are not cut of the same cloth as the
pestilence of Nashe’s day. No, we call these “epidemics” because they capture meaning and reflect
it back—to a society always eager to see a glimpse of what, we hope, is our true self.

3.1 The Obesity Epidemic

Obesity seems meaningful. To some people, it bespeaks hypertrophy, overindulgence, and a loss of
a sense of proportion—the defects of excess allegedly inevitable in a consumer society. It seems to
others to point up a putative toxicity to modern life—a noxious, or at least unhealthy, “food environ-
ment” that is supposedly of a piece with oil spills and coal-fired smogs in the natural
environment.

To still others obesity has a moral tone: it represents bad parenting. To attend to epidemic obesity
is to utter the contemporary version of the timeless complaint that this generation’s moms and dads
just don’t enforce moral codes the way earlier ones did. It’s as if fat children were evidence of indi-
vidual parents’ moral turpitude. A great proportion of children are now born to unmarried mothers:
44% of all births in the U.K. in 2006 [13], about half of all births in France, 55% in Sweden [14],
for instance. It’s as if that were evidence of a deep moral failure in our civilization, of which ram-
pant obesity were the inescapable resultant and catastrophe the impending final outcome.

The terms the health profession uses to speak of the epidemic of childhood obesity implicate our
own childrearing. The language of risk raises a warning finger at how we moderns create, conduct, and
end our marriages. It laments the decline of home cooking, the rise of restaurant meals, snack meals,
solitary meals, or on-the-go meals. Anxieties about the culture are shaped into epidemic fears.
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For instance, a Stanford University researcher told the Washington Post a couple of years ago that
“we have taught our children how to kill themselves” [15]. In 2002, Dr. Howard Stoate, then chair
of the All-Parliamentary Group on Primary Care and Public Health, referred to childhood obesity
as a “time bomb” [16]. The American Public Health Association calls obesity “the biggest problem
facing children today” [17]—as if American kids’ fat future were more dire than the mere misfor-
tune of children in the world’s poor nations. Those children in the teeming slums of Lagos or Lahore
might be filthy, hungry, disease-ridden, orphaned, or all of those—but they aren’t fat.

It is true that obesity can lead to medical problems [18-20], and is said to be responsible for both
early death [21-25] and, not incidentally, low self-esteem and poor school performance [26].

But the chances of dying from the effects of obesity are slim enough that the great majority of
people who are considered obese by current standards—BMI above 30, that is—will suffer no
shortening of life because of it.

In the U.S., famous now for fatness, 112,000 deaths in the year 2000 could be attributed to obe-
sity (BMI>30) [25], amounting to roughly 5% of all U.S. deaths. A large-population epidemiologic
study cannot rule out contributing causes of death of all sorts, so the true number of obesity-
provoked deaths might be smaller. But accept the 5% figure for the sake of argument. According to
the CDC, obesity prevalence among U.S. adults is far higher now even than in the 1990s [6], stood
at 26.6% overall in 2007 [27], and is now above 20% in every U.S. state except Colorado [28]. Some
prevalence-incidence bias must be considered, since deaths in year 2000 were incident events
among a virtual cohort of earlier years’ obese. Therefore, compare the proportionate mortality of
5% to earlier estimates of obesity prevalence, roughly 20%. Even with this correction, three quarters
of obese people died of disorders unrelated to their fatness. With increasing obesity prevalence, the
proportion of obese people whose death is not attributable to obesity is certainly even greater now.
Almost all excess deaths attributed to obesity in the U.S. occur among people in their 60s
(after age 69 obesity has no impact on mortality rates) [25] and American obesity mortality is
accounted for largely by incomplete management of diabetes and/or hypertension [29, 30], two of
the main adverse accompaniments of high BMI. Some, and possibly a great many, of the deaths
blamed on excess body mass might equally plausibly be attributed to America’s porous health-care net.

With obesity, in other words, it is risk itself that is epidemic. Some health professionals have begun
to talk about obesity as a kind of contagion. In 2005 the CDC sent one of its epidemic intelligence
teams to study an “outbreak” of obesity in West Virginia, as if it were cryptosporidiosis or dengue
fever [31]. A 2007 article in the New England Journal of Medicine reported research findings showing
that obesity can “spread through social networks” [32]. Fat people, in other words, make their friends
fat. As Freud observed, when spirits and demons are believed to animate all living things, “these souls
which live in human beings can leave their habitations and migrate into other human beings” [33].
Freud was referring to the beliefs of primitive peoples; evidently, contemporary health researchers’
thinking is not as far removed from that of the ancients as we are prone to think.

Obesity would not be epidemic were it not for the availability of things you can purchase to fight
it. The responsible citizen is supposed to buy the low-fat foods, the fitness-center membership, and the
diet books, send her kids to fat camp, take tennis lessons. The anti-obesity crusade is a sales campaign
for a multi-billion dollar industry [34]. Both mirroring our anxieties and affording a rationale for
increasing corporate profits is a combination that defines an epidemic in the wealthy world today.

3.2 Influenza and Pandemic Risk

Unlike obesity—or autism, ADHD, eating disorders, or any of the other popular epidemics of the
affluent—influenza really does spread from person to person and can be directly responsible for
substantial mortality. But is that what makes a flu pandemic worthy of so vigorous a response as in
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2009, and why governments of rich countries spent so much money on it? No. The reason for that
was the same combination as for other so-called epidemic threats: the mirroring of contemporary
anxieties in tandem with expanding markets for products.

The U.S. Centers for Disease Control and Prevention lumps all sorts of respiratory infections
together, along with pneumonitides and other influenza sequelae, so as to claim that 36,000
Americans die from “flu” each year—probably several times higher than the true number of deaths
directly caused by influenza [35, 36]. Would anyone claim that this overemphasis on flu as a cause
of death has nothing to do with the availability of vaccines and antivirals against flu—in contrast to
the paucity of products for responding to other respiratory viruses, respiratory syncytial virus, and
so forth?

Officials have issued dire forecasts about the possibilities for widespread human mortality in a
flu pandemic—even though flu outbreaks with pandemic strains, apart from the outlier of 1918,
have all been relatively mild. Flu seems to bring out the Cassandra in public health professionals,
whereas the far higher tolls taken by malaria, TB, diarrhea, or AIDS don’t. In part, that contrast has
something to do with the sense that flu seems like a problem of the developed world—one can catch
flu in the office, riding the commuter train, or at the shopping mall, whereas the diseases that are
the misfortunes of villagers in Bangladesh, Burundi, or Bolivia, however much more baleful their
toll, seem to speak not of modernity but of dirty water, mosquitoes, and shanty towns.

But much of the contrast between the flu response on the one side and the relative nonresponse
to diarrhea and TB on the other has to do with the urgency with which officials press for product-
heavy responses. Officials overstate problems for which the corporate world has solutions, and
understate the ones that don’t expand markets.

Thus health authorities responded with alacrity to their own allegations that there would be an
onslaught of flu in 2009—while giving short shrift to worse threats. In the U.S., federal funds to
combat methicillin-resistant S. aureus (MRSA) and other hospital-acquired infections, which kill
roughly 100,000 Americans each year [37], amounted to USD 17 million in 2009 (the amount was
increased to USD 34 million in 2010) [38]. By contrast, the U.S. government allocated USD 6.1
billion from 2006 to 2009—oprior to the outbreak of HIN1 flu, that is—for influenza pandemic
“preparedness”; an additional USD 4.86 billion was allocated during the 2009 HIN1 outbreak [39].
Even though the 2009 HINI1 flu, even in the worst-case scenario, would have led to fewer deaths
than the normal, year-in-and-year-out, hospital-acquired infection mortality. In fact, even by the
CDC’s inflated flu calculations, HIN1 flu killed half as many Americans as did MRSA alone.

Among the funds moved in the context of the HIN1 flu outbreak, the U.S. government trans-
ferred USD 2 billion from public coffers directly to private vaccine manufacturers, in recompense
for 250 doses of vaccine, sufficient for almost all Americans [40]. It is a reminder of the intimacy
with which the “not our problem” sensibility colludes with bolstering markets, to discover that the
funding donated by U.S. agencies to the millions of citizens of Haiti in response to the January 2010
earthquake, about USD 800 million [41], amounted to half the sum that America donated to seven
pharmaceutical companies for flu vaccine.

Perhaps everyone expects the corporate-friendly U.S. to seize on rumors of epidemic threat as an
excuse to shift public monies into private hands. But it is not an American phenomenon alone.
France appropriated 869 million euros to buy vaccine, Germany transferred 500 million euros for
the same purpose, Canada paid 400 million Canadian dollars, and the U.K. spent hundreds of mil-
lions of pounds (exactly how much has been strictly secret) [42-44]. Collectively, taxpayers in
wealthy countries subsidized a major part of a global vaccine market now estimated at well over
USD 20 billion [45]. Ratepayers’ tax monies become pharmaceutical company profits.

I have no argument with private companies manufacturing pharmaceutical products. Nor do I
allege that Pharma twists official arms.

My point is that no arm twisting is needed. The officials are already on board, have already
forsworn any skepticism about the role of for-profit corporations in public health efforts to contain
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alleged epidemic threats. As World Health Organization Director-General Margaret Chan said, in
response to recent accusations that pharmaceutical companies had too much influence in WHO
policy making around flu, “At no time, not for one second, did commercial interests enter my
decision-making” [46]. Of course not. There was no need for “commercial interests” to intercede
in decision making about flu. There never is. Officials look out for corporate interests without
being asked.

Rather than split hairs about whether WHO’s influenza advisors revealed so-called conflicts of
interest, as the Council of Europe has asked, members of the medical and public health professions
should ask a more challenging question: What did national health officials in powerful countries like
the U.S., Canada, the U.K., Germany, and others decide not to pay attention to. Professionals should
ask why, in the U.S., national health agencies collect data on firearm violence, an epidemic that veri-
fiably kills as many Americans as AIDS and more than flu [47], but they finance not a single gun-
violence-control initiative. Professionals should ask about hospital-acquired infections, mentioned
earlier, and about roadway accidents, which kill more people worldwide than flu does [48, 49].

With respect to flu, health professionals must be more exacting of officials. Why, during the 2009
flu outbreak, did no official or official advisor say, “in the worst-case scenario, HIN1 flu is going
to hospitalize or kill far fewer people in Europe and the U.S. in the coming year than malaria does
in one month among African children, fewer than diarrhea does, fewer than AIDS.” Expert science
advisors, the people who, it is commonly said, cannot be expected not to have ties to pharmaceutical
companies should be confronted, asked why none said to his or her country’s health authority,
“whatever you do, don’t recommend shifting millions of euros into private hands for the purchase
of an imperfect vaccine that most people don’t want to get anyway.” Or why so few said, “whatever
you do, don’t recommend spending lots of public money to increase the stockpiles of oseltamivir.”
Few of the masters of science managed to tell the truth. They were swept up in managing the imag-
ined epidemic.

Without disrespect to the Parliamentary Assembly of the Council of Europe or the BMJ [50],
I assert that the problem is not merely that pharmaceutical companies or vaccine manufacturers
influenced WHO officials’ decision to raise a pandemic alert about flu. Nor is the problem that the
words “epidemic” and “pandemic” have lost some imagined denotative meaning from the good old
days of plague and poxes.

The problem is that people in rich countries demand long life and expect public officials to spend
money to ensure it. The health sector is complicit. Health professionals define epidemic threats not
on the basis of real harm, let alone real suffering, but on the basis of what will serve as a rationale
for the sale and purchase of products that allay people’s anxieties about the culture we live in. When
Pakistani or Congolese or Peruvian kids die of diarrhea it’s a shame, but when American or
European kids get fat it’s an epidemic.

4 Beware the Forecast Epidemic

The warding off of infection, the resistance to environmental toxins, the lifesaving medical interven-
tions, the consequent opportunity to live to the limit of our capabilities—those are our society’s
achievements. But long life is not an entitlement. We of the affluent world do not merit long life
more than do the poor.

Medical and other health professionals must beware the power of epidemics, particularly the
epidemic that is forecast, envisioned, or merely imagined, to promote the concentration of wealth
and power in the hands of the privileged. We should be loath to embrace the assertion of Herman
Biggs. It is not an unalterable fact that the wealthy will and should buy their way into health. It is
not an unassailable law of nature that the poor will die young.
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Just over a half-century ago, in the Rede Lecture at Cambridge University, C.P. Snow adum-
brated that science held the promise to fix the world’s problems [51]. I do not see two distinct cul-
tures, nor an abyss gaping between them, as Snow perceived. I question Snow’s assertion that, even
in the 1950s, nonscientists, particularly the educated humanists from among whom the governing
classes sprang, were always too ignorant of science to fulfill science’s promise. But I do think Snow
was right in outlining a mission that scientists should take up, most certainly medical scientists, who
are surely the humanists of the scientific sphere. Scientific knowledge gives its possessors an oppor-
tunity to make the world a bit less odious for our fellow prisoners of life. But if scientists are
beguiled by the prospect of a long life free of risk, science and society will miss this chance.

Private, corporate interests have discovered how to turn the scientific project of improving every-
one’s life chances into corporate profits. Policy makers have intuited how to turn science’s project
into legitimizing the continuance of their political power. The question for the health profession is,
How will we pursue the scientific project not for profit or legitimation, but to make the world a bit
less unjust, to make more people less miserable?

Acknowledgments The author thanks Dr. Tom Jefferson for expert opinion and conversations about influenza
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Neonatal Meningitis: Can We Do Better?

Paul T. Heath, Ifeanyichukwu O. Okike, and Clarissa Oeser

1 Incidence

There are few data available from large, prospective, population-based neonatal surveillance
studies.

One of the earliest regional studies in the UK showed an incidence of neonatal bacterial menin-
gitis of 0.5/1,000 live births over the years 1947-1960. Nearly 10 years later (1969-1973), a retro-
spective study of acute bacterial meningitis in the North West Metropolitan region reported a lower
incidence of meningitis in neonates of 0.26/1,000 live births [1].

The first prospective, national neonatal surveillance study in the UK was performed in England
and Wales over the period 1985-1987 [2]. The incidence of proven bacterial meningitis in neonates
over these years was 0.22/1,000 live births, consistent with an incidence of 0.25/1,000 live births
reported in a regional UK study around the same time. (1988-1991) [3].

Low birth weight and prematurity were found to be associated with a tenfold higher incidence
(2.5/1,000 live births).

This study was repeated 10 years later to determine whether changes in healthcare over this
period had improved the outcome [4]. The overall incidence of proven bacterial meningitis however
did not differ between the studies. Over the years 1996-1997 there were 0.21 cases/1,000 live births.
The incidence of meningitis in neonates with low birth weight was 1.7/10,000 live births, and low
birth weight and gestational age <33 weeks remained a significant risk factor.

The incidence of neonatal meningitis in other developed countries is comparable to that in the
UK. Surveillance undertaken by the National Institute of Health (NIH) in the USA between 1959—
1966 reported an incidence of 0.46/1,000 live births [5] while a later study conducted in California
(1962-1987) showed a lower incidence of 0.3/1,000 live births. These data are consistent with
European studies, for example a regional retrospective study conducted in Sweden between 1987—
1996 revealed an incidence of 0.3/1,000 live births [6].

Reports from less developed countries are variable and tend to reveal higher incidences.
Community based studies in Pakistan showed an incidence of 0.81/1,000 live births, whilst in some
areas in India the incidence of neonatal meningitis was reported as 4.9/1,000 live births. In Brazil,
a population based study reported 4.2 cases per 1,000 child years, whilst the incidence in a rural
community in Guatemala was as high as 6.1/10,000 live births [7].
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2 Aetiology

There has been a change in the range of causative organisms over time in industrialized countries.
Group B Streptococcus (GBS) emerged as a cause of neonatal infection in the early 1970s and from
1981 it displaced Escherichia coli as the leading cause [8—10]. Since then, most cases in Europe
have been caused by GBS and E.coli, which together now account for at least two thirds of all
deaths from neonatal meningitis. Other pathogens include Streptococcus pneumoniae and Listeria
monocytogenes [4, 11] while Enterobacter spp, Citrobacter spp, Pseudomonas spp and Serratia
spp. are relatively less common. Commensal organisms such as coagulase negative Staphylococci
are more commonly seen in very premature neonates who require prolonged hospitalization, central
venous catheters and ventilatory support.

Population based surveillance studies on GBS have been conducted in a number of European
countries including Finland [12], Germany [13], Portugal [14] and the UK [15] and reveal similar
incidence figures. The proportion of GBS cases presenting with meningitis ranges from 17-30%
across these studies.

3 Mortality and Morbidity

A significant decline in the overall mortality of neonatal meningitis was noted between the two
national UK surveillance studies (1985-7 vs. 1996-97). While GBS in the earlier study was associ-
ated with a mortality rate of 22% and E. coli of 25%, 10 years later, these figures were reduced to
12% and 15% respectively. Overall, there was a decline in mortality for all neonatal meningitis from
25% to 10%.

Consistent with these results, a more recent national surveillance study, directed at all GBS,
showed a case fatality rate of 12.4% for meningitis specifically [15]. Mortality rates in other
developed countries have been reported in the range of 20-25% [16, 17].

Following both surveillance studies cases were followed up to 5 years of age to determine the
prevalence of serious sequelae [18, 19]. This revealed that the proportion of children with severe or
moderate disability in the two studies had not changed significantly (Table 1). Disabilities found
included hydrocephalus, developmental delay, cerebral palsy, seizures requiring anticonvulsant
therapy, decreased visual acuity and, most commonly, sensorineural deafness. In both studies only
half of all children who suffered from meningitis in the neonatal period had no disability at the age
of five. However, significantly fewer children had cerebral palsy (9% vs. 16.4%, p<0.05) or seizure
disorders (2.4% vs. 12%, p<0.005) than in the earlier study [19].

The later study showed that isolation of bacteria from the CSF was the best single predictor of
serious long-term disability. Children with a positive CSF culture accounted for the majority of
cases of severe (8/9 cases) and moderate (23/30 cases) disability, significantly more than those with
negative CSF cultures or where CSF was not collected (p<0.002).

Table 1 Neonatal

meningitis: disability at 198571987 1oe1o97
5 years n=274 (%) n=166 (%)
Severe 7 5
Moderate 18 18
Mild 24 26

None 50 51
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In Australia and the USA, similar levels of long—term morbidity have been reported. Long term
sequelae occurred in at least 23% of survivors in Australia whilst in the US 38% had mild and 24%
moderate to severe disability at follow up [10, 17].

Rates of neonatal infection increase with decreasing birth weight and gestational age as do the rates
of neurodevelopmental impairment. A study of 6,314 extremely low birth weight infants (ELBW
<1,000 g) sought to determine if neonatal infections were specifically associated with adverse out-
comes in later childhood. This demonstrated that ELBW infants who had culture confirmed neonatal
infections (including meningitis) had higher rates of adverse neurodevelopmental outcomes including
impaired mental and psychomotor development, cerebral palsy, vision and hearing impairment
compared to ELBW infants who had not had an infection during the neonatal period [20].

In summary, the incidence of neonatal meningitis has declined over the last four decades and the
overall mortality from neonatal meningitis has also declined. There has however, been little change
in long-term morbidity. It is this fact that provides the stimulus for seeking new strategies for
prevention of infection and for improving the management of this condition.

4 Presentation

The signs and symptoms that are observed in babies with meningitis may be subtle and non specific,
especially so in premature babies. These same signs and symptoms are also seen in sepsis. From a
large series of 255 babies with meningitis, fever/hypothermia, lethargy, vomiting and respiratory
distress were all seen in more than 50% of cases, convulsions in 40%, irritability in 32% and
bulging/full fontanel in 28% [21].

What is missing from this list of symptoms and signs are their timing of onset. From the work
done on meningococcal disease in children [22] for example, it is apparent that the timing of the
onset of clinical features can be crucial for early recognition, prompt management and potentially,
better outcome. The well known “classical” symptoms often appear late in the course of the disease
and their presence therefore predicts a worse outcome. An example of this is low level of conscious-
ness at hospital admission which is known to be a predictor of poor outcome [23]. Such features do
not therefore allow the opportunity for early intervention.

5 Diagnosis

Given that the clinical signs are rather nonspecific and similar to those seen in sepsis a diagnostic
test (s) is required. Examination of cerebrospinal fluid via lumbar puncture (LP) is currently the
gold standard test for making a definitive diagnosis of bacterial meningitis. The CSF that is obtained
from the procedure is cultured and a positive growth not only confirms diagnosis but also identifies
the responsible bacteria and therefore directs definitive antibiotic treatment. The CSF also provides
a clue in the first instance in terms of cell count and cell type, Gram stain and glucose and protein
concentrations. Newer tests such as PCR are also increasingly important in defining the relevant
pathogen, especially when antibiotics are given prior to LP.

How often do clinicians perform an LP during the evaluation of sepsis in neonates? In a large
series from an Australasian neonatal study group involving nearly 4,000 babies, LP was performed
in 51% of babies who were evaluated for sepsis. Of those evaluated, a final diagnosis of meningitis
was made in 8% [24]. In a recent UK review of how Paediatricians managed neonates with con-
firmed GBS infection, 109/138 (79%) had a lumbar puncture [25]. More contemporary data are
required but it is possible that babies with meningitis are being missed because lumbar punctures
are not being performed in all cases.
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In trying to rationalise the need for an LP as part of a sepsis screen there are several approaches
that clinicians have used.

5.1 Should an LP Only Be Performed on Symptomatic Babies?

In a study by Merenstein et al. [26] involving 789 symptomatic babies (with or without maternal
risk factors for sepsis) 13 infants (1.6%) were found to have bacterial meningitis. Johnson et al. [27]
in a retrospective review in 1997 found 11/1,712 (0.7%) term babies that were evaluated for symp-
toms of sepsis (respiratory distress, poor perfusion, temperature instability, bloody stools, lethargy
and recurrent hypoglycaemia) to have culture proven bacterial meningitis. In the same study none
of the 3,423 asymptomatic babies (who had maternal risk factors only i.e. maternal colonization
with GBS, maternal fever, prolonged rupture of fetal membranes at more than 18 h, foul-smelling
amniotic fluid, unexplained fetal tachycardia and elevated maternal WBC count) had meningitis. In
another study by Fielkow et al. of 284 asymptomatic babies with obstetric risk factors only (rupture
of membrane >12 h before delivery, clinical amnionitis characterized by maternal fever >38.0°C,
persistent fetal tachycardia >160/min, amniotic or gastric fluid Gram stains showing leukocytes or
bacteria, positive cultures from amniotic fluid and prematurity) none were found to have meningitis
or significant positive blood culture [28]. Conversely, in a small study, Wiswell et al. [29] found
seven of 43 asymptomatic babies with maternal risk factors to have meningitis. Overall however,
the published data would suggest that the yield of an LP from babies who are asymptomatic is likely
to be very low.

5.2 Should an LP Be Performed Only When Blood Cultures are Positive?

It is recognised that up to 25% of babies with bacteraemia are likely to have meningitis as well.
However, a range of studies have shown that up to 50% of babies with bacterial meningitis may have
negative blood cultures (Visser et al. 6/39 [30], Wiswell et al. 12/43 [29], Garges et al. 35/92 [31],
Ansong 9/46 [32] and Vergnano et al. 9/27 [33]). Furthermore, in one study a number of cases were
described in which both blood and CSF cultures were positive, but with discordant organisms [31].
A strategy of performing an LP only when blood cultures are positive may therefore lead to a delay
in the diagnosis of bacterial meningitis as well as the possibility of targeting the wrong organism.

5.3 Making the Diagnosis

Clinically one cannot easily make a specific diagnosis of bacterial meningitis in neonates. Thus in
babies with any clinical features suggestive of infection (and certainly in babies with positive blood
cultures) an LP and evaluation of CSF is vital. Interpretation of CSF findings may however be prob-
lematic. One issue is what constitutes “normal” CSF cytology and biochemistry. Traditionally, pae-
diatricians use reference values for CSF white cell counts (WBC) and biochemistry as reported in
standard textbooks but these may have been based on older studies with methodological limitations
such as small sample size, inclusion of traumatic LPs and failure to exclude other conditions that
may cause CSF pleocytosis (summarized in Table 2). Garges et al. [31] in an attempt to develop
an algorithm for predicting neonatal meningitis performed an analysis of the CSF WBC values of
9,111 LPs of whom 95 babies had culture-proven meningitis. The mean estimated gestational age at
birth was 38 weeks (range 34-44 weeks) and the majority of LPs 7,907/9,111 (86.7%) were
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performed within the first week of life. This study concluded that CSF WBC count of >21 cells/mm?
had a sensitivity at 79% and specificity at 8§1%.

In a recent attempt to address the limitations of the studies summarized in Table 2 and provide
age specific reference values for CSF WBC, Kestenbaum et al. [34] analysed the CSF WBC values
of 1,064 babies less than 56 days who had a LP in the Emergency department as part of their evalu-
ation for fever. Enterovirus infections were specifically excluded using a PCR. They concluded that
the 95th centile CSF WBC value for neonates (0-28 day old) without bacterial meningitis was
19 cells/mm? and for 29-56 day old infants it was 9 cells/mm? [34].

5.4 Other Diagnostic Issues

It is important to bear in mind that a normal initial CSF white cell count, glucose and protein does
not exclude bacterial meningitis. In a large series of 9,111 neonates who had an LP performed, 95
(1%) were found to have culture proven bacterial meningitis of whom 12/95 (13%) had normal CSF
parameters [31]. It is also possible that a neonate with an initially negative CSF culture might
develop evidence of meningitis in the context of ongoing bacteraemia. In a case series of six infants
with Gram negative bacteraemia and initially clear CSF findings, repeat LPs done after intervals of
18-84 h had developed pleocytosis suggestive of meningitis [35]. Thus a high index of suspicion
of meningitis is necessary even when an early LP does not support this diagnosis.

Another question of clinical relevance is whether pretreatment with antibiotics will prevent a
diagnosis of bacterial meningitis being made. This is pertinent whenever it is not possible to obtain
a CSF or when the LP is delayed for other reasons. In a study involving 245 children (including
neonates), those who received antibiotics 12—72 h before the LP was performed had significantly
increased glucose and decreased protein as compared with those who did not receive them or
received them <4 h before delivery. However, there was no influence of antibiotics on the CSF WBC
so that pretreatment with antibiotics did not prevent a diagnosis of bacterial meningitis being made
[36]. Pre-treatment will however, have an impact on CSF culture results and may therefore impair
a specific etiological diagnosis being made. Blood cultures are usually obtained prior to antibiotics
and will be positive in a significant proportion of cases of neonatal meningitis. However, this is a
situation in which non culture methods of diagnosis may offer great potential.

PCR is the most widely used non-culture method of pathogen detection although its routine use
in the context of neonatal infection is currently limited. Using real-time multiplex PCR in a series
of 168 CSF samples (including 21 babies less than 3 months of age), Chiba et al. showed that of
those who had pre LP antibiotics, only 29% had a positive CSF culture, but using the PCR an
organism was identified in 58%. Amongst those who had an LP before antibiotics, routine culture
identified an organism in 70% of the cases whilst PCR identified an organism in 89%. The use of
this method also allowed a more rapid detection of causative organisms (total time in this series
1.5 h) as well as an opportunity to detect antibiotic resistance genes [37].

5.5 Does a Delay in the Laboratory Evaluation of the CSF Affect the Results?

Once CSF is obtained from a lumbar puncture, antibiotics should be started promptly and the
sample processed as soon as possible by the laboratory. Evidence suggests that a delay in labora-
tory analysis may affect the CSF results and even prevent an early diagnosis being made.
Investigators compared CSF analysed immediately after it was obtained with the same samples of
CSF analysed after a lag time of 2 h and 4 h. They showed that in 19 cases where the baseline WCC
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was >30 cells/mm?, an early diagnosis of meningitis would have been missed in 53% if the samples
had been analysed at 2 h and in 79% if analysed at 4 h because of the decline in measured white
cell count [38].

5.6 What Influences the Success of Obtaining an LP?

The subject’s position might influence the success of a lumbar puncture. Traditionally LPs in babies
and children are performed in the lateral position with hip and neck flexion. A recent study was
undertaken using bedside ultrasonographic measurement of the interspinous space in various posi-
tions suitable for LP. The position associated with the largest measurement was the sitting position
with hip flexion followed by the sitting position without hip flexion, the lateral position with hip
flexion and without neck flexion, the lateral position with both hip and neck flexion and finally, the
lateral position without hip or neck flexion. An important finding was that neck flexion did not
increase the size of the interspinous space. Because neck flexion is associated with desaturation in
the neonatal setting this provides further evidence that it should be avoided [39].

6 Management
6.1 Empiric Antibiotics

Once bacterial meningitis is suspected, there should be no delay in starting appropriate empiric
antibiotics. This requires knowledge of the likely pathogens and their antibiotic susceptibilities. In
most developed countries, group B streptococcus and E. coli are by far the most common pathogens
isolated in bacterial meningitis in babies, followed by other Gram negative bacilli, Streptococcus
pneumoniae and Listeria. The other factor to be considered is the ability of the antibiotics to pen-
etrate the CSF. The choice of empiric treatment may also be influenced by the location of the neo-
nate at the time of their presentation. For babies <3 months of age in the community an empiric
antibiotic combination of amoxicillin and cefotaxime will cover the likely pathogens and afford
good CSF penetration. For babies who are on a neonatal unit, a range of other factors may influence
the likely spectrum of causative pathogens, in particular their risk of unusual or multiresistant bac-
teria. These include prior exposure to broad spectrum antibiotics, comorbidities such as surgery and
chronic lung disease (use of dexamethasone treatment), the presence of central venous lines and
TPN and their risk of acquiring infections through nosocomial transmission. In general, empiric
cover with cefotaxime and amoxycillin will be adequate but such babies may be at risk of multire-
sistant Gram negative bacteria so the addition of an aminoglycoside may be prudent [40].

Additionally, although rare, meningitis due to Coagulase negative staphylococci may be encoun-
tered in very low birth weight babies, especially those with central lines in situ and repeated or
persistent bacteraemia. Thus the addition of vancomycin may be required until the causative bacte-
ria are revealed. As always clinicians should be aware of any epidemiological issues relevant to their
own unit that must dictate the choice of antibiotics.

A distinction between babies admitted from home and those still in hospital at the time of men-
ingitis may of course become blurred. It is becoming evident that neonates who have had periods
of time on the neonatal unit may become colonised with resistant bacteria and then remain colonised
after discharge [41]. They may then conceivably present from the community with meningitis due
to these “hospital-acquired” bacteria. Ongoing surveillance is therefore essential. A recent and
worrying report from the Asia-Pacific Neonatal Infections Study evaluated the Gram negative
bacteria causing late onset-sepsis in several South-East Asian neonatal units. This revealed that one
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third of the isolates were resistant to both third generation cephalosporins (cefotaxime and
ceftazidime) and gentamicin and 50% were resistant to at least one or the other [42].

6.2 Empiric Cover for Listeria Infection

Listeria requires a special mention because of the need to use specific antibiotics. Infection is rare
although it contributes significantly to bacterial meningitis in babies, implicated in 5-7% of cases.
Evidence suggests that most cases occur in babies less than 7 days of age and in premature babies.
Usually there is a history of maternal illness (75%).

The optimal antibiotic therapy for this pathogen requires a penicillin, hence the inclusion of
amoxicillin/ampicillin or penicillin in empiric antibiotic guidelines. Amoxicillin/ampicillin is often
preferred to penicillin, based mainly on tradition and a slightly lower minimum inhibitory concen-
tration, but there appears to be no clinical evidence of superiority and empiric therapy with peni-
cillin is likely to be satisfactory. Combination with an aminoglycoside is used for its synergistic
effect, demonstrated only in animal studies [43].

7 What are the Predictors for a Poor Outcome?

There are certain factors that may predict a worse outcome from meningitis. A retrospective study
of 101 cases of neonatal bacterial meningitis admitted between 1979 and 1998 identified early
predictors of adverse outcome at 1 year of age (death or moderate/severe disability). At 12 h
after admission these were seizures, coma, use of inotropes, leucopaenia <5,000 x10° and at 96 h after
admission, seizure duration >72 h, coma, use of inotropes, leucopaenia <5,000 x10°. These factors
did not change when stratified according to causative pathogen [44].

EEG may be a useful tool also. A retrospective case review has demonstrated that infants who
had a normal or mildly abnormal EEG had normal outcomes (at a mean of 34 months), whereas
those with notably abnormal EEGs died or had severe neurological sequelae [44]. Knowledge of these
potential risk factors can then help in stratifying cases on admission but also more aggressive or
specific management of those with these risk factors might potentially improve outcome. They are
also of value when counseling parents.

8 Improving the Outcome of Neonatal Meningitis

As discussed earlier, it is reasonable to believe that the earlier appropriate antibiotics are com-
menced, the better will be the outcome. A survey of UK neonatologists in 2008 assessed their
choice of empiric antibiotic cover for suspected bacterial meningitis. Overall, only 45% include a
cephalosporin at all and in 19% no penicillin was used in the empiric combination, thus providing
no cover for listeria meningitis [45].

Other assessments of current practice suggest that an LP is not being performed in all cases
where meningitis should be excluded and indicate considerable uncertainty in antibiotic choice and
antibiotic duration in established meningitis [25].

This uncertainty reflects the lack of high quality data in this field. Duration of therapy is based
more on tradition than on evidence and in particular the concept that antibiotics should be continued
for at least 2 weeks after CSF sterilisation has been achieved. Because rapid sterilisation is expected
in GBS meningitis a total duration of at least 14 days of therapy is therefore recommended.
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CSF sterilisation may be slower in Gram negative meningitis (up to 7 days historically) which is
reflected in a recommendation for a total duration of at least 21 days of therapy [40].

Adult studies have shown that circulatory support in shock i.e. fluid resuscitation to restore intra-
vascular volume, stabilize blood pressure and maintain adequate oxygenation improves outcome.
Strict and early goal-directed fluid resuscitation, vasopressor therapy and transfusion of adults with
severe sepsis significantly decreases mortality [46]. Similarly, studies in older children have shown
that early and aggressive fluid resuscitation improves outcome [47]. Indeed, delayed reversal of
shock is associated with worse outcome; every hour of failure to reverse shock results in doubling
of risk of death [48]. There are no standardised guidelines for fluid management in neonates and
few high-quality studies that have assessed initial fluid therapy in neonates with suspected or con-
firmed bacterial sepsis/meningitis. Anecdotally, neonatologists may be more cautious when resus-
citating neonates with features of shock citing concerns of cerebral vascular fragility and fluid
overload. More research is required in this area.

8.1 What is the Role of New or Different Antibiotics in the Management
of Neonatal Bacterial Meningitis?

We know that in spite of the use of third generation cephalosporins in the last two decades both
mortality and morbidity still remains unacceptably high. New or different antibiotics may have a role
in improving the outcome because of better coverage of likely pathogens e.g. meropenem or because
of different modes of action. One of the major factors leading to poor outcome is the intensity of the
host inflammatory response. Attempts to reduce this include the use of dexamethasone (reviewed
below). Some antibiotics may have a mechanism of action that avoids or minimises the release of
pro-inflammatory bacterial components and thereby reducing the inflammatory response. This has
been demonstrated in an animal model of pneumococcal meningitis for example, where therapy with
rifampicin or daptomycin shows improved survival compared with cefotaxime [49, 50].

Other studies have also addressed the possibility that antibiotics may not penetrate adequately
and considered intrathecal and intraventricular administration. The first of these demonstrated no
difference in mortality (32%) or morbidity (36%) between intrathecal and intravenous administra-
tion of gentamicin in Gram negative meningitis [51]. This was followed by another study by
McCracken and Mize in 1980 [52] evaluating the intraventricular administration of gentamicin.
This study was terminated early because of excess mortality (43% vs. 13%) in the intraventricular
arm. Hence there is no place for the routine use of intrathecal or intraventricular gentamicin.

8.2 What is the Role of Other Adjunctive Therapy in the Management
of Bacterial Meningitis?

8.2.1 What is the Role of Immunoglobulin in Neonatal Bacterial Sepsis/Meningitis?

A systematic review by Ohlsson in 2004 [53] on the use of immunoglobulin in sepsis included seven
RCT’s and 262 neonates with proven infection and showed a reduction in mortality (RR 0. 55
(0.31-0.98), NNT 11 (5.6-100)). The conclusion was that there is insufficient evidence to support
routine IVIG for treatment; therefore, further research is needed. Its place in therapy will be better
defined when the results of the recently concluded International Neonatal Immunotherapy Study
trial (http://www.npeu.ox.ac.uk/inis) [54] are released. As bacteraemia is a pre-requisite for bacterial
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meningitis, any intervention that can improve the outcome from bacteraemia/septicaemia may also
translate into a better outcome for meningitis.

8.2.2 G- or GM: CSF

The rationale for the use of G or GM—CSF is to increase the number and improve the function of
neutrophils. Neutropenia is a common feature of neonatal sepsis. In one randomized placebo con-
trolled trial in very low birth weight with clinical sepsis and neutropenia, G-CSF was shown to be
safe and reduce mortality: 1/13 versus 7/15 at 12 months [55]. However, in a larger trial GM—CSF
was used as prophylaxis in infants <32 weeks and small for gestational age [56]. Although, the
number of neutrophils were significantly increased in recipients there was no overall effect in pre-
venting sepsis. This result is discouraging and suggests that simply preventing the neutropenia
associated with sepsis is not enough. The deficits in neonatal immunity are multiple and it is perhaps
naive to expect that any single intervention will provide the solution. Combinations (e.g. IVIG and
GCSF or neutrophil infusions etc.) may be more logical but will be clearly more difficult to assess
in clinical trials.

8.2.3 The Use of Corticosteroids in Meningitis

Dexamethasone treatment in childhood meningitis has become standard of care and is therefore an
obvious consideration for the management of neonatal meningitis. Fifty years ago, a review of 47
neonatal meningitis cases treated with corticosteroid (CS) and chloramphenicol/sulphonamide/
streptomycin showed a reduction in mortality: 41% vs. 75% (p=0.05). [57]. More recently in
Jordan, Daoud et al. [58], assessed the use dexamethasone (DXM) in a double blind, randomised,
placebo controlled trial. DXM or placebo was administered prior to the first dose of antibiotics
(cefotaxime and ampicillin). The study showed a mortality of 22% in the DXM group vs. 28% in
the placebo group and no difference in morbidity (30% in DXM group vs. 39% in placebo group).
It was therefore concluded that adjunctive dexamethasone therapy does not have a role in neonatal
meningitis. However, it is not certain that the results of this study, where GBS was a rare pathogen
(3 cases) can be widely extrapolated to other settings.

8.2.4 What About Oral Glycerol?

A recent paediatric bacterial meningitis study by Peltola in Latin America indicates better outcome
with oral glycerol compared to IV dexamethasone [59]. This appears to be a safe and cheap therapy
and its role in neonatal meningitis now needs to be explored.

9 Prevention

Intrapartum antibiotic prophylaxis (IAP) is efficacious against early onset GBS disease but has no
impact on late onset disease, when most GBS meningitis occurs. A GBS vaccine has great potential
in this regard and clinical trials of candidate vaccines, including those in pregnant women, are
extremely encouraging [60, 61].

In the case of pneumococcal meningitis, the introduction of the 7-valent pneumococcal conjugate
vaccine (PCV7) into national infant immunisation programmes is likely to offer some protection
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against invasive pneumococcal disease (IPD) in neonates and young infants through herd immunity [62].
In England and Wales, routine immunisation with PCV7 has resulted in a 60% decline in IPD
incidence caused by PCV7 serotypes in infants aged <3 months. The overall impact of IPD in this
age group however, did not reach statistical significance because the dominant serotypes in young
infants are less well covered in PCV7 as compared with those causing IPD in older children [63].
The 10 and 13 valent conjugate vaccines however, may close this gap and afford better protection
for those infants too young to be vaccinated.

Prevention of neonatal listeria can be achieved by avoidance of foods potentially contaminated
with listeria. These include ready-to-eat-meat, paté, raw milk, coleslaw and soft cheese. Additionally,
aggressive assessment and management of mothers with potential features of listeria infection (fever
and flu-like illness, gastrointestinal symptoms during labour) may also allow prevention of neonatal
infections although this is not proven.

In a neonatal unit any interventions that can reduce nosocomial bacteremia also have the poten-
tial to reduce bacterial meningitis. A number of strategies, either individually or wrapped together
in a care bundle, have been shown to be efficacious [46].

10 Conclusions

10.1 Improving the Outcome of Neonatal Meningitis...Can We Do Better?

Current evidence shows that the mortality and morbidity from neonatal bacterial meningitis remains
unacceptably high despite advances in antibiotics and intensive care.

There may be a number of opportunities for improving the outcome and further research is
required. Specific questions include: what is the impact of earlier recognition and earlier diagnosis
and of earlier use of appropriate empiric antibiotics? Is there a role for new antibiotics, for earlier
and more aggressive supportive care and for new adjunctive therapies? The ultimate goal however,
is prevention and more work is also required here, particularly on vaccines against Group B
Streptococcus.
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Approaches Towards Avoiding Lifelong Antiretroviral
Therapy in Paediatric HIV Infection

Philip J.R. Goulder and Andrew J. Prendergast

1 Introduction

An estimated 2.1 million children are living with HIV worldwide, with 0.43 m new infections each
year and 0.28 m paediatric deaths/year [1]. These figures, published in November 2009, refer to the
epidemic as it existed in 2008. In that year, WHO guidelines for management of HIV infection in
children changed, based principally on data from the Children with HIV Early Antiretroviral Therapy
(CHER) study [2]. In this study, infants randomised at 6-12 weeks of age to immediate, compared
to deferred, antiretroviral therapy (ART) had significantly lower mortality (4% vs 16%, respectively).
WHO therefore recommended that all children diagnosed with HIV infection in the first year of life
should start ART as soon after birth as possible, regardless of clinical or immunological disease
stage. More recent (2010) WHO guidelines [3] (Table 1) recommend immediate initiation of ART
in all infected children diagnosed before 24 months of age, recognising that disease progression
remains rapid for most children in the first 2 years of life, and a strategy of ‘watching and waiting’
for signs of disease progression, even beyond infancy, is risky in many settings. The problem here is
that lifelong ART from birth, or as soon after birth as ART can be initiated, is unlikely to be sustain-
able, for reasons of drug toxicity, resistance and cost. Even in a relatively well-resourced country
such as South Africa, where mother-to-child-transmission (MTCT) prevention programmes are well
established, high antenatal HIV prevalence rates result in up to 1000 new paediatric infections per
week [4, 5]. At current rates of MTCT and ART implementation, the number of HIV-infected
children in sub-Saharan Africa will have doubled in 5 years [1]. The prospect of an epidemic of
HIV-infected adolescents on salvage therapy regimens is a reality and one that needs to be avoided.
This chapter sets out the options for management of children with HIV infection. It follows that,
if lifelong ART from birth is unsustainable, any alternative strategy would incorporate discontinua-
tion of ART at some point. We examine the possibility that initiation of ART from birth, or close to
birth, continued for sufficient time to allow maturation of the developing immune system in the
setting of undetectably low levels of HIV, followed by ART discontinuation, may be one option that
could usefully be adopted in HIV-infected children. A second option would be to induce or boost
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Table 1 Current World Health Organization guidelines for ART in HIV-infected children

Age <2 years 2-5 years >5 years
CD4 percentage All <25% NA
Absolute CD4 count All <750 cells/mm? <350 cells/mm? (as in adults)

specific immune responses effective against HIV at an appropriate time during the period on ART,
the aim being that effective HIV-specific immunity generated in infected children on ART could
control viral replication once ART was discontinued.

2 How does Paediatric HIV Infection Differ from Adult Infection?

2.1 Rate of Disease Progression, Timing of Infection

Globally, HIV transmission to children occurs predominantly perinatally via MTCT, whilst adult
infection is mostly via heterosexual transmission. ART-naive adults typically progress to AIDS in
10 years [6-8], whereas ART-naive perinatally infected children most commonly progress to AIDS
in 1-2 years [5, 9, 10]. In a recent South African study, undertaken when WHO criteria to initiate
ART were based on a CD4% of <25%, as many as 70% of infected infants reached this CD4%
criterion by 4 months of age [11]. As with other chronic viral infections [12], such as CMV, HSV
and VZV, precise timing of HIV acquisition has a profound impact on disease outcome [10, 13].
Following MTCT, progression is fastest in infants infected in utero, and slowest in those infected
post-partum through breastfeeding. In the Zvitambo study in Zimbabwe, before availability of cot-
rimoxazole prophylaxis and ART, median time to death was 208d for in utero infected infants, 380d
for intra-partum infected infants, and >500d for those infected post-partum via breast-feeding [10].
In keeping with the rapid disease progression, in utero-infected infants are also the group most
likely to develop HIV encephalopathy [14], one of the most devastating sequelae of advanced HIV
disease. Age also affects outcome from adult infection, rate of progression to AIDS increasing with
age at infection [6, 8, 13]. Studies of HIV-infected haemophiliacs suggest that progression is slowest
in the youngest children [13], although small numbers of HIV-infected haemophiliac children limit
further detail. Thus, there appears to be an optimal age at which to become infected with HIV, in
terms of disease progression, at which immune responses are fully mature, but not yet in decline.

2.2 Immune Activation and HIV Disease Progression

It is clear from these studies that CD4 decline usually occurs very rapidly after birth in perinatally-
infected infants. This is in keeping with the very high viral loads that characterise HIV infection in
the first year of life (see Sect. 2.3); however, the precise mechanism by which CD4 depletion occurs
remains unclear. It was initially thought that, since HIV is tropic for CD4 cells, the decline in CD4
count is caused by direct viral infection and killing of CD4 cells. However, later studies showed that
a minority (<1%) CD4 cells are actually infected with virus [15]; instead, CD4 cells appear to
become activated and die by apoptosis [16].

One of the hallmarks of adult HIV infection is therefore a state of generalised immune activation
[17], which is characterised by polyclonal B and T cell activation and raised levels of pro-inflammatory
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cytokines. Chronic activation leads to increased T cell turnover, immune exhaustion and apoptosis.
Elaboration of proinflammatory cytokines causes fibrosis and distortion of lymph node architecture,
and thymic involution, leading to altered lymphocyte trafficking and reduced lymphocyte renewal.
Taken together, these changes have been termed immunosenescence, and parallel the alterations in
immune function that occur naturally with ageing. Immune activation is in fact a better indicator of
disease progression in adults than viral setpoint [18].

Similarly the phenomenon of immune activation occurs in perinatally infected children; the
degree of immune activation present as early as 1-2 months of age can be used to predict which
children will become long-term non-progressors [19, 20]. It is likely to be immune activation,
rather than the virus itself, which leads to the decline in CD4 count during paediatric as well
as adult HIV infection. Clearly immune activation occurs because of the virus, but the exact
mechanisms linking the two remain unclear [17]. HIV itself can cause immune activation,
particularly through the effects of the envelope glycoprotein gp120 on immune cells; co-infections,
such as CMV, may drive activation through induction of a high-magnitude immune response;
and damage to the gut during acute infection may allow translocation of gut organisms to the
systemic circulation, which can drive peripheral immune activation [21]. In children, the rela-
tionship between HIV viral load and immune activation appears to be less clear cut than in
adults, in whom a higher level of viraemia is predictably associated with higher levels of activa-
tion [18]. Thus the extent to which high viral loads, which are universal in infancy, are linked
with differences in immune activation between infants who progress rapidly and those who
progress slowly, needs further investigation.

Despite the lack of clarity around the association between the level of viraemia and the degree
of immune activation in children, immune control of the virus is an important goal. ART reduces
the virus to undetectable levels and thereby slows disease progression; furthermore, the majority of
long-term non-progressors, usually diagnosed late in childhood or early in adolescence, maintain
unusually low viral loads throughout this period. Maintaining a low viral load is therefore an advan-
tageous, but infrequent, situation in HIV-infected children. For this reason, better understanding the
immunological correlates of viral control, and designing interventions to improve containment of
viraemia, remain critical to future management approaches.

2.3 Control of HIV viraemia

Rapid control of HIV infection is observed early in adult infection, viraemia declining from a peak
of approximately 107 HIV copies/ml plasma at 2—-3 weeks post infection, to a median viral setpoint
of 30,000 copies/ml. This 2-to-3-log  drop in viral load typically takes 2—4 weeks. In paediatric
infection, viraemia declines very little from a similar peak in the first year [11, 22]. Even in the
small minority of HIV-infected children whose CD4 counts are sufficiently high not to meet WHO
criteria to start ART [11], and who have remained ART-naive with high CD4 counts for years, a
2-log,, decline in viraemia takes 5-6 years.

The precise reasons for this failure of the paediatric immune system to bring about rapid con-
trol of viraemia are unknown. HIV-specific CD8+ T-cell activity appears to play a central role in
the rapid reduction of acute viraemia in adults [23, 24] (see below), and although HIV-specific
CD8+ T-cell activity is detectable even on the first day of life in many infants infected in utero
[25], these responses appear to be relatively ineffective during infancy. A central factor contribut-
ing to this is likely to be the delay in a robust HIV-specific T helper (CD4+) response [25-27],
critical for the induction and maintenance of effective CD8+ T-cell responses as well as of B cell
activity. In contrast to HIV-infected adults in acute infection [28], HIV-specific T helper responses
are only detected sporadically and at low levels in perinatally infected infants aged less than
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3 months, but appear to improve as they get older. Furthermore, in adults in whom ART is initi-
ated during acute infection, HIV-specific T helper responses increase [28], whereas the presence
of HIV-specific T helper activity remains low or undetectable in HIV-infected infants, even when
ART has been initiated in the first weeks of life [27]. Similar findings have been made in relation
to perinatal HSV or CMYV infection, where virus-specific CD4 functional responses are weaker
and delayed in comparison to those seen in adult infection [29-33], and indeed the delay in her-
pesvirus-specific CD4 responses appears to extend beyond the immediate neonatal period well
into infancy [12, 33].

Whatever the precise reasons for the delay in HIV-specific T-cell immunity in perinatally
infected infants, this is likely to be critical in setting the balance even more heavily in favour of the
virus than is the case in adult infection. From the moment of transmission, it is as if a race starts,
between the virus and its destruction of the immune system, and the immune system and its contain-
ment of the virus (Fig. 1). On the basis of this model, one can propose that if long-term immune
control of HIV is to be achieved, as it is in a small minority of infected adults and an even smaller
minority of infected children, viral destruction of the immune system needs to be limited early in
the course of infection, either through the immune response itself, or through the early initiation of
ART or both.

Anti-viral immunity,
including innate and adaptive

Virus-mediated destruction
of immune system —
affected by factors including
immune activation,

viral replicative capacity,
viral tropism

Magnitude

Time since Transmission

Paediatric
Slow-progressors

CD4%

Paediatric
Rapid-progressors

Time since Transmission

Fig. 1 Race between the virus and immune response. (a) Scheme to represent competing elements in operation from
transmission: virus-mediated destruction of the immune system on the one hand, and the developing immune
response against the virus on the other. (b) Scheme to represent diverse resulting outcomes: in paediatric slow-
progressors, the anti-viral immune response has emerged sufficiently early to combat virus-mediated destruction of
the immune response (and the CD4% of T cells in the blood); in paediatric rapid-progressors, the virus has success-
fully destroyed the immune system before it can be effective
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2.4 Thymic Activity; Immune Reconstitution on ART

In children starting ART, even several years after infection, regeneration of the immune system is
substantially more rapid than in adults. This is thought to be because of the contribution of the
thymus [34, 35]. Qualitatively, immune reconstitution also differs between children and adults. In
practice, adults presenting with HIV disease cannot reconstitute HIV-specific T-helper activity [28],
whereas this returns rapidly in HIV-infected children even when ART is initiated 10 or more years
after transmission [35]. Furthermore, while high frequency HIV sequence variation provides a
highly successful mechanism by which the virus can evade the CD8+ T-cell response [36], the
greater diversity of the paediatric CD8+ T cell repertoire may allow children to mount effective
variant-specific immune responses to HLA-binding variants, whereas adults typically lack this
capacity [37].

3 CDS8+ T-Cell Mediated Immune Control of HIV

3.1 CD8+ T-Cell Mediated Immune Control of HIV in Adults

CD8+ T-cells play a central role in control of adult HIV infection [23, 24]. The temporal association
between the appearance of HIV-specific CD8+ T-cells and the sharp decline in viraemia in early
adult infection [38, 39] suggests the possibility that CD8+ T-cells mediate that decline to a viral
‘setpoint’, predictive of disease progression. Depletion of CD8+ T-cells in SIV-infected macaques,
during acute infection, results in absence of the decline in viraemia from peak to setpoint, and dur-
ing chronic infection results in a reciprocal rise in viral load [40—42]. That CD8+ T-cells are an
important driving force in determining the success or failure of the immune response in controlling
HIV infection is most clearly indicated by genetic studies that have shown HIV disease outcome to
be strongly influenced by the particular HLA-B alleles expressed [43]. The HLA class I alleles most
strongly linked with slow HIV disease progression in Caucasian populations are HLA-B*57 and
HLA-B*27 [44-47], and, in African populations, HLA-B*57, HLA-B*5801 and HLA-B*8101
[43, 48-50]. HLA class I alleles most strongly associated with rapid progression to HIV disease are
HLA-B*35 in Caucasian populations [51, 52] and HLA-B*5802 and HLA-B*1801 in African
populations [43, 53]. Genome-wide association studies (GWAS) provide strong evidence that the
MHC region is where single polymorphisms can make the most difference to viral setpoint [54, 55].
Similar GWAS results have recently been published from analysis of adult elite controllers [56].
HLA class I alleles present fragments of viral proteins (‘epitopes’) on the surface of virus-
infected cells for recognition by CD8+ T-cells that express the cognate T-cell receptor for the given
peptide-MHC complex. Thus, one possible explanation for the observed HLA associations with
HIV disease outcome could be that the specific HIV epitopes presented by different HLA-B mole-
cules have an important bearing on the effectiveness of the CD8+ T-cell response. A common feature
of the immunodominant epitopes presented by HLA alleles that are associated with slow HIV dis-
ease progression, HLA-B*27/%57/%5801/#8101, is that these are all within the highly abundant and
conserved Gag capsid (p24) protein [45, 57-61]. The immunodominant epitopes presented by dis-
ease-susceptible HLA alleles, HLA-B*35/5802/1801, however, are within the Nef and Env proteins
[61, 62]. In the case of each of the Gag epitopes, ‘escape’ mutations are selected by the virus that
allow it to evade recognition by CD8+ T-cells, and in each case these escape mutants arise at a
significant cost to viral replicative capacity [63—71]. Escape mutants are either not selected as a
result of the Nef and Env-specific CD8+ T-cell responses restricted by HLA-B*35/5802/1801, or
they do not significantly affect viral replicative capacity [72]. A broad Gag-specific response,
comprising CD8+ T-cells targeting several different Gag epitopes, is associated with greater control
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of viraemia [59, 60, 73-77]. This may be because escape mutations within one epitope are not
selected in the presence of Gag-specific CD8+ T-cells targeting a different Gag epitope. Multiple
Gag mutations may therefore be required by the virus to evade responses presented by protective
MHC class I alleles [78-81], and some of these Gag mutants may sequentially reduce viral replica-
tive capacity to the point where the virus survives only in a relatively crippled state [63, 82].

Gag-specific CD8+ T-cell responses additionally may be more effective than non-Gag-specificities
because these cells can recognise and kill virally infected targets before the production of new virions
[58, 83], and before de novo synthesis of Nef, which downregulates HLA class I, thereby reducing
CD8+ T-cell efficacy [84].

Studies in the STV-macaque model of HIV infection suggest that Gag may not be the only poten-
tial source of epitopes that can mediate successful control of viraemia [81, 85, 86]. Several studies
describe an important role for polyfunctional CD8+ T-cells, which secrete multiple cytokines, in
HIV-infected individuals who successfully control HIV [87-91]. The link between polyfunctional-
ity and expression of protective alleles such as HLA-B*57/5801/8101, however, remains unclear.

HLA Class I has an additional impact on immune control of HIV via the effect of HLA-KIR
combinations on antiviral NK activity. So far the principal HLA ligands identified in Caucasian
populations that are involved in slower progression are HLA-Bw4-80I alleles that are ligands both
for KIR3DL1 and KIR3DS1 [92-94]. These combinations are associated with reduced viral set-
point. The HLA-KIR combinations that have a similar impact on NK-mediated immune control in
sub-Saharan African populations are as yet unidentified.

3.2 CD8+ T-Cell Mediated Immune Control of HIV in Children

As stated above, the majority of perinatally-infected children progress rapidly to HIV disease. In the
Zvitambo study, 67% had died by 2 years of age [10]. However, approximately 15% of ART-naive
children maintain high and even increasing CD4 counts through the first years of life, in spite of
persistently high viral loads, that decline only slowly over this time. It is likely that this group has
been underestimated and certainly under-studied, and recent studies suggest that the median sur-
vival of these paediatric ‘slow-progressors’ is as long as 16 years [95].

Studies of HIV-infected children followed from birth in Durban, South Africa, suggest that
CD8+ T-cells play a less clear-cut role in control of paediatric HIV infection than in adults [25, 96].
The HLA alleles HLA-B*57/5801/8101 are not associated with slow-progression in children as
they are in adults. Similarly, alleles such as HLA-B*5802/1801, associated with high viraemia in
adults [43, 53, 97], and therefore predisposing to MTCT [98, 99], are well represented in the
paediatric slow-progressor group. In the Durban cohort, paediatric slow-progression was linked
with either the mother or the child having one of HLA-B*57/5801/8101 [96]. Sharing of ‘protec-
tive’ alleles by mother and child does not benefit the child because allele protectivity is lost if the
transmitted virus carries escape mutants in the relevant epitopes [63, 100, 101]. Paediatric slow-
progressors expressing HLA-B*57/5801/8101 benefit from these alleles through targeting Gag
epitopes [96]. Paediatric slow-progressors whose mothers expressed HLA-B*57/5801/8101 ben-
efited by acquiring a transmitted virus that carried multiple Gag mutants reducing viral replicative
capacity [96, 102]. However, most paediatric slow-progressors in Durban [96] and Kimberley
(data not published) in South Africa have none of the protective HLA alleles, HLA-
B*57/5801/8101, and nor do their mothers. Study of paediatric slow-progressors therefore pro-
vides an opportunity to determine how immune control can be achieved in the setting of HLA
alleles such as HLA-B*5802 that are not typically associated with immune control in adult infec-
tion. This is of direct relevance to HIV vaccine development to protect against adult as well as
paediatric HIV disease.
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4 ART Interruption Studies

4.1 ART Interruption Studies in HIV-Infected Adults

ART-interruption studies in adults were in vogue 10 years ago but have since been abandoned. One
approach was to initiate ART in acute infection, with the rationale that HIV-specific CD4+ T-cell
responses would be boosted, and then discontinue ART in the setting of a robust HIV-specific T
helper response [28]. Although initially promising, this approach ultimately proved unsuccessful,
merely delaying the inevitable recurrence of high-level viraemia and the need for ART to be rein-
stituted [103, 104]. ART interruption studies in chronically infected adults resulted in an increase
in deaths from all causes in those interrupting ART [105]. In the SMART study, in which adults with
a CD4 count >350 cells/mL were randomised either to continuous or to episodic use of ART, those
taking episodic ART had higher mortality, particularly due to non-AIDS events, such as cardiovas-
cular and renal disease, presumably driven by increased levels of immune activation.

4.2 ART Interruption Studies in HIV-Infected Children

In HIV-infected children the rationale for ART interruption differs from that in adults in several
important ways. First, lifelong ART, initiated in the first weeks or months of life, is unsustainable
(for the reasons set out above), so an alternative seems essential. In contrast, adults infected in their
thirties or later might not require ART for 10 years, and might reasonably expect to experience few
problems for decades on ART, especially as new and improved therapies continue to be developed.
So whilst it is realistic to envisage a lifetime on ART for adults diagnosed in middle-age, this is
unrealistic for infants diagnosed soon after birth. Second, there is a clear benefit to initiating ART
in early life following perinatal infection [3], not only to minimise damage to the immune system
and reduce mortality, but also to allow time for the developing immune system to reach optimal
maturity. In adults, the immune system does not improve with the passage of time that a period of
ART would allow. On the contrary, HIV disease progression is more rapid in older adults. Third,
the greater thymic activity in children provides immunotherapeutic opportunities that are not avail-
able in adult infection. A period of time on ART provides the chance in HIV-infected children to
induce immune responses that are not typically developed in natural infection and that may be
highly effective against HIV, such as a robust HIV-specific CD4+ T-cell response and a broad Gag-
specific CD8+ T-cell response. Induction of these responses might result in better control of HIV
following discontinuation of ART than the responses emerging otherwise. In HIV-infected adults,
initiation of ART is typically too late in the disease process to rescue HIV-specific CD4+ T-cell
responses [28], and the likelihood of altering the character of the HIV-specific CD8+ T-cell response
via immunotherapeutic interventions during a period of ART would be low. In contrast, as stated
above, even when ART is started several years after perinatal HIV infection, HIV-specific CD4+
T-cell responses are rapidly regenerated [35]. Fourth, HIV-infected children may not be as suscep-
tible to the non-AIDS morbidity and mortality that occurred in the SMART trial [105], since adults
have comorbidities that may be compounded by an inflammatory milieu.

Several studies of ART interruption in HIV-infected children are currently in progress and show
promise. In the small Durban study undertaken by our group, of 63 infants followed from birth, 43
were randomised to ART from birth (given either as continuous therapy or as viral load-driven
structured treatment interruptions), which was then discontinued after 12 months of ART. In chil-
dren coming off ART, 40% progressed rapidly but overall there was a significant benefit from early
ART [106]. The subset of children most likely to benefit from early 12 month ART were those with
high CD4% at diagnosis, around the time of birth [106]. A second similar but larger (n=411) ART
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interruption study (CHER: Children with Early antiRetroviral therapy) is in progress in South
Africa [3]: this study now compares children receiving ART for 12 m vs 24 m. The CHER trial ends
in Aug 2011 and first results from that study are expected in 2012 (A Violari, personal commu-
nication). A third ART interruption study in children for which data are available is the PENTA-11
(Paediatric European Network for Treatment of AIDS) study [107]. This was a CD4-guided treat-
ment interruption study in 109 children of median 9 years of age, who had high CD4 counts on
ART, who were randomised to continuous therapy, or to a period of up to 48 weeks off therapy, until
CD4<20%. No children undergoing treatment interruption died or had an AIDS-defining event,
showing the intervention was safe; it appeared a particularly promising option for children starting
interruption at a younger age and with higher CD4% nadir.

These preliminary data suggest that ART interruption in HIV-infected children is a viable and
safe strategy, and the buying of time to allow the immature paediatric immune system time to
develop for a period of time, perhaps 1-3 years, before stopping ART, may provide a substantial
time off treatment for a significant number of infected children. Improving further on this strategy
by vaccination or other immunotherapeutic approaches in order to induce optimally effective HIV-
specific immunity in children before ART is discontinued (Fig. 2) would seem to be an option that
would be well worth exploring to provide much-needed respite from the current lifetime ART-
dependence for all HIV-infected children.

Fig.2 Goal ofearly ART | e
and immunotherapy. Scheme ) Desired viral
to show the desired impact on { ~ load changes
viral load, first, of early ART
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immune response to develop
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were induced through
immunotherapeutic
interventions employed at an
appropriate time while still
under cover of ART
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5 Conclusion

The challenges presented by paediatric HIV infection are changing. High mortality rates for HIV-
infected children in the first 1-2 years of life, and the unpredictability of deaths in this age group,
have led to the current guidelines for initiation of ART in all HIV-infected infants diagnosed at age
< 24 months. The rationale for this change in WHO guidelines is therefore strong. As ART acces-
sibility increases in resource-poor settings where the paediatric HIV epidemic is concentrated, the
scale of the problem becomes apparent. Even in a relatively well-resourced country such as South
Africa, where there are up to 1000 new paediatric infections per week, the expectation of maintain-
ing these children on ART through childhood and adolescence without encountering major prob-
lems resulting from drug resistance and/or toxicity seems unrealistic. In addition, the sheer cost of
a lifetime of ART from birth, together with that of monitoring CD4 counts and viral loads would be
colossal. In parallel with continuing efforts to prevent new paediatric infections arising, a strategy



Approaches Towards Avoiding Lifelong Antiretroviral Therapy in Paediatric HIV Infection 33

needs to be put in place to avert an epidemic of HIV-infected adolescents on failing salvage therapy
regimens in 10 years time.

The strategy proposed here exploits the use of ART initiated in the first weeks or months of life
to minimise damage to the immune system caused by HIV infection, and to allow time for the
developing immune system to mature sufficiently to engage effectively with HIV. There is evidence
that the paediatric immune system can successfully control HIV for some time from the significant
numbers of perinatally infected, ART-naive children who can maintain normal CD4 counts into
their teenage years. Current work is focusing on determining at what age HIV-infected children are
most likely to generate effective anti-viral immunity, and on developing the vaccines or immuno-
therapeutic agents to generate optimal efficacy in these responses.
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How Short Is Long Enough for Treatment
of Bone and Joint Infection?

Markus Piidkkonen and Heikki Peltola

1 Introduction

“We decided to continue antimicrobials just to be on the safe side” is a phrase one often hears when
a patient with a severe disease is being treated. The words are not always those of an inexperienced
physician in training, but those of a senior consultant. The flaw in the rationale behind this is the
presumption that a longer course will benefit the patient more than a short course. Sometimes this
holds true, but usually it does not. A spectacular example is meningococcal meningitis in which
more than one prospective study shows that a single injection of long-acting penicillin, chloram-
phenicol, or in more recent studies, cephalosporin cures the great majority of patients [1, 2].
However, this regimen should certainly not be tried for other types of bacterial meningitis.

Historically acute osteoarticular infections of childhood — osteomyelitis (OM), septic arthritis
(SA), and OM with adjacent SA (OMSA) — used to be fatal or otherwise devastating diseases. Before
the era of antimicrobials, the attending physician (usually a surgeon) had a dilemma: if you operated
on the patient immediately, mortality was higher but sequelae in survivors developed less frequently —
and vice versa: if you waited for a week or so, the risk of death decreased but the child’s chances of
being left crippled increased [3]. The same destructive effect has been shown in animal models [4].
An elegant analysis of the pathogenesis of OM almost a century ago [5] was realistic when comment-
ing as follows on the role of operation (which was virtually the only thing a doctor could do) in the
treatment: “However much one may dislike it, it is necessary to appreciate the extent to which, in
appropriate instances, operation can and frequently does do more harm than good.”

2 Role of Antimicrobials

The advent of sulphonamides in the late 1930s was a major step forward in the treatment of osteoar-
ticular as well as other bacterial infections. The American, Frank Dickson, commenting on the
article by Penberthy and Weller, 1941 [6], stated: “If the results of the use of chemotherapy continue
to be as promising as they are at the present time, I believe that we may look upon it as a boon in
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the treatment of this disease that ... has, heretofore, left behind it a trail of more or less incapacitated
and crippled individuals.” In the same paper we find that sulphonamides, as an adjuvant therapy,
were combined with surgery which was carried out to all patients soon after arrival in hospital. Of
note was the observation that medication could mostly be administered orally. The effect of sulpho-
namides was so dramatic that mortality rates which had been exceeding 20% in 1934-1936, fell to
9% in 1936 and nil in 1939.

Also, the duration of medical treatment used was typically very short (Table 1). One 6 year-old
girl with proven Staphylococcus aureus OM in the tibia received sulphapyridine for just 3 days
and “healed in 6 weeks” [6]. Another contemporary article [7] recommended penicillin discontinu-
ation 5 days after the defervescence of the patient. This early experience from the dawn of the
era of antimicrobials, when they were used in small quantities to conserve scarce supplies, showed
that the treatment course need not always be prolonged, although just how to select the patients for
whom a short course would be sufficient remained unclear. When facilities to produce larger quanti-
ties of antimicrobials were established in the 1950s, scarcity ceased to be an important issue in
most instances.

With this experience, it is a little surprising that then, for several decades, antimicrobials were
administered routinely for several weeks or even months [8]. Only recently have questions been
raised as to whether this is really necessary. Lengthy courses of antimicrobials are costly, especially
when expensive anti-staphylococcal agents are used, and they are not without risks [9]. As illus-
trated in Fig. 1 (Panels a and b), there is a moment when all the advantages of treatment have
been obtained while all the negative effects have not yet accumulated. This is the optimal time to
stop treatment. Unfortunately, identifying this moment is not easy in the real-life situation. There is
no doubt that there has long been a great need for sufficiently-powered, prospective studies exam-
ining the ideal duration of antimicrobial treatment [10].

Still, acknowledging this need, all the information that has been gained over the decades has not yet
been put into practice. For example, in many Commonwealth countries, a 6 week intravenous course
for childhood OM is still a routine — despite compelling evidence showing that it is not necessary.
Table 2 summarizes the current practice in nine countries from various parts of the world [11-20].

3 Risk of Reoccurrence

One spectre in the treatment of osteoarticular infections is their tendency to reoccur. This may be a
true relapse, a new episode caused by the same agent, or late re-infection in which the same anatomi-
cal site undergoes infection due to different agents [21]. This second category cannot be deemed a
“true” treatment failure, as once infected, an osteoarticular site remains prone to further infections
for some time. An analogy with endocarditis is evident. No data exist suggesting that any prolonged
medication would prevent all these late re-infections. The incidence of relapses is not known, there
may be some association with the length of history and very short treatments, but 95% of relapses
occur within 12 months [22]. Overall, these events are very rare and their occurrence does not
justify long treatment courses for all cases. This said, in osteoarticular infections, like endocarditis,
the treatment should be taylored to the needs of each patient.

An article in 1960 [23] examined relapses of acute osteomyelitis and identified two risk factors
for failure: history of at least 3 days from the onset of symptoms to presentation and an antimi-
crobial course of 5-10 days. It came to be believed that long treatment courses and use of nor-
malization of the erythrocyte sedimentation rate (ESR) as the yardstick for the discontinuation of
antimicrobials were the lines to be followed in future. However since then numerous antimicrobi-
als have arrived on the market, and much has been learned of their very heterogeneous
pharmacokinetics.
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Fig. 1 As in treatments in general, the osteoarticular infections not being an exemption, there is a moment when all
advantages have been obtained but not all adverse effects have yet arrived. The treatment should be stopped then.

Panels A, B and C

4 Monitoring the Course of OM, SA, and OMSA

Regarding ESR, Fig. 2 [24] shows how arbitrarily ESR behaves in childhood OM and OMSA.
A more reliable laboratory index is needed.

We have been measuring the serum C-reactive protein (CRP) levels sequentially now for three
decades [25] and are very happy with this practice [26]. However, a necessary condition is that the
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Table 2 Duration of antimicrobial treatment (total) for childhood osteoarticular
infections in the 2000s

Country Duration Reference
Australia 3 weeks Vinod et al. 2002 [11]
Chile 4-6 weeks Prado et al. 2010 [12]
Finland
Septic arthritis (SA) 10-14 days*® Peltola et al. 2009 [13]
Osteomyelitis w/w-out SA 3 weeks? Peltola et al. 2010 [14]
France 5-6 weeks Abuamara et al. 2004 [15]
India 3—-4 weeks Shetty and Gedalia. 2004 [16]
Iran 5 weeks Jaberi et al. 2002 [17]
Nigeria 2-4 weeks Eyichukwu et al. 2010 [18]
Taiwan 5 weeks Kao et al. 2003 [19]
United States 4 weeks Ballock et al. 2010 [20]

“only 2—4 days i.v., all the rest orally

=----& Sequential ESR, Osteomyelitis
o0—o Sequential ESR, Osteomyelitis & Arthritis

140

(mm per hour) N
® B D
o & o

ERYTHROCYTE SEDIMENTATION RATE
(0]
o

5 10 15 20 25 30 35 40
Onset of Therapy DAYS OF TREATMENT

Fig. 2 Sequential measurement of the erythrocyte sedimentation rate (ESR) is a suboptimal laboratory index in the
monitoring of osteoarticular infections of childhood (From: Dich, V.Q., et al. (1975) Am J Dis Child (129),1273—
1278. Copyright © (1975) American Medical Association. All rights reserved)

test result is quantitative and arrives on the day the sample is taken since only then does it serve the
patient and clinician by adding usefully to the monitoring of the course of disease. We usually dis-
continue antimicrobial once the level of 20 mg/L has been reached. If the patient recovers unevent-
fully, this normally occurs within a fortnight in SA and OMSA, and after about a week in OM [26].
The CRP measurements are currently easy to perform, as a finger/heel prick whole-blood sample
suffices and the test result can be ready within minutes. We do not believe that more costly measure-
ments of serum procalcitonin levels would add anything to the information obtained by CRP.

5 Towards Shorter Antimicrobial Courses

A clinical trial of 62 patients from the 1960s [27] was one of the first using a B-lactam, cloxacillin,
in the treatment of osteoarticular infections (OM). Cloxacillin was given “arbitrarily for a period of
5 weeks”. For many, this arbitrarily chosen length of antimicrobial soon became the “clinical stan-
dard” from which not much deviation occurred.
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Two decades later, a large retrospective analysis from Texas [28] concluded that a course of
3—4 weeks would suffice for most cases of OM. For SA, a little less, around 3 weeks, would be fine,
as earlier suggested by Tetzlaff et al. [29]. Still, an early switch from i.v. to oral administration was
deemed risky, and was “allowed” only if serum concentrations were measured and good compliance
was guaranteed. The i.v. period was supposed to last 1-2 weeks. Since then, antimicrobial concen-
trations have not much been measured, but good compliance is, of course, a continuous
requirement.

6 Lessons Learned from Prospective Studies in OM, SA, and OMSA

The first sufficiently-powered, randomized and prospective study seeking for optimum durations of
treatment for OM, SA, and OMSA was completed recently in Finland [13, 14]. Paucity of cases in
that country was a problem, as it would have been elsewhere in the industrialized world, in contrast
to resource-poor countries [16—18]. As a consequence the enrolment of patients took more than two
decades. Nevertheless, more than 250 cases, all culture-positive, were randomized and ultimately
analyzed. The comprehensiveness of the series permitted conclusions which were better founded
than ever before. The lessons learned are summarized below, but a few caveats should be
recognized.

First, all information derives from two antimicrobials only, clindamycin and first generation
cephalosporins. Caution should be entertained if this experience is extrapolated to other agents.

Second, although Staphylococcus aureus was overwhelmingly the most common causative
organism, no methicilllin resistance (MRSA) was encountered. Fortunately, most MRSA strains
(e.g. in the USA) have retained their susceptibility to clindamycin [30].

Third, we cannot comment on treatment of, say, salmonella infections which may require
considerably longer administration of medication.

Eight major lessons were learned:

1. Large doses are probably needed [29]; for clindamycin 40 mg/kg/day divided in 4 equal doses
(gid), and for 1** generation cephalosporins no less than 150 mg/kg/day gid. The same dose can
be used both for i.v. and oral administration. As these agents are “time-dependent” — effective-
ness correlates with the time that their plasma concentration exceeds the minimal inhibitory
concentration — thus their gid (not tid) dosing is probably important.

2. Regardless of whether OM, SA, or OMSA is being treated, the initial i.v. course (if needed at all)
can be short, 2—4 days or so. Supporting this, 3—5 days was also sufficient in another study [31].

3. Most cases of OM heal without a notable risk of recrudescence or sequelae with a course which
lasts for 3 weeks in total — provided the clinical response is good and serum C-reactive protein
(CRP) decreases to <20 mg/L in 1 or 2 weeks or so [13, 14]. The same principles apply to
OMSA.

4. In “pure” SA (adjacent bone not involved), a 10-14 day total course of high-dose clindamycin or

first generation cephalosporins is enough, with the same requirements as above [13].

Cases caused by S. aureus do not need special treatment [13, 14].

6. Open surgery is needed less than has been thought before. In hip SA, there is no need for routine
arthrotomy [32].

7. Sequential CRP measurements provide a useful guide to clinicians [13, 14, 32]. If no decrease is
observed on day four of treatment in OM, one may encounter some troubles [33]. After diagno-
sis, following the erythrocyte sedimentation rate is of little value [13, 14, 26].

8. Although more than 200 culture-positive cases of OM, SA or OMSA have been treated along
these lines without a single recrudescence or an increased frequency of sequelae, no treatment

i
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guarantees a 100% cure. In clinical medicine, exceptions always exist, and in those cases, you
have to cope with the facts. If the signs and symptoms do no subside within days, fever continues,
and CRP remains high for more than 10 days, the treatment might warrant modification. In those
cases, surgery should also be considered.

Studies aiming at shortening treatments raise little interest from industry, which is one reason

why research in this field has been meagre. Public resources are mostly directed towards more com-
mon diseases than OM, SA, or OMSA, which, when they occur, require considerable investment of
time and resources. Fortunately, the traditional month-long i.v. course has now shrunk into a few
days with no disadvantage to the patient. Clearly, our aim, as seen in panel C of Fig. 1, was in the
wrong place. Consequently, we have not previously been offering maximal benefit to our patients.
As clinicians and scientists, we need to meet the challenge to optimize treatment in all situations.
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What’s New in Diagnostic Testing and Treatment
Approaches for Mycoplasma pneumoniae Infections
in Children?

Ken B. Waites

1 Introduction

Mycoplasma pneumoniae infections are among the most common bacterial infections that occur in
children; they can sometimes be severe, spread systemically, and evoke autoimmune reactions
affecting multiple organ systems. Despite the potential for significant illness in some children, a
microbiological confirmation is often not sought because of the perception among some physicians
that there are no satisfactory diagnostic tests suitable for the acute care setting, that treatment with
macrolide antibiotics is always curative, and that the majority of infections, even if untreated, will
eventually resolve without sequelae. While these beliefs that are held by many primary care physi-
cians and reinforced in medical education programs to some extent, there is much that has been
learned about mycoplasmal respiratory infections in the past several years that warrants reconsider-
ing these concepts.

An illustrative example of how mycoplasmal respiratory infection can cause problems both from
the diagnostic as well as the therapeutic standpoints comes from a case that was encountered in
Alabama, USA in 2009 [1].The patient was a ten year-old boy who developed fever, sore throat, a
bullous rash and stomatitis, prompting hospitalization with the diagnosis of Stevens-Johnson
Syndrome. Despite initial treatment with vancomycin and later with ceftriaxone and azithromycin,
he continued to have high fever with worsening cutaneous and oral lesions over a 1 month period.
Chest radiographs indicated pneumonia with pleural effusion. Upon transfer to a tertiary care medi-
cal center, IgM, IgG and IgA antibodies and a polymerase chain reaction (PCR) assay from a throat
swab were positive for M. pneumoniae. Additional PCR assays confirmed the presence of a point
mutation in the ribosomal RNA gene known to confer high-level macrolide resistance. He was then
treated with levofloxacin and recovered. The upcoming discussion addresses some pertinent matters
regarding clinical recognition and diagnostic testing that should be considered by primary care
physicians who encounter children with M. pneumoniae infections and the emerging problem of
macrolide resistance that potentially complicates management.
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2 Epidemiology of Mycoplasma Respiratory Infections

M. pneumoniae infection is not a reportable disease and is infrequently confirmed by laboratory
testing on a routine basis, except in seriously ill patients requiring hospitalization in locations
where diagnostic testing is available. Therefore, data concerning its prevalence are somewhat
sparse for many parts of the world and are limited mainly to information obtained from studies
that are conducted to evaluate a specific antimicrobial treatment regimen or targeted surveil-
lance for specific conditions such as community acquired pneumonia (CAP). Since M. pneumo-
niae can produce diseases in the upper respiratory tract or the lower tract as well as produce a
wide array of extrapulmonary manifestations without overt respiratory disease, patients may
have a highly variable presentation [2]. Thus, depending on the criteria for patient inclusion
(i.e., age, type of illness), severity, and the method of diagnostic confirmation (i.e., culture,
serology, PCR), surveillance studies may yield quite divergent results when considering the
contribution of M. pneumoniae to human infections. Mycoplasmal infection is endemic in many
areas, becoming epidemic from time to time, and can be transmitted by respiratory droplets
from person to person, with a 1-3 week incubation period. Thus, in some years there will be
more cases than others. Localized outbreaks often occur in schools, military bases, summer
camps, prisons and other locations where large numbers of people are housed in close proximity
to one another.

While most epidemiological data are from the United States, Europe and Japan, there does not
seem to be any particular geographic or climatic relationship with M. pneumoniae infection and it
can be considered a worldwide pathogen. The cyclical nature that is well known for M. pneumoniae
infections is at least partly due to the fact that a primary infection does not normally provide com-
plete protective immunity from future infections, although in adults who have had multiple myco-
plasmal infections over time tend to be more likely to have illness of more modest severity than
young children who are experiencing the infection for the first time. The organism may be carried
in the respiratory tract for variable periods in asymptomatic persons [3].

A study from the USA conducted in the mid—-1990s detected M. pneumoniae in 23% of CAP
among children aged 3—4 years [4], whereas a study of Finnish children [5] reported its occurrence
in 30% of pediatric CAP overall and in more than 50% of children aged 5 years or older, making it
the single most common pathogen encountered. A French surveillance program aimed at character-
ization of adults and children with upper respiratory influenza-like manifestations which was con-
ducted over several years detected M. pneumoniae in 2-20% of nasal swabs by PCR, often
concomitantly with influenza viruses. In some time periods M. pneumoniae was detected in 50% of
the samples [6]. Using a combination of serology and PCR, Italian investigators [7] determined that
M. pneumoniae was present in 23% of nasopharyngeal aspirates from children with pharyngitis that
were negative for Streptococcus pyogenes. A subsequent study by the same authors [8] found
M. pneumoniae to be more common than S. pyogenes, second only to various respiratory viruses as
a cause of pharyngitis and it tended to cause more severe lower respiratory illness if inadequately
treated.

The overall message of the many studies conducted over several years to assess the relative con-
tribution of M. pneumoniae as an infectious agent is that this bacterium can cause infections which
range from very mild or even subclinical to severe and that they can affect persons of any age, begin-
ning in infancy all the way to elderly adults. An important epidemiological link between mycoplas-
mal infections in children and elderly adults is that the latter often provide childcare for younger
children and likely acquire infections as a result of that interaction.
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3 Clinical Presentation and Basis for Pathogenesis

3.1 Respiratory Disease

Recognition of M. pneumoniae infection in children can be challenging for the pediatrician who
should always have a keen suspicion for it in a child of any age with a respiratory tract infection for
which another microbial etiology is not readily apparent. The key to recognition of potential cases
of M. pneumoniae respiratory infection is to understand that illness is usually indolent, there are
often other family members with current or recent illnesses of a similar nature, and there may be
variable severity. The infection can involve the upper respiratory tract manifesting as sinonasal
congestion, coryza, hoarseness, and sore throat, as well as the lower tract with dry hacking cough,
wheezing, and pneumonia. Combined involvement of the upper and lower tract is common as are
other nonspecific findings such as fever, chills, headache and earache. Chest radiographs may reveal
consolidation, usually unilateral, with bibasilar streaky infiltrates, and sometimes pleural effusion,
even though the child may not appear significantly ill [9].

Particular attention should be paid to children with chronic asthma who are suspected of having
M. pneumoniae infection because of the growing body of evidence that the two conditions can be
related and concern that prolonged airway dysfunction may result in children who are already at risk
for lung problems even without supervening infection. Considerable work has been done in recent
years to investigate the role of M. pneumoniae in asthma to elucidate whether it may be of primary
etiologic significance or merely act as an exacerbating agent in an individual already predisposed
to the condition. There are several lines of evidence supporting a role for this mycoplasma, both in
underlying pathogenesis and as an exacerbator of asthma. The role in asthma has been discussed in
more depth in recent publications [9, 10].

The basis of the respiratory manifestations associated with M. pneumoniae infection can be
explained to a great extent by two inter-related pathogenic features of the organism. M. pneumoniae
possesses a specialized terminal attachment organelle which enables it to bind to molecules on the
surface of the respiratory epithelium. The cytadherence process occurs as a result of the interactions
of the P1 adhesin and numerous other well characterized proteins which have been described in
detail elsewhere [9, 10]. Attachment to the respiratory mucosa places the organism in close associa-
tion with the host cells and thereby enables a second major process to occur involving the secretion
of various chemical mediators that include hydrogen peroxide, superoxide radicals and an exotoxin,
aptly named the Community Acquired Respiratory Distress Syndrome (CARDS) toxin [11]. This
toxin has similar sequence homology with the pertussis toxin S1 subunit which carries out
ADP ribosylation and ultimately, in conjunction with other chemical mediators, causes vacuola-
tion, ciliostasis and exfoliation of mucosal cells. Stimulation of host cell production of proinflam-
matory cytokines and lymphocyte activation complete the pathogenic process of damaging the
respiratory mucosa and eliciting acute inflammation which results in the characteristic symptoms of
M. pneumoniae infection such as the dry hacking cough and the infiltrates associated with pneumonia.
The potential for intracellular replication which has been documented in vitro but not in vivo, may
also help explain the chronicity of mycoplasmal respiratory infections, difficulty of organism
eradication, and circumvention of the host immune response [10, 12].

3.2 Extrapulmonary Manifestations

Children with hypogammaglobulinemia seem especially prone to invasive and prolonged mycoplas-
mal infections that may disseminate to the joints and other organs, indicating the importance of an
intact humoral immune system in host defense against this organism, but children with an intact
immune system may also develop severe and disseminated disease [13]. The reasons why some
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immunocompetent children have mild or only modest illness when infected with M. pneumoniae
while others develop severe pneumonia, sometimes with dissemination and extrapulmonary com-
plications, are complex and incompletely understood. In some cases, such as in the child described
earlier, nonpulmonary manifestations may be more prominent than a respiratory component, which
may be minimal or even nonexistent. Cytokine formation and lymphocyte activation may either
minimize disease through enhancement of host defenses or exacerbate disease through development
of hypersensitivity. The more vigorous the immune response and cytokine stimulation, the more
severe the clinical illness and organ damage [14]. Thus, it appears that to a large degree the course
and outcome of mycoplasmal infection rests in the host response.

Table 1 summarizes some of the most common extrapulmonary manifestations of M. pneumo-
niae infection and information concerning possible mechanisms. It is important to understand that
extrapulmonary complications can in some instances be due to direct spread of the organisms to
distant sites, presumably through the bloodstream where they elicit a local inflammatory response

Table 1 Extrapulmonary complications of Mycoplasma pneumoniae infection®

System Clinical manifestation Additional information and proposed mechanisms
Hematologic Cold agglutinin IgM antibodies, Cross-reactive antibodies against erythrocyte |
aplastic and hemolytic anemia, antigens and/or plasma proteases as well as
thrombotic thrombocytopenic vasculitic and/or thrombotic occlusion have
purpura, disseminated been implicated in pathogenesis.
intravascular coagulation/shock,
mononucleosis-like syndrome
Neurologic/ocular  Ascending paralysis (Guillain-Barré Neurologic complications are common, can be

Cardiovascular

Dermatologic

Musculoskeletal

Gastrointestinal

Urogenital

Bloodstream

Syndrome), cerebellar syndrome,
polyradiculitis, cranial nerve palsy,
peripheral neuropathy, coma,
aseptic meningitis, encephalitis,
coma, optic neuritis, anterior
uveitis, iritis

Pericarditis, endocarditis, myocarditis,
pericardial effusion, cardiac
tamponade, Kawasaki Disease

Erythematous maculopapular and
vesicular-bullous rashes, Stevens-
Johnson Syndrome, ulcerative
stomatitis,

Polyarthropathy, myalgias,
arthritis, osteomyelitis, acute
rhabdomyolysis

Nausea, vomiting, diarrhea,
cholestatic hepatitis, pancreatitis

IgA nephropathy, acute
glomerulonephritis,
tubulointerstitial nephritis,
renal failure, priapism

Bacteremia

severe, and may occur in absence of overt
respiratory illness. Autoantibodies against
myelin and leukoencephalopathy suggest
autoimmune mechanisms for some conditions,
but organisms have also been detected in CSF
and neural tissue.

Autoimmunity and direct invasion have been
documented in various CV diseases. Organisms
have been detected in pericardial fluid.

These are the most common nonrespiratory
complications. Autoimmunity and/or direct
invasion may be involved. Organisms have been
detected in skin lesions.

Invasive joint infections occur in persons with
antibody deficiency and normal hosts. There
is a possible association with rheumatoid
arthritis. Autoantibodies, vascular occlusion and
direct invasion of joints have been implicated.
Organisms have been detected in synovial fluid.

Nonspecific GI complaints often occur in
association with respiratory disease, but
mechanisms have not been investigated
carefully.

Autoimmunity with immune complex formation
is likely predominant, but direct invasion
may also occur as mycoplasmal antigens
have been detected in kidney tissue by
immunofluorescence.

Organisms are sometimes detectable by PCR in
blood of patients with pneumonia.

*Information in table was derived from material discussed in references [2, 14, 15, 41]
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through elaboration of various soluble mediators such as interleukins, interferon y, and tumor
necrosis factor o. Direct spread is proven by numerous reports in which the organisms or their
DNA have been detected directly in the organs involved [2]. Though direct spread outside of the
respiratory tract certainly occurs, it is likely that autoimmune reactions are equally, if not more
important as causative factors in extrapulmonary diseases of some types. This includes production
of autoantibodies that cross react with host antigens, generation of circulating immune complexes,
and elaboration of other substances such as IgE and stimulation of mast cell degranulation [2, 15].
The presence of any of these clinical conditions should warrant consideration for a possible
mycoplasmal etiology, even though they are non-specific and might be due to other infectious and
sometimes non-infectious causes.

4 Diagnostic Approach

Given the mild to modest severity of many mycoplasmal respiratory infections, the numerous
limitations of laboratory diagnostic procedures, their costs, turnaround time, and lack of widespread
availability in many countries, it is not surprising that many physicians rely solely on clinical
suspicion and empiric treatment despite the inherent limitations of this approach. The types of diag-
nostic tests available and their costs will vary from one country to another. As a general rule, it is
reasonable to pursue a microbiological diagnosis when respiratory illness is sufficient to warrant
hospitalization, if there is an unsatisfactory clinical response to empiric treatment, if the patient has
underlying co-morbid conditions or immunodeficiency that would make severe and disseminated
disease more likely, and when there are significant extrapulmonary symptoms present.

There are three broad categories of laboratory testing that can be applied to aid in the diagnosis
of M. pneumoniae infection: culture, serology and PCR. This topic has been reviewed recently so
only a few basic comments need to be reiterated [9, 10, 16].

4.1 Culture

Culture was developed in the 1960s but is rarely used for clinical purposes due to the fact that it
requires several days to weeks for the organisms to become visible on specialized enriched media
such as SP4 agar. Even in hands of the most experienced microbiologists, false negatives are com-
mon. The main value for performing cultures is that it will provide clinical isolates that can be
studied further for genotyping and tested for antimicrobial susceptibilities if desired.

4.2 Serology

Serology has been the most widely used method for detection of M. pneumoniae infection for many
years. Some assays to measure antibodies became available fairly soon after the organism was first
described. The serologic approach was logical at that time since culture was so time consuming,
complex, and insensitive. Serum is easy to obtain and store and the basic principles of complement
fixation to measure antibody response had already been developed for some of the common viral
infections when M. pneumoniae was first characterized. The older non-specific cold agglutinin test
and labor intensive complement fixation assay have now been replaced with a variety of newer
commercially sold products that include enzyme-linked immunosorbent assays (EIAs), immuno-
fluorescence, and particle agglutination tests. The EIA format is the most widely used among these
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various methods and has been adapted to technologies that allow precise quantitation of IgM, IgG
and IgA antibodies in microtiter plate format as well as single use qualitative point-of-care assays
that have become popular with pediatricians in some countries.

Despite its widespread use for so many years and its general acceptance by clinicians, the develop-
ment of commercial assays and publications comparing them with one another and with detection of
the organism by PCR, the limitations of serology for detection of acute M. pneumoniae infection have
become more apparent. It is likely that some assays are better than others, but their relative merits are
difficult to discern because so many publications simply compare several different tests against one
another or with complement fixation without really knowing what constitutes a “true positive”. To
appreciate fully the problems inherent to serology it is necessary to understand some basic facts
concerning the host immune response to the presence of mycoplasmas in the respiratory tract.

Within about a week after primary infection with M. pneumoniae antibody to protein and glyco-
lipid antigens form, peaking at 3—6 weeks and then gradually declining. In children and young
adults IgM is the first antibody to develop, typically preceding IgG by about 2 weeks. As a result
of reinfections over time, many adults beyond 40 years of age never develop IgM in an acute infec-
tion and there may be a very high background of IgG as well as IgM in the general population
without acute mycoplasmal infection [16]. The problem of using IgM as a marker of acute infection
in children is further complicated because infants under 6 months of age, often do not produce IgM.
Older children may mount an IgM response erratically at variable periods after infection, if at all,
and it may persist for months afterwards [16]. Another obvious limitation for some patient popula-
tions is that a functional humoral immune system is prerequisite for mounting a measureable anti-
body response and those whose immune systems are impaired for one reason or another appear to
be at greatest risk for invasive mycoplasmal disease. Reliance on the analysis of a single acute phase
serum for IgM alone or with IgG using commercial assays has unacceptable performance as dem-
onstrated by some large studies that compared several commercial products with one another, one
of which used patients with PCR-proven infections as a reference standard [17, 18]. The ability of
serology to detect acute infection is improved when acute and convalescent sera collected 2—4 weeks
apart are evaluated. In a study of Japanese children with pneumonia, using the Meridian ImmunoCard
(Meridian Biosciences, Cincinnati, OH, USA), a rapid qualitative IgM assay suitable for point of
care diagnosis, the sensitivity was 31.8% when basing results on a single test, but it rose to 88.6%
when paired sera were analyzed [19]. Thus, from the numerous evaluations of some of the most
commonly used serological tests in Europe and North America, it may be concluded that the main
value of serology is for epidemiological, rather than diagnostic purposes since awaiting results for
seroconversion from tests on paired sera collected at two separate clinic visits is not practical from
a patient management standpoint.

IgA has been purported to be a useful marker of acute M. pneumoniae infection in children as
well as in adults who do not mount an IgM because it may rise more quickly and decline sooner
than either of the other classes, but very few commercial assays include IgA. A recent evaluation
(unpublished) of a commercial IgA test in our laboratory that investigated serological response in
children and adults with radiologically proven pneumonia who were PCR-positive for M. pneumo-
niae found that there were no IgA-positive specimens that were not also positive for IgM.

4.3 Nucleic Acid Amplification Tests

Given the shortcomings of culture and serology for diagnosis of acute infection, descriptions of PCR
assays for detection of M. pneumoniae were one of the very first applications of this technology
when it first became available in the late 1980s. Since then many assays have been described with
several different gene targets that include 16 S rRNA, 16 S-23 S rRNA spacer, P1 adhesin, ATPase
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operon, tuf, parE, dnaK, pdhA, repMpl noncoding element, and CARDS toxin gene, [10, 16].
Considerable interest has arisen to develop multiplex assays to detect other respiratory pathogens
including Legionella pneumophila and Chlamydophila pneumoniae and several of these have been
described [10]. During the past decade, the emphasis of nucleic acid amplification testing has
shifted towards real-time PCR assays that can be completed in a single day on a single specimen
that does not require viable mycoplasmas and which may be collected from a patient earlier in the
course of illness than would be possible for measuring antibodies.

These real-time PCR assays can use a variety of different instrumentations and assay conditions.
Real-time PCR has numerous advantages over traditional gel-based PCR assays. One advantage is
improved sensitivity for detection of systemic spread of M. pneumoniae infection. A real-time PCR
found that 15 of 29 (52%) patients with serological evidence of M. pneumoniae infection had a
positive assay versus 0% with conventional PCR [20].

Just as the literature concerning serology is fraught with a large number of studies of question-
able design in which various commercial EIAs were compared with one another and/or with
complement fixation without a clear understanding of what constitutes a “true positive”, such is also
the case for PCR. In the past 20 years there have been more than 200 indexed publications describ-
ing the use of PCR in association with some aspect of infection with M. pneumoniae. The main
problems in drawing conclusions about this growing body of literature is that there are so many
different assay formats, targets, and assay conditions for which the accuracy has never been vali-
dated. In some cases assays of unknown sensitivity and specificity are simply compared to one
another, to serology, or to culture, sometimes using patient populations that are not well-defined.

There has been no consensus of which specimen type is optimum for PCR testing (i.e. lower respi-
ratory tract specimens or throat swabs), though all specimen types used for culture may be used [16].
In pediatric patients, throat swabs or nasopharyngeal specimens may be the only specimen available
if sputum is not being produced and the patient is not sick enough to justify more invasive sampling.

Despite the obvious advantages and superior diagnostic sensitivities of PCR assays for detection
of acute M. pneumoniae infections, their utilization has not become as widespread as one might
expect, though this varies from country to country. In the United States as of 2011 there are no
complete PCR assays for M. pneumoniae cleared for diagnostic use by the U.S. Food and Drug
Administration (FDA) that are sold commercially. Some larger hospital clinical laboratories and
reference laboratories offer PCR assays using their own in-house assays, or their adaptations of
published PCR primers, probes, and assay conditions. The relatively high cost and necessity of
shipping specimens to an off-site laboratory which may lengthen turnaround time for results may
lessen enthusiasm for their use in ambulatory care settings. Lack of FDA-approved assays that are
commercially manufactured significantly limits offering PCR testing in the USA since most diag-
nostic laboratories will be unable to perform the necessary research to develop their own assays.
Even though some laboratories in the USA offer PCR testing for M. pneumoniae, there is no orga-
nized proficiency testing program in place so the relative quality of patient results they provide may
not be possible to ascertain. In Europe there are several companies that market their products for
diagnostic testing of M. pneumoniae. Some of these products have been compared to in-house
assays with generally favorable results with regards to analytical sensitivity [21].

Loens and coworkers [16] have provided a comprehensive critical discussion of nucleic acid
amplification tests used for detection of M. pneumoniae, including several of the most recent com-
parative studies of in-house as well as commercial assays used mainly in Europe. As might be
expected for extremely sensitive molecular based assays for which there are no universally applied
standards for performance, there has been significant discordance for organism detection, even
among laboratories that use the same tests. One very promising development in Europe is the
production of a PCR proficiency test panel for detection of M. prneumoniae produced by Quality
Control Center for Molecular Diagnostics [22].
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Many problems remain with the current PCR technology as mentioned above since there are no
mandated standards and most assays with some exceptions in various European countries consist of
in-house assays that have undergone little if any comparative validations and may not include
acceptable controls to determine whether assay inhibition, contamination, or nonspecific reactions
with other microorganisms exist. Since PCR can theoretically detect one colony forming unit, a
relevant question is whether PCR detection of a very low number of genomes denotes clinically
significant infection since it is known that some people can carry M. pneumoniae in absence of
disease caused by it for variable periods. It has been suggested that a combination of PCR and serol-
ogy may provide more accurate results and help distinguish colonization from true infection. This
approach may not be realistic since it would increase the costs of testing and interpretation of results
would potentially be hindered by a high background positivity of both IgG and IgM antibodies, even
in children.

The future of M. pneumoniae diagnostics utilizing PCR technology looks promising and it
should be considered the test of choice whenever microbiological confirmation is needed for patient
management and the test is available. A pediatrician who has access to a diagnostic laboratory that
offers PCR tests for M. pneumoniae should inquire about the nature of test, the gene target, how the
test was validated, and whether the laboratory subscribes to any type of external proficiency testing
or specimen exchange to verify the accuracy of patient results. Performing PCR assays on patients
who do not fit basic criteria on which to suspect mycoplasmal infection is not recommended.

5 Macrolide Resistance and Treatment Alternatives

Clinical studies from as far back as the 1960s indicated that antibiotic treatment of children with
mycoplasmal pneumonia reduces morbidity and shortens the duration of illness [23], so a course
of antibiotics should be given when mycoplasmal disease is proven or strongly suspected. However,
as illustrated in the case study above, treatment of M. pneumoniae infection is not always straight-
forward. The majority of mycoplasmal infections can be successfully managed on an outpatient
basis. Considering that microbiological diagnosis may not be available and children with myco-
plasmal respiratory infection will rarely have a sufficiently unique clinical presentation to distin-
guish their illness from other common bacterial and viral infections, pediatricians must provide
empiric treatment in many situations when mycoplasmal infection is suspected without ever know-
ing the true infectious etiology. Historically, the treatment of choice for pediatric patients has been
drugs in the macrolide class which are typically the most potent antimycoplasmal agents in terms
of MIC values [2].

Clinical studies demonstrating the efficacy of newer macrolides such as azithromycin and
clarithromycin were published in the 1990’s and these agents have largely supplanted older drugs
such as erythromycin due to improved tolerability, convenience of less frequent dosages and shorter
treatment durations [4, 24]. The widespread use of macrolides for pediatric respiratory infections
that intensified over the past decade on a worldwide basis largely aimed at management of penicillin-
resistant pneumococcal infections, has likely caused collateral damage by affecting the susceptibil-
ity of M. pneumoniae to this class of drugs through selective pressure.

Although macrolide resistance in M. pneumoniae has been known to occur for more than
30 years, reports were sporadic and most often were associated with prior macrolide-treatment.
Everything changed in about 2000 when reports from Japan [25-28] and later China [29, 30],
Europe [31] and the USA [32] documented increased occurrence of macrolide resistance in
M. pneumoniae. Recent reports from China indicate from 80% to more than 90% of clinical isolates
now have high-level macrolide resistance with erythromycin MICs often exceeding 64 pg/ml
[29, 30]. While the majority of macrolide-resistant M. pneumoniae have occurred in children, adults
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may also be affected, but to a lesser extent [33]. This disparity could possibly be related to more use
of fluoroquinolones and tetracyclines as alternatives to macrolides in adults than in children, thereby
causing less selective pressure for mutations.

The first reports of macrolide resistance utilized culture followed by in vitro susceptibility testing
which is practical only for epidemiological surveillance purposes since several days to weeks are
required to obtain the isolates and measure the MICs. A significant advantage for studying the epi-
demiology of macrolide resistance in M. pneumoniae that may also have potential benefit for man-
agement of individual cases has been the development of rapid molecular-based assays that can
detect the major ribosomal RNA gene mutations that are known to confer macrolide resistance
through reducing drug affinity to the 50 S ribosomal subunit [31, 32, 34]. Molecular-based assays
to detect antibiotic resistance are not available on a widespread basis since none is commercially
sold, but the technology is relatively straightforward, the necessary oligonucleotide primers, probes,
reagents, and assay conditions have been published and the assays can be performed in any labora-
tory that has the necessary equipment and experience in molecular diagnostics. In our mycoplasma
reference laboratory at the University of Alabama at Birmingham, USA, we routinely perform real-
time PCR targeting the repMp1 gene [35] to detect M. pneumoniae in clinical specimens of children
who have pneumonia, especially if the illness is of sufficient severity to warrant hospitalization. If
this initial PCR assay is positive, a second assay [34] is performed reflexively to detect the mac-
rolide resistance mutations, thereby providing the physician with immediate guidance for initiation
of the most appropriate treatment.

Determining the true clinical significance of macrolide resistance is difficult and can be compli-
cated by the fact that many infections are of modest severity and may improve without aggressive
antibiotic treatment. Since macrolides are known to have substantial immunomodulatory activities
that can reduce inflammation, there could also be a beneficial effect independent of antibacterial
activity [36]. Reports from Japan described prolonged febrile illnesses necessitating substitution of
drugs from other antibiotic classes due to persistent cough or worsening of chest radiographs. Two
Alabama children described in another publication had severe pneumonias requiring hospitalization
with supplemental oxygen requirements. Both failed azithromycin treatment and were later proven
to have macrolide-resistant M. pneumoniae infections [34]. These children and the case study
described earlier provide ample evidence that this newly emergent resistance does indeed matter in
some instances.

Pediatricians faced with selection of treatment alternatives when macrolide-resistant M. pneumo-
niae infection is suspected based on poor response to macrolides or confirmed by MIC or molecular-
based tests, have few therapeutic options. Tetracyclines or fluoroquinolones may be used in these
settings, but neither class is deemed appropriate for young children under normal circumstances.
There is no documented naturally occurring resistance to either of these antimicrobial classes in
M. pneumoniae, so multiple representatives of either class should be effective. Levofloxacin is bac-
tericidal against M. pneumoniae [37], giving it and similar drugs in this class a potential advantage
over bacteriostatic drugs such as minocycline or other tetracyclines. Whether fluoroquinolones will
eradicate infection sooner or reduce organism shedding more than other drug classes is not known
with certainty. Although clinical experience with levofloxacin in pediatrics is limited, a pharmacoki-
netic study recommended that children 5 years or older need a daily dose of 10 mg/kg, whereas
children 6 months up to 5 years should receive 10 mg/kg every 12 h in order to obtain exposures
associated with clinical effectiveness and safety in adults [38]. Recommended minocycline dosages
for children 9 years or older are 4 mg/kg initially followed by 2 mg/kg every 12 h.

Due to the nature of their mechanisms of action, none of the beta lactams, sulfonamides,
trimethoprim or rifampin may be considered active against M. pneumoniae. Although lincosamides
such as clindamycin may appear active somewhat active in vitro, previous experience is that it does
not work in vivo and should not be considered as a therapeutic option [39].
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Our recent experience with an investigational fluoroketolide, CEM 101 (Cempra Pharmaceuticals)
indicate it has potential for use in treatment of macrolide-resistant M. pneumoniae. Even though its
affinity to ribosomes with mutated rRNA is reduced in comparison to wild-type, its in vitro potency
is so much greater overall, that it is reasonable to expect it might be useful clinically. Two
M. pneumoniae clinical isolates with azithromycin MICs of >32 ug/ml had MICs for CEM 101 of
0.5 ug/ml [40]. In view of the worldwide emergence of macrolide resistance in M. pneumoniae that
mainly affects children; the pharmaceutical industry should certainly be evaluating new agents suit-
able for pediatric use. Use of adjunctive treatments for management of extrapulmonary disease,
(i.e., steroids for neurological complications) has been discussed elsewhere [2] and need not be
reiterated here.
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Pigs, Poultry, and Pandemic Influenza: How Zoonotic
Pathogens Threaten Human Health

Thijs Kuiken, Ron Fouchier, Guus Rimmelzwaan, Judith van den Brand,
Debby van Riel, and Albert Osterhaus

1 Introduction

Emerging infections have an enormous impact on human health, food supply, economics, and the
environment. Examples of pathogens causing emerging infections in humans in recent decades are
Chikungunya virus, human immunodeficiency virus type 1, Ebola virus, hantavirus pulmonary
syndrome virus, Hendravirus, highly pathogenic avian influenza (HPAI) H5N1 virus, Nipah virus,
and SARS-coronavirus [1]. Animals, and wild animals in particular, are considered to be the source
of more than 70% of all emerging infections in humans [2]. Therefore, understanding how these
zoonotic pathogens—pathogens of nonhuman vertebrate animals that may be transmitted to humans
under natural circumstances—emerge in the human population is critical for containing and eradi-
cating these infections.

Zoonotic pathogens need to cross the host species barrier in order to become capable of infecting
and being maintained in the human population. The host species barrier is not a simple concept: it
consists of the interaction of factors that collectively limit the transmission of an infection from a
donor species to a recipient species [3]. The process of crossing the host species barrier can be divided
into four phases (Fig. 1): interspecies host-host contact between donor species and recipient species;
pathogen-host interactions within an individual host of the recipient species, allowing replication and
shedding of the pathogen; intraspecies host-host contact in the recipient species, allowing pathogen
spread; and persistence in the recipient species population even during epidemic troughs [3].

A zoonotic pathogen that has successfully crossed the host species barrier to humans is avian influ-
enza A virus. Wild waterbirds are considered to be the original reservoir for all influenza A viruses in
poultry and mammals, including humans [4] (Fig. 2). From this reservoir, novel strains or even novel
subtypes of influenza A virus may cross the host species barrier to humans. This may occur either
directly from birds or indirectly via an intermediate host such as domestic swine. If such an influenza
virus adapts sufficiently to its new human host to be efficiently transmitted, a pandemic may occur.

Until 2009, the two influenza A viruses circulating endemically in the human population were
human influenza viruses of the subtypes HIN1 and H3N2, which caused annual epidemics every
winter season. Two influenza viruses that successfully spread from animals to humans are HPAI
HS5NI1 virus, originating from poultry, and pandemic HIN1 influenza (HIN1) virus, thought to
originate from domestic swine. However, these two influenza viruses differ in a critical aspect: their
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Fig. 1 Schematic illustrating phases in overcoming species barriers. (a) Interspecies host-host contact must allow
transmission of virus from donor species to recipient species. (b) Virus-host interactions within an individual of
recipient species affect the likelihood of the virus replicating and being shed sufficiently to infect another individual
of recipient species. (¢) Intraspecies host-host contact in recipient species must allow viral spread (R >1) in the
presence of any pre-existing immunity. Superspreader events (red asterisk) early in the transmission chain can help
this process. (d) The pathogen must persist in the recipient species population even during epidemic troughs (after
most susceptible individuals have had the disease) so that subsequent epidemics can be seeded: If few susceptibles
are left, the virus may (stochastically) go extinct in epidemic troughs. Viral variation and evolution can aid invasion
and persistence, particularly by affecting host-virus interactions. Reprinted from Science [3] with permission from
the American Association for the Advancement of Science

Fig. 2 Schematic representation of known events involving cross-species transmission of avian influenza viruses to
mammals besides humans. Cross-species transmission of avian influenza viruses to swine, horses, harbour seals,
whales and mink. The source of infection is not precisely known but is thought to be wild bird reservoirs
(Anseriformes, such as ducks, and Charadriiformes, such as gulls). Poultry can become infected with avian influenza
viruses and may transmit the viruses to swine and horses, when reared together. Horses have transmitted equine
influenza H3NS8 virus to domestic dogs. Reprinted from Scientific and Technical Review [11] with permission from
the World Organisation for Animal Health (OIE)
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human-to-human transmissibility. Between 1997 and 2010, HPAI H5N1 virus has caused 507
documented infections in humans, of whom 302 have died (www.who.int/csr/disease/avian_
influenza/country/cases_table_2010_10_18/en/index.html), but is not transmitted efficiently
among humans [5]. In contrast, human-to-human transmission of pHIN1 virus is efficient: within
months of the emergence of pHIN1 virus in Mexico at the beginning of 2009, it had been reported
world-wide, resulting in the first human influenza pandemic of the twenty-first century.

In the past 14 years, we have studied different aspects of the host species barrier for HPAT HSN1
virus and pHINT1 virus. In this review, we will discuss the host species barrier for these viruses,
concentrating on three questions: how does HPAI H5N1 virus transmit from birds to humans; what
are the within-host dynamics of HPAI HSN1 virus and pHIN1 virus in humans and other mammals;
and what determines transmission of influenza viruses among humans.

2 How does HPAI H5N1 Virus Transmit from Birds to Humans?

Before HPAI HS5N1 virus emerged in humans in 1997 in Hong Kong, it was generally thought that
avian influenza viruses had little affinity for the human respiratory tract [6]. This was based on
experimental avian influenza virus infections in humans and on studies of the human trachea. How,
then, could human infection with HPAI H5N1 virus, which was genetically confirmed to be com-
pletely of avian origin, be explained?

Attachment of influenza virus to its host cell is the first step in the virus replication cycle.
Because virus attachment is an important determinant of the host range that a virus can infect,
we determined the pattern of HPAI HS5N1 virus attachment to the human lower respiratory tract
(LRT). The LRT starts at the trachea, divides progressively into bronchi and bronchioles, and ends
at the pulmonary alveoli. We used a technique which we coined “virus histochemistry”’: we incu-
bated formalin-fixed, paraffin-embedded tissue sections with formalin-inactivated fluorescein iso-
thiocyanate (FITC)-labeled influenza virus and detected virus with a peroxidase-labeled rabbit
antibody to FITC that was amplified with a tyramide signal amplification system [7].

As expected from previous research, HPAI H5N1 virus did not attach to epithelial cells of the
human trachea [7] (Fig. 3). However, HPAI H5N1 virus did attach to epithelial cells of bronchi
and bronchioles. The virus also attached to type II pneumocytes and alveolar macrophages in the
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Fig. 3 Attachment of human (H3N2 and HIN1) and avian (highly pathogenic HSN1) influenza viruses in human
lower respiratory tract. Reprinted from American Journal of Pathology [8] with permission from the American
Society for Investigative Pathology
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pulmonary alveoli. The pattern of virus attachment of HPAI HSN1 virus contrasted with that of the
seasonal human influenza viruses of the subtypes HIN1 and H3N2 [8]. These viruses attached
abundantly to epithelial cells of the human trachea and bronchi, and less abundantly to epithelial
cells of bronchioles. Within the pulmonary alveoli, they attached predominantly to type I pneumo-
cytes and not to alveolar macrophages.

The results from these studies demonstrated for the first time that an avian influenza virus was
able to attach to cells of the human respiratory tract, a prerequisite for virus infection. Also, the dif-
ference in pattern of virus attachment between HPAI H5N1 virus and seasonal human HIN1 and
H3N?2 influenza viruses fits with the difference in primary disease presentation: tracheo-bronchitis
for seasonal human influenza viruses, and diffuse alveolar damage for HPAI H5N1 virus infection.

3 What are the Within-Host Dynamics of HPAI H5N1 Virus and pHIN1
Virus in Humans and Other Mammals?

Knowledge of the within-host dynamics of an emerging pathogen in a new host species are not only
important to understand virus shedding, but also to improve diagnosis and to assess pathogenicity.
The within-host dynamics of HPAI H5NI virus infection were of specific interest because of the
high case fatality rate and unusual clinical presentation of human cases, as well as the wide range
of mammalian host species in which HPAIV H5NI1 virus infection causes severe disease. The
within-host dynamics of pH1N1 virus infection were of specific interest to assess the severity of the
influenza pandemic.

HPAI H5N1 virus infection in humans is unusual because it can cause different clinical symp-
toms than expected from a virus traditionally associated with respiratory tract infections. This is
perhaps best illustrated by a case report of a child who died of HPAI H5N1 virus infection in
Vietnam [9]. This child presented with severe diarrhea but no apparent respiratory illness, followed
by rapidly progressive coma, leading to a clinical diagnosis of acute encephalitis. HPAI H5N1 virus
was isolated from cerebrospinal fluid, fecal, throat, and serum specimens. The sibling of this child
died of a similar illness, although the lack of clinical specimens did not allow diagnosis. Separately,
another patient with HPAI H5N1 virus was described with an initial presentation of fever and diar-
rhea alone [10]. These cases emphasize that clinical surveillance of HPAI H5N1 virus infections
should focus not only on respiratory illnesses, but also on clusters of unexplained deaths or severe
illnesses of any kind [9].

HPAI H5N1 virus infection in mammal species other than humans also cause extra-respiratory
disease. Other mammal species that have been reported dead from natural HPAI H5N1 virus infec-
tion include tigers (Panthera tigris), leopards (P. pardus), domestic cats, domestic dogs, Owston’s
palm civets (Chrotogale owstoni), a stone marten (Mustela foina), and an American mink (M. vison)
[11]. At necropsy of these animals, evidence for lesions associated with HPAI H5N1 virus infection
were found not only in the lungs but also in multiple extra-respiratory organs, including brain and
liver [11]. In order to examine the extra-respiratory spread of HPAI HS5N1 virus infection in
mammals more carefully, we experimentally infected domestic cats with HPAI H5N1 virus and
examined them by virological and pathological assays 7 days after inoculation [12, 13]. Severe
necrosis and inflammation were present in lungs, brain, heart, kidneys, liver, and adrenal glands
(Fig. 4). The presence of these pathological changes co-localized with the expression of influenza
virus antigen in parenchymal cells of these organs (Fig. 4). (Interestingly, experimental infections
of domestic cats with other influenza viruses, HPAI H7N7 virus [14] or pHIN1 virus [15], did not
extend beyond the respiratory tract.) This study demonstrates that HPAI HSN1 virus causes systemic
disease in domestic cats, with results corresponding in part to the findings of the above-described
non-typical cases of fatal HPAI H5N1 virus infection in humans.
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Fig. 4 Cats infected with influenza A virus (HSN1) have lesions associated with virus replication in multiple
tissues, including brain and heart. Necrotizing and inflammatory changes are seen (left column). Serial sections of
these tissues (right column) show that these lesions are closely associated with the expression of influenza virus
antigen. Tissues were stained either with hematoxylin and eosin (left column) or by immunohistochemistry using a
monoclonal antibody against the nucleoprotein of influenza A virus as a primary antibody (right column). Reprinted
from American Journal of Pathology [13] with permission from the American Society for Investigative Pathology

When pHINI virus emerged in Mexico early in 2009 and started spreading in humans across the
world, there was major concern about the level of disease burden and mortality that it would cause.
In order to assess the pathogenesis and pathogenicity of pHIN1 virus, we performed experimental
infections in ferrets, which are considered one of the most suitable laboratory animal species to
model influenza in humans. In these ferrets, we compared the within-host dynamics of pHINT1 virus
with that of seasonal human H1N1 virus, which is well-adapted to its human host, and of HPAT HSN1
virus, which is known to cause a high case fatality rate in humans [16]. Our results showed seasonal
human HINT virus and pHINT1 virus were restricted mainly to the respiratory tract, while HPAI
HS5NT1 virus also replicated extensively in extra-respiratory tissues. Also, we found that the severity
of pneumonia and cumulative mortality rate of ferrets infected with pHIN1 virus was intermediate
between that for seasonal HIN1 virus and HPAI H5N1 virus infection. Interestingly, influenza virus
antigen expression in the pHINI virus group was high at all 3 levels of the lower respiratory tract
(alveoli, bronchioles, and bronchi) (Fig. 5). This was associated with histopathological changes of
diffuse alveolar damage, bronchiolitis, and bronchitis, respectively (Fig. 5). This contrasted
with the influenza virus antigen expression in the HPAI HSN1 virus group, which was highest in
alveoli, and lower in bronchioles and bronchi; and with that in the seasonal HIN1 virus group, which
was low at all three levels. The results of this study suggest that pHIN1 virus has the intrinsic ability
to cause more severe pneumonia than seasonal HIN1 virus. This corresponds with the results of other
experimental studies in mice, ferrets, and macaques [17-19].

The pathogenesis of pHIN1 virus infection as described in above studies with laboratory animals
corresponded with the pathogenesis of pHI1NT1 virus infection in humans. In a pathological study of
100 fatal human cases of pHIN1 virus infection, marked differences in viral tropism and tissue
damage were observed compared with seasonal influenza virus infection and HPAI H5N1 virus
infection [20]. In that study, patients with fatal pHIN1 virus infection not only had diffuse alveolar
damage associated with the presence of viral antigen in the alveoli, a pattern somewhat similar to
patients with fatal HPAI H5N1 virus infection, but also had viral localization along with inflamma-
tion and other histopathological changes in trachea, bronchi, and bronchioles, a pattern more com-
monly seen in severe or fatal cases of seasonal influenza.
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Fig. 5 Histological and immunohistochemical scoring in the lungs of ferrets inoculated with different influenza
viruses. Histological scoring of samples stained with hematoxylin and eosin (HE) showed that the alveolar lesions in
the new HINT1 virus (synonym for pHIN1 virus) group were intermediate in severity between those of the seasonal
HINI virus group and the highly pathogenic avian influenza (HPAI) H5N1 virus group, and that the bronchiolar
lesions in the new HINI virus group were the most severe of all three groups. Scoring of the immunohistochemical
analysis (IHC) showed that influenza virus antigen expression in the new HIN1 virus group was high in alveoli,
bronchioles, and bronchi. In the HPAI H5N1 virus group, the scores were highest for alveoli and lower in bronchioles
and bronchi. In the seasonal HIN1 virus group, scores were low at all three levels. Reprinted from Journal of
Infectious Diseases [16] with permission from Oxford University Press

4 What Determines Transmission of Influenza Viruses Among Humans?

To cause a pandemic, a zoonotic influenza virus must not only be able to cross the species barrier
from animals to humans, but also to transmit efficiently among humans. pHIN1 virus, which is thought
to originate from domestic swine, is transmitted efficiently among humans; in contrast, HPAIV
H5NI1, originating from poultry, is not. The factors determining these differences in transmission are
poorly understood. One factor that may be important is tropism of the influenza virus for the human
upper respiratory tract (URT) [8, 21, 22]. However, there is no consensus on this [23].

To address this question, we used virus histochemistry to compare the pattern of attachment to
human URT of influenza viruses with inefficient or efficient human-to-human transmission. We
used avian influenza viruses, including HPAI H5N1 virus, to represent inefficiently transmitted
viruses; and seasonal human HINT1 virus, seasonal human H3N2 virus, and pHIN1 virus to repre-
sent efficiently transmitted viruses [24]. We found that the seasonal human influenza viruses and
pHINI virus attached abundantly to epithelial cells throughout the human URT. In contrast, the
avian influenza viruses, including HPAI H5N1 virus, attached only rarely [24] (Fig. 6). These
results indicate that the ability of an influenza virus to attach to human URT epithelium is a critical
factor for efficient transmission in the human population.

5 Conclusions

Populations of both wild and domestic animals form a vast reservoir of influenza A viruses, and
provide ample opportunity for these viruses to reassort and mutate. The human population is there-
fore permanently at risk of becoming infected with new variants of influenza virus from this animal
reservoir. To contain and eradicate such infections requires not only strategic virus surveillance of
both animal and human populations, but also a better understanding of the hurdles that a zoonotic
influenza virus needs to jump over in order to cross the species barrier and cause a human pandemic.
Advances in these two areas will allow us to better predict the risk of emergence of zoonotic influ-
enza viruses in the human population.
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Fig. 6 Attachment of
pandemic influenza HIN1
virus (upper panel) and
highly pathogenic avian "
influenza H5N1 virus (lower : N
panel) to ciliated epithelial .

cells in the human upper
respiratory tract. Reprinted
from American Journal of
Pathology [24] with
permission from the
American Society for
Investigative Pathology
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Kingella kingae Infections in Children: An Update

Inbal Weiss-Salz and Pablo Yagupsky

1 Introduction

For most of the four decades that have elapsed since the first description of Kingella kingae, this
Gram-negative B-hemolytic member of the Neisseriaceae family was considered exceptional rare
cause of human disease, infrequently isolated from infected joints, bones and cardiac valves [1-3].
The serendipitous discovery that inoculation of synovial fluid and bone exudates into blood culture
vials (BCV) significantly improved detection of the organism, resulted in the appreciation of
K. kingae as an emerging invasive pathogen in young children [4—7]. Since the last time this topic
was covered in this series [8], increasing adoption of the BCV technique for culturing joint and bone
aspirates and growing familiarity of clinical microbiology laboratories with the identification of the
organism, coupled with the development of nucleic acid amplification techniques (NAAT) [9-11],
has considerably increased our knowledge of K. kingae. The present review summarizes recent
advances in the detection, epidemiology, clinical presentation, pathogenesis, immunology, and
treatment of pediatric infections caused by the organism.

2 Microbiology

K. kingae is a facultative anaerobic, B-hemolytic, Gram-negative member of the Neisseriaceae fam-
ily. The organism shows a characteristic morphology and appears as pairs or short chains of plump
bacilli with tapered ends and tends to resist decolorization, sometimes resulting in its misidentifica-
tion as Gram-positive [12] (Fig. 1). K. kingae is non-motile and oxidase positive and yields negative
catalase, urease, and indole reactions. It produces acid from glucose and maltose (but not from other
sugars), contains alkaline and acid phosphatases [12], and can be readily identified by commercial
kits such as the API NH or VITEK 2 cards (bioMerieux, Marcy-1’Etoile, France).
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Fig. 1 (a) Gram stain of K. kingae showing pairs and short chains of Gram-negative coccobacilli; (b) typical
morphology of K. kingae organisms as observed with electron microscope (original magnification x 10,000)

K. kingae grows on routine sheep blood agar and chocolate agar but fails to grow on MacConkey
agar or Krigler media [12]. A CO2-enriched atmosphere enhances growth [13]. When the organism
is cultured on solid media, three different colony types can be observed: a spreading/corroding type
characterized by a small raised central colony surrounded by a large fringe, a non-spreading/non-
corroding morphology characterized by a flat colony and a small fringe, and a dome shaped colony
with no fringe [14]. These colony morphologies correlate with the level of piliation: spreading/cor-
roding colonies are associated with dense piliation, non-spreading/non-corroding colonies are asso-
ciated with sparse piliation, and dome shaped colonies are associated with no pili [14].

3 Carriage and Transmission of K. kingae

Asymptomatic colonization of the upper respiratory tract is the common strategy adopted by many
important bacterial pathogens, such as Streptococcus pneumoniae, Neisseria meningitidis, and
Haemophilus influenzae, to survive and spread in the human population. Organisms colonizing
respiratory surfaces disseminate by contaminated respiratory secretions, establishing chains of
person-to-person transmission, and also are the source of mucosal as well as invasive infections.

Recent studies have demonstrated that K. kingae is a normal component of the commensal
oropharyngeal flora in young children [15]. Children first acquire K. kingae after the age of six
months and the colonization rate increases to 9-12% between the ages of 12 and 24 months.
Carriage of the bacterium gradually declines during the third year of life and is low in school-aged
children and adults, suggesting the development of a mounting immune response that eliminates the
organism from the pharynx in older individuals [15-17].

To investigate the dissemination of K. kingae in the community and the potential clinical signifi-
cance of respiratory colonization, pharyngeal isolates from a large cohort of young healthy carriers
living side-by-side in southern Israel were studied. Colonizing organisms were analyzed by pulsed
field gel electrophoresis and compared to isolates recovered over a 15-year period from carriers and
children with bacteremia or osteoarticular infections [16]. Significant geographic clustering of iso-
lates exhibiting indistinguishable genotyping profiles was found in households and neighborhoods,
indicating child-to-child spread of K. kingae between siblings and playmates. Interestingly, some
isolates were identical to K. kingae strains recovered in the past from asymptomatic carriers and
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patients with invasive diseases, indicating long-term persistence and potential virulence of some of
the colonizing strains [16] (Fig. 2).

In a recent report the potential implications of mucosal colonization in the pathogenesis of
K. kingae disease was studied in three children [18]. Genotypically identical K. kingae organisms
were isolated from pharyngeal and blood cultures in the three patients, supporting the concept that
colonization of the pharynx represents the first step in the invasion of the bloodstream [18].

4 Epidemiology of Invasive K. kingae Infections

Based on data originated at the Soroka University Medical Center (SUMC), the only hospital serving
the entire population of southern Israel and where the BCV technique has been routinely used since
1988, the annual incidence of invasive K. kingae disease in children aged 0—4 years living in the region
was 9.4/100,000 [19]. During this 23-year period, a total of 128 patients were identified of whom 127
were children (all but one younger than 4 years), and one was an adult. The age distribution of affected
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Fig. 4 Age distribution of invasive K. kingae infection among 313 Israeli children with and without predisposing
conditions

children show that occurrence of disease below the age of 6 months is exceptional (Fig. 3). Cases
rapidly accumulate thereafter reaching a peak in children aged 6—11 months. Morbidity gradually
decreases between the second and forth years of life. Most children younger than 4 years who develop
K. kingae disease are otherwise healthy. In contrast, older children and adults often suffer from under-
lying chronic diseases, immunodeficiency conditions, malignancy, or cardiac valve pathology [7, 13,
19] (Fig. 4).
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The male-to-female ratio among 320 Israeli pediatric patients with invasive disease enrolled in a
nationwide collaborative study was 1.3 (181 males and 139 females) [19]. The monthly distribution
of cases showed increase occurrence between July and December with a nadir in the 3 months
period February through April [19].

5 Clinical Presentation of K. kingae Infections

Approximately two-thirds of children with culture-proven invasive disease had an acute illness
(upper respiratory tract infections, pharyngitis, aphthous stomatitis, and/or diarrhea) within the
week prior to the invasive K. kingae infection [19]. With the exception of patients with endocarditis,
most children with invasive K. kingae infections present in good general condition, 61% have a
body temperature >39.0°C, and up to one quarter are afebrile [7, 13, 19]. Peripheral blood leukocyte
count, C-reactive protein level, and erythrocyte sedimentation rate are generally mildly to moder-
ately elevated, but may be entirely normal [7, 13, 19].

The old medical literature on K. kingae infections consisted mostly of case reports of patients
in which unusual clinical manifestations such as meningitis or endocarditis were probably over-
represented. Based on prospective data systematically collected at the SUMC over more than two
decades, a more precise picture can be drawn (Fig. 5). Among the 127 infections in children, 56%
involved the skeletal system, followed by bacteremia with no apparent focus in 40%, bacteremia
with lower respiratory tract infection in 4%, and endocarditis in 1%. Meningitis [20], ocular infec-
tions [21], peritonitis [22], and pericarditis [23] have not been detected in southern Israel, suggest-
ing that these clinical presentations of K. kingae disease are rather rare.

5.1 Skeletal Infections

Among the 71 children with skeletal system involvement diagnosed in southern Israel between 1988
and 2010, 56 had septic arthritis, 6 had osteomyelitis, 1 had septic arthritis and contiguous osteo-
myelitis, 2 had tenosynovitis, 1 had dactylitis, and 5 presented with self-limited K. kingae bactere-
mia and transient skeletal system symptoms.

Fig. 5 Clinical presentation lower respiratory
of 128 patients with culture- tract infection (5)
proven K. kingae infections

endocarditis 2)

septic

bacteremia (50) arthritis (56)

dactylitis (1 7 \ osteomyelitis (6)

tenosynovitis (2
osteomyelitis +
abortive skeletal infection (5) septic arthritis (1)
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Septic arthritis caused by K. kingae generally involves the large joints, knee, ankle, hip, wrist,
shoulder, and elbow [9, 13, 19]. However, the small metacarpophalangeal, sternoclavicular, and
tarsal joints are over-represented in K. kingae disease compared with infections caused by other
bacteria [9, 13, 19]. In the Israeli multicenter study, the mean leukocyte count in the synovial fluid
of 78 children with culture-proven K. kingae arthritis was 130,000/mm?, with a range of ~5,000/mm?
to ~300,000/mm?, and 18 (23%) had <50,000 WBC/mm? [19].

K. kingae osteomyelitis usually involves the long bones, including femur, humerus or tibia,
although involvement of the calcaneus, talus, sternum, or clavicle, which are infrequently invaded
by other skeletal system pathogens, may also occur [13, 19, 24]. Onset of K. kingae osteomyelitis
is generally more insidious than K. kingae septic arthritis, frequently resulting in a considerable
delay in diagnosis. Nevertheless, the overall prognosis is favorable, and chronic osteomyelitis and
orthopedic sequelae are exceptional [13, 25, 26].

Nowadays, K. kingae is the most common etiology of hematogenous spondylodidscitis in the
6—48 months age group [27-30]. The disease usually involves the lumbar discs, and patients present
with limping, low back pain, refusal to sit or walk, or neurological symptoms. X-ray or MRI studies
demonstrate narrowing of the intervertebral space. Patients with K. kingae spondylodiscitis respond
favorably to appropriate antibiotic treatment and recover without long-term complications [28, 29].

Although bone and joint infections are not considered self-limiting diseases, transient involvement
of the skeletal system during an episode of K. kingae bacteremia may occur [24, 31, 32]. Children
present with limping or refusal to walk or bear weight but without objective signs of osteoarthritis.
By the time blood cultures became positive (usually after 2—4 days), the fever and skeletal complaints
had resolved without antimicrobial therapy, suggesting an abortive infection. Despite the favorable
experience, caution is recommended, and adequate antibiotics should be probably administered to all
patients in whom the organism is recovered from a normally sterile body fluid.

5.2 Bacteremia

K. kingae bacteremia without focal infection (occult bacteremia) is the second most common pre-
sentation of K. kingae disease in children [7, 13, 19, 33-35]. In the study by Dubnov-Raz et al. [19],
the maximal temperature measured in children with this condition was 38.8+0.8°C, only half had
a body temperature >39°C and one-third had a leucocyte count >15,000 WBC/mL: therefore the
current guidelines for managing young febrile children with no apparent focus, which rely on the
height of fever and leukocyte count results for obtaining blood cultures [36], may be not sensitive
enough for detecting K. kingae bacteremia. The clinical course of the disease is benign and patients
respond favorably to short antibiotic courses [13, 33].

5.3 Endocarditis

K. kingae is included in the HACEK group of organisms that is collectively responsible for up to
5% of cases of bacterial endocarditis. In contrast to other K. kingae infections, endocarditis is also
diagnosed in older children and adults [13]. In approximately one-half of patients the condition
affects a native valve [13]. Predisposing cardiac malformations or rheumatic disease are commonly
observed, but some patients have previously healthy valves [13, 37-42]. Typically the left side of
the heart is involved, usually the mitral valve [13]. Despite the remarkable benign course observed
in other K. kingae infections and the susceptibility of the organism to antibiotics, occurrence of
cardiac failure, septic shock, mycotic aneurisms, pulmonary infarctions, meningitis, cerebrovascu-
lar accidents, and other life-threatening complications is common in patients with endocarditis, and



Kingella kingae Infections in Children: An Update 73

the mortality rate is unusually high [13, 37-40]. Because of the potential severity of endocarditis in
this setting, routine echocardiographic evaluation of all individuals from whom K. kingae is isolated
from a normally sterile site is recommended [43].

5.4 Lower Respiratory Tract Infections

K. kingae has been isolated from the blood or respiratory secretions of previously healthy and immu-
nocompromized adult and pediatric patients with epiglottitis, laryngotracheobronchitis, pneumonia,
or pyothorax [13], suggesting that the organism may also cause lower respiratory tract infections.

6 Daycare Center Attendance as a Risk Factor for Carriage and Morbidity

These days, a growing proportion of children attend daycare outside the home. This trend has substan-
tial public health significance because the risk of infection, mostly caused by respiratory pathogens
such as pneumococci that spread horizontally by direct contact or through fomite transmission, is
significantly increased in daycare center (DCC) attendees [44, 45]. Daycare attendance also appears
to increase the risks for K. kingae colonization and transmission. In a longitudinal study, 35 of 48
(73%) children attending a DCC facility in southern Israel carried the organism at least once during
an 11-month follow-up period and, on average, 28% of the children harbored the organism in the
pharynx at any given time [15]. This carriage rate is significantly higher than that observed in the
general population of the same age. Molecular typing of the isolates showed that K. kingae strains
simultaneously or successively colonized multiple daycare attendees, showing person-to-person trans-
mission of the bacterium in the DCC facility [46]. Two different genotypes represented 28% and 46%
of all isolates respectively, indicating that some strains are particularly successful mucosal colonizers.
DDC attendees frequently harbored the same strain continuously or intermittently for weeks or months
and then replaced it by a new strain, demonstrating that carriage of K. kingae is a dynamic process
with frequent turnover of colonizing organisms, as observed in other respiratory pathogens [46].

DCC classes comprise large numbers of children of approximately the same age and, therefore,
with similar degrees of immunological immaturity and susceptibility to infectious agents. Under
these circumstances, introduction of a virulent bacterium in a crowded DCC attended by immuno-
logically naive youngsters may result in prompt dissemination of the organism and cause outbreaks
of disease. Recently, clusters of invasive K. kingae infections have been detected in DCCs, in the
USA [37, 47] and Israel [48]. Affected attendees presented with a wide spectrum of diseases includ-
ing arthritis [47], osteomyelitis [48], spondylodiscitis [37], and endocarditis [37].

When surveillance cultures were obtained from asymptomatic attendees of the DCC where the
outbreaks occurred, it was found that many children were colonized by K. kingae organisms [37,
47, 48]. Typing of recovered K. kingae isolates by molecular methods demonstrated that organisms
causing invasive infections disseminated widely among the healthy daycare population, indicating
that the invasive outbreak strains were also highly transmissible [47, 48].

7 Immunity to K. kingae

In a longitudinal serological study, titers of IgG antibodies against K. kingae outer membrane pro-
teins were high at 2 months of age, reached a nadir at the age of 6-7 months, remained low until
the age of 18 months, and increased at 24 months [49]. Serum IgA levels against K. kingae outer
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membrane proteins were lowest at 2 months of age and were similarly increased in 24-month-old
children [49]. The low attack rate of disease, absence of pharyngeal carriage, and high levels of IgG
but no IgA antibodies detected in the first 6 months of life suggest that immunity to colonization and
disease in early infancy is probably conferred by maternal antibodies. The high prevalence of
K. kingae in the pharynx and the increase incidence of invasive infections among 6—24-month-old
children coincide with the age at which antibody levels are lowest, suggesting that young children
are unable to mount an effective immune response to the organism. Higher antibody levels among
older children presumably reflect immunological maturation and cumulative exposure to K. kingae or
with cross-reacting bacterial antigens of other species, resulting in a decline in the carriage rate and
burden of clinical disease [49]. Because of the relative rare occurrence of invasive K. kingae infec-
tions, it is believed that asymptomatic pharyngeal colonization is the ‘immunizing’ event. Exposed
epitopes, however, are polymorphic and the immune response elicited by carriage appears to be
strain-specific and, thus, does not prevent colonization by an antigenically-different strain [50].

8 Pathogenesis of Disease

The pathogenesis of disease due to K. kingae is believed to begin with asymptomatic colonization
of the oropharyngeal mucosa. The process involves adherence to respiratory epithelial cells, which
is mediated in-vitro by polymeric hair-like fibers referred to as pili [51]. K. kingae pili are classified
as type IV pili and are composed primarily of a major pilin subunit called PilA1 [51, 52]. The PilAl
protein shares homology with the major pilin subunit in type IV pili expressed by other bacterial
pathogens, including Pseudomonas aeruginosa PilA, N. meningitidis PilE, and Neisseria gonor-
rhoeae PilE. In addition, K. kingae pili contain two minor pilins referred to as PilC1 and PilC2,
which appear to play complementary roles and influence the efficiency of adherence. Similar to type
IV pili expressed by other pathogens, K. kingae pili are regulated by the 654 transcription factor
and the PilS/PilR two-component sensor/regulator system [52]. Mutations in the PilS sensor result
in reduced density of pili, while mutations in the PilR response regulator result in elimination of
piliation altogether [52]. Examination of isolates of K. kingae demonstrated that the majority of
pharyngeal isolates are piliated and express abundant pili [14].

Following colonization of the posterior pharynx, K. kingae must breach the epithelium to enter the
bloodstream. Patients with invasive K. kingae disease frequently present with symptoms of a viral
respiratory infection, evidence of herpetic gingivostomatitis, or concomitant buccal aphthous ulcers,
suggesting that viral induced damage to the respiratory mucosa facilitates K. kingae penetration into
the bloodstream [13, 33, 53]. Beyond the role of viral co-infection, K. kingae produces a potent
extracellular toxin that belongs to the RTX family, capable of lysing epithelial, synovial, and mac-
rophage cells [54]. This RTX toxin probably plays an important role in the pathogenesis of disease
facilitating disruption of the respiratory epithelium, and promoting invasion of skeletal tissues [54].

After invading the bloodstream, K. kingae must be able to evade multiple host defense mecha-
nisms. Most invasive pediatric pathogens produce an extracellular polysaccharide capsule that
facilitates resistance to serum killing activity and phagocytosis. Analysis of the genome of K. kingae
strain 269-492 reveals open reading frames with homology to the ctrABCD operon involved in
polysaccharide export and encapsulation in N. meningitidis (St Geme JW 3 rd, unpublished data).
In addition, the genome of K. kingae contains homologs of genes required for the biosynthesis of
polysialic acid, a common bacterial capsule component (St Geme JW 3 rd, unpublished data). These
preliminary observations suggest that K. kingae elaborates a polysaccharide capsule as a mechanism
to promote intravascular survival and dissemination to distant sites, and may explain the increased
incidence of disease among young children lacking maturation of the T-cell independent arm of the
immune system [55].
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In patients in whom K. kingae is able to persist in the bloodstream, the organism may produce
non-focal bacteremia or instead disseminate to joints, bones, or the endocadium. Recent analysis of a
large collection of K. kingae clinical isolates demonstrated that strains recovered from the blood of
patients with uncomplicated bacteremia were generally piliated but typically expressed relatively few
pili. In contrast, strains recovered from joint fluid, bone aspirates, or the blood of patients with endo-
carditis were generally non-piliated [14]. At this point, it is unclear what environmental factors influ-
ence 654, PilS, and PilR activity and control density of K. kingae piliation and the reason for selection
against high-density piliation of K. kingae organisms invading skeletal tissues or causing endocarditis.

9 Diagnosis
9.1 Culture Detection

In the late 1980s it was discovered that seeding of synovial fluid exudates into BCV resulted in
isolation of K. kingae from joint fluid and bone exudates of young children in whom routine cul-
tures of the specimens on solid media were negative [4]. When positive BCV were subcultured onto
the same solid media, K. kingae grew readily, suggesting that exudates exert an inhibitory effect on
the bacterium and that dilution of purulent material in a large volume of broth decreases the con-
centration of inhibitory factors, improving the recovery of this fastidious organism [4]. Use of the
BCYV technique employing Isolator 1.5 Microbial Tubes (Wampole Laboratories, Cranbury, N.J.) or
aerobic blood culture bottles from a variety of automated blood culture systems such as BACTEC
(Becton Dickinson, Cockeysville, MD), BacT/Alert (Organon Teknika Corporation, Durham, N.C.),
and Hemoline DUO (Biomerieux, Paris, France) resulted in the recognition of the organism as an
important etiology of pediatric skeletal infections [13]. In studies conducted in Israel and France in
which the BCV method was routinely used for culturing synovial fluid aspirates, K. kingae was
isolated in almost half of young children with culture-proven joint infections [6, 56].

9.2 Molecular Detection

Because of the risk for long-term orthopedic sequelae following bone and joint infections, prompt
bacteriological confirmation of the diagnosis and early initiation of appropriate antibiotic therapy
are of critical importance. However, definitive identification of the causative agent by culture and
determination of antibiotic susceptibility testing require, on average, 2-3 days.

In recent years, use of conventional and real-time PCR has enabled identification of the etiology
of septic arthritis and osteomyelitis within 24 h [57]. This approach involves extracting DNA from
clinical samples, incubation of the DNA with broad range oligonucleotide primers that anneal to
constant regions of the 16 s ribosomal RNA (rRNA) gene, and amplification of the intervening
sequence, which varies according to bacterial species [57]. The resulting amplification products are
either sequenced and compared with sequences in the Genbank database or hybridized with organism-
specific probes [58—63]. As an example, Verdier et al. described 171 children with presumptive
osteoarticular infections who had cultures of synovial fluid or bone samples using solid media and
blood culture vials [62]. Among the culture-positive specimens, K. kingae was isolated in blood
culture vials in 9 of 64 (14%). When the remaining 107 culture-negative specimens were further tested
using conventional PCR and universal 16 s rRNA primers, specific K. kingae sequences were found
in additional 15 children. In this study no other pathogen was missed by culture and detected by PCR,
confirming the intrinsic difficulties of recovering K. kingae by culture methods.
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Fig. 6 Detection of K. kingae in synovial fluid exudates by combined use of the BCV method and real-time
PCR [11]

In addition, PCR assays that amplify K. kingae-specific targets such as cpn60 or the RTX toxin
genes have been developed and have been associated with high reliability [9-11, 63, 64]. In a study
by Ilharreborde et al. of 89 children with suspected septic arthritis, joint fluid was cultured using
blood culture vials and was examined using real-time PCR reaction and highly specific primers that
amplify a 169-bp fragment of the K. kingae cpn60 gene [11] (Fig. 6). The diagnosis of septic
arthritis was confirmed by culture in 36 (40%) specimens, including seven that grew K. kingae.
Real-time PCR identified another 24 cases of K. kingae among the 53 culture-negative patients. Of
note, real-time PCR identified K. kingae in all seven samples that grew the bacterium and was nega-
tive in all other children in whom other microorganisms were identified. All together, K. kingae was
present in 31 (52%) of the 60 microbiologically documented cases [11].

These results clearly demonstrate that recovery of K. kingae by culture remains unsatisfactory,
even when samples are inoculated into BCV. Nucleic acid amplification methods improve sensitiv-
ity and shorten time-to-detection, and clearly demonstrate that K. kingae is a leading bacterial etiol-
ogy of septic arthritis and osteomyelitis in children aged 6—48 months and responsible for a large
fraction of culture-negative infections in this age group.

10 Treatment

10.1 Antibiotic Susceptibility

K. kingae is almost always highly susceptible to penicillins and cephalosporins drugs that are
empirically administered to young febrile children with suspected bacteremia, septic arthritis or
osteomyelitis, and B-lactamase production has been rarely reported [13, 65-67]. With few excep-
tions, K. kingae is also susceptible to aminoglycosides, macrolides, trimethoprim-sulfamethoxazole,
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fluoroquinolones, tetracycline, and chloramphenicol. The organism exhibits decreased susceptibility
to oxacillin and is resistant to trimethoprim and glycopeptide antibiotics such as vancomycin and
teicoplanin [13, 67]. In a large study comprising isolates from carriers and patients with a variety of
invasive K. kingae infections, nearly 40% of isolates were resistant to clindamycin [67].

10.2 Treatment of Invasive Infections

The empiric antibiotic therapy for skeletal infections in children usually consists of intravenous
administration of a 3-lactamase-resistant penicillin or a second or third-generation cephalosporin,
pending culture results [13]. In areas where community associated methicillin-resistant
Staphylococcus aureus is prevalent, a combination of a B-lactam antibiotic and vancomycin or
clindamycin are recommended [68]. In children in whom K. kingae is detected, the initial antibi-
otic regimen is usually changed to ampicillin, once production of B-lactamase is excluded, or
cefuroxime. Clinical response and a CRP values are used to guide switching to oral antibiotics
and defining duration of therapy. Antibiotic treatment has generally varied from 2 to 3 weeks for
K. kingae septic arthritis, from 3 to 6 weeks for K. kingae osteomyelitis, and from 3 to 12 weeks
for K. kingae spondylodiscitis [13]. Although some children with K. kingae septic arthritis have
been managed with repeat joint aspirations and lavage [32], invasive surgical procedures are
unnecessary in most cases [13]. Children with K. kingae bacteremia are generally treated initially
with an intravenous B-lactam antibiotic and subsequently with an oral -lactam drug once the
clinical condition has improved. In most cases, the total duration of therapy ranges from 1 to
2 weeks [13, 33].

Patients with K. kingae endocarditis are usually treated with an intravenous B-lactam antibiotic
alone or in combination with an aminoglycoside for 4 to 7 weeks. Early surgical intervention is
necessary for life-threatening complications unresponsive to medical therapy [13, 39-42].
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Influenza Pandemics

Ruth Elderfield and Wendy Barclay

1 Introduction

Influenza is a seasonal respiratory illness associated with more serious consequence and even death
in the very young, old and immunocompromised. Annual epidemics are predictable and affect a
relatively small percentage of the global population at any one time. Pandemics differ from epidem-
ics in that they are a global phenomenon, affecting large numbers of people in multiple countries
simultaneously. Pandemics tend to arise swiftly often out of the normal season, and affect a wider
age group and spectrum of individuals than seasonal influenza. The first recorded influenza pan-
demic was in 1510 [1]. Since then human populations have been subjected to at least 15 pandemics,
most notably in 1918 when estimates of the human deaths that resulted vary between 40 and 100
million [1, 2].

2 The Influenza Virus

The influenza virus, the etiologic agent, is a member of the family Orthomyxoviridae. There are
three categories of influenza known as types A, B and C. Only type A causes pandemics and thus
is the most widely studied. Influenza B viruses cause typical seasonal infections restricted to
humans. Influenza C viruses also infect humans and have been isolated from clusters of children,
but are often not recognised and may be dismissed as an untyped influenza like illness, due to the
lack of diagnostic tests [3].

The virus particle is enveloped, whereby the genome is protected by a lipid bilayer derived from
the host cell membrane. The appropriated membrane is studded with viral glycoproteins: the attach-
ment spike protein haemagglutinin (HA) which binds to sialic acid (SA) receptors on the cell sur-
face; the integral M2 protein, an ion channel involved in the uncoating of the virus inside the
infected cell, and the neuraminidase protein (NA) which cleaves the cell membrane SAs that would
otherwise tether the budding nascent virus particle to the infected cell.

Lining the inside of the virion membrane is the abundant matrix protein (M1), surrounding the
eight genomic negative-sense RNA segments which are intertwined with nucleoprotein (NP) and each
associated with one set of the three viral polymerase subunit proteins (PB1, PB2 and PA) (Fig. 1).
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Fig. 1 Schematic cross section of the influenza A virus

The viral ribonucleoproteins (VRNPs) are the replicative units that are transported into the
nucleus of the host cell after virus entry. There, the virus co-opts a number of host factors to assist
the polymerase in transcribing viral mRNA, and replicating new genomes via cRNA intermediates.
Finally the newly synthesized viral proteins and genomes are transported to the host cell’s external
membrane where the progeny virions assemble and bud.

3 The 1918 Influenza Pandemic

The 1918 pandemic dealt a devastating impact on a global population. Several features of the era,
in addition to the extraordinary virulence of the virus itself that will be discussed below, contributed
to the impact of the 1918 pandemic. At that time, although influenza was known as an infectious
disease in terms of symptoms, the virus itself had not yet been identified. Indeed for a good propor-
tion of the pandemic, Hemophilius influenzae (known as Bacillus influenzae at the time) was sug-
gested as the causative agent. The influenza virus was eventually isolated from pigs by Richard
Shope in 1931 [4, 5], then from humans by Andrewes, Laidlaw and Wilson Smith in 1933 [6, 7].

At the start of the influenza pandemic in 1918, the world was at war. The situation in America
is absorbingly described in John M. Barry’s “The Great Influenza” (Penguin, 2004) complied from
military records, personal papers, oral history and newspapers of the period. There is some epide-
miological and historical evidence that the outbreak may have begun in army camps either in the
USA or in Europe where large numbers of young susceptible hosts were living in very crowded
conditions. There is also evidence of at least two waves of disease, and indications that the second
wave was more virulent than the first. For example, by the second wave historical accounts by the
medical and scientific staff at the time describe symptoms such as: cyanosis which started as
mahogany spots over the cheek bones, and could expand until the patient turned black, caused by
the lack of oxygen transfer in the lungs, leading to blue unoxygenated blood; extreme chills and
fever, severe joint pains, vomiting and abdominal pains; earaches, headaches often localised
around the eyes, and disturbing blood loss from nose, stomach, intestine and eyes. At post mortem
the lungs were often filled with the debris of destroyed cells and blood, which today would be
diagnosed as Acute Respiratory Distress Syndrome (ARDS).
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In Philadelphia, where the virus had been introduced from the local port, health workers and
scientists were requesting widespread restrictions on gatherings and provision of information to the
media. Unheeding, the governor and the senior health official sanctioned a large city wide Liberty
Loan parade in order to gather funds for the war effort. Within 72 h of the parade every bed in the
city’s 31 hospitals was filled. The daily death rates for the city rose at an alarming rate, 3 days after
the parade 117 died in one day, on day 11 more than 400 people died.

The second and third waves of the 1918 pandemic resulted in a cumulative case fatality rate
(expressed as a ratio of the number of people infected to the number of people who died) of >2.5%.
Later pandemics of the twentieth and twenty-first century only reached case fatality rates of less
than 0.1% [8].

3.1 Reconstituting the 1918 Influenza Virus

Remarkably, although it has not been possible to isolate infectious virus directly from stored samples
of that era, we do today have access to the causative agent of this pandemic following the elegant
application of modern science. In 2005, Jeffrey Taubenberger and colleagues used the polymerase
chain reaction to amplify small fragments of viral RNA isolated from formalin-treated post-mortem
pathological slides and also from frozen lung tissue obtained from a person who died in Alaska and
was buried in the permafrost, from this material the nucleotide sequence of the 1918 virus was deduced
[9, 10]. Taubenberger joined forces with Terence Tumpey and colleagues at the CDC. They used the
1918 virus sequence information to generate plasmids containing the viral cDNA which when trans-
fected into suitable mammalian cells, allowed the recovery of infectious 1918 virus [9, 11-16].

The reconstituted virus was more virulent in animal models than any other influenza virus strains
studied previously [11, 16-23]. Thus although there is strong evidence that secondary bacterial
infection contributed significantly to deaths from 1918 virus in humans [24, 25], the virus itself, in
the absence of bacteria, is remarkably pathogenic to animals. Studies have been carried out to map
the genetic determinants of this virus in the hope that this will help us to predict the virulence of
future influenza strains as they emerge. The polymerase genes and the virus HA gene have been
implicated in the extreme virulence of this virus, but work continues to understand the mechanisms
by which this particular influenza strain is so deadly [26-29].

Phylogenetic studies suggest that the genome of the 1918 virus is most similar to viruses found
in birds. However there are a number of key amino acid changes that indicate that, although it origi-
nated in an avian host, the virus underwent adaptation in order to replicate and transmit within
human and swine hosts [8]. Interestingly the 1918 virus exhibits low pathogenicity in experimen-
tally infected swine [20].

4 Twentieth Century Influenza Pandemics

The 1918 pandemic virus has been called the ‘Mother of all pandemic viruses’ [8] as all of the
twentieth Century pandemics are derived from virus lineages descended from the 1918 virus. After
1918, viruses derived from that outbreak continued to circulate in humans causing annual epidemics
of moderate or mild severity [30]. However, because of their segmented genomes, influenza viruses
are particularly prone to a special form of recombination known as reassortment that occurs if one
host is coinfected by two different viruses. Such mixing events allow the introduction of genetic
material from viruses that usually circulate in birds with the human adapted viruses, and new viruses
thereby created may be able to cause a novel outbreak. We know that the two major pandemics in
the second half of the twentieth century were formed in this way: The ‘Asian’ pandemic of 1957
was caused by the emergence of an H2N2 sub-type virus that retained the M, NP, PB2, PA and the
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Fig. 2 A time line illustrating the emergence of the three twentieth century influenza pandemic subtypes. The
HINI virus accepted alternative genes in recombination events with avian viruses, giving rise to the H2N2 and H3N2
subtypes

NS of viruses derived directly from the 1918 virus, but obtained a new HA, NA and PB1 from an
avian H2N2 virus. Because the human population had not experienced infection with a virus of H2
antigenic type, the entire world was susceptible and the virus spread rapidly.

Nonetheless, perhaps because antibiotics were available by that time or perhaps the H2 virus
itself had a milder phenotype, the death toll of this pandemic was much lower at only ~two million
people. The 1968 H3N2 ‘Hong Kong’ pandemic that followed just 11 years later resulted in between
one and two million deaths. This virus was a recombinant between the circulating human H2N2
virus and an avian strain with H3 HA. The reassortant virus still retained five segments originally
derived from the 1918 strain, but acquired the HA and PB1 from the avian virus. Each of the H2
and H3 pandemic events were so universal that the virus displaced the previously circulating strains
[31, 32]. In 1977, the HINT strain re-emerged as a circulating human strain (not to be confused with
the 1976 swine HIN1 outbreak at Fort Dix). The colourfully named ‘Red’ or ‘Russian’ flu appeared
initially in China in May of 1977 with isolates found in Russia soon after [33]. This strain produced a
relatively mild disease mainly in young children. However, subsequent genetic analysis indicated a
27 year gap in the evolutionary history of this virus. In fact it was genetically similar to virus
isolated in 1950. The eventual conclusion drawn was that this virus had been deep frozen in a labo-
ratory and its release was accidental. The H3N2 and HIN1 subtypes have continued to co-circulate
and to cause human seasonal influenza outbreaks into the twenty-first century (Fig. 2) [32-36].

5 Birds Are the Natural Host for Influenza Viruses

The influenza A virus naturally circulates in aquatic birds, where it replicates in the gut [37-39].
All of the 16 HA and 9 NA subtypes have been isolated from either or both of the Anseriformes (an
order which includes ducks and geese) and from the Charadriiformes (the order to which shore



Influenza Pandemics 85

birds and gulls belong). No other species has been infected by all the influenza types. Different
subtypes predominate in the different orders of birds; H3 and H6 for example, are found mainly in
Anseriformes, whereas in Charadriiformes H4, H9, H11 and H13 are the predominant HA subtype.
The virus is excreted in high titres into the water bodies that are home to domestic and migratory
birds [40, 41]. The virus can then be picked up by migratory birds and spread along the migratory routes.
However, the relative geographic isolation of some flocks has been proposed as one cause of genetic
divergence within the HA and NA subtypes [42].

Whilst the disease caused by influenza is mainly asymptomatic in aquatic birds, some isolates
are capable of developing from low pathogenic avian influenza (LPAI) into a highly pathogenic
influenza (HPAI) capable of killing domestic poultry. The two subtypes that are prone to change
pathogenicity are H5 and H7, as seen in Eurasia with the HPAI H5N1 viruses and the Netherlands
with the H7N7 virus. Economically, the now widely-distributed HSN1 virus has been responsible
for the death of over a billion head of poultry either directly through the disease or indirectly
through preventative culling measures [39] Other subtypes H9, H1, H3, H4 and H14, whilst still
appearing mild in aquatic birds, can be fatal in domesticated flocks [39].

Only viruses of the HI, H2 or H3 subtypes are known to have circulated among humans

or pigs.

5.1 Antigenic Shift and Drift

The drastic recombination events that result in novel pandemic viruses described above are called
antigenic shift.

After the introduction of the new subtype and its wide circulation in humans, the increasing
prevalence of specific immunity among human hosts exerts selection pressure that drives evolu-
tionary change in the HA protein via the accumulation of point mutations that block the antibody
recognition through conformational changes or glycosylation events on the antigenic epitopes. This
process is called antigenic drift.

5.2 Cyclical Nature of Seasonal Influenza Since the Hong Kong Pandemic

As the virus continues to circulate in humans in the interpandemic periods, mutations accumulate
that confer antigenic drift as well as other adaptive mutations that alter the nature of the virus and
may be associated with loss of virulence. This, along with increased wide vaccination campaigns
for the elderly and immuno-compromised populations, could explain the gradual decrease in
influenza-like illness since the Hong Kong pandemic of 1968, particularly in recent years (Fig. 3)
[43, 44].

The ability of influenza A viruses to recombine so readily has worried virologists and public
health planners alike, because of the risk that a seasonal strain of influenza with human adapted
components might recombine with one of the highly pathogenic avian influenza (HPAI) viruses
such as the notorious H5 or H7 subtypes. These two subtypes are lethal in poultry because of an
extended tropism conferred by mutation in the HA gene that allows them to infect and propagate in
many organs and tissues, rather than being restricted to areas where the appropriate host cell pro-
teases exist. Consequently infection with these viruses carries a high mortality in humans of more
than 60%. H5N1 virus has been responsible for over 500 cases of human infection and 300 deaths
(as of 31st August 2010 according to the World Health Organisation avian influenza surveillance
system) but thankfully has not yet reassorted with a human-adapted influenza virus, nor given rise
to a pandemic outbreak [45].
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Fig. 3 Influenza-like illness incidence in England and Wales since the Hong Kong pandemic [46]

Because the research community was so focused on surveillance of and strategies to control HS
and H7 infections, the outbreak of the 2009 ‘swine’ influenza was a surprise. We had largely over-
looked the idea that the next pandemic would originate in pigs even though an outbreak in Fort Dix,
New Jersey in 1976 associated with the death of a soldier from infection with an HIN1 swine flu
had led to mass vaccination campaigns at that time. The Fort Dix incident did not give rise to a
pandemic, the virus remained contained within the military and transmission of the virus had fizzled
out by the time the now-infamous vaccination campaign began [47, 48].

5.3 Swine as a Recombining Mixing Pot

Most text books propose that swine are the mixing vessel in which influenza viruses of avian and
human origin reassort. It has been evident that pigs can be infected with influenza since the early
days of virus isolation. Indeed, Shope initially isolated influenza from a pig [4, 5] and Kida et al.
showed that pigs could be infected by many different subtypes of avian influenza [49].

The 2009 pandemic virus illustrates just how good a mixing pot the swine host can be. The ori-
gins of its eight gene segments come from at least four different sources and three different hosts.
The PB2 and PA segments appear to have originated in an avian reservoir and transmitted to the
swine host around 1998. The PB1 segment derives from a human virus but was transferred to swine
in 1998. The HA, NP and NS segments once again can trace their lineage back to the 1918 pan-
demic influenza, when the virus infected pigs and subsequently circulated through the years to
become a classical swine virus. The NA and M segments are from circulating swine viruses, of the
Eurasian lineage, believed to have transferred from birds in 1979 (Fig. 4) [50, 51].

Why do swine make such good mixing vessels? Ito et al. showed in 1998 that the pig respiratory
tract displayed SA receptors that are bound by viruses isolated from birds as well as those used
by human-adapted viruses, implying that the pig was capable of being infected by an avian and
a human-adapted virus at the same time [52]. In addition, the co-expression of the avian-like and
human-like receptors in swine potentially allows for the selection of avian viruses with small muta-
tions that adapt them to bind to and replicate in mammalian cells, a process known as ‘receptor
switching.’
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Fig. 4 The emergence of the pHIN1 2009 influenza virus. A series of avian viruses transferred into swine hosts.
There multiple recombination events of classical swine influenza (black) resulted in a triple reassortant (TRIG), when
recombined with Eurasian swine influenza (grey) generated the pHIN1 virus [51]

5.4 Receptor Switching

For avian influenza viruses to adapt to and transmit between humans, it is now apparent that in
addition to the reassortment events that occur during antigenic shift, their HA proteins must also
undergo modifications that alter their fine receptor binding specificity. The influenza HA protein
binds to SA residues on the host cell surface as a prelude to cell entry. In the avian gut, these are
predominantly o-2,3 linked receptors but in the human upper respiratory tract a-2,6 linked recep-
tors predominate. Avian influenza viruses would therefore preferentially bind a-2,3 linked receptors
and human-adapted influenza viruses have changed key residues at the receptor binding site allow-
ing greater affinity for a-2,6 linked receptors (Fig. 5) [42].

In H3 HA proteins, receptor switching occurs if there is a change from glutamine (Q) at position
226 to leucine (L) (H3 numbering) and is enhanced by glycine (G) at 228 to serine (S) [53, 54]. For
other subtypes the changes required for human adaptation are not exactly the same. Some H2 viruses
still bind to a-2,6 human-like receptors even when the Q226 is present, a trait shared by avian H6
and HO proteins. The H1 subtype tends to show changes at residues 225 (aspartate [D] to G) and 190
(D to glutamic acid [E]) rather than 226 and 228 but they achieve the same end [9, 10, 53-55].

Fortunately, in the case of H5 HA, none of the changes found in other subtypes have completely
mediated a receptor binding switch, suggesting that the barrier to human adaptation may be particu-
larly high for this subtype [56, 57].

One important difficulty in understanding these adaptive events is that the nature of the influenza
virus receptor is not completely clear, but it is certainly more complex than a single sugar moiety
[58]. The nature of carbohydrate to which influenza virus might attach has been recently studied
using glycan arrays. Glycan arrays present hundreds of different carbohydrates. Different viruses or
expressed HA proteins are then given the opportunity to bind to a favourite residue [59-63]. This
type of experimental procedure was used recently to elucidate the receptor binding preferences of the
novel pandemic HIN1 2009 virus. Interestingly, this virus along with two other swine viruses tested,
was able to bind both a-2,6 and a-2,3 SA, whereas seasonal HIN1 influenza virus had a strong pref-
erence to bind carbohydrates with a-2,6 linkages and showed no binding to those with a-2,3 [63]
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Fig. 5 A schematic representing the putative sialic acid linked receptor distribution on cells in the human upper
airway, the avian gut and the swine respiratory system, with cognisant avian-like or human-like HA attachment
proteins

6 The Emergence of Swine Origin Influenza (pHIN1)

The swine origin 2009 pandemic influenza virus appears to have emerged from San Luis Potosi,
Mexico in late February 2009 [31], though it has been suggested that the virus was circulating at
low levels in humans for some months prior to this. Indeed the most common ancestor may have
emerged between August 2008 and January 2009 [31, 51, 64]. The pandemic threat of the new virus
was realised as the first wave peaked in Mexico in late April 2009. The virus quickly spread across
the globe. WHO moved to pandemic phase 4 after confirming human to human transmission on the
27th April, and just two days later, phase 5 was declared as the outbreak was found in two or more
countries within one WHO region. Finally passage of the virus into a second WHO region triggered
escalation to phase 6 on the 11th June.

6.1 How Could an H1 Virus Cause a Pandemic?

The HIN1 virus responsible for the 2009 pandemic is not the same HIN1 virus that had been
circulating in humans in recent years causing seasonal HIN1 outbreaks. Both viruses have HA
proteins originating from the 1918 pandemic virus. However the HA of the seasonal H1 had been
under antigenic and other selective pressure as it circulated in the human population over a total of
seven decades. On the other hand, since pigs are short lived, they exert little antigenic pressure to
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drive evolution of HA because the likelihood that a pig will be re-infected by the same influenza
virus during its brief life time is very low. The rather genetically static 1918-derived pig virus
became known as ‘classical’ swine influenza virus and it was the predominant influenza virus of
swine on the North American continent throughout the twentieth century.

At the time this classical swine H1 HA recombined into what was to become the 2009 pandemic
virus, it still retained 90% amino acid sequence identity to its 1918 progenitor. However, the human
seasonal virus had changed so dramatically that it shared only 79% amino acids with the 1918 HA
protein, and this did not allow for any antigenic cross protection for humans who had been infected
with seasonal H1 in recent years against the novel 2009 pandemic strain.

6.2 The Course of the Outbreak in the UK

In the UK, the first reported case was on the 26th April 2009, brought back by those returning from
holidays in Mexico. By May 29th there were 215 UK cases, of whom 52 were returning travellers,
39 were direct contacts of those travellers and 108 were people who had links to the secondary
cases. Already at this early stage there were eight sporadic cases which were not linked to travel.
On 21st June, the influenza-like-illness (ILI) incidence baseline was crossed and the first wave in
the UK was clearly underway. This wave peaked in July and then fell well below baseline by mid-
August, after schools closed for the summer holidays. Nevertheless 17% of the deaths in the UK
occurred during this wave. The second wave was far shallower, but endured for a longer period
from September 2009 until February 2010, and was responsible for the remaining 83% of fatal
cases [65, 66].

The height of the peak of ILI cases in the second wave was much lower than had been predicted.
Several factors contribute to the explanation for this: a proportion of the population (>30%) most
vulnerable to seasonal influenza infection, the elderly, were already immune. In blood samples of
those over 80 years old, collected in 2008 before the 2009 pandemic virus emerged, it was possible
to detect antibodies that cross react with 2009 pandemic virus’ HA in >30% of the samples
(haemagglutination titre 1/32). In those aged 65-79 years, the seropositive frequency drops to
~20%, whereas in the 4-14 year old age bracket, the proportion with significant HAI was just
~4% [67]. These neutralising antibodies in sera collected from the elderly exist because many
people in older age groups were infected in early life by closer derivatives of the 1918 HINI virus.

The second factor was the surprisingly mild nature of the 2009 pandemic virus in most people.
Serology conducted retrospectively detected neutralising antibodies in a far larger percentage of the
population than could be expected from the reports of ILI. One in three of the children in London
and Birmingham were seropositive for the virus by September 2009 [67] suggesting that many
people who had the infection did not report it. This could be because the symptoms were suffi-
ciently mild that they did not feel they needed the flu service that was on offer at the time, or they
did not even realise they had the infection. In this respect, the population was fortunate; this virus
spread effectively but did not produce overtly pathogenic effects in most people. The case fatality
rate was 0.02%, far lower than the 2.5% of the 1918 pandemic or the 0.1% of the 1957 and 1968
pandemics. Despite that, there were over 1,500 hospitalizations due to influenza like illnesses in
the UK and 474 deaths [68]. Globally mortality far exceeds 18,000 deaths [69].

6.3 Who was at Risk?

In the event of a pandemic, such as in 2009, difficult decisions need to be made by health authori-
ties to prioritise limited supplies of drugs and vaccines. Pharmaceutical companies may generate



90 R. Elderfield and W. Barclay

millions of doses of vaccine (300 million for the 2009 pandemic) [70] to protect the population, but
this is still only enough to immunize a small proportion of the globe, so provision of vaccine to
those most vulnerable to this virus needed to be prioritized.

6.3.1 Age

Usually vaccine is given primarily to those most susceptible to poor outcome from infection by
seasonal influenza, namely the elderly. In the UK, from 2001 to 2009, 69% of those who died from
seasonal influenza were >65 years old. However, with the 2009 pandemic virus only 15% of deaths
were in the >65 demographic. True to form, those elderly individuals who did succumb to the 2009
pandemic influenza suffered a severe illness, with a case fatality rate of 0.9%, indicating the virus
was able to cause serious morbidity in those who were immunologically susceptible [65].

The first infection with an influenza virus in children can often be quite severe. Johnson et al.
showed that the high incidence of unexpected paediatric fatalities from the Fujian H3N2 seasonal
drift variant in 2003 was linked with a higher than usual infection rate for seasonal influenza in the
young in that year, possibly explained by a more drastic antigenic drift than in immediately previous
years [71]. Similarly when a novel pandemic virus circulates widely, the incidence rate in the very
young is particularly high and their clinical course in the face of lack of any relevant immunological
experience is often severe. Indeed during the 2009 pandemic, the highest mortality rates were
observed in those under 1 year of age [72]. In addition since school age children are major trans-
mitters of influenza, there is good logic in targeting them in pandemic and seasonal immunization
campaigns because overall community incidence may be curtailed in this way [73-76].

The 2009 pandemic virus was certainly able to infect and transmit well within the paediatric
cohort. In the UK one in three children and in Hong Kong half of the children had been infected
after the first wave [77, 78], supporting the global observations that school aged children and
young adults were most likely to contract influenza [79]. Generally seasonal influenza causes two
paediatric deaths per million people, while pHIN1, by mid-2010, had been responsible for 5-6
deaths per million in the Netherlands and the UK respectively and 11 per million in Argentina in
the paediatric cohort [72, 80-82].

In their 2010 study of paediatric mortality from pandemic influenza in the UK, Sachedina and
Donaldson identified 70 deaths in the 0—18 year old age group directly attributable to infection with
the virus. As in similar studies across the world, they described common symptoms including fever,
cough and shortness of breath [72, 79, 83-86]. The UK study observed that a combination of
neurological, gastrointestinal and respiratory disease was present in more than half the deaths, an
observation again echoed in other countries. Indeed pre-existing neurological disorders have fre-
quently been listed as a co-morbidity [65, 66, 83—85, 87-89]. Half of those of school age who died
in the UK attended schools for those with special needs [72]. As with adults, bacterial coinfections
were often observed; in the US 43% of paediatric deaths were associated with secondary bacterial
infections and in the UK 20% were associated with laboratory confirmed cases [72, 73].

6.3.2 Pregnancy

Pregnant women appear to be especially at risk from complications of influenza of either a seasonal
or pandemic nature, especially during the second and third trimesters [90]. This increased suscepti-
bility has been ascribed to mechanical changes within the body, which act to increase the pressure
on the cardiovascular system, including an increased heart rate, stroke volume and oxygen consump-
tion set against a decreased lung capacity [91, 92]. This may also account for increased risk in obesity.
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In addition, hormonal changes in pregnancy cause what might be broadly termed a swing away from
cell mediated immunity and a bias towards the humoral system that may affect the ability to clear
the virus [92, 93]. On the other hand humoral immunity is also not complete in pregnancy and
depletion in the levels of IgG2 were observed in pregnant women who died in the 2009 pHINI
pandemic [94]. There is evidence from previous pandemics that the mortality rate was high amongst
pregnant women: In the 1918 pandemic between 27% and 47% of those pregnant who contracted
influenza died. In 1957 the percentage of deaths was lower, but still considerable at 20% [92].
There is also evidence of complications; of those pregnant women who developed pneumonia but
survived during the 1918 pandemic, more than 50% did not carry the foetus to full term [92].

6.4 Other Co-morbidities

In the 2009 pandemic it was very evident that other co-morbidities increased susceptibility to severe
influenza infection. These included obesity, asthma and chronic obstructive pulmonary disease
(COPD), diabetes, immunosuppression, heart conditions and neurological complications. Whilst
only a third of those who were admitted to intensive care had co-morbidities, over three quarters of
those who died did [73]. In the UK, the FLUCIN database collected data from all those admitted to
hospital with influenza during the pandemic first wave. Co-morbidities were described for around
50% cases, leaving a significant number of young healthy adults that suffered severe disease and
even death despite no obvious prior predisposition for bad outcome [95].

6.5 Bacterial Coinfections

In the US, a study of the first 100 fatal cases caused by pH1N1 found that 25% of them had bacterial
coinfections, with Staphylococcus aureus and Streptococcus pneumoniae being the most common
pathogens [96]. Other fatal case studies have put the incidence of bacterial coinfections between
28% and 36% and also included Streptococcus pyogenes in the list of common bacterial coinfec-
tions [89, 97, 98]. In Argentina, coinfection with streptococci increased the likelihood of severe
outcome with an odds ratio of 17 [99]. However in the UK, high incidence of bacterial coinfection
was less evident [95]. The effect of bacterial superinfection on the outcome of infection with pan-
demic HIN1 20009 is likely to have been affected by differences in the bacterial strains circulating
in communities around the world at the time and this may, in part, account for the widely different
case fatality rates seen in different areas.

6.6 Influenza Vaccination for the Pandemic

There is a well-established system in place for the generation of seasonal influenza vaccines; the
dominant circulating strains are carefully monitored and predictions are made annually about
which viruses are likely to predominate in the forth-coming ‘flu season. The chosen seasonal
viruses are recombined with the internal segments of the high growth A/Puerto Rico/08/34 (PR8)
vaccine backbone strain, to create viruses with HA and NA antigens from seasonal strains that can
be readily amplified in eggs. Similarly for the 2009 pandemic vaccine, a reassortant virus bearing
the HI HA and N1 NA genes of the pandemic strain A/California/07/2009 on a high growth body
was used to generate high yield virus in eggs. However, vaccine production problems became
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apparent early during production phase when manufacturers realized that the growth of the
Cal/07/09 reassortant was only 30-50% of that seen for the seasonal strains. Eventually a higher
growth variant was obtained. In all about 30 versions of HIN1/2009 pandemic vaccine were gener-
ated in multiple countries by different manufacturers, with either wild type or reassortant viruses
grown traditionally in eggs or in cell based systems and vaccines produced as spilt (just the HA and
NA genes) preparations, whole inactivated virion preparations or, in one case, a live attenuated
virus. Using a strategy based on development of HSN1 pandemic vaccines, the most widely used
pandemic vaccine in the UK was an inactivated vaccine generated by GSK that was administered
combined with AS03 adjuvant (composed of a-tocopherol, squalene and polysorbate 80 emulsion)
a chemical mix added to enhance and prolong the immunogenic response and reduce the amount
of HA protein required per dose to achieve immunity (antigen sparing). The immunogenicity of the
pandemic vaccine was in fact much higher than expected based on experience of clinical trials with
the H5N1 equivalent. In the end, a single dose of adjuvanted vaccine was sufficient to achieve
seroconversion in adults. Although it was expected that two doses would be needed in children,
who usually require a prime boost regimen for effective levels of antibody to be achieved, a single
dose was eventually used as it turned out to be adequately immunogenic and significantly less
reactogenic after the first dose than the second [100]. This vaccine was recorded as having a 72%
effectiveness despite the relatively small doses of 3.75 ug of HA protein (unadjuvanted vac-
cines typically contain 15-30 pg). Other adjuvants were also trialled globally including alum
(aluminium hydroxide) in China and Russia and another oil-in-water adjuvant broadly similar to
ASO3 called MF59 in Korea and Italy. Clinical trials were run using the proprietary Sanofi-Pasteur
AFO03 adjuvant in the USA, Europe and Asia [70].

Live attenuated vaccine (LAIV) for pandemic 2009 was widely administered in the US. Other
vaccine strategies that were not yet licensed have been researched using the 2009 HINT virus as
antigen. These include: the use of virosomes (lipid vesicles) that have the HA and NA proteins scat-
tered through the bilayer, live recombinant adenovirus vaccines that express the HA protein, virus
like particles in which the HA, NA and M are expressed in insect cells which are infected with a
recombinant baculovirus, these are purified and self assembled into immunogenic particles, finally
plants infected with a transformed Agrobacterum vector that generate HA proteins [70].

6.7 The Virulence of HIN1 2009 Virus in Animal Models

Although the outcome of infection in most people infected with pandemic 2009 virus was mild, in
animal models this virus causes more severe disease than recent seasonal HIN1 viruses. Itoh et al.,
compared seasonal HIN1 (A/Kawasaki/UTK-4/09) and pandemic HIN1 (A/California/04/2009)
viruses in a number of animal models. Interestingly, infected mini-pigs remained relatively asymp-
tomatic. In contrast, pHIN1 virus caused severe lung pathology in mice, ferrets and macaques
including lung lesions and damage caused by the infiltration of inflammatory mediators to a
greater extent than was observed with infection with the seasonal viruses [17, 101, 102]. Van de
Brand et al., infected ferrets intratracheally with very high doses of seasonal HIN1, pHINI or
HPAI H5N1 virus and found that infection with pHIN1 caused pathology intermediate between
seasonal influenza and HSN1 and could lead to severe pneumonia and death in this model [17].
Infection of alveolar pneumocytes, not observed with the seasonal virus [17, 102] may correlate
with the more profound binding of the pHIN1 HA to 0-2,3 linked SA [63] which tends to be
located deeper into the lung [103]. The difference between the animal models and the epidemiol-
ogy in humans suggests that a basal level of existing immunity in the human population has pro-
tected against the moderately severe disease this virus can cause in immunologically naive
experimental animals.
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6.8 Oseltamivir Resistance of pHIN1 Virus

There are two antiviral drug classes currently available to treat influenza. Adamantanes (amantadine
and rimantadine) are directed against the ion channel M2 protein and prevent the uncoating of the
virus genome early in infection. The second class of drugs, the neuraminidase inhibitors (oseltamivir
-Tamiflu® and zanamivir- Relenza®) were rationally designed to block the active site of the
neuraminidase of the influenza virus. NA acts to cleave the SA receptors on the surface of the host
cell, allowing the release of newly formed virions which can then infect uninfected cells.

Unfortunately, influenza viruses readily developed resistance to the adamantanes through point
mutations at residues 26, 27, 30, 31 or 34 in the M2 protein, with no compromise in viral fitness
[104, 105]. 90% of the seasonal H3N2 isolated in the US and Asia contain a resistant phenotype
and the S31N mutation was already present in the 2009 pHINI1 at the time it crossed into humans
[106, 107].

The NAI drug class has therefore become a favourite for stockpiling anti-influenza therapies. The
first of these drugs to reach the clinic was zanamivir (Relenza) but use of this drug is hindered by
the necessity to inhale it because it is not orally bioavailable. The second NAI oseltamivir (Tamiflu®)
benefits from a convenient oral formulation, good bioavailability and is suitable for use in paediatric
and adult populations. Data have not yet emerged fully for its effects in those > 65 years of age or
the immunocompromised [108].

According to the Cochrane review of efficacy in 2005, if zanamivir or oseltamivir are used to
treat an infection 48 h after onset of symptoms, there is a ‘modest’ reduction in influenza symptoms
within 0.78 days in adults and 1 day in children for zanamivir and 0.86 days in adults and 0.87 days
in children for oseltamivir [108, 109]. As prophylactics, both drugs fare well, in control groups
taking the medications during seasonal influenza, there was a reduction in incidence of 69% and
74% for zanamivir and oseltamivir respectively. For post-exposure prophylaxis there were 81% and
90% relative reductions in infection after zanamivir and oseltamivir administration respectively
[108, 109].

Resistance to oseltamivir can emerge, but early experiments indicated that mutations such as
H275Y (N1 numbering, H274Y in N2), would confer a fitness cost to the virus by reducing NA
affinity for the SA substrate [110, 111]. Thus, it was assumed that the resistance mutation would
not persist in the community. However, by 2008, ~99% of seasonal HIN1 viruses had acquired the
H275Y mutation that was associated with the resistant phenotype without fitness cost [108, 112].
The lack of fitness cost can be ascribed to compensating mutations in the NA protein [113, 114].

The obvious fear was that the pH1N1 virus would develop oseltamivir resistance given the wide-
spread use of the drug in the early waves of the pandemic. pHIN1 viruses with the H275Y mutation
have been isolated, however these were predominantly in those undergoing prolonged treatment
regimens (often in immunocompromised patients) or through the use of low dose prophylaxis
[115, 116]. At the time of writing, there had not been widespread transmission spread of the resis-
tant strain. Indeed the fitness cost to this strain of virus is still under debate, with different labs
publishing conflicting results [117-119].

6.9 Other Mutations in pHINI Virus that May Impact the Course
of the Pandemic

6.9.1 D225G

There is historical evidence that implies that during the 1918 pandemic, the second and third
waves were more severe than the first. It has been suggested that the virus acquired mutations as it
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circulated in its new human host and these ‘hotted up’ its virulence. Thus it is important to identify
any mutations that may similarly increase virulence of the 2009 pHINI1 strain. In particular it was
possible that critically ill or deceased patients had been infected with a virus variant that had more
pathogenic potential than the viruses that predominated in the community. The sequence of viruses
from such cases has been analysed in a number of studies [120—125]. One of the interesting muta-
tions observed is a D225G (H3 numbering, D222G in H1) mutation in the HA protein. 18% of criti-
cal cases in Norway and 12.5% of the critically ill in Hong Kong had this mutation [123]. In
Scotland this mutation was only found in patients who were critically ill (4.1%) [120].

However it is not clear that this mutation alone is responsible for poor outcome: The D225G
mutation was found in the virus from a nasopharyngeal swab and tracheal aspirate from a 25 year
old man admitted to intensive care with pneumonia and ARDS. However the same virus transmitted
to a contact case, but did not lead to severe illness despite the latter individual having two hallmark
co-morbidities, namely obesity and diabetes [121]. Although D225G was detected predominately
in viruses from critical cases in Greece, it was also isolated in two mild cases of the disease [122].
It has been suggested that some of the reported isolates with this change are the results of egg adap-
tation during the culture period [126]. In addition, the prevalence of this mutation in the critically
ill has been ascribed to factors such as sampling bias, the critically ill being more likely to be geno-
typed than the mild cases.

The presence of this mutation enhances binding of Hl HA to 02,3 linked SA receptors [124].
The proposed mechanism by which such a mutation may enhance virulence is that the ability to bind
more efficiently to a2,3SA receptors extends the lung tropism of the virus to bind ciliated cells that
may then be unable to clear virus efficiently via the mucociliary escalator [124]. Additionally,
increased binding to type II pneumocytes and macrophages in the alveoli and to submucosal glands
in the trachea and bronchi may enhance lung damage [127]. However using reverse genetics to
engineer this point mutation into an otherwise isogenic background, it was shown that the D225G
change was not associated with an increase in virulence in the ferret or guinea pig models and
remains easily transmitted between guinea pigs [127]. The mutation did result in a lower infectious
dose for infection of mice who predominately express the 02,3, linked form of SA receptor [128].

6.10 Presence or Absence of Other Virulence Factors in pHIN1Virus
6.10.1 PB1-F2

The PB1 segment has a second reading frame (+1) which encodes a small protein (87-90 amino
acids), PB1-F2 [129]. This protein has been assigned two functions, induction of apoptosis through
its mitochondrial targeting C terminal domain and a role in lung inflammation [129-133]. A pro-
posed third function, relating to polymerase function and reflected by the retention of the PB1
protein in the nucleus appears to be strain specific [134, 135].

Viruses with intact PB1-F2 genes cause increased pathology in the mouse model [131] and also
predispose the host to secondary bacterial infections and subsequent pneumonia. Mice infected with
a PRS virus containing the full length PB1-F2 suffered greater weight loss and increased mortality
when subjected to a secondary bacterial infection than mice infected with a PR8 with a truncated
form of PB1-F2 [133].

However in natural isolates, particularly those from swine, the PB1-F2 gene is not always full
length. Zell et al. analysed the influenza A sequences available in Genbank in 2007 [136]. They
found that 96% avian strains possessed the full length PB1-F2, but in contrast only 75% of swine
viruses and 81% of human viruses had the full length gene. Classical swine influenza strains have
truncated forms of PB1-F2 with premature stop codons after 11, 25 and 34 residues [136].
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Truncation of the PB1-F2 gene to just 57 amino acids also occurred in seasonal HIN1 viruses in
the 1950s. Loss of the C terminus of PB1-F2 removes the mitochondrial targeting sequence of the
protein, abrogating its interaction with host proteins ANT3 and VDACI and reducing its ability to
trigger apoptosis in immune cells [130, 137]. In addition this region of the protein appears to har-
bour pro-inflammatory properties. Indeed, peptides generated to contain amino acid sequence from
the C-terminal region of PB1-F2 generated an inflammatory response when administered to mouse
lung. Two days post exposure mice lost up to 15% body weight. Interestingly the same peptide
derived from recent H3N2 seasonal virus contains 5 amino acid differences from early H3N2 homo-
logues that appear to abrogate the pro-inflammatory function. Inflammation triggered by PB1-F2
peptides from highly virulent strains such as 1918 influenza may predispose to secondary bacterial
pneumonia [138]. Indeed, some highly virulent viruses such as HSN1 and 1918 HINI1 viruses pos-
sess a point mutation in this region of PB1-F2, N66S, that is partly responsible for their enhanced
morbidity and mortality in mice [139].

The 2009 pHINI1 influenza virus has a PB1-F2 gene truncated to just 11 amino acids in length
which is inactive. Using reverse genetics to engineer viruses in which full length protein was
restored, Hai et al. noted no increase in virulence in mice or ferrets [140]. Even the introduction
of the notorious 1918 like N66S point mutation did not affect the outcome of infection in these
models. Thus acquisition of virulence by restoration of this gene to the pandemic virus seems
unlikely [140].

6.10.2 Cleavage of Influenza HA Leads to Extended Tropism

The tropism of influenza virus is not only determined by its receptor use. SA is a widely distributed
cell surface sugar but influenza in humans is largely restricted to the respiratory tract. The reliance
on host cell proteases to cleave and thus activate the fusogenic properties of the HA protein deter-
mines the organs in which the virus can undergo productive infection. In humans the abundance of
Clara Tryptase in respiratory secretions allows the virus efficient replication in the lung [150]. In
highly pathogenic avian influenza viruses such as H5 and H7 strains, the insertion of a polybasic
motif allows the HA to be cleaved by ubiquitous proteases such as furin, facilitating systemic infec-
tion [151]. Despite the high mortality rates of those afflicted with the 1918 virus, it does not contain
the polybasic cleavage site found in the highly pathogenic H5N1 viruses. The acquisition of this
virulence motif in H5 and H7 subtypes of HA occurs during amplification in poultry [152, 153].
This motif has not been seen in any pHIN1 isolates in 2009 or 2010, and pHIN1 viruses remain
dependent on the addition of trypsin to growth media for their propagation in cell culture.

6.10.3 The NS1 Protein

The influenza virus counteracts the otherwise suppressive effect of the interferon response using a
nonstructural protein NS1, reviewed in detail by Hale et al., [141]. NS1 works in at least two ways
to prevent induction of interferon. Firstly in the cytoplasm NS1 binds dsRNA and other RNAs that
are the likely triggers of innate immunity as well as forming a complex with the host cell pattern
recognition receptor RIG-I and its controlling protein TRIM25. Secondly in the nucleus some NS1
proteins can bind to the host cell factor CPSF30 and in doing so they suppress the processing of
newly synthesized mRNAs and prevent their export to the cytoplasm. This latter function is strain
specific. It has been suggested that viruses that have enhanced ability to perform both these func-
tions may induce a more severe disease because they can evade the innate immune response more
efficiently. Indeed introduction of CPSF30 binding ability to the lab adapted PR8 vaccine strain
that usually lack this function enhanced its virulence in mice [142]. The pHINI1 virus lacks CPSF
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binding capacity. However Hale et al. have shown that reintroduction of this phenotype did not
affect virulence of pHIN1 in ferrets or mice [143]. Despite lacking CPSF30 binding capacity, the
pHINI virus induces very low levels of interferon in infected cells [144].

7 The Future

The 1968 and 1957 pandemic viruses both displaced the previously circulating subtypes. In contrast
the re-emergence of HIN1 in humans in 1977 was not associated with subtype displacement likely
because a large cohort of the older population was not susceptible to the virus and therefore
remained viable hosts for the contemporary H3N2 viruses. Similarly due to residual immunity in
the elderly, pHIN1 2009 has not displaced the H3N2 subtype. Initially it was believed that the sea-
sonal HIN1 subtype may have gone extinct after pHIN1 emerged, as there was a period of many
months where this virus was not isolated, however recently seasonal HIN1 isolates have been
detected in Texas [145]. The trivalent vaccine administered in 2010 contains pHIN1, H3N2 and
influenza B virus antigens but no seasonal HIN1 component.

Influenza is a seasonal disease. Infections peak once a year in the cold, dry season in the
Northern or Southern hemispheres, although in the tropics the seasons are less clearly separated and
it may be that virus continually circulates [146]. The Royal College of General Practitioners
(RCGP) scheme in the UK has monitored the incidence of ILI since the emergence of the H3N2
subtype in the 1968 pandemic (Fig. 3), the re-emergence of related H3N2 and seasonal HIN1
strains has been observed year on year and is due to the capacity of the virus to accumulate small
point mutations in HA and NA antigens, the process called antigenic drift. These mutations occur
at antigenic sites and allow the circulating virus to evade immune suppression by throwing off anti-
body binding through confirmation changes or glycosylation events. Accumulated drift mutations
may ultimately change the phenotype of the virus. The virus may alter its affinity or specificity for
the receptors on the host cell surface in its efforts to avoid the immune response [147]. Indeed it is
clear that, as it has evolved over four decades in humans, the H3N2 virus has changed its receptor
binding affinities with phenotypic consequence [43, 148].

As herd immunity increases against the newly emerged pHIN1 virus, it is not in doubt that
antigenic drift will occur. However, the resulting phenotypic changes are unknown and currently
unpredictable. Moreover since the virus has re-infected swine, a species in which frequent reassort-
ments occur [149], the evolution of this 2009 HINTI virus and the consequence of reassortment
events in animals for human disease remain to be observed in the coming years.

References

1. Morens DM, Taubenberger JK, Harvey HA, Memoli MJ. The 1918 influenza pandemic: lessons for 2009 and
the future. Critical Care Medicine. 2010;38(4 Suppl):e10-20.

2. Johnson NPAS, Mueller J. Updating the accounts: global mortality of the 1918-1920 “Spanish” influenza
pandemic. Bulletin of the History of Medicine. 2002 Jan;76(1):105-15

3. Gouarin S, Vabret A, Dina J, Petitjean J, Brouard J, Freymuth F. Study of Influenza C Virus Infection in France.
IBIS. 2008;1446(April):1441-1446.

4. Shope RE. Swine Influenza : I. Experimental Transmission and Pathology. The Journal of Experimental
Medicine. 1931 Jul;54(3):349-59.

5. Shope RE. The Etiology of Swine Influenza. Science (New York, N.Y.). 1931 Feb;73(1886):214-5.

6. Laidlaw PP, Smith W, with C. H. The susceptibility of mice to the viruses of human and swine influenza.
Lancet, The. 1934;2(859):

7. Andrewes CH, Laidlaw PP, with W. Virus obtained from influenza patients. Lancet, The. 1933;19(66):



Influenza Pandemics 97

10.

11.

12.

13.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

. Taubenberger JK, Morens DM. 1918 Influenza: the mother of all pandemics. Emerging Infectious Diseases.

2006 Jan;12(1):15-22.

. Reid AH, Fanning TG, Hultin JV, Taubenberger JK. Origin and evolution of the 1918 “Spanish” influenza virus

hemagglutinin gene. Proceedings of the National Academy of Sciences of the United States of America. 1999
Feb;96(4):1651-6.

Taubenberger JK. Initial Genetic Characterization of the 1918 “Spanish” Influenza Virus Science. 1997
Mar;275(5307):1793-1796.

Tumpey TM, Basler CF, Aguilar PV, Zeng H, Sol6rzano A, Swayne DE, et al. Characterization of the recon-
structed 1918 Spanish influenza pandemic virus. Science (New York, N.Y.). 2005 Oct;310(5745):77-80.

Reid AH, Fanning TG, Janczewski TA, Taubenberger JK. Characterization of the 1918 “Spanish” influenza
virus neuraminidase gene. Proceedings of the National Academy of Sciences of the United States of America.
2000 Jun;97(12):6785-90.

Basler CF, Reid AH, Dybing JK, Janczewski TA, Fanning TG, Zheng H, et al. Sequence of the 1918 pandemic
influenza virus nonstructural gene (NS) segment and characterization of recombinant viruses bearing the 1918
NS genes. Proceedings of the National Academy of Sciences of the United States of America. 2001
Feb;98(5):2746-51.

. Reid AH, Fanning TG, Janczewski TA, McCall S, Taubenberger JK. Characterization of the 1918 “Spanish”

influenza virus matrix gene segment. Journal of Virology. 2002 Nov;76(21):10717-23.

Reid AH, Fanning TG, Janczewski TA, Lourens RM, Taubenberger JK. Novel origin of the 1918 pandemic
influenza virus nucleoprotein gene. Journal of Virology. 2004 Nov;78(22):12462-70.

Taubenberger JK, Reid AH, Lourens RM, Wang R, Jin G, Fanning TG. Characterization of the 1918 influenza
virus polymerase genes. Nature. 2005 Oct;437(7060):889-93.

Brand JMA van den, Stittelaar KJ, Amerongen G van, Rimmelzwaan GF, Simon J, Wit E de, et al. Severity of
pneumonia due to new HINI influenza virus in ferrets is intermediate between that due to seasonal HIN1 virus
and highly pathogenic avian influenza H5N1 virus. The Journal of Infectious Diseases. 2010
Apr;201(7):993-9.

Memoli MJ, Tumpey TM, Jagger BW, Dugan VG, Sheng Z-M, Qi L, et al. An early “classical” swine HIN1
influenza virus shows similar pathogenicity to the 1918 pandemic virus in ferrets and mice. Virology.
2009;393(2):338-345.

Tumpey TM, Garcia-Sastre A, Taubenberger JK, Palese P, Swayne DE, Basler CF. Pathogenicity and immuno-
genicity of influenza viruses with genes from the 1918 pandemic virus. Proceedings of the National Academy
of Sciences of the United States of America. 2004;101(9):3166-3171.

Weingartl HM, Albrecht RA, Lager KM, Babiuk S, Marszal P, Neufeld J, et al. Experimental infection of pigs
with the human 1918 pandemic influenza virus. Journal of Virology. 2009;83(9):4287-4296.

Meunier I, Pillet S, Simonsen JN, Messling V von. Influenza pathogenesis: lessons learned from animal studies
with HSN1, HIN1 Spanish, and pandemic HIN1 2009 influenza. Critical Care Medicine. 2010 Apr;38
(4 Suppl):e21-9.

Watanabe T, Watanabe S, Shinya K, Kim JH, Hatta M, Kawaoka Y. Viral RNA polymerase complex promotes
optimal growth of 1918 virus in the lower respiratory tract of ferrets. Proceedings of the National Academy of
Sciences of the United States of America. 2009 Jan;106(2):588-92.

Belser J a, Wadford DA, Pappas C, Gustin KM, Maines TR, Pearce MB, et al. Pathogenesis of pandemic influ-
enza A (HIN1) and triple-reassortant swine influenza A (H1) viruses in mice. Journal of Virology.
2010 May;84(9):4194-203.

Klugman KP, Mills Astley C, Lipsitch M. Time from Illness Onset to Death, 1918 Infl uenza and Pneumococcal
Pneumonia Clinical infectious diseases : an official publication of the Infectious Diseases Society of America.
2009 Apr;15(2):346-347.

Morens DM, Taubenberger JK, Fauci AS. Predominant role of bacterial pneumonia as a cause of death in pan-
demic influenza: implications for pandemic influenza preparedness. The Journal of Infectious Diseases. 2008
Oct;198(7):962-70.

Brown JN, Palermo RE, Baskin CR, Gritsenko M, Sabourin PJ, Long JP, et al. Macaque Proteome Response to
Highly Pathogenic Avian Influenza and 1918 Reassortant Influenza Virus Infections. Journal of Virology. 2010
Sep;

Billharz R, Zeng H, Proll SC, Korth MJ, Lederer S, Albrecht R, et al. The NS1 protein of the 1918 pandemic
influenza virus blocks host interferon and lipid metabolism pathways. Journal of Virology. 2009
Oct;83(20):10557-70.

Kash JC, Basler CF, Garcia-Sastre A, Carter V, Billharz R, Swayne DE, et al. Global host immune response:
pathogenesis and transcriptional profiling of type A influenza viruses expressing the hemagglutinin and
neuraminidase genes from the 1918 pandemic virus. Journal of Virology. 2004 Sep;78(17):9499-511.

Kobasa D, Jones SM, Shinya K, Kash JC, Copps J, Ebihara H, et al. Aberrant innate immune response in lethal
infection of macaques with the 1918 influenza virus. Nature. 2007 Jan;445(7125):319-23.



98

30

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

R. Elderfield and W. Barclay

. Nelson MI, Viboud C, Simonsen L, Bennett RT, Griesemer SB, St George K, et al. Multiple reassortment events
in the evolutionary history of HIN1 influenza A virus since 1918. PLoS Pathogens. 2008 Feb;4(2):e1000012.
Lagacé-Wiens PRS, Rubinstein E, Gumel A. Influenza epidemiology—past, present, and future. Critical Care
Medicine. 2010 Apr;38(4 Suppl):el-9.

Cox NJ, Subbarao K. Global epidemiology of influenza: past and present. Annual Review of Medicine. 2000
Jan;51407-21.

Wertheim JO. The re-emergence of HINI influenza virus in 1977: a cautionary tale for estimating divergence
times using biologically unrealistic sampling dates. PloS One. 2010 Jan;5(6):e11184.

Zimmer SM, Burke DS. Historical perspective-Emergence of influenza A (HIN1) viruses. The New England
Journal of Medicine. 2009 Jul;361(3):279-85.

Scholtissek C, Hoyningen V von, Rott R. Genetic relatedness between the new 1977 epidemic strains (HIN1)
of influenza and human influenza strains isolated between 1947 and 1957 (HIN1). Virology. 1978 Sep;89(2):
613-7.

Nakajima K, Desselberger U, Palese P. Recent human influenza A (HIN1) viruses are closely related geneti-
cally to strains isolated in 1950. Nature. 1978 Jul;274(5669):334-9.

Kishida N, Sakoda Y, Isoda N, Matsuda K, Eto M, Sunaga Y, et al. Pathogenicity of H5 influenza viruses for
ducks. Archives of Virology. 2005 Jul;150(7):1383-92.

Homme PJ, Easterday BC. Avian influenza virus infections. IV. Response of pheasants, ducks, and geese to
influenza A-turkey-Wisconsin-1966 virus. Avian Diseases. 1970 May;14(2):285-90.

Krauss S, Webster R. Avian Influenza Virus Surveillance and Wild Birds: Past and Present. Avian Diseases.
2010;(54):394-398.

Stallknecht DE, Kearney MT, Shane SM, Zwank PJ. Effects of pH, temperature, and salinity on persistence of
avian influenza viruses in water. Avian Diseases. 1990;34(2):412-8.

Stallknecht DE, Shane SM, Kearney MT, Zwank PJ. Persistence of avian influenza viruses in water. Avian
Diseases. 1990;34(2):406—-11.

Donis RO, Bean WJ, Kawaoka Y, Webster RG. Distinct lineages of influenza virus H4 hemagglutinin genes in
different regions of the world. Virology. 1989 Apr;169(2):408-17.

Thompson CI, Barclay WS, Zambon MC, Pickles RJ. Infection of human airway epithelium by human and
avian strains of influenza a virus. Journal of Virology. 2006 Aug;80(16):8060-8.

Thompson CI, Barclay WS, Zambon MC. Changes in in vitro susceptibility of influenza A H3N2 viruses to a
neuraminidase inhibitor drug during evolution in the human host. The Journal of Antimicrobial Chemotherapy.
2004 May;53(5):759-65.

WHO. WHO | Cumulative Number of Confirmed Human Cases of Avian Influenza A/(H5N1) Reported to
WHO 2010.

Elliot AJ, et al. Surveillance of influenza-like illness in England and Wales during 1966—2006. Euro Surveill.
2006;11(10):pii=651. Available from: http://www.eurosurveillance.org/ViewArticle.aspx?Articleld=651.
Lessler J, Cummings DAT, Fishman S, Vora A, Burke DS. Transmissibility of swine flu at Fort Dix, 1976.
Journal of the Royal Society, Interface/The Royal Society. 2007 Aug;4(15):755-62.

Gaydos JC, Top FH, Hodder RA, Russell PK. Swine Influenza A Outbreak, Fort Dix, New Jersey, 1976.
Emerging Infectious Diseases. 2006;12(1):23-28.

Kida H, Ito T, Yasuda J, Shimizu Y, Itakura C, Shortridge KF, et al. Potential for transmission of avian influenza
viruses to pigs. Journal of General Virology. 1994 Sep;75(9):2183-2188.

Garten RJ, Davis CT, Russell C a, Shu B, Lindstrom S, Balish A, et al. Antigenic and genetic characteristics of
swine-origin 2009 A(HIN1) influenza viruses circulating in humans. Science (New York, N.Y.). 2009
Jul;325(5937):197-201.

Smith GJID, Vijaykrishna D, Bahl J, Lycett SJ, Worobey M, Pybus OG, et al. Origins and evolutionary genomics
of the 2009 swine-origin HIN1 influenza A epidemic. Nature. 2009 Jun;459(7250):1122-5.

Ito T, Couceiro JNSS, Kelm S, Baum LG, Krauss S, Castrucci MR, et al. Molecular Basis for the Generation
in Pigs of Influenza A Viruses with Pandemic Potential J. Virol. 1998;72(9):7367-7373.

Naeve CW, Hinshaw VS, Webster RG. Mutations in the hemagglutinin receptor-binding site can change the
biological properties of an influenza virus. Journal of Virology. 1984 Aug;51(2):567-9.

Matrosovich M, Tuzikov A, Bovin N, Gambaryan A, Klimov A, Castrucci MR, et al. Early alterations of the
receptor-binding properties of H1, H2, and H3 avian influenza virus hemagglutinins after their introduction into
mammals. Journal of Virology. 2000 Sep;74(18):8502-12.

Pappas C, Viswanathan K, Chandrasekaran A, Raman R, Katz JM, Sasisekharan R, et al. Receptor Specificity
and Transmission of H2N2 Subtype Viruses Isolated from the Pandemic of 1957. PloS One. 2010
Jan;5(6):e11158.

Ayora-Talavera G, Shelton H, Scull M a, Ren J, Jones IM, Pickles RJ, et al. Mutations in H5N1 influenza virus
hemagglutinin that confer binding to human tracheal airway epithelium. PloS One. 2009 Jan;4(11):e7836.



Influenza Pandemics 99

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Chutinimitkul S, Riel D van, Munster VJ, Brand JMA van den, Rimmelzwaan GF, Kuiken T, et al. In vitro
assessment of attachment pattern and replication efficiency of H5SN1 influenza A viruses with altered receptor
specificity. Journal of Virology. 2010 Jul;84(13):6825-33.

Nicholls JM, Chan RWY, Russell RJ, Air GM, Peiris JSM. Evolving complexities of influenza virus and its
receptors. Trends in Microbiology. 2008 Apr;16(4):149-57.

Stevens J, Blixt O, Glaser L, Taubenberger JK, Palese P, Paulson JC, et al. Glycan microarray analysis of the
hemagglutinins from modern and pandemic influenza viruses reveals different receptor specificities. Journal of
Molecular Biology. 2006 Feb;355(5):1143-55.

Stevens J, Blixt O, Chen L-M, Donis RO, Paulson JC, Wilson I a. Recent avian HSN1 viruses exhibit increased
propensity for acquiring human receptor specificity. Journal of Molecular Biology. 2008 Sep;381(5):1382-94.
Blixt O, Head S, Mondala T, Scanlan C, Huflejt ME, Alvarez R, et al. Printed covalent glycan array for ligand
profiling of diverse glycan binding proteins. Proceedings of the National Academy of Sciences of the United
States of America. 2004 Dec;101(49):17033-8.

Liao H-Y, Hsu C-H, Wang S-C, Liang C-H, Yen H-Y, Su C-Y, et al. Differential Receptor Binding Affinities of
Influenza Hemagglutinins on Glycan Arrays. Journal of the American Chemical Society. 2010 Sep;286—291.
Childs RA, Palma AS, Wharton S, Matrosovich T, Liu Y, Chai W, et al. Receptor-binding specificity of pan-
demic influenza A (HIN1) 2009 virus determined by carbohydrate microarray. Nature Biotechnology. 2010
Feb;28(2):178-178.

Trifonov V, Khiabanian H, Rabadan R. Influenza A (HIN1) Virus. Emerging Infectious Diseases. 2009;
115-119.

Pebody RG, McLean E, Zhao H, Cleary P, Bracebridge S, Foster K, et al. Pandemic Influenza A (HIN1) 2009
and mortality in the United Kingdom: risk factors for death, April 2009 to March 2010. Euro Surveillance :
Bulletin Européen Sur Les Maladies Transmissibles=European Communicable Disease Bulletin. 2010
Jan;15(20):1-11.

HPA. The role of the Health Protection Agency in the “containment” phase during the first wave of pandemic
influenza in England in 2009. 2010.

Miller E, Hoschler K, Hardelid P, Stanford E, Andrews N, Zambon M. Incidence of 2009 pandemic influenza
A HINI infection in England: a cross-sectional serological study. The Lancet. 2010 Apr;375(9720):
1100-1108.

HPA. Weekly epidemiological update 2010;36[cited 2010 Sep 13] Available from: http://www.hpa.org.uk/web/
HPAweb&Page& HPAwebAutoListName/Page/1243928258560.

WHO. WHO | Pandemic (HIN1) 2009 - update 112 World Health Organisation, Global Alert Response.
2010;

Girard MP, Katz J, Pervikov Y, Palkonyay L, Kieny M-P. Report of the 6th meeting on the evaluation of pan-
demic influenza vaccines in clinical trials World Health Organization, Geneva, Switzerland, 17-18 February
2010. Vaccine. 2010 Oct;28(42):6811-20.

Johnson BF, Wilson LE, Ellis J, Elliot AJ, Barclay WS, Pebody RG, et al. Fatal cases of influenza a in child-
hood. PloS One. 2009 Jan;4(10):e7671.

Sachedina N, Donaldson LJ. Paediatric mortality related to pandemic influenza A HINT1 infection in England:
an observational population-based study. The Lancet. 2010 Oct;6736(10):1-7.

Rothberg MB, Haessler SD. Complications of seasonal and pandemic influenza. Critical Care Medicine.
2010;38(4 Suppl):e91-7.

Ferguson NM, Cummings DAT, Fraser C, Cajka JC, Cooley PC, Burke DS. Strategies for mitigating an influ-
enza pandemic. Nature. 2006;442(7101):448-452.

Kawaguchi R. Influenza (HIN1) 2009 Outbreak and School Closure, Osaka Prefecture, Japan. Emerging
Infectious Diseases. 2009 Oct;15(10):2009-2009.

Wu JT. School Closure and Mitigation of Pandemic (HIN1) 2009, Hong Kong. Emerging Infectious Diseases.
2010 Mar;16(3):10-13.

Miller E, Hoschler K, Hardelid P, Stanford E, Andrews N, Zambon M. Incidence of 2009 pandemic influenza
A HINI infection in England: a cross-sectional serological study. The Lancet. 2010;375(9720):1100-1108.
Wu JT, Ma ESK, Lee CK, Chu DKW, Ho P, Shen AL, et al. The Infection Attack Rate and Severity of 2009
Pandemic HINI Influenza in Hong Kong. Clinical Infectious Diseases. 2010 Nov;51(10):1184-1191

Reyes L, Arvelo W, Estevez A, Gray J, Moir JC, Gordillo B, et al. Population-based surveillance for 2009
pandemic influenza A (HIN1) virus in Guatemala, 2009. Influenza and Other Respiratory Viruses. 2010
May;4(3):129-40.

Libster R, Bugna J, Coviello S, Hijano DR, Dunaiewsky M, Reynoso N, et al. Pediatric hospitalizations associ-
ated with 2009 pandemic influenza A (HIN1) in Argentina. The New England Journal of Medicine.
2010;362(1):45-55.



100

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

R. Elderfield and W. Barclay

’t Klooster T van, Wielders C, Donker T, Isken L, Meijer A, Den Wijngaard C van, et al. Surveillance of
Hospitalisations for 2009 Pandemic Influenza A(HIN1) in the Netherlands, 5 June — 31 December 2009
Eurosurveillance. 2010;15(2):4.

Pitman RJ, Melegaro A, Gelb D, Siddiqui MR, Gay NJ, Edmunds WJ. Assessing the burden of influenza and
other respiratory infections in England and Wales. The Journal of Infection. 2007 Jun;54(6):530-8.

Zhao C, Gan Y, Sun J. Radiographic study of severe Influenza-A (HIN1) disease in children. European Journal
of Radiology. 2010 Oct;1-5.

Zheng Y, He Y, Deng J, Lu Z, Wei J, Yang W, et al. Hospitalized children with 2009 influenza a (HIN1) infec-
tion in Shenzhen, China, november-december 2009. Pediatric Pulmonology. 2010 Oct;(July):1-7.

Halasa NB. Update on the 2009 pandemic influenza A HINT1 in children. Current Opinion in Pediatrics. 2010
Feb;22(1):83-7.

Feiterna-Sperling C, Edelmann A, Nickel R, Magdorf K, Bergmann F, Rautenberg P, et al. Pandemic Influenza
A (HIN1) Outbreak among 15 School-Aged HIV-1-Infected Children. Clinical Infectious Diseases: An Official
Publication of the Infectious Diseases Society of America. 2010 Nov;518-12.

Falagas ME, Koletsi PK, Baskouta E, Rafailidis PI, Dimopoulos G, Karageorgopoulos DE. Pandemic A(HIN1)
2009 influenza: review of the Southern Hemisphere experience. Epidemiology and Infection. 2010
Oct;5:1-14.

Sasbén JS, Centeno M a, Garcia MD, Boada NB, Lattini BE, Motto E a, et al. Influenza A (pHIN1) infection
in children admitted to a pediatric intensive care unit: Differences with other respiratory viruses. Pediatric
Critical Care Medicine: A Journal of the Society of Critical Care Medicine and the World Federation of
Pediatric Intensive and Critical Care Societies. 2010 Apr;12(1):1-5.

Bautista E, Chotpitayasunondh T, Gao Z, Harper S a, Shaw M, Uyeki TM, et al. Clinical aspects of pandemic
2009 influenza A (HIN1) virus infection. The New England Journal of Medicine. 2010 May;362(18):
1708-19.

Siston AM, Rasmussen S a, Honein M a, Fry AM, Seib K, Callaghan WM, et al. Pandemic 2009 influenza
A(HINTI) virus illness among pregnant women in the United States. JAMA : The Journal of the American
Medical Association. 2010 Apr;303(15):1517-25.

Goodnight WH, Soper DE. Pneumonia in pregnancy. Critical Care Medicine. 2005 Oct;33(Supplement):
S390-S397.

Rasmussen S a, Jamieson DJ, Bresee JS. Pandemic influenza and pregnant women. Emerging Infectious
Diseases. 2008 Jan;14(1):95-100.

Jamieson DJ, Theiler RN, Rasmussen S a. Emerging infections and pregnancy. Emerging Infectious Diseases.
2006 Nov;12(11):1638-43.

Gordon CL, Johnson PDR, Permezel M, Holmes NE, Gutteridge G, McDonald CF, et al. Association between
severe pandemic 2009 influenza A (HIN1) virus infection and immunoglobulin G(2) subclass deficiency.
Clinical Infectious Diseases: An Official Publication of the Infectious Diseases Society of America. 2010
Mar;50(5):672-8.

Nguyen-Van-Tam JS, Openshaw PJM, Hashim a, Gadd EM, Lim WS, Semple MG, et al. Risk factors for hos-
pitalisation and poor outcome with pandemic A/HINI influenza: United Kingdom first wave (May-September
2009). Thorax. 2010 Jul;65(7):645-51.

Shieh W-J, Blau DM, Denison AM, Deleon-Carnes M, Adem P, Bhatnagar J, et al. 2009 pandemic influenza A
(HIN1): pathology and pathogenesis of 100 fatal cases in the United States. The American Journal of Pathology.
2010 Jul;177(1):166-75.

Gill JR, Sheng Z-M, Ely SF, Guinee DG, Beasley MB, Suh J, et al. Pulmonary pathologic findings of fatal 2009
pandemic influenza A/HIN1 viral infections. Archives of Pathology & Laboratory Medicine. 2010 Feb;134(2):
235-43.

Mauad T, Hajjar LA, Callegari GD, Silva LFF da, Schout D, Galas FRBG, et al. Lung pathology in fatal novel
human influenza A (HIN1) infection. American Journal of Respiratory and Critical Care Medicine. 2010
Jan;181(1):72-9.

Palacios G, Hornig M, Cisterna D, Savji N, Bussetti AV, Kapoor V, et al. Streptococcus pneumoniae coinfection
is correlated with the severity of HIN1 pandemic influenza. PloS One. 2009 Jan;4(12):e8540.

Waddington CS, Walker WT, Oeser C, Reiner A, John T, Wilkins S, et al. Safety and immunogenicity of ASO3B
adjuvanted split virion versus non-adjuvanted whole virion HIN1 influenza vaccine in UK children aged
6 months-12 years: open label, randomised, parallel group, multicentre study. BMJ (Clinical research ed.). 2010
Jan;340c2649.

Munster VJ, Wit E de, Brand JM a van den, Herfst S, Schrauwen EJ a, Bestebroer TM, et al. Pathogenesis and
transmission of swine-origin 2009 A(HIN1) influenza virus in ferrets. Science (New York, N.Y.). 2009
Jul;325(5939):481-3.

Itoh Y, Shinya K, Kiso M, Watanabe T, Sakoda Y, Hatta M, et al. In vitro and in vivo characterization of new
swine-origin HIN1 influenza viruses. Nature. 2009;460(7258):1021-1025.



Influenza Pandemics 101

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Shinya K, Ebina M, Yamada S, Ono M, Kasai N, Kawaoka Y. Avian flu: influenza virus receptors in the human
airway. Nature. 2006 Mar;440(7083):435-6.

Bright RA, Medina M-jo, Xu X, Perez-Oronoz G, Wallis TR, Davis XM, et al. Incidence of adamantane resis-
tance among influenza A (H3N2) viruses isolated worldwide from 1994 to 2005: a cause for concern. The
Lancet. 2005 Oct;366(9492):1175-1181.

Sweet C, Hayden FG, Jakeman KJ, Grambas S, Hay a J. Virulence of rimantadine-resistant human influenza A
(H3N2) viruses in ferrets. The Journal of Infectious Diseases. 1991 Nov;164(5):969-72.

Nelson MI, Simonsen L, Viboud C, Miller M a, Holmes EC. The origin and global emergence of adamantane
resistant A/H3N2 influenza viruses. Virology. 2009 Jun;388(2):270-8.

Rungrotmongkol T, Intharathep P, Malaisree M, Nunthaboot N, Kaiyawet N, Sompornpisut P, et al.
Susceptibility of antiviral drugs against 2009 influenza A (HIN1) virus. Biochemical and Biophysical Research
Communications. 2009 Jul;385(3):390-4.

Moss RB, Davey RT, Steigbigel RT, Fang F. Targeting pandemic influenza: a primer on influenza antivirals and
drug resistance. The Journal of Antimicrobial Chemotherapy. 2010 Jun;65(6):1086-93.

Jefferson T, Jones M, Doshi P, Del Mar C. Neuraminidase inhibitors for preventing and treating influenza in
healthy adults: systematic review and meta-analysis BMJ. 2009 Dec;339(dec07 2):b5106-b5106.

Carr J, Ives J, Kelly L, Lambkin R, Oxford J, Mendel D, et al. Influenza virus carrying neuraminidase with
reduced sensitivity to oseltamivir carboxylate has altered properties in vitro and is compromised for infectivity
and replicative ability in vivo. Antiviral Research. 2002 May;54(2):79-88.

Ives J a L, Carr J a, Mendel DB, Tai CY, Lambkin R, Kelly L, et al. The H274Y mutation in the influenza A/
HINI neuraminidase active site following oseltamivir phosphate treatment leave virus severely compromised
both in vitro and in vivo. Antiviral Research. 2002 Aug;55(2):307-17.

Meijer A. Oseltamivir-Resistant Influenza Virus A (HIN1), Europe, 2007-08 Season. Emerging Infectious
Diseases. 2009 Apr;15(4):552-560.

Collins PJ, Haire LF, Lin YP, Liu J, Russell RJ, Walker P a, et al. Structural basis for oseltamivir resistance of
influenza viruses. Vaccine. 2009 Oct;27(45):6317-23.

Rameix-Welti M-A, Enouf V, Cuvelier F, Jeannin P, Werf S van der. Enzymatic properties of the neuraminidase
of seasonal HIN1 influenza viruses provide insights for the emergence of natural resistance to oseltamivir.
PLoS Pathogens. 2008 Jul;4(7):e1000103.

Chen H. Oseltamivir-Resistant Influenza A Pandemic (HINI1) 2009 Virus, Hong Kong, China Emerging
Infectious Diseases. 2009 Dec;15(12):1970-1972.

Baz M, Abed Y, Papenburg J, Bouhy X, Hamelin M-E, Boivin G. Emergence of oseltamivir-resistant pandemic
HINI virus during prophylaxis. The New England Journal of Medicine. 2009 Dec;361(23):2296-7.

Duan S, Boltz DA, Seiler P, Li J, Bragstad K, Nielsen LP, et al. Oseltamivir-resistant pandemic HIN1/2009
influenza virus possesses lower transmissibility and fitness in ferrets. PLoS Pathogens. 2010
Jan;6(7):e1001022.

Seibert CW, Kaminski M, Philipp J, Rubbenstroth D, Albrecht RA, Schwalm F, et al. Oseltamivir-resistant
variants of the 2009 pandemic HIN1 influenza A virus are not attenuated in the guinea pig and ferret transmis-
sion models. Journal of Virology. 2010 Aug;

Hamelin M-E, Baz M, Abed Y, Couture C, Joubert P, Beaulieu E, et al. Oseltamivir-Resistant Pandemic A/
HINI Virus Is as Virulent as Its Wild-Type Counterpart in Mice and Ferrets. PLoS Pathogens. 2010
Jul;6(7):¢1001015.

Miller RR, MacLean a R, Gunson RN, Carman WF. Occurrence of haemagglutinin mutation D222G in pan-
demic influenza A(HIN1) infected patients in the West of Scotland, United Kingdom, 2009-10. Euro
Surveillance: Bulletin Européen Sur Les Maladies Transmissibles = European Communicable Disease Bulletin.
2010 Jan;15(16):19534-19534.

Puzelli S. Transmission of Hemagglutinin D222G Mutant Strain of Pandemic (HIN1) 2009 Virus. Emerging
Infectious Diseases. 2010 May;16(5):2009-2011.

Melidou A, Gioula G, Exindari M, Chatzidimitriou D, Diza E, Malisiovas N. Molecular and phylogenetic
analysis of the haemagglutinin gene of pandemic influenza HIN1 2009 viruses associated with severe and fatal
infections. Virus Research. 2010 Aug;151(2):192-9.

Chen H, Wen X, To KKW, Wang P, Tse H, Chan JFW, et al. Quasispecies of the D225G substitution in the
hemagglutinin of pandemic influenza A(HIN1) 2009 virus from patients with severe disease in Hong Kong,
China. The Journal of Infectious Diseases. 2010 May;201(10):1517-21.

Liu Y, Childs RA, Matrosovich T, Wharton S, Palma AS, Chai W, et al. Altered receptor specificity and cell
tropism of D222G haemagglutinin mutants from fatal cases of pandemic A(HIN1) 2009 influenza. Journal of
Virology. 2010 Sep

Antén A, Marcos MA, Martinez MJ, Ramén S, Martinez A, Cardefiosa N, et al. D225G mutation in the hemag-
glutinin protein found in 3 severe cases of 2009 pandemic influenza A (HIN1) in Spain. Diagnostic
Microbiology and Infectious Disease. 2010 Jun;67(2):207-8.



102

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

R. Elderfield and W. Barclay

WHO. Preliminary review of D222G amino acid substitution in the haemagglutinin of pandemic influenza A
(HINT) 2009 viruses. Relevé épidémiologique hebdomadaire/Section d'hygiéne du Secrétariat de la Société des
Nations=Weekly epidemiological record/Health Section of the Secretariat of the League of Nations. 2010
Jan;85(4):21-2.

Chutinimitkul S, Herfst S, Steel J, Lowen AC, Ye J, Riel D van, et al. Virulence-associated substitution D222G
in hemagglutinin of 2009 pandemic influenza A(HIN1) virus affects receptor binding. Journal of Virology.
2010 Sep

Ning Z-Y, Luo M-Y, Qi W-B, Yu B, Jiao P-R, Liao M. Detection of expression of influenza virus receptors in
tissues of BALB/c mice by histochemistry. Veterinary Research Communications. 2009 Aug;895-903.

Chen W, Calvo PA, Malide D, Gibbs J, Schubert U, Bacik I, et al. A novel influenza A virus mitochondrial
protein that induces cell death. Nature Medicine. 2001;7(12):1306-1312.

Zamarin D, Garcia-Sastre A, Xiao X, Wang R, Palese P. Influenza virus PB1-F2 protein induces cell death
through mitochondrial ANT3 and VDACI. PLoS Pathogens. 2005 Sep;1(1):e4.

Zamarin D, Ortigoza MB, Palese P. Influenza A virus PB1-F2 protein contributes to viral pathogenesis in mice.
Journal of Virology. 2006 Aug;80(16):7976-83.

Gibbs JS, Malide D, Hornung F, Bennink JR, Yewdell JW. The Influenza A Virus PB1-F2 Protein Targets the
Inner Mitochondrial Membrane via a Predicted Basic Amphipathic Helix That Disrupts Mitochondrial
Function. Journal of Virology. 2003 Jul;77(13):7214-7224.

McAuley JL, Hornung F, Boyd KL, Smith AM, McKeon R, Bennink J, et al. Expression of the 1918 influenza
A virus PB1-F2 enhances the pathogenesis of viral and secondary bacterial pneumonia. Cell Host & Microbe.
2007 Oct;2(4):240-9.

McAuley JL, Zhang K, McCullers JA. The effects of influenza A virus PB1-F2 protein on polymerase activity
are strain specific and do not impact pathogenesis. Journal of Virology. 2010 Jan;84(1):558-64.

Mazur I, Anhlan D, Mitzner D, Wixler L, Schubert U, Ludwig S. The proapoptotic influenza A virus protein
PB1-F2 regulates viral polymerase activity by interaction with the PB1 protein. Cellular Microbiology. 2008
May;10(5):1140-52.

Zell R, Krumbholz A, Eitner A, Krieg R, Halbhuber K-J, Wutzler P. Prevalence of PB1-F2 of influenza A
viruses. The Journal of General Virology. 2007 Feb;88(Pt 2):536—46.

Henkel M, Mitzner D, Henklein P, Meyer-Almes F-J, Moroni A, Difrancesco ML, et al. The Proapoptotic
Influenza A Virus Protein PB1-F2 Forms a Nonselective Ion Channel. PloS One. 2010 Jan;5(6):e11112.
McCullers JA, English BK. Improving therapeutic strategies for secondary bacterial pneumonia following
influenza. Future Microbiology. 2008 Aug;3397-404.

Conenello GM, Zamarin D, Perrone LA, Tumpey T, Palese P. A single mutation in the PB1-F2 of HS5N1
(HK/97) and 1918 influenza A viruses contributes to increased virulence. PLoS Pathogens. 2007 Oct;3(10):
1414-21.

Hai R, Schmolke M, Varga ZT, Manicassamy B, Wang TT, Belser JA, et al. PB1-F2 expression by the 2009
pandemic HIN1 influenza virus has minimal impact on virulence in animal models. Journal of Virology. 2010
May;84(9):4442-50.

Hale BG, Randall RE, Ortin J, Jackson D. The multifunctional NS1 protein of influenza A viruses. The Journal
of General Virology. 2008 Oct;89(Pt 10):2359-76.

Steidle S, Martinez-Sobrido L, Mordstein M, Lienenklaus S, Garcia-Sastre A, Stéheli P, et al. Glycine 184 in
the non-structural protein NS1 determines virulence of influenza A virus strain PR8 without affecting the host
interferon response. Journal of Virology. 2010 Oct

Hale BG, Steel J, Medina RA, Manicassamy B, Ye J, Hickman D, et al. Inefficient control of host gene expres-
sion by the 2009 pandemic HINI influenza A virus NS1 protein. Journal of Virology. 2010 Jul;84(14):
6909-22.

Osterlund P, Pirhonen J, Ikonen N, Ronkko E, Strengell M, Mikeld SM, et al. Pandemic HIN1 2009 influenza
A virus induces weak cytokine responses in human macrophages and dendritic cells and is highly sensitive to
the antiviral actions of interferons. Journal of Virology. 2010 Feb;84(3):1414-22.

Texas State Health services. Texas Influenza survelliance Report 2010-2011 Season MMWR Week 42 Texas
Influenza survelliance Report 2010-2011 Season MMWR Week 42. 2010

Russell C a, Jones TC, Barr IG, Cox NJ, Garten RJ, Gregory V, et al. The global circulation of seasonal influ-
enza A (H3N2) viruses. Science (New York, N.Y.). 2008 Apr;320(5874):340-6.

Hensley SE, Das SR, Bailey AL, Schmidt LM, Hickman HD, Jayaraman A, et al. Hemagglutinin receptor bind-
ing avidity drives influenza A virus antigenic drift. Science (New York, N.Y.). 2009 Oct;326(5953):734-6.
Thompson CI, Barclay WS, Zambon MC. Changes in in vitro susceptibility of influenza A H3N2 viruses to a
neuraminidase inhibitor drug during evolution in the human host. The Journal of Antimicrobial Chemotherapy.
2004 May;53(5):759-65.

Vijaykrishna D, Poon LLM, Zhu HC, Ma SK, Li OTW, Cheung CL, et al. Reassortment of pandemic
HI1N1/2009 influenza A virus in swine. Science (New York, N.Y.). 2010 Jun;328(5985):1529.



Influenza Pandemics 103

150. Kido H, Yokogoshi Y, Sakai K, Tashiro M, Kishino Y, Fukutomi a, et al. Isolation and characterization of a
novel trypsin-like protease found in rat bronchiolar epithelial Clara cells. A possible activator of the viral fusion
glycoprotein. The Journal of Biological Chemistry. 1992 Jul 5;267(19):13573-9.

151. Stieneke-Grober A, Vey M, Angliker H, et al. Influenza virus hemagglutinin with multibasic cleavage site is
activated by furin, a subtilisin-like endoprotease. EMBO J 1992;11:2407-2414.

152. Kawaoka Y, Nestorowicz A, Alexander DJ, Webster RG. Molecular analyses of the hemagglutinin genes of H5
influenza viruses: origin of a virulent turkey strain. Virology 1987 May;158(1):218-27.

153. Bosch FX, Von Hoyningen-Huene V, Scholtissek C, Rott R. The overall evolution of the H7 influenza virus
haemagglutinins is different from the evolution of the proteolytic cleavage site. The Journal of General Virology.
1982 Jul;61 (Pt1):101-4.



Management of Shunt Related Infections

Mona Al-Dabbagh and Simon Dobson

1 Introduction

Cerebrospinal fluid (CSF) shunts are used to reduce the increased pressure inside the brain’s
ventricles and divert that fluid to other body sites for absorption. The proximal portion of the
shunt is usually placed in one of the cerebral ventricles, or sometimes inside a brain cyst, suba-
rachnoidal, or lumbar spaces and the distal portion can be internalized or externalized. Internalized
devices are usually placed in the peritoneal cavity (Ventriculo-peritoneal ‘VP’ shunt) or less
likely in the heart atrium (Ventriculo-atrial ‘“VA’ shunt) and rarely in the pleural cavity (Ventriculo-
pleural shunt). Sometimes shunts can be externalized temporarily for CSF therapeutic diversion
or intracranial pressure monitoring (External Ventricular Drain ‘EVD’) and sometimes they are
externalized for administration of cancer chemotherapy into a brain tumor or administration of
antibiotics (Ommaya reservoir).

Shunt infection is a fairly common complication of CSF shunt devices that is related to a sub-
stantial morbidity and mortality. Infection of CSF shunt devices occurs at an incidence rate of
5-15% [1-3]; and this rate decreases as a function of time, where the odds of infection reduces by
fourfold per year of shunt function [4]. The reported infection rate per procedure ranges from
7.8-12.7% [3, 5, 6]. Increased rate of shunt infections have been reported with the following fac-
tors: prematurity [4, 7], the initial first month after shunt insertion [3], patients requiring serial
shunt revisions [3, 4], extremes of age at shunt insertion (< 5 years and > 60 years) [3, 4, 8], shunt
revision after treatment for an infected shunt [6], limited surgeon experience with CSF shunts and
surgeons’ case volume [3, 5, 6], etiology of Intraventricular Haemorrhage (IVH) [6], or meningo-
myelocele, especially if associated with late shunt placement or CSF leak after meningomyelocele
closure [9].

Infections of shunt catheters are mainly caused by pathogens colonizing the skin of patients, and
it is believed that bacterial colonization of the catheters starts during the surgical procedure of inser-
tion. Coagulase negative staphylococci (CoNS), mostly S. epidermidis, are the most commonly
isolated pathogens accounting for between 36% and 54% of infections [3, 8—10]; the next most
frequent pathogen is Staphylococcus aureus which accounts for around 22% of the cases [3].
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VP shunt infection with Gram negative pathogens (including nosocomial Enterobacteriaceae and
Pseudomonas aeruginosa) is reported in around 17% of cases [8], and is usually associated with
intraperitoneal infection/ inflammation or with the haematogenous spread of the infection from
other body sites. Other rarer infectious organisms include Propionibacterium spp., enterococci,
B-hemolytic streptococci and Candida spp. [11-13]. Infection with Candida spp. occurs mostly in
premature newborns, immunosuppressed patients and in patients that require prolonged use of
broad spectrum antibiotics or in those who require bladder and intravenous catheters. It is associated
with a mortality rate of 5.8% [12, 14].

The classic manifestations of shunt infection include fever, headache, irritability, convulsions,
nuchal rigidity, vomiting and occasionally hyperemia of the shunt track. Abdominal pain or perito-
nitis may occur if the infection involves the distal portion of the shunt device, and is usually caused
by Gram negative bacilli and occasionally by Propionibacterium spp. [15, 16]. Leukocytosis in addition
to CSF pleiocytosis usually accompanies the infection.

Staphylococci, enterococci, Propionibacterium spp and Pseudomonas aeruginosa have the ability
to colonize the device, forming a thick biofilm attached to the shunt surfaces, which protects them
from host defense system cells. In addition, bacteria living in a biofilm usually exhibit high MIC’s
resulting in antimicrobial tolerance and reduced susceptibility to conventional antibiotics, making
eradication of the infection more complicated and difficult unless the device is removed [17, 18].

Recurrence of shunt infection after treatment is reported to occur at a rate approaching 26% [19].
Around two thirds are caused by the same organism and one third by a different organism, where
Staphylococcus epidermidis accounts for 29% of the cases [19]. Infection within the preceding
6 months is the most significant risk factor for recurrence of the infection [19].

2 Treatment of Shunt Infection

Defining optimal treatment measures for CSF shunt infections is rendered difficult by the absence
of controlled clinical trials; all recommendations are based on observational and uncontrolled stud-
ies, and include the following:

2.1 Removal of Shunt Device

This is usually followed by insertion of temporary EVD device until clearance of CSF infection. This,
in combination with appropriate antimicrobial therapy, is the most effective treatment, and has success
rates that are higher than when parenteral antibiotics are given with the shunt kept in situ [20-22].

2.2 Parenteral Antibiotic Therapy

Empirical antibiotics should target the most likely pathogens. In children, vancomycin alone or in
combination with an agent that covers Gram negative organisms (e.g. cefotaxime) should be initi-
ated if CSF Gram stain reveals the presence of Gram-negative bacilli, whereas in adults, vancomy-
cin plus an agent that covers nosocomial Gram negative pathogens (cefipime, ceftazidime or
meropenem) should be considered [22]. Once culture and susceptibility results are provided, anti-
biotics should be tailored accordingly (Table 1). If CSF shunt infection is caused by staphylococci
and the shunt cannot be removed or the infection was refractory despite appropriate antibiotic
therapy, addition of rifampin to vancomycin is recommended [22, 23].



107

Management of Shunt Related Infections

(panunuod)

[IMOI3 19339q J0j parmbar are
uoneqnoul dIqoIdeue Jo sAep O0]—, -
urdwejir Jo uonIppe Ay} IOPISUO) -
PISIADE SI [EAOWIAI JUNYS -
asdefar proae 0) A1essaoou
9Qq JyIIw Juaunean Jo skep | —
asuodsax
[eorur[o uo Surpuadap pajesrpur oq
Kew Ade1oy) jo uoneinp 103u0 -
9pIsook[Iourury
Ue JO UONIppE 9y} IAPISU0) -
asuodsax
Teoruryo uo Surpuadop pajesrpur
9q Aewr Ade1oy) jo uonenp 103U0T
PaIopISU0D 9q Aew
(erqudeosns jr) urdurejry jo uonippe
‘SUOTIOJUI JUBISISAI-I[NUW AIIAJS U]

urdwery Jo uonIppe Y} IPISU0))

urdwery Jo uonIppe Ay} ISPISU0))

skep $1-1

sKep $1-01

skep $1-01

skep [T—¥1

skep 01
skep 01

sKep 0] [eAowaI JUNYS
Joye feutiouqe 4§ -
sAep / [eAowar
junys I9)Je [eULIOU JSD -

PI[OZIUIT ‘UTDAWOIUBA
‘uroAwrepur|) ¢ surrodsorejo)

wouadoIdy 10

weuoanzy ‘uroexopjordiy

‘wrejoeqoze] suryroeidrg

wouadoIay 10

weuoanzy ‘ouojournboisofy

,unsudojrep-unsudnumng)
sunstdojrep-unstudnuing)

PIOZIUIT ‘UTOAWOIUBA

oLXS-dINLL ‘PHOZ3UNT
wouadoIay ‘UtoAwoduBA

prjozoury

D urqIotuag

Qwipizeya) 1o aundye)
urrodsorejo)
uoneIouas payJ,

ploziury

UIDIUWIRIUAL) + UIDAWOOURA

UIoIweIudn) + (Wejoeqng

—/+) urordury

[6S ‘851

“dds wni21ovqruordosqg

[cz]
DSOUISNIID SDUOUOPNIS]

[z2] vaovriajonqoausy
pup 109 DIYOILIIYIST

HIA
JUBISISAT UIOAWIOdUBA  —

QATIISUSS UIOAWIOOUBA
puejsisar uroiduy -

aAnisuas uroiduy -

[LS *9S *LT *9T *vT ‘7Tl s2102ds snod000.21u7

UIOAWOOUBA
UIqIoexQ JIo ulyeN

JUR)SISAI UI[[IOTYISJN -
SADISUSS UMY —

[LT ‘9T ‘7] snaump sn22020) ydpig

UTOAWOdUBA

(LT “9T “TTl SNOD

SIUOUIIO))

LUOTIRIND JUSUNEBII],

Adeioyy oAneuIo) Y

AdeIoy) papuamIIoday]

[seouarayer] wWSTURIIOOIIIA

Anniqndoosns Snip pue uaSoyyed pajelost uo paseq suondJuI junys 10y Aderoy) [BIqOIOTWNUER PAPUIIWOIAY | I[qEL



M. Al-Dabbagh and S. Dobson

108

spISuIuAW epIpue) SN [IBUOSU U PIPUSUILIOdAI A[QUNNOI JOU ST D-G,

payury st unsudojrep-unsudnuing) Je[NOLNUAABIUL YIIM 20uaLIdx9 ySnoyl[e ‘uonensiuiupe Je[NdLNUIARIUI PUB SNOUIABIUI IOPISUO)),
[19eINOINOTJ G D¢ ‘g uruoydure eynuiioy pidy guiyy7 ‘ojozexoypoweyns wiidoyowin [xXS-dM.Lq

AN[LI)S

pue uoneziewiou J)S Suruuyuod 1aye pue Sunsey Ariqndeosns Jeiqorotunue o} Surpiodoe sonoiquue ojeridoidde Jo osn oy) uo puadop SUOEPUSUIIOIDI ST,

pajensuowap St
SoNI[RULIOUQE [BIIS0[OIpEl
pue [eorur[o Jo uonnjosal
pue ‘fewsiou st 4SO

[Dun d9[ozeuodn| 0}
[[O)IMS U} ‘PIATIISQO

elep J[npe uo paseq are St JuuwAoIduwr
SUOIIEPUSWIWIOOAT 9SAY) JO ISOIN  — [eoTUI[d [NUN SYooM 9[ozeuoony] [elo Aq
POPUSIIOIAI ST [BIOADS 1O} SUOTJEOIPIW PAMOIO p-qDA-S
901AQP A} JO [EAOWIAI dJeIpowiy] — SNOUSARIIU] (M T, 9[ozeuoon{ INOYIIM IO IIM (VT [09 ‘T€ ‘v1] pp1pun)y
SjuaUIWIO)) L UOTJRIND JUSUBAI], Kdeoy) oAneUI) Y Ade1oy) popuowIIoddy]  [S9OUAISJAI] WISTUBTIOOIDIA

(ponunuod) T J[qel,



Management of Shunt Related Infections 109

Linezolid had been used for treatment of CSF shunt infections in a number of case reports and
case series with good success [24-26] and it may be an option for the treatment of infections that
are not responding to vancomycin therapy. It can also be used in cases where shunt removal is not
an option, or in the treatment of meningitis and ventriculitis caused by Gram positive multi-drug
resistant strains (VRE and MRSA) [26, 27]. However Linezolid needs to be used with caution,
because of its potential drug interactions and toxic effects.

2.3 Intraventricular Antibiotics

Intrathecal or intraventricular antibiotics should be reserved for cases failing conventional therapy.
Their use can be considered in cases whose CSF is failing to sterilize on parenteral therapy, or whose
device cannot be removed or when appropriate CSF penetration cannot be achieved (e.g. patients
with an Ommaya reservoir in a brain tumor, or infection caused by a resistant organism that is sus-
ceptible to an antibiotic with poor CSF penetration) [22]. The best experience is with both vancomy-
cin and gentamicin, for which intraventricular administration can be done for patients who do not
respond well to parenteral therapy and serial CSF drug concentration monitoring can be provided
[28]. In addition, the routine use of intraventricular antibiotics in combination with systemic antibi-
otic therapy after externalization of a shunt device was reported in a case series by Arneli et al. [29].
They demonstrated a fast CSF sterilization rate, with low morbidity and mortality rates.

A few case reports on the use of intraventricular amphotericin B for treatment of candida shunt
infection, in conjunction to parenteral therapy and shunt removal, have shown good response to
treatment with clinical cure [30, 31].

2.4 Duration of Antibiotic Therapy and Timing of Shunt Reinsertion

This depends mainly on the infective pathogens and on the repeated CSF Gram stain, chemistry and
culture results. Most recommendations are based on observational studies and not randomized con-
trolled trials (Table 1).

¢ Infection caused by CoNS:

— If the CSF chemistry and Gram stain were normal, and CSF culture was confirmed to be nega-
tive after removal of the hardware, the shunt can be replaced 3 days after removal [22].

— If CSF chemistry was abnormal (CSF protein>200 mg/dl), but normalized after hardware
removal with confirmed negative cultures afterwards, intravenous antibiotics should be con-
tinued for 7 days prior to re-shunting [22].

— If CSF chemistry was abnormal (CSF protein>200 mg/dl), and continued to be abnormal
after removal of the shunt and/ or there were persistently positive cultures, then 10 consecu-
tive days of therapeutic antibiotics after CSF sterilization are required before reinsertion of
the shunt [22].

* Infection caused by Staphylococcus aureus requires 10 days of therapeutic antibiotics after nega-
tive cultures prior to shunt re-insertion [22].

* Infection caused by Gram negative bacilli require a minimum of 10-14 days of antibiotic therapy
after CSF sterilization before shunt replacement; longer duration of antibiotic treatment may be
required if response to therapy was delayed [22].

* Infection caused by Candida species: adult studies recommend the use of liposomal amphotericin
B with or without 5-FC for several weeks until clinical improvement is observed; oral fluconazole
can be used afterwards as step down therapy until all clinical, radiological and CSF abnormalities
have resolved [32]; removal of the shunt device is highly recommended in such circumstances.
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* Infections caused by multiple organisms and compartmentalized infections with multiple hardware
devices: Hector et al. [33], reported success in treating these complicated infections by the use
of 3 week courses of intravenous antibiotic therapy (based on culture/susceptibility results) in
combination with 2 weeks of daily intraventricular antibiotics. Intraventricular antibiotics were
either administered via an EVD after shunt removal or via an externalized shunt device.

3 Prevention of Shunt Infection

Measures for the prevention of shunt infection include perioperative antibiotic prophylaxis, use of
antibiotic impregnated shunt catheters and careful adherence to sterile aseptic techniques [34].
Despite the abundance of reports on different techniques used for prevention of CSF shunt infec-
tions, there is a lack of level-1 evidence from well designed randomized control trials (RCTs) on
most of them in the literature. The best evidence is with the use of prophylactic perioperative anti-
biotics during insertion of internal shunts, while all other techniques require further evaluation in
larger prospective randomized clinical trials. Choksey et al. reported that rigid adherence to a pro-
tocol of sterile shunt placement technique in neurosurgical practice (use of peri- and post-operative
antibiotics, aseptic surgical technique, liberal application of topical antiseptics and avoidance of
hematoma formation) is associated with shunt infection rate of 0.57%, which is much lower than
historically reported infection rates [34].

3.1 Prophylactic Perioperative Antibiotics

In a meta-analysis of 15 RCTs (1684 patients) comparing the use of prophylactic systemic peri-
operative antibiotics versus placebo (or no antibiotic therapy) in patients undergoing shunt place-
ment, prophylactic antibiotic therapy was associated with a significantly lower rate of infections in
patients undergoing internal shunt placement compared to the control group (OR 0.51, 95% CI
0.36-0.73; Number Needed to Treat (NNT) 12, 95% CI 7-30). No additional benefit was found
when prophylaxis was given for prolonged (>24 h) periods of time, and no conclusion could be
reached regarding prophylactic antibiotic administration for EVDs [35].

Few trials evaluated the effectiveness of different regimens of systemic antibiotics compared to
placebo. For internal shunts, Nejat et al. demonstrated that perioperative ceftriaxone and trimethoprim-
sulphamethoxazole (TMP/SXT) had similar efficacies in prevention of shunt infection [36] and
Tacconelli et al. compared the periprocedural use of prophylactic vancomycin with cefazolin in a uni-
versity hospital with high rate of nosocomial MRSA infection. Shunt infection rate was significantly
lower in patients who received vancomycin than cefazolin (4% vs. 14%; p=0.03) [37].

Wong et al. compared the use of continuous prophylactic cefipime vs. ampicillin/sulbactam and
aztreaonam in neurosurgical patients with external ventricular drains (EVDs) in situ. Results
showed no difference between CSF infection, wound infection or extracranial infection rates in the
two groups, suggesting that either of these broad spectrum prophylactic agents used singly is
equivalent in prevention of infections in these patients [38].

Current recommendations on prophylactic antibiotic regimens used for prevention of shunt
infections are based on available information on host risk factors, epidemiology of infectious patho-
gens and environmental risk factors. Data on which antibiotic regimen is most effective for preven-
tion of internal shunt and EVD infection are sparse, thus it will be necessary to evaluate the
effectiveness of different systemic antibiotic regimens for prevention of shunt infections in future
large clinical trials.
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3.2 Use of Antibiotic Impregnated Catheters (AIC)

This strategy is intended to prevent bacterial colonization of and biofilm formation on shunt cath-
eters and subsequent CNS infections associated with shunt devices. There are two types of antibiotic
impregnated catheters: antibiotic impregnated shunts (AIS), which are internalized shunts, and
antibiotic impregnated EVDs (AI-EVDs). The currently available AIS are impregnated with both
clindamycin and rifampin [39], while AI-EVDs are impregnated either with clindamycin and
rifampin or with minocyclin and rifampin [40, 41].

Data on the use of AICs are controversial with some overlap between results that were only
focusing on AIS or AI-EVDs and those that were studying AICs in general. Here, the available
evidence related to each of the three different entities will be discussed separately.

3.2.1 Antibiotic Impregnated Catheters (AIC) in General

Richards et al. evaluated AICs in a large retrospective cohort study. Shunt revision due to infection
was demonstrated in 30/994 procedures in which AICs were used, while shut revision was needed
in 47/994 procedures in the matched control group (p=0.048) [42]. A recent retrospective cohort
study also demonstrated a significant decrease in overall infection rate specifically related to staphy-
lococci when using any AICs. The number needed to treat (NNT) with AICs to prevent any infec-
tion was 8, and NNT to prevent staphylococcal infections was 14. However, subgroup analysis
showed that the reduction in infection rate was more significant among patients who had internal-
ized antibiotic impregnated shunt devices [43].

3.2.2 Antibiotic Impregnated Shunts (AIS)

Studies on the use of AIS are heterogeneous. Most are observational studies and many used histori-
cal controls for comparison. The majority of published trials show evidence favouring their use or
trends toward reduction in infection rates [39, 42—-47].

A randomized control trial comparing the use of AIS to non-AIS showed no statistically sig-
nificant difference in shunt infection rates between groups [46], although a significant reduction
in staphylococcal infections was observed in the treatment group. In an Australian prospective
study comparing patients who required AIS insertion with historical controls who had had non-
AIS, significant reduction in the rate of infections (from 6.5% to 1.2%) was shown for AIS
devices [39]. Significant reduction in the rate of shunt infections was also reported by Parker et al.,
where infection rates were 11.2% and 3.2% in children with non-AIS and AIS respectively. This
significant reduction in the rate of infections was documented in a high risk population, including
premature neonates, patients with prolonged hospital stay and patients who had AIS insertion
following acute meningitis or following conversion of EVDs [45]. Sciubba et al. performed a
retrospective review of 353 pediatric patients. Comparison was done between 208 non-AIS
procedures and 145 AIS procedures. Within a 6 month follow-up period, infection of the shunt
device was reported in 12% of the non-AIS group compared with 2.4% of the AIS group
(p<0.001) [44]. Multivariate analysis showed that the use of AIS was associated with a 2.4-fold
decreased likelihood of shunt infection [44].

3.2.3 Antibiotic Impregnated External Ventricular Drains (AI-EVDs)

The use of AIC has been shown to be as effective as prophylactic broad spectrum systemic antibiot-
ics in the prevention of ventriculostomy infections [48]. Zabramski et al. compared using AI-EVDs
to non AI-EVDs in a randomized controlled trial of 288 adult subjects. Significant reduction in the
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rate of shunt related infections was identified among the AI-EVD group [40]. Muttaiyah et al.
compared 60 cases that required insertion of AI-EVD with 60 historical controls that had non
AI-EVD. Results showed trends toward reduction of ventriculitis rate among the AI-EVD group
(p=0.0627) with significant delay in time to EVD infection (p=0.0091) [41]. On the other hand, in
a retrospective cohort analysis among children requiring shunt implantation, the rate of shunt infec-
tion was compared in the periods before and after the introduction of AIS. Overall shunt infection
rate was similar in the two groups, but subgroup analysis revealed a trend towards reduction of
infection rate among neonates, while an increased rate of infection among patients who had prior
AI-EVDs was noticed [49]. Stevens et al. demonstrated that the risk of false negative culture results
may be increased when CSF samples are taken for culture from an AI-EVD, which may lead to
inappropriately short antibiotic therapy and thus increased likelihood of shunt re-infection [50].
This may explain the rising rate of shunt re-infections described [49].

3.3 Double Gloving

The technique of double gloving was primarily implemented to decrease rates of glove perforation
and associated risks of infection transmission to operating personnel. It is also theoretically possible
that use of double gloves might reduce the risk of surgical wound contamination by the operating
staff’s hands, although there is no evidence to confirm that this technique reduces the risk of shunt
infection [51]. However, based on the idea that it is the patient’s skin flora that are most responsible
for shunt related infections in the first post operative month, Sorensen et al. studied the possibility
that surgeons’ gloves transmit infection, and found that they were contaminated by Propionibacterium
acnes in 10/10 surgical procedures, and by CoNS in 8/10. Atiqu-urRahman et al. performed a ret-
rospective cohort study that evaluated the rate of shunt infection after removing the outer pair of
surgeons’ gloves (after initial double gloving) and before handling the shunt catheter. Results
showed a statistically significant reduction in infection rate in this group compared to the group that
continued with standard double gloving technique [52]. This technique was also studied as a part of
a suggested strict evidence based protocol (including intra-operative and post-operative care) for the
insertion and management of EVDs by Dasic et al. Results demonstrated significant reduction in
the rate of EVD infection compared to historical controls [53].

3.4 Antimicrobial Suture Wound Closure (AMS)

AMS is a new product that, to our knowledge, has not been widely evaluated to assess its effect in
shunt infection reduction. These sutures are triclosan-coated, which has anti-MSSA, anti-MRSA
and anti-CoNS activity. Rozelle et al. evaluated the role of AMS in prevention of shunt related infec-
tions. He performed a double blinded randomized controlled study of 61 patients with 84 CSF shunt
procedures (46 cases and 38 controls). Reported shunt infection rates were 4.3% in cases versus
21% in controls (p=0.038), and no suture related adverse events were reported [54]. A follow-up
analysis of this study suggested that AMS use is cost effective [55].

4 Conclusion

 Skin flora account for the majority of shunt related infections, most of which are capable of coloniz-
ing the shunts with biofilm formation which makes eradication of the infection more complicated
and often necessitates shunt removal.
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The suggested treatment regimens of infected shunts include the use of parenteral antibiotic
therapy together with shunt removal and establishing an external device.

The timing of shunt re-implantation is dependent upon the isolated pathogen, CSF sterilization
and on CSF chemistry.

Prophylactic peri-operative antibiotics are warranted in the first 24 h after internal device implan-
tation. Further controlled clinical trials are needed to study the best prophylactic antibiotic regi-
mens, but prophylactic vancomycin administration may be advisable over cefazolin given the
predominance of CoNS infection in such circumstances and in settings with high MRSA infec-
tion rates.

Antibiotic Impregnated Catheters appear to have a significant effect in reducting infection rates
among neurosurgical patients requiring shunt insertion with increasing evidence that support
using AIS. However, there are data that demonstrate increased risk of shunt infection relapse
among patients with impregnated external ventricular drains secondary to false negative culture
results when CSF samples are obtained from them, and the question of potential development of
resistant organisms secondary to antibiotic impregnation also needs to be studied in detail.
Prevention of shunt infections requires multiple intra-operative and post-operative preventative
measures. This lends itself to continuous quality improvement “bundling” strategies. Some simple
preventative measures such as removing or changing the outer pair of gloves during surgery and
before handling the shunt catheters should be considered and studied in larger prospective trials.
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Nontuberculous Lymphadenopathy in Children:
Using the Evidence to Plan Optimal Management

Julia E. Clark

1 Introduction

Nontuberculous mycobacterial (NTM) lymphadenopathy in children is managed and seen by
surgeons and paediatricians. Despite a wealth of literature (but only one randomised controlled
trial [1]) publications continue to express uncertainty about the optimal management of these
lesions [2]. This review explores the literature to provide a practical, evidence-based approach to
their management.

2 Clinical Presentation

Nontuberculous mycobacterial (NTM) lymphadenopathy in children is well recognised and well
described. The literature incorporates many case series over the last 40 years outlining the recognised
clinical spectrum [3-9]. These typically describe a child aged between 1 and 10 years, who has
chronic lymphadenopathy (i.e. > 3 weeks) often with sudden onset, but who remains well, is apyrexial
and has had no response to broad spectrum antibiotics. The lymphadenopathy is usually unilateral
and either cervical or submandibular. After a period of weeks or months the skin overlying the lymph
node becomes involved, becoming discoloured, darkish red to purple. This then thins and the lesion
may spontaneously discharge. Investigations are often unremarkable and include a normal full blood
count, inflammatory markers and negative serology. A chest x-ray is normal and there is usually no
history of contact with tuberculosis. A Mantoux test is usually negative [4, 10], but may be positive
[11]. Interferon gamma release assays (IGRA) are negative in the majority of cases [12].

2.1 Microbiology

It is important when discussing and evaluating treatment options and natural history that microbi-
ologal aspects are included, as there have been evolving changes in the mycobacteria detected over
time and there are marked geographical differences. For instance, publications in the late 1970s and
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1980s describe MAIS complex (M. avium intracellulare, and M. scrofulaceum) [3, 13] as being the
predominant species detected. However since the 1990s M. avium intracellulare has been predomi-
nantly noted [5, 14, 15]. Both Mycobacterium malmoense and M. haemophilum are also reported
in some countries but significantly in the UK (M. malmoense) [14-19] and Israel and Holland
(M. haemophilum) [20, 21]. These geographical variations are important as anti-mycobacterial sus-
ceptibility differs between species. M. avium is almost universally resistant to all antibiotic therapies
except for the macrolides, whereas M. malmoense is frequently sensitive to quinolones, rifamycins
and ethambutol, as well as macrolides. Frequently there is poor correlation between in vitro antibi-
otic susceptibility and clinical response.

3 Optimal Management

Surprisingly, there continues to be discussion about management. Four different approaches can
be taken: surgical excision, medical treatment alone, combination of surgical treatment and medical
treatment and conservative (i.e. no treatment or intervention).

3.1 Surgical Treatment

There has been plenty of literature over the last 40 years on surgical intervention. This includes
one randomised controlled trial and numerous case series. The randomised controlled trial com-
pared 50 children with excision of their nontuberculous mycobacterial lymphadenopathy and 50
children who had medical treatment with a combination of clarithromycin and rifabutin for
12 weeks [1]. The primary end point was cure at 6 months, and the excision group achieved 96%
cure against a 66% cure in the medical treatment group. This excellent 6 months cure rate for exci-
sion is mirrored in all the other cases series over the last 40 years most of which compare different
surgical treatments [2—4, 7, 13, 14, 24-26]. In these, most achieve an over 90% cure rate with exci-
sion compared with zero to 63% cure rate with incision and drainage. It is also clear that incision
and drainage produces a discharging, delayed healing scar and a poorer cosmetic outcome [27]
than excision and is therefore not the optimal surgical approach. Other surgical modalities explored
in the literature include curettage, generally with a success rate similar to incision and drainage
(33-70%) [7, 14, 28].

There is therefore good evidence for the role of excision in NTM lymphadenopathy in children.
It is usually curative, produces an improved aesthetic outcome if complete excision is performed
within 1 month after the onset of lymph node swelling [5, 29], and disfiguring scars are less com-
mon. Excision is also superior to antibiotic treatment as a primary therapy [1].

However, excision may not always be appropriate or possible. The lymph node may be extremely
large, maybe in a difficult position running across the route of the facial nerve, there may be a sig-
nificant amount of skin involved and the final cosmetic result achieved with a large excision maybe
therefore less acceptable. Incision and drainage or curettage may be useful in this situation, recog-
nising that the wound may then take some months to heal.

3.2 Medical Treatment

With the development of potentially effective anti mycobacterial treatment there has been a great
interest in using combinations originally developed for disseminated M. avium infections in HIV-
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infected patients to medically treat NTM lymphadenopathy in children. However, combinations of
clarithromycin and rifabutin are not without side effects, including uveitis and teeth staining, but
despite this case reports appeared from the mid 1990s suggesting there was some possible role for
these antibiotics in achieving cure [7, 30-34]. As described, a randomised control trial compared
medical treatment with excision and found that 66% of children resolved on rifabutin and
clarithromycin at 6 months [1]. It is highly likely however, that most cases of nontuberculous
mycobacterial lymphadenopathy will resolve spontaneously, albeit gradually, and so without a
control arm it is difficult to assess whether the observed proportion resolving with antibiotics is
significant [35].

3.3 Conservative Treatment

A study in Israeli from 2008 described 92 children who had no medical or excision treatment; 71%
resolved completely by 6 months [21]. All, however, had fine needle aspirates as part of their diag-
nostic work up. It is possible that fine needle aspiration promoted healing, confounding the true
natural history. Interestingly, it is extremely hard to find any description of cases in the literature
where observation alone without any surgical or medical intervention has occurred. In the few cases
described, healing does occur, taking between 6 months and 5 years [25].

4 Summary

There is no evidence that drug treatment improves healing more rapidly or is associated with an
improved cosmetic outcome compared to spontaneous resolution, and no studies have related
therapy and outcome to mycobacterial species and susceptibility. It is interesting that widespread
and accepted use of drug treatment has developed with no good evidence that drugs facilitate healing
[36]. It is therefore essential, given spontaneous healing will occur, that any future studies compare
drug treatment with spontaneous resolution.

In conclusion there is good evidence that excision of nontuberculous mycobacterial lymphade-
nopathy is usually curative and should be performed where possible. Where lesions are too large or
too difficult to surgically excise, alternatives could include de-bulking with incision and drainage or
curettage, recognising that treated this way lesions will be slow to heal. Until there is evidence about
the efficacy of antimycobacterial drug treatment it should not be used routinely, though it may be
considered in extensive, complex disease. Also, there is no evidence to suggest that antimycobacte-
rial drugs confer an additional benefit when the lesion is excised.
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Pediatric Brucellosis: An (Almost) Forgotten Disease

Pablo Yagupsky

1 Introduction

Brucellosis is the most common bacterial zoonotic infection causing human infections worldwide.
Although the disease in domestic animals has been controlled in most developed countries, human
brucellosis remains an endemic public health threat in several parts of the world, affecting espe-
cially the pediatric population. The aim of this chapter is to summarize the epidemiology, pathogen-
esis, clinical features, diagnosis, and treatment of childhood brucellosis, and discuss the public
health agenda for eradicating the disease.

2 The Organism

Brucellae are small Gram-negative coccobacilli (Fig. 1) and, along with other important human
pathogens of zoonotic origin such as bartonellae and rickettsiae, are members of the o2 subdivision
of the proteobacteria [1]. To date, seven terrestrial Brucella species have been recognized of which
four, namely B. melitensis, B. abortus, B. suis, and B. canis, respectively maintained in nature by
sheep and goats, bovines, swine, and dogs, can infect humans. Recently, two novel species, B. ceti
and B. pinnipedalis, endemic among sea mammals and capable of causing human disease, have
been described [2].

The genetic homology between Brucella species is greater than 87% and, therefore, they should
be considered mere subtypes of a single species that probably diverged from a common ancestor
closely similar to B. suis biotype 3 [3]. However, the traditional division of the Brucella genus into
species, largely based on oxidative metabolism patterns, phage susceptibility, and preferred hosts,
has been kept for epidemiological and practical considerations.
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Fig. 1 Microcolony of B. melitensis (black arrow) growing in a Bactec 9240 vial inoculated with blood from a child
with arthritis (Note clustering of small, Gram-negative coccobacilli)

3 Epidemiology

Brucellosis appears to have emerged as a human disease as the result of domestication of bovines,
camels, sheep, and goats, and 17% of the skeletons uncovered in the city of Herculaneum dating to
79 A.D. already show typical signs of brucellar spondylitis [4].

Brucellosis is highly transmissible to man because of its low infecting dose and multiple routes
of transmission, including the gastrointestinal and respiratory tracts, conjunctivae, abraded skin, and
even the venereal one [5, 6]. Neonates can be infected by the transplacental route in the course of a
bacteremic maternal episode, by exposure to blood, urine, or genital secretions during delivery, by
breast feeding, and through blood and exchange transfusions [7]. Person-to-person transmission of
the disease, usually resulting from massive exposure to patient’s blood or exudates or by sexual
contact, is exceptional and, therefore, isolation of infected patients is not recommended [8].

The epidemiology of human brucellosis shows marked differences between developing and
developed countries (Table 1). In many Mediterranean countries, the Middle East, South America
and central Asia, brucellosis is still endemic [9], and humans usually acquire the disease through
consumption of unpasteurized dairy products, especially raw milk, soft cheeses, and yogurt derived
from infected animals, and the children’s population is the most affected. In a recent surveillance

Table 1 Epidemiology of brucellosis in developing and developed countries

Developing world Developed world
Character Endemic Sporadic
Source/exposure Contaminated food Mostly occupational
Portal of entry Gastrointestinal Respiratory, conjunctival, skin

Population affected  Children (~50%) Adults (>90%)
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study conducted in an area endemic for B. melitensis in southern Israel, 382 of 828 (46%) patients
diagnosed in the §-year period 2002-2010 were younger than 15 years, of whom 90 were less than
5 years of age (unpublished data). In countries endemic for brucellosis, the majority of cases of
human disease is detected in the spring and summer months, following the onset of the animal
parturition season [10, 11] (Fig. 2).

H positive cultures
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@ positive serology
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1 52
week

Fig. 2 Weekly distribution of positive cultures and serology in an endemic area for B. melitensis in southern
Israel [10]

In most developed-world countries, brucelosis has been controlled by animal vaccination and
food safety measures, and the rare occurrence of human disease is usually related to occupational
skin, conjunctival, or respiratory exposure of veterinarians, abattoir workers, and laboratory person-
nel, travel to endemic areas, and illegal import of dairy products [6]. It should be pointed-out that,
even in developed countries, brucellosis remains endemic among wildlife, representing a potential
reservoir of infection to domestic animals and humans [12]. The possibility that brucellae might be
used in the future as bioterrorism agents is also feared [13].
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4 Pathogenesis

Following ingestion of contaminated food, Brucella organisms penetrate through the intestinal
mucosa, enter the lymphatic system, and reach the bloodstream causing bacteremia. The organism
disseminates to many body systems and organs, invading particularly tissues rich in reticuloen-
dothelial cells. After binding to macrophages, brucellae are internalized inside vesicles that fuse
with endosomes resulting in the killing of ingested bacteria [5]. However, a small bacterial subpopu-
lation survives, replicates in the endoplasmic reticulum, and is released with the help of hemolysins
inducing tissue necrosis.

Brucella species show a remarkable ability to subvert the host’s innate immune response to
establish a persistent infection. By adopting a facultative intracellular lifestyle, the organism
remains remote from antibodies, complement, and antibiotics, and the disease may progress from
the acute phase to a chronic form that may last for years. A pumping system that selectively trans-
ports macromolecules across membranes (type IV secretion system VirB) appears to be important
for the intracellular survival and trafficking of infecting brucellae, and strains harboring mutations
in the VirB operon show clear virulence attenuation [6]. The transported effector of type IV secre-
tion systems of other bacteria is frequently a toxin that is injected into the host’s cells or secreted
directly to the bloodstream. The molecule (s) transported by the VirB system of Brucella species
remain (s) unknown, and analysis of the complete genome of the organism has consistently failed
to identify any of the classic virulence factors found in other pathogenic bacteria [6].

All smooth (virulent) Brucella organisms bear two non-endotoxic lipopolysaccharide antigens —A
and M- in a variable ratio that enables further classification of the different species in serovars. The
lipopolysaccharide layer of Brucella organisms helps to block the innate and specific immune
response and, thus, is involved in the pathogenesis of the disease. This bacterial component appears
to have multiple additional functions, regulating the entry and immune evasion in the infected mac-
rophage, and inhibiting apoptosis ensuring, thus, persistent infection. The O-side chain of the
lipopolisaccharide plays a crucial role in virulence, and Brucella strains lacking the O-side chain
lose their ability to evade the host’s immune response, are less virulent and, thus, have been used as
animal vaccines [6].

Tumor necrosis factor-o. (TNF-a) plays a crucial role in fighting brucellosis during the early
non-specific phases of the immune response, by directly enhancing the antimicrobial activity of
phagocytes and, indirectly, by activating natural killer cells to produce interferon-y (IFN-y)— a
potent activator of macrophage bactericidal activity— and exert cytotoxic action against Brucella-
infected macrophages [5].

A component of the Brucella wall (outer-membrane protein 25) induces inhibition of TNF-a
production, disrupting the bactericidal effect of natural killer cells and macrophages and blocking
the normal Th1 specific immunity, which is crucial for the bacterial eradication [14].

S Immunity to Brucella Organisms

Based on observations made with volunteers inoculated with the attenuated Rev 1 animal vaccine
strain of B. melitensis, the dynamics of the human immune response to the organism can be pre-
cisely determined [5]. Shortly after Brucella infection has occurred, IgM antibodies against the
bacterial lipopolisaccharide can be detected in blood, followed by appearance of I[gG immunoglobu-
lins after the second week. Both antibody types reach a peak concentration during the fourth week
of infection and decline thereafter. Immunoglobulin M levels are usually higher and persist longer
than IgG class antibodies. The appearance of IgA coupled with persistent IgG antibodies is
consistent with chronic disease [5]. Because brucellae become sequestrated inside reticuloendothe-
lial cells, the humoral immune response has only a limited role in eliminating the infection.
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Interferon-y plays a central and complex role in the pathogenesis of human brucellosis by activat-
ing macrophages, producing oxygen-reactive intermediates and nitric oxide killing in host phago-
cytes, enhancingcell differentiation and cytokine production, inducing apoptosis, and by increasing
the expression of antigen-presenting molecules [5].

6 Clinical Presentation of Brucellosis in Children

The protean and non-specific manifestations of human brucellosis may mimic other infectious and
non-infectious conditions, and the true nature of the disease may be easily missed. Childhood bru-
cellosis is characterized by a remittent febrile course and a variety of symptoms and signs related
to the ability of the organism to infect all organs and body systems, and particularly macrophage-
rich tissues such as bone marrow, lymph nodes, liver, and spleen (Table 1). Fever, sweats, and
arthralgia or arthritis, usually involving a single large joint, are present in the majority of patients,
and hepatomegaly, and enlargement of spleen and lymph nodes are also frequently found [15, 16].
Aspiration of affected joints of children with culture-proven arthritis frequently yields leukocyte
counts less than 50,000 WBC/mL, which is the laboratory cut-off value recommended to exclude
pediatric infectious arthritis [17]. Elevated liver enzymes and hematological manifestations, consis-
tent with bone marrow invasion, such as anemia, leucopenia and thrombocytopenia are common
laboratory abnormalities [15-21] (Table 2).

Decreased appetite, respiratory symptoms, lymphadenopathy, skin rashes, and splenomegaly
appear to be significantly more common in children than in adult patients with brucellosis, whereas
urogenital involvement and spondylitis, which are not unusual in adults, are uncommon in children
[20-22]. Severe or life-threatening clinical manifestations of human brucellosis, such as meningo-
encephalitis and endocarditis, usually involving the aortic valve, are rare in children, and mortality
is exceptional [16, 19, 20, 23].

7 Diagnosis of Human Brucellosis

Because of the non-specific clinical presentation of children with brucellosis and the need for pro-
longed and potentially toxic antimicrobial regimens, the diagnosis should be confirmed before
instituting specific antibiotic therapy. The laboratory diagnosis of brucellosis relies on three
approaches: culture, serology, and nucleic acid amplification methods.

Table 2 Common clinical

and laboratory features of Clinical finding (%)

childhood brucellosis Fever 90
Weakness 30
Arthritis/arthralgia 70
Hepatomegaly 70
Splenomegaly 80

Laboratory finding

Leucopenia 20
Thrombocytopenia 5
Elevated liver enzymes 40
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7.1 Culture

Isolation of the Brucella organisms remains the only irrefutable proof of the disease. Specimens
suitable for culture are blood, bone marrow, synovial fluid, semen, milk, tissues, exudates, and
cerebrospinal fluid. In the past, bone marrow was recommended as the preferable specimen because
of the high concentration of brucellae in the reticuloendothelial tissue. However, this has been dis-
puted in two studies in which improved detection of the organism in peripheral blood cultures,
compared to bone marrow cultures, was demonstrated [24]. The possibility of obtaining larger
specimens and drawing multiple samples also make peripheral blood cultures more practical. In
addition, even in areas endemic for the disease, brucellosis is frequently diagnosed by the unex-
pected isolation of the organism in a febrile patient, whereas obtaining bone marrow for culturing
brucellae requires a high index of clinical suspicion beforehand [24].

Isolation of Brucella species is made difficult by the slow growth of the organism and limited by
the low sensitivity of cultures in chronic cases or antibiotic-treated patients. In addition, living bru-
cellae pose a serious threat to laboratory personnel and are considered the most common cause of
laboratory-acquired disease. Manipulation of suspicious cultures inside a biological safety II level
biological cabinet, and avoidance of performing superfluous or risky microbiological procedures is
strongly advised [11, 13]. To improve detection, use of biphasic media, prolonged incubation of
blood culture vials (for up to 35 days), and periodic performance of blind subcultures of negative
vials has been traditionally recommended [24]. Recent experience with the use of automated blood
culture technology, such as the BACTEC 9240, BacT/Alert, and Vital systems, has shown that this
modern methods enable detection of more than 95% of cultures positive for brucellae within the
routine 1-week incubation period instituted in most clinical microbiology laboratories, and perfor-
mance of subcultures of negative blood culture vials is no longer necessary [24]. Automated blood
culture systems are also faster and more sensitive for the detection of circulating brucellae than the
lysis-centrifugation (Isolator) blood culture method [24].

7.2 Serology

Serological testing for brucellae has the advantages of being cheap and simple to perform, and it
can be used to prove cure. However, its use is limited by low sensitivity in chronic cases and diffi-
culties in interpreting borderline antibody titers in endemic areas where a substantial fraction of the
population may have suffered from the disease in the past. Specificity may be also a problem
because the immunodominant lipopolysaccharide antigen shares epitopes with a variety of bacterial
species such as Yersinia enterocolitica O:9, Pseudomonas maltophilia, and some Salmonella sero-
types [25]. In addition, blocking antibodies or a “prozone phenomenon”, consisting of inhibition of
agglutination by an excess of antibodies, may give false-negative results [5]. In the first case, use of
the indirect Coombs (antihuman globulin) test improves sensitivity, whereas dilution of serum
samples up to 1:1280 may overcome the latter problem [26].

The veterinarian Rose Bengal slide agglutination test is used to screen sera for Brucella antibod-
ies and shows remarkable sensitivity and specificity [27]. A positive result is, then, confirmed by
the standard agglutination test, which is based on the presence of both, IgG and IgM antibodies.
A reciprocal titer 2160, in the presence of a compatible clinical picture, is considered diagnostic.
Because IgM antibodies tend to persist for prolonged periods, even in successfully treated patients,
the test is repeated after destroying the IgM with 2-mercaptoethanol or dithiothreitol [6]. The new
titer, based solely on IgG antibodies is used to follow-up patients. A declining IgG titer represents
successful eradication of the organism, while persisting or increasing titers may be observed in
patients with recrudescence of the disease.
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A newly developed indirect enzyme-linked immunosorbent assay (ELISA) Brucellacapt (Vircell
SL, Granada, Spain) has shown improved sensitivity compared to the traditional agglutination
methods. However, evaluation of the test indicated that the Brucellacapt performance is highly
dependent population chosen. In a published evaluation that included patients with culture-proven
brucellosis and healthy individuals as the control group, the sensitivity was 98% and the specificity
96% [25]. The specificity rate, however, dropped to 63% when patients with conditions other than
brucellosis were tested [25]. As expected, employing a higher cut-off value to improve specificity
resulted in decreased sensitivity.

7.3 Nucleic Acid Amplification Techniques

Because of the difficult recovery of fastidious brucellae in culture, the organism appears as a natural
candidate for detection by nucleic acid amplification methods. This culture-independent approach
has the advantage of being rapid as well as highly sensitive and specific, and can be applied to any
body tissue and fluid. Of the two major sequences used as targets, the 16 S rRNA shows an
improved performance compared to that of the BCSP31 gene, which encodes an immunogenic
outer-membrane protein of B. abortus [28]. The recent incorporation of a robust DNA extraction
procedure such as the diatom-guanidinium isothiocyanate method that removes PCR reaction
inhibitors present in many clinical specimens, and the development of real-time PCR assays have
substantially improved the performance of nucleic acid amplification tests [6]. However, these
assays are expensive, lack between-laboratories standardization, require high technical expertise
and special laboratory facilities and equipment and, therefore, are not usually available in develop-
ing countries where brucellosis is endemic. In addition, the significance of persistently positive PCR
tests in adequately treated and apparently cured patients is unclear, although it may suggest that
brucellae cannot be completely eradicated from the intracellular sanctuary, accounting for the high
relapse rate of the human infection [29].

8 Treatment

Therapy of brucellosis requires penetration of antibiotics into macrophages where organisms hide,
rendering B-lactam and other drugs clinically ineffective. Acquired antibiotic resistance is rare in
brucellae and organisms recovered from patients with bacteriological relapse exhibit identical anti-
biotic susceptibility patterns compared to the original pre-treatment isolates [30]. This unusual
observation in an era of increasing antimicrobial resistance affecting many bacterial species has
been attributed to the solitude of Brucella organisms in the intracellular compartment, and the fact
that the genus is devoid of plasmids [6]. The current laboratory methods used to test for in-vitro
susceptibility of brucellae do not properly represent the intracellular milieu and, therefore, routine
testing of isolates for antibiotic resistance is not recommended [31].

Successful eradication of brucellosis is frequently hampered by the requirement of prolonged and
continuous antibiotic administration, need to use combination therapy to achieve bactericidal effect,
and administration of parenteral drugs such as aminoglycosides, resulting in poor compliance and the
risk for relapse. The impaired activity of macrolides in the acidic intracellular environment, the poor
ability of aminoglycosides to cross cellular membranes, and drug interactions (i.e. down-regulation
of serum doxycycline levels by rifampin) pose additional therapeutic difficulties [5, 32].

The treatment of brucellosis in children is further complicated by pediatric-specific adverse reac-
tions to tetracyclines (teeth staining) and fluoroquinolones (potential damage to cartilages), and in
case of neonates, for the contraindication to use sulfa drugs. The optimal therapy for children
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younger than 8 years has not been definitively determined. The WHO recommends a regimen of
oral trimethoprim-sulfamethoxazole (8/40 mg/kg/day twice daily) for 6 weeks in combination with
either intramuscular streptomycin (30 mg/kg/day once daily) for 3 weeks or parenteral (intravenous
or intramuscular) gentamicin (5 mg/kg/day, once daily) for 7-10 days [32]. Alternatively, an oral
combination of trimethoprim-sulfamethoxazole and rifampin (15 mg/kg/day) each for 6 weeks, or
rifampin plus an aminoglycoside may be used [32]. Children aged 8 years or more should be treated
with a combination of oral doxycycline twice a day for 6 weeks and an aminoglycoside for the first
2-3 weeks [32]. Although a combination of doxycycline and rifampin is considered a suitable alter-
native regimen [32], meta-analysis of randomized controlled studies (that included mostly adult
patients) showed that the relative risk of relapse with this combination is significantly higher than
that observed with the traditional tetracycline-aminoglycoside regimen, whereas the incidence of
side effects is comparable [33]. Systematic review of the literature also demonstrated that antibiotic
therapy should be administered for 6 weeks or longer to reduce the risk of relapse, and the authors
concluded that a dual or triple antimicrobial regimen comprising an aminoglycoside (either strepto-
mycin or gentamicin) for the first 2-3 weeks is preferable [33]. A 3-drug regimen that includes an
aminoglycoside is advised for patients with endocarditis or meningitis [33].

Even when patients are adequately treated, relapses of the disease, usually milder than the initial
episode, may occur at some time during the following year. In a study by Solera et al. comprising
200 adult patients and children older than 6 years, relapses were associated with initial fever
>38.3°C, positive blood cultures, and duration of symptoms before administration of therapy for
less than 10 days [34]. Because relapses are not usually related to acquire drug resistance, these
events should be treated using the same antimicrobial drugs recommended in patients with newly
diagnosed disease. Pediatricians involved in the management of children with brucellosis should
assure compliance with the prescribed antibiotic regimen through education of patients and their
families, and assess treatment results through rigorous long-term follow-up.

Physicians also have a duty to search for additional cases of brucellosis among family members
to detect unrecognized cases, leading to early diagnosis prompt administration of specific antibiotic
therapy to prevent clinical complications and chronicity. In a study conducted in southern Israel,
active search for the disease among relatives of four index patients with brucellosis, resulted in the
detection of 12 undiagnosed cases [35]. A similar experience was reported in Saudi Arabia.
Screening of 404 family members of 55 diagnosed cases revealed additional 53 (13%) serologically
positive individuals of whom nine were also bacteremic [36].

9 A Brucellosis Agenda for the New Millennium

Despite being long recognized and controllable, brucellosis remains a problem in many countries
worldwide, affecting humans, domestic and wild animals. In endemic areas, the disease still causes
substantial morbidity, affecting especially the young population, as well as substantial economic
losses to animal husbandry.

Although brucellosis poses serious challenges in the areas of prevention, diagnosis and therapy,
ultimately control of the disease depends on public health policies. Because of the complex eco-
nomic, social, and health implications of brucellosis, a comprehensive agenda is needed to eliminate
the disease threat (Table 3).

Improving reporting of human and animal cases is of paramount importance in assessing the
severity and geographical distribution of the disease and setting interventional priorities. Vigorous,
sustainable, and costly efforts aimed at eradicating of the organism from the food chain by animal
vaccination, and educating the public to avoid exposure to contaminated food remain key issues for
preventing disease in endemic areas. The renewed interest in brucellosis fuelled by the potential use
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Table 3 The public health agenda on brucellosis for the new
millennium

¢ Improvement of case detection and reporting

* Eradication by animal vaccination and disease surveillance

¢ Development of an effective, non-reactogenic human vaccine

* Education to avoid exposure

» Rapid detection by nucleic acid amplification methods

e Search for short/oral antimicrobial regimens

e Improved antibiotic delivery systems

* Manipulation of the intracellular milieu to eliminate
persistent infection

of the organism as a biological weapon, could translate in the development of a vaccine for use in
humans in the future, and finding ways to modify the intracellular environment to eradicate persist-
ing organisms. Technical refinements of nucleic acid amplification assays aimed to making them
affordable in poor-resources countries may contribute to an early and more precise diagnosis of the
disease. Search for shorter antimicrobial regimens based on discovery of novel and more potent oral
antibiotics, and development of improved drug delivery systems to gain clinical efficacy should be
prioritized.
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Q Fever: Still More Queries than Answers

Corine E. Delsing, Adilia Warris, and Chantal P. Bleeker-Rovers

1 Introduction

Q fever is an ubiquitous zoonosis that is caused by Coxiella burnetii. Q stands for “query,” dating
from the time when the causative pathogen was still unknown. During the last decade, understand-
ing of the disease has improved, although many questions including some concerning optimal treat-
ment, still remain. There are few reports of Q fever in children which suggests they are relatively
resistant to development of the disease.

2 History

Q fever was first described in 1935 by Edward Derrick, who was in charge of investigating a febrile
illness among 20 abattoir employees in Brisbane, Australia [1]. He inoculated guinea pigs with
urine and serum from patients, which in turn developed fever (Fig. 1). In collaboration with Frank
MacFarlane Burnet, he isolated a microorganism and named it Rickettsia burnetii, because he
believed it to be a rickettsial disease, despite the fact that patients did not present with skin mani-
festations. Comparison with the “Nine mile” strain that was simultaneously isolated from ticks from
the area around Nine Mile creek, by Herald Cox in the Rocky Mountain Laboratory, Montana, USA,
showed that it was indeed the same micro-organism. In honour of this contribution, the bacterium
was later renamed Coxiella burnetii [2]. Since then, the disease has primarily presented as an occu-
pational illness of farm animal handlers, or as a result of close proximity of infected herds and urban
areas, although small outbreaks due to exposure to Coxiella from parturient pets (such as cats and
dogs) have also been reported [3, 4].
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Fig. 1 Edward Derrick measuring the temperature of Q fever infected guinea pigs (Courtesy of Professor Robin
Cooke)

3 Microbiology

Coxiella burnetii is a small Gram-negative obligate intracellular bacterium that is phylogenetically
related to the Legionnellales. The bacterium displays a unique antigenic variation of its surface
lipopolysaccharide (LPS), which can be used to distinguish between acute infection and chronic Q
fever. In acute Q fever, patients become infected with the virulent phase I form. During multiplica-
tion, chromosomal deletions occur in the genes encoding for this LPS, resulting in a loss of length
of the polysaccharide structure [5] and a less virulent form develops (phase II). Phase I LPS, with
its extended carbohydrate structure, sterically blocks access of antibody to surface proteins making
it more difficult to elicit a humoral immune response. For this reason acute infection is marked by
the development of IgG mainly directed against phase II antigens. When infection is not cleared by
the immune system and virulent phase I bacteria persist (chronic Q fever), with time high titres of
antibodies directed at phase I antigens develop.

Another important property of C. burnetii is its ability to form a spore like structure, the small
dense variant form [6]. This morphological variant is extremely resistant to heat, desiccation and
chemical agents, including disinfectants, making it possible for the bacterium to survive in soil for
many months. The organism can be killed by pasteurization.

4 Transmission

The main reservoir of Coxiella is domestic ruminants such as dairy goats, sheep and cows, but pets
have also been a source of urban outbreaks. In ruminants Coxiella burnetii causes abortion and
stillbirth, but otherwise most animals remain asymptomatic, often resulting in delayed diagnosis of
Q fever infection of dairy herds.
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The animals shed the bacterium in milk, urine and faeces, and in very high concentrations in
birth by-products (up to 10° micro-organisms per gram of placental tissue). C. burnetii is extremely
infectious as was illustrated by an experiment demonstrating that inhalation of a single bacterium
could cause seroconversion in humans [7]. Because of this high infectious potential it has been
classified as a category B bioterrorism agent.

The most important mode of transmission of Q fever is through inhalation of infected aerosols
(Fig. 2). The ingestion of infected milk products is associated with seroconversion, although it
is uncertain whether this can also lead to clinical illness [8]. Human-to-human transmission does
not usually occur, although it has been described following contact with infected parturient women
[9], after blood transfusion [10] and through sexual contact [11].

Source —» Excretion @———»  Transmission —— Humans

e Birth products Aerosols (through
labour and spread

e Faeces/manure of manure)

e Urine Ingestion

e Milk

Fig. 2 Transmission of Q fever

5 Epidemiology

The epidemiology varies from country to country. Most outbreaks involve a limited number of
patients, although a few larger epidemics have been described. In 1956 there were 1358 clinically
suspected cases among workers of meat-processing plants, of which 814 were serologically con-
firmed [12]. In 1983 in Bagnes, a Swiss alpine valley, 415 cases of acute Q fever were reported after
inhabitants of the villages located along the road were exposed to aerosols from a flock of 900 sheep
that descended from the mountain pastures [13]. And in 2003 a lambing ewe, infected 299 vendors
and visitors at a farmers’ market in Germany [14].

Starting in 2007, there was a large outbreak of Q fever in The Netherlands with almost 4,000
confirmed cases up to September 2010. Before then, 10-20 cases of Q fever were reported annually
and a seroprevalence study showed that, before 2007, the infection rate was low (2.4%) [15].
Already in 2007, an association with intense goat farming in the region was suggested [16].
A strong seasonal variation was observed, probably related to lambing season and dry weather
facilitating airborne spread of Coxiella (Fig. 3). In 2008, a large human cluster of Q fever in an
urban area was clearly linked to a dairy goat farm with a Q fever related to an abortion episode
which occurred a few weeks before the first human cases presented [17]. The high relative risk (31.1
[95% CI 16.4-59.1]) to contract Q fever when living within a 2 km radius of a dairy goat farm
compared to persons living more than 5 km away, supported this hypothesis.

Besides proximity to an infected herd, smoking and male sex have been shown to be important
risk factors for development of symptomatic disease [18, 19].
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Age distribution of cases of Q fever in the
Netherlands 2007-2010 N=3995
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Fig. 4 Age distribution of Q fever cases in The Netherlands (Source RIVM/CIb/Epi)

Q fever in children is rarely reported and few scientific data are available. A prospective study
in Greece among children hospitalized in a tertiary hospital, showed an age-specific increase of the
incidence rate of acute Q fever from 0.15% in patients younger than 5 years of age, to 2.6% of
patients 11-14 years of age [20]. During the epidemic in The Netherlands, only 120 of 3,995
reported cases were below 18 years of age. The mean age of patients was 51 years (Fig. 4).
A study performed in the USA showed comparable age distribution [21]. Possible explanations for
the low incidence of Q fever among children are differences in exposure to C. burnetii, a different
clinical expression with less symptomatic cases in children, or a difference in consideration of and
diagnostic evaluation for Q fever in this age group [22]. Although exposure in some outbreaks was
clearly limited to adults (such as the meat workers in Brisbane), other outbreaks (such as the one in
The Netherlands starting in 2007 and the one in 1983 in Bagnes, Switzerland) presumably led to
similar environmental exposure of children. However, a survey among the inhabitants of the affected
area in Bagnes, showed that only 10 out of 80 (12.5%) children, who had evidence of recent Q fever
infection, had symptomatic disease versus 181 out of 335(54%) adults [13].

Children with Q fever more often present with gastro-intestinal symptoms [20, 23] and since
such symptoms are common in children, usually caused by self-limiting viral infections, this may
be a reason why specific investigations are undertaken less frequently than in adults with acute Q
fever, who usually present with pneumonia.

6 Clinical Manifestations

6.1 Acute Q Fever

Acute Q fever occurs 2-6 weeks after exposure depending on the infective dose. The infection
remains asymptomatic in up to 60% of adult cases. Patients with symptomatic disease usually pres-
ent with mild flu-like symptoms. Fever is almost always present. Children present with gastro-
intestinal symptoms in 50-80% of cases, whereas adults mostly present with pulmonary complaints
such as dyspnoea and cough [20, 23, 24]. Rash is uncommon in adults, occurring only in about 11%
of patients [25] compared to up to 50% of children [20]. It is usually a maculopapular rash on
the trunk [26]. The percentage of patients presenting with elevated liver enzymes or even frank
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hepatitis, differs from country to country. It is not yet clear whether this is related to variations in
the micro-organism, the host or the dominant route of infection. Complications of acute Q fever
include myocarditis, pericarditis [27-30], meningitis, cerebellitis and encephalitis [20, 31-35]
develop in 1% of acute Q fever cases. Other rare manifestations described in children include
haemolytic uraemic syndrome [36], lymphadenopathy [37], haemophagocytosis [38] and rhab-
domyolysis [28].

It is not clear whether Q fever leads to more severe disease in immunocompromised patients.
Two children with Q fever infection and acute leukemia have been described; both were treated with
antibiotics and survived [39, 40]. An 11-year-old patient with an undiagnosed Q-fever pneumonia
who had chronic granulomatous disease died, the diagnosis being made at autopsy [41]. Other fatal
cases include a 15-year-old boy with myocarditis [27] and a 2-year-old boy with fulminant hepatic
failure [42].

6.2 Chronic Q Fever

Chronic Q fever develops in 1-2% of patients with acute Q fever although some patients with
chronic Q fever do not recall having had an acute infection at all [43]. It usually develops insidi-
ously, months or even years after acute infection and patients often present with non-specific
symptoms such as low grade fever, night sweats and weight loss. In a large retrospective study
from France, endocarditis was found to be the predominant manifestation of chronic Q fever in
adults, constituting 73% of chronic Q fever cases. Other manifestations were vascular infection
(8%), chronic infection in pregnancy (6%), and chronic hepatitis (3%) [25]. However, in The
Netherlands, a substantially higher percentage of chronic Q fever cases are patients with infected
aneurysms and vascular prostheses: in a recent report, 12 of 22 (55%) chronic Q fever patients had
vascular infection [44].

Patients who are most at risk of developing chronic disease after acute infection are those with
pre-existing valvulopathy and vascular prostheses and patients who are immunocompromised.
A study from France suggests that endocarditis may develop in up to 40% of patients with acute
Q fever and pre-existing valvular defects [43]. Diagnosis of Q fever endocarditis is difficult since
vegetations are often absent on echocardiography and conventional blood cultures are negative.
Revised Duke criteria have been developed for the diagnosis of Q fever which included a positive
Coxiella PCR or a high antibody titer to phase I antigens among the major criteria [45].

For early detection of chronic Q fever, it has been recommended that serological follow-up be
performed for at least 1 year after acute infection [43].

Chronic Q fever in children is rare and only 11 cases have been published. The two described
manifestations of chronic Q fever in children are endocarditis and osteomyelitis. Five paediatric
cases of endocarditis have been published [46-49], of whom four had pre-existing valvulopathy.
Chronic (often relapsing and multifocal) osteomyelitis has been described in six previously healthy
children [50, 51]. Chronic osteomyelitis with negative conventional cultures and histology showing
granulomas, should prompt investigation for Q fever [51].

6.3 Q Fever During Pregnancy

Chronic infection with Coxiella burnetii seems to have a tropism for vascular structures, such as
aneurysms and cardiac valves but also for placental tissue. In dairy cattle this is illustrated by the
fact that, although the animal seems to be asymptomatic, placentitis leads to stillbirth and excretion
of high concentrations of microorganisms. In a series of 23 women with chronic Q fever during
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pregnancy, a relationship was found between a positive PCR on placental tissue and fetal death,
suggesting that placentitis also plays an important role in chronic Q fever during pregnancy on
humans [52].

Although two large seroprevalence studies found no significant association between seropositiv-
ity for Coxiella and adverse pregnancy outcome [53, 54], a case series of 53 women who had
evidence of Q fever during pregnancy, described obstetric complications such as spontaneous abor-
tion, intrauterine growth retardation, fetal and neonatal death and premature delivery [52] in over
80% of women who did not receive long-term cotrimoxazole treatment. Women who did receive
long-term corimoxazole treatment had significantly fewer complications (43.8%). The authors
therefore recommended the treatment of women who contract Q fever during pregnancy with cotri-
moxazole throughout the remainder of their pregnancy.

7 Diagnosis of Q Fever

Diagnosis of acute Q fever is based on serology. There are different techniques available but the
reference method is the immunofluorescence assay (IFA). A seroconversion or a fourfold rise in
antibody titer is diagnostic for acute Q fever [55]. An important drawback to diagnosis based on
serology is that antibody production usually does not occur until a few weeks after onset of clinical
symptoms. PCR on serum has been shown to have a high sensitivity (98%) for acute Q fever in
seronegative patients and is therefore a useful diagnostic tool for early diagnosis [56].

Diagnosis of chronic Q fever can be difficult. As mentioned above, C. burnetii displays a unique
antigenic variance in surface polysaccharides (phase 1 and phase 2 antigens). This can be used to
distinguish between acute and chronic infection. In acute infection, mainly phase 2 antibodies
develop and convalescent sera show low titers of phase 1 antibodies, whereas chronic infection is
characterized by high titers of phase 1 antibodies. Most literature on diagnosis of chronic Q fever
originates from the French National Reference Center for Rickettsial Diseases (NRC) and this
group has proposed a cut off value for IgG to phase 1 proteins of 1:800 for the diagnosis of chronic
Q fever [57]. However, multiple commercial immunofluorescence assays are available and cut off
values for phase 1 antibodies indicating chronic infection are different for each assay as was
recently shown in a case-report comparing different assays in serologic follow-up after acute Q
fever [58]. Therefore, local cut off values need to be defined depending on the assay that is used by
each individual microbiology department.

PCR can be performed on tissues obtained from valve replacement, vascular surgery or biopsies.
Unfortunately PCR on peripheral blood is not always positive despite intravascular localisation of
infection. Culture of C. burnetii is difficult, requires specific techniques and, because of its high
infectivity, bio-safety level 3 laboratory facilities.

8 Therapy

Comparative trials of antibiotic treatments for acute Q fever are sparse, often retrospective and some-
times show conflicting results. Doxycycline is the preferred treatment for acute Q fever (200 mg per
day for 2-3 weeks), but this agent is generally not recommended in pregnant women and children
under the age of 8 years. However, although staining of permanent dentition sometimes does occur
when treating young children with doxycycline, this is usually described after multiple courses of
antibiotic therapy and limited use of this drug has a negligible effect on the color of permanent denti-
tion [59, 60]. Doxycycline has been recommended as first line treatment in children with tick borne
rickettsioses [61] and can therefore be considered in the treatment of acute Q fever (4 mg/kg/day with
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a maximum of 200 mg). An alternative, which can also be used during pregnancy, is cotrimoxazole
(trimethoprim 18 mg/kg/day and sufamethoxazole 90 mg/kg/day divided in two doses).

Chronic Q fever requires prolonged antibiotic therapy and sometimes surgical intervention (e.g.
valve replacement or vascular surgery). The number of chronic Q fever cases is very small, so
prospective comparative trials are very difficult. A retrospective trial comparing a regimen of
doxycycline plus ofloxacin with doxycycline and hydroxychloroquine, showed superiority of the
latter combination [62]. Hydroxychloroquine alkalizes the intralysosomal pH, resulting in a bacte-
ricidal effect in vitro when combined with doxycycline, whereas doxycycline monotherapy is only
bacteriostatic [63]. A minimum duration of 18 months of treatment and target levels of doxycycline
of 5 mg per liter, showed the best results [62]. When doxycycline is contraindicated long term
treatment with cotrimoxazole can be considered.

9 Prevention

The most important preventive measures consist of reducing transmission of C. burnetii from
infected animals to humans. After a large scale culling of infected goats in The Netherlands in 2009,
the number of human Q fever cases was markedly reduced in 2010.

An effective whole-cell vaccine is available in Australia and has been extensively used in persons
with high occupational risks such as abattoir employees. In this population, it has been proven to be
highly effective [64]. A recent study evaluating Australia’s national Q fever vaccination program starting
from 2002, showed a marked decline in Q fever notification rates in the subsequent years [65]. Almost
49,000 people were vaccinated. Adverse events were rare, occurring in 86 subjects (0.18%) and were
mainly injection site reactions. One case of anaphylaxis was reported. No deaths occurred.

A major drawback of this vaccine is that administration to patients with pre-existing immunity
can lead to serious local and systemic inflammatory reactions. Therefore prior infection needs to be
excluded by skin testing and serology. This is very laborious in highly endemic areas and in The
Netherlands it is reserved for high risk populations (such as patients with valvulopathy or vascular
prosthesis). The vaccine is not registered for use under the age of 15, because of the lack of safety
and efficacy data, but has nevertheless been used in children who have high risk of exposure [66].

10 Summary

Q fever is a worldwide zoonosis, caused by C. burnetii. Infection usually occurs through inhalation
of infected aerosols. The reservoir mainly consists of dairy cattle. Clinical symptoms of acute
Q fever are non-specific and resemble a mild flu-like illness. Children often present with gastroin-
testinal symptoms and rash. Rarely, chronic infection develops. This is usually manifested as endo-
carditis, vascular infection and, in children, osteomyelitis. Diagnosis is based on serology and
nucleic acid amplification (PCR). Doxycycline is the treatment of choice for acute infection. An
alternative for young children and pregnant women is cotrimoxazole. Chronic infection requires
long term treatment usually with doxycycline combined with hydroxychloroquine.
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Rickettsioses in Children: A Clinical Approach

Emmanouil Galanakis and Maria Bitsori

1 Introduction

The term “rickettsiosis™ has traditionally included not only diseases caused by pathogenic species
of the genus Rickettsia but also diseases caused by Orientia, Ehrlichia, Anaplasma and even
Coxiella species, which often present with similar clinical manifestations but are now known to
belong to diverse genera, families, orders or even classes [1-3] (Fig. 1). Rickettsiae and related
pathogens are obligate intracellular Gram-negative coccobacilli and their life-cycle involves small
vertebrate hosts and arthropod vectors, with the exception of C. burnetii, which is a zoonosis infect-
ing humans through contaminated soil. Humans are only incidental hosts and do not contribute
to the persistence of the organisms in nature, with the exception of R. prowazekii. Identification
and classification of these organisms occurred during the twentieth century and is still ongoing,
however the diseases have plagued humans since antiquity and often shaped the history of
mankind.

Rickettsioses have a global distribution with endemic foci worldwide and, despite the availability
of effective and low-cost antibiotics, they continue to cause considerable morbidity and mortality
[4]. Although children are among the most affected age groups [1], rickettsioses in childhood have
not been thoroughly investigated. The main reason is their non-specific clinical presentation which
makes them difficult to distinguish from viral infections. Thus, clinicians face the challenge of
suspecting rickettsioses early in their clinical course, when antibiotics are most effective. In this
review we summarise clinical aspects of childhood rickettsioses with focus on early diagnosis,
which is crucial for successful treatment.

2 Epidemiology

The epidemiology of Rickettsiae and related pathogens is determined by the ecology of vectors, i.e.,
of ticks, mites, fleas and lice. Epidemiology in childhood is still unclear and based mostly on spo-
radic cases and small case series.
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2.1 Spotted Fever Rickettsial Infection

These tick-borne infections have a similar clinical presentation, and most of them affect children.
R. rickettsii infection is prevalent in the American continent [1, 4]. Children 5-9 years of age are
among the most commonly affected [5-9]. R. conorii conorii infection is usually encountered
around the Mediterranean basin, commonly affecting children [10-13]. Increasing morbidity rates
have been reported recently [14]. Fatal cases are mostly reported among individuals with G-6PD
deficiency [15, 16]. Other subspecies of R. conorii, namely R. conorii israelensis, R. conorii indica
and R.conorii caspia are responsible for similar clinical syndromes in Israel, India and the Asian
part of Russia, respectively [14, 17-20].

R. africa has been recently recognised in sub-Saharan Africa as the cause of a tick-borne febrile
infection [21]. Most of the described cases were in European travelers to sub-Saharan Africa,
including children [22, 23]. R. japonica was recognised in the mid-eighties as the causative agent
of a febrile spotted disease encountered in Japan and the Far East [24, 25]. Affected children have
been reported [24, 26]. Among the newly recognised spotted fever rickettsial species, R. slovaca
affects primarily children. It was first described in central Europe as a febrile tick-borne lymph-
adenitis, which was given the acronym TIBOLA [27, 28]. Recent paediatric reports indicate that it
may be prevalent throughout the European continent [29].

Rickettsialpox caused by R. akari is an urban rickettsiosis affecting all ages and characterised by
a generalised papulovesicular rash. It has been reported in many countries worldwide [1] and
affected children were included in series from New York City and Mexico [30, 31]. R. felis, recently
recognised as a world-wide human pathogen, is phenotypically classified among the spotted fever
rickettsial species, although clinical characteristics and transmission route of the disease resemble
typhus [32]. Seroprevalence studies indicate that the disease can occur in childhood [16, 33].

There are no specific reports for childhood infection from spotted fever rickettsioses endemic in
Australia (R. australis and the recently identified R. honei), Northern Asia (R. sibirica and the
recently identified subspecies R. sibirica mongolotimonae), Far East (R. heilongiiangensis),
Southern Europe (R. aeschlimannii, R. massiliae) and America (R. parkeri) [20, 34-38].

2.2 Typhus Group Rickettsial Infection

Epidemic typhus, caused by R. prowazekii, has humans as its main reservoir. Being responsible for
millions of deaths in the past, this infection is still associated with high fatality and continues to
cause outbreaks or epidemics worldwide, when conditions of human misery favours the spread of
body lice [20, 39—41]. Although mainly a disease of adults, children may be affected as well [42].
The late recrudescence of epidemic typhus is a similar clinical syndrome called Brill-Zinsser dis-
ease and occurs in areas of the world, which suffered louse-borne typhus epidemics in the past [43].
The clinically mild murine typhus due to R. typhi is one of the most common rickettsioses world-
wide. Children are probably less frequently affected but they occasionally present with severe clini-
cal manifestations [44—48].

2.3 Orientia Infections

The only known pathogenic species is O. tsutsugamushi, the causative agent of scrub typhus. The
disease affects rural populations in tropical Asia and Australia and is occasionally imported in
Europe and America by travellers or military personnel [49, 50]. It is common in children with
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occasionally severe presentation [51-54]. The interest on the disease is re-emerging because of its
interaction with human immunodeficiency virus and the description of strains with reduced suscep-
tibility to usual antirickettsial agents [49].

2.4 Ehrlichia and Anaplasma Infections

Human monocytic ehrlichiosis, human ewingii ehrlichiosis and human granulocytic anaplasmosis
are caused by E. chaffeensis, E. ewingii and A. phagocytophilum, respectively [55]. The former two
agents are limited in the American continent where their vector, Amblyoma americanum, exists.
A. phagocytophilum infection occurs world-wide [55]. Data for childhood infection are derived
from small case series and case reports; however, ehrlichial infections may often be misdiagnosed
as common viral infections [56-64].

2.5 Coxiella Infections

The only known pathogenic species is C. burnettii and the infection, Q fever, is encountered world-
wide except New Zealand. Cattle, sheep and goats are the main reservoirs of the organism, which
is found in high densities in the placenta of infected animals, infecting humans via inhalation of
contaminated aerosols [65]. Information about Q fever in children is obtained through small case
series and case reports from different parts of the world [66—71]. C. burnettii may also cause chronic
infection, mainly endocarditis, which usually affects individuals with immunodeficiencies or valvu-
lopathies [72]. Only a few cases with paediatric chronic Q fever have been reported [65].

3 Early Suspicion: Clues from the Clinical History

Rickettsioses are often regarded as curiosities of travel medicine; their names remind exotic destina-
tions, their connection to historical epidemics reminds diseases of a past era, and their association
with animals makes them sound like unusual occupational infections. However, seroprevalence
studies have shown that rickettsioses are quite common among children [73] and are an important
cause of unspecified febrile illness [48, 74], but they escape early diagnosis due to the lack of spe-
cific initial symptoms and of laboratory methods. A thorough medical history might provide early
suggestive clues (Table 1).

3.1 Tick Bite or Exposure — Animal Contact

A typical history of tick bite within 14 days of illness onset is often absent [75, 76], but questions
about outdoor activities may elicit information relating to tick exposure. Children and parents may
not recognize an attached tick and the bite is typically painless [4]. Possession of pets, especially
dogs, findings of tick attachment to animals and potential contact with a rodent can also be important
information. Not all rickettsioses are arthropod-borne, and occupational involvement of the family
with cattle or sheep and goats or visit to farms, particularly after lambing season could be suggestive
of C. burnettii infection [74]. Transmission routes can occasionally be even hard to guess. For
example, epidemic typhus has long been known to be transmitted through body lice under conditions
of crowding, but a cluster of cases in the East Coast of the United States was associated with flying
squirrels. The vector and mode of acquisition had never been identified [42].
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Table 1 Suspecting rickettsioses: clues from clinical history

Tick bite or exposure

¢ OQOutdoor activities, areas with low vegetation, warm months
* Bizarre cutaneous lesions, insect bites

Animal contact

* Possession of pets, particularly cats and dogs

¢ Contact with rodents

¢ Occupational involvement with cattle, sheep and goats
International travel

* Endemic countries

Similar symptoms in contacts

e Family members

e Pets

¢ Class mates

¢ Community members

Underlying diseases

e G-6PD deficiency

* Diabetes mellitus

¢ Immunodeficiency

* Congenital heart disease
* Antibiotic prophylaxis

3.2 Recent Travel to Endemic Areas

Rickettsioses have traditionally been associated with travel [23, 77-80]. Unusual destinations and
ecoturism are increasingly popular, and children often participate in such activities, meaning more
cases of imported rickettsioses are likely to be seen in the years to come. The most common causes
of infection among travellers are R. typhi, R. conorii, O. tsutsugamushi and R. Africa. The inci-
dence of the latter reaches rates of 4-5.3% in short-term foreign visitors to sub-Saharan Africa
[80]. Other rickettsioses have been sporadically reported in returning travellers, such as R. rickettsii,
R. prowazekii and R. sibirica infections, and among them the case of a teenager visitor to Eastern
Australia who acquired R. australis infection visiting a crocodile farm [80]. Geographic name of
a rickettsial disease does not define the area of endemicity. R. conorii infection, known as
Mediterranean spotted fever, is also endemic in India and Africa under the names of Indian and
Kenya tick typhus, respectively. R. rickettsii infection is encountered throughout the American
continent and although it is known as Rocky Mountain spotted fever, only a minority of cases are
currently reported from the Rocky Mountain area [81]. International travel is highly suggestive of
rickettsial infection, but practising paediatricians should be equally familiar with the epidemiology
of rickettsioses in their own area, as children might well acquire a rickettsial infection playing in
their backyard [44].

3.3 Similar Symptoms in Family Members, Pets or Pals

Clinicians are often inclined to diagnose a viral infection when multiple family member present
with similar symptoms. However, rickettsial infections are well known to present with clusters of
cases [4], among family members [82, 83], co-workers, members of a community who share same
outdoor activities [84], soldiers [49] or class-mates [85, 86]. Concurrent infections have also been
observed in humans and dogs [87, 88].
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3.4 Biological Warfare

Rickettsial agents such as R. prowazekii, C. burnettii and R.typhi have the properties of potential
biological weapons: massive production and development of resistant strains is feasible, they can be
released in aerosol form or through infected arthropods, they are highly virulent and they present
with nonspecific manifestations leading to delayed diagnosis and treatment [89]. The possibility
that large scale clusters could imply an attack scenario may sound unlikely but does not seem to be
just hypothetical [40, 90].

3.5 Underlying Disease

G-6-PD deficiency and diabetes have been described as risk factors for fulminant R. rickettsii and
R. conorii infection [91-94].

Immunocompromised patients might also be prone to severe illness. Fulminant ehrlichiosis in
pediatric oncology patients and transplant recipients has been reported [62, 95] and children with
congenital heart disease might be prone to chronic C. burnetii infection [65]. Attention should also
be given in children who are on prophylaxis with cotrimoxazole, usually for urinary tract infections
[96], as there are concerns that sulfonamides might increase the severity of R. rickettsii, R. conorii
and R. typhi infection [97, 98].

4 Clinical Characteristics

The “classic” triad of fever, rash and headache is observed only in a minority of patients. Particularly
in children, the initial presentation of a rickettsial infection is notoriously non-specific and fre-
quently mimics common viral syndromes. However, certain clinical symptoms and signs might
offer diagnostic clues.

4.1 Fever

Rickettsioses usually present with sudden onset of high fever, which is accompanied by chills and
myalgias and lasts from days to weeks. Patients commonly seek medical advice after 34 days of
disease, when fever exceeds the usual duration of a viral infection [4]. Fever can last for 1-2 weeks
in spotted fever rickettsioses [16, 81], ehrlichioses, anaplasmosis [55, 59] and acute C. burnetii
infection [72] and it can last longer in R. typhi and O. tsutsugamushi infection [49, 99, 100]. Fever
of unknown origin (FUO) has for long been defined as a febrile syndrome that lasts more than
3 weeks and diagnosis remains elusive after 1 week of hospital investigation [101]. The term fever
of intermediate duration (FID) has recently been proposed for fevers higher than 38°C, lasting
1-4 weeks and lacking diagnosis after an initial approach [102]. Rickettsioses are among the most
common causes of both FID and FUO in children [48, 100, 102, 103] (Fig. 2).

4.2 Rash

Rickettsioses should be considered in febrile patients with bizarre rashes. A maculopapular rash,
which begins on the wrists and ankles and spreads to involve the entire body, including palms and
soles, 2—4 days after disease onset is typical for most spotted fever rickettsioses [4] and may also
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Any non-toxic child, non-specific presentation:

v~ fevers, headache myalgias, confusion

v~ rash, eschars at entry site

v/ lymphadenopathy, hepatosplenomegaly

v’ leucopenia, thrombocytopenia, hypertransaminasaemia, hyponatraemia

v/ history: residence, forests and hiking, animals and insects, poverty

Diagnosis of last resort: exclude

typhoid, brucellosis, leptospirosis, EBV, haemorrhagic fevers, Kawasaki diesase

etc, etc, etc
Confirmation Treatment Prevention
Serology Suspicion—early diagnosis:

Arthropods, rats, animals
Insecticides—delousing
Travel and sports

doxycycline regardless of age

PCR ? alternative agents

Cultures

Fig. 2 Clinical approach to rickettsioses in childhood

be present in patients with endemic or epidemic typhus [41, 45], ehrlichioses and anaplasmoses [57, 59]
and acute Q fever [72]. The rash can be pox-like or papulonodular in R. akari and R. africa infec-
tions [22, 31]. The classic spotted petechial rash seen in R. rickettsii, R. conorii and other spotted
fever rickettsioses is usually not apparent until the completion of the first week from onset [14, 81].
Progression to necrosis or gangrene has been reported in severe cases of R. rickettsii and R. prowa-
zekii infection [41, 104]. Rashes can be completely absent [4] and, some rickettsial infections
included in the spotted fever group are spotless, such as R. slovaca infection [27]. A single painless
eschar at the site of the initial tick inoculation, the “tache noire”, is seen in 70% of children with
R. conorii infection, and less commonly in other tick-borne rickettsioses. These lesions are reported
to be multiple in R. africa infection [22]. They can however be either completely absent or go
unrecognized, hidden in scalp, as is the case for R. slovaca infection [29].

4.3 Neurological Manifestations
Severe headache is commonly reported by adults and older children with a rickettsial infection [4, 40].

Altered mental status, lethargy, photophobia and menigism are not unusual during the course of
R. rickettsii, R. japonica, and O. tsutsugamushi infection and have been reported less commonly for
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other spotted fever group rickettsioses and acute Q fever [24, 40, 105, 106]. Mild meningoencephalitis
with subacute course and cerebrospinal fluid (CSF) pleocytosis is the most usual neurological involve-
ment in children with R. typhi, O. tsutsugamushi and E. chaffensis infections [59, 107-109]. More
severe presentation with seizures, focal neurological manifestations and findings of acute disseminat-
ing encephalomyelitis has occurred in children with R. rickettsii and R. conorii infections [10, 13, 110,
111]. Paediatricians in endemic areas should keep a high index of suspicion for rickettsioses in cases
of subacute meningoencephalitis or unexplained neurologic manifestations.

4.4 Lymphadenopathy

Tender regional lymphadenopathy, close to the tick inoculation, has been reported either as typical
in R. conorii, R. africa and O. tsutsugamushi infections [10, 22, 40] or as typically absent in R. rickettsii
and R. japonica infection [40]. Lymphadenopathy accompanying a scalp tick-bite is the hallmark of
R. slovaca infection, which is particularly prevalent among children, especially girls [27, 29]. This
epidemiologic feature is attributed to the vector (Dermacentor spp) tropism for hairy mammals of
accessible heights [29]. Generalised lymphadenopathy seems to be common among children with
murine typhus [44].

4.5 Common Non-Specific Clinical Characteristics

Gastrointestinal and respiratory symptoms are common non-specific symptoms of rickettsioses in
children and hepatosplenomegaly is among the most consistent findings. Nausea and vomiting,
abdominal pain and diarrhoea often characterise the initial phase of infection in children [5, 11, 59].
Respiratory symptoms and atypical pneumonia are associated with C. burnnetii infection [65], but
pneumonitis has also been reported in children with O. tsutsugamushi [112] and E. chaffeensis infec-
tions [59]. For the remaining rickettsioses respiratory symptoms probably signify clinical deteriora-
tion and progression to pulmonary oedema and respiratory distress syndrome [5, 10, 105, 113]. Other
non-specific symptoms include conjunctivitis, arthritis and extremities oedema [5, 10, 11, 59, 105].

4.6 Uncommon Clinical Characteristics

The list of unusual clinical manifestations of rickettsioses is long enough to include almost every
clinical symptom encountered in paediatrics. Among them it is worth mentioning myocarditis in
spotted fever group rickettsioses [10, 26, 114], potentially fatal endocarditis in chronic C. burnettii
infection [115, 116], and hemophagocytosis due to ehrlichial infection in paediatric oncology
patients [63]. Paediatricians in endemic areas should be alert to consider rickettsioses as a potential
diagnosis in every unusual clinical presentation for which there is no alternative explanation.

5 Laboratory Findings

5.1 First-Line and Non-Specific Laboratory Tests

Full blood count and biochemistry tests often are normal, but might offer early diagnostic clues
when rickettsiosis is suspected [4, 105]. Leucopenia is observed in 25-50% of patients with
predominance of neutrophils, left shift and thrombocytopenia, which is the most constant finding
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[5, 10, 11, 59, 105]. Anaemia might also be present. Acute phase reactants are mildly elevated
[4, 44, 65]. Other findings may include hypertransaminasaemia, hyponatraemia, hypoalbuminae-
mia and mildly elevated urea and creatinine [5, 10, 11, 59, 100, 105]. Coagulation studies may be
impaired, with moderately increased PTT as the most common finding. Microscopic haematuria
with or without mild proteinuria is commonly observed in spotted fever group rickettsioses, indi-
cating glomerular involvement [10, 11, 16]. Mild CSF pleocytosis, usually <100 cells/mm?, is
observed, usually with lymphocytic predominance [105]. Neutrophillic pleocytosis is common in
ehrlichial infections [59]. CSF protein is moderately elevated (up to 100-200 mg/dL) and glucose
is normal [10, 59, 65, 105].

5.2 Specific Laboratory Tests

Serology is the commonest diagnostic approach. The reference method is immunofluorescence
antibody (IFA) assay which can detect separately IgM and IgG antibodies and is commercially
available for the most common rickettsial and associated pathogens [16]. Different cut-offs have
been proposed for different diseases, single titres however are only indicative and confirmation of
a case requires a fourfold increase in antibody titre in a sample obtained 2 weeks later [16, 105].
Although serological tests are sensitive and specific, both IgM and IgG antibodies can only be
detected between 7 and 15 days, or even more, after the onset of the disease, and are therefore of
no practical use for therapeutic decisions. The interpretation of serological data is often tricky and
confounded by cross-reactivity and by seropositivity in endemic areas [5].

Direct visualisation of intracytoplasmic forms of the organism (“morulae”) in Wright-stained
peripheral blood smears may help in ehrlichia and anaplasma infections. The assay is insensitive but
can offer a rapid diagnosis soon after disease onset [55]. The isolation of the organisms from blood
and CSF specimens, skin biopsy or ticks, is possible but rather demanding. Because rickettsial and
associated agents cannot be cultured on lifeless media, their isolation requires the application of
antibiotic-free cell culture methods, direct inoculation in the culture medium and biosafety level 3,
conditions that are not available in most clinical laboratories [16]. Molecular methods based on PCR
can detect and identify rickettsial agents in EDTA blood specimens, skin biopsies and ticks and hold
the promise for accurate and timely diagnosis. These methods are continuously developing, but are
not widely available yet [38].

6 Differential Diagnosis

The list of differential diagnosis of rickettsioses in children can be very long as febrile syndromes
are very common in paediatrics.

6.1 Non-Specific and “Viral” Presentation

Most rickettsioses are initially clinically indistinguishable from viral infections. They should there-
fore be considered in children with a viral syndrome that exceeds the usual duration of viral infec-
tions. Infectious mononucleosis due to Epstein-Barr virus (EBV) can last for several days and is
associated with various and unusual clinical and laboratory findings [117, 118]. However, rashes are
unusual in EBV infection and a history suggestive for zoonosis is missing.
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6.2 Kawasaki-Like Presentation

The clinical manifestations of rickecttsioses and Kawasaki disease are so similar [119] that
rickettsial agents have been investigated as possible causative agents for Kawasaki disease
[120, 121]. As is the case for rickettsioses, therapeutic decisions for treatment of Kawasaki dis-
ease should be made on clinical grounds. First-line laboratory tests might offer help, as in
Kawasaki disease leucocytosis, increased platelet counts (in convalescence) and acute phase reac-
tants are usually observed, whereas rickettsioses are typically characterised by leucopenia and
thrombocytopenia. In doubtful cases, treatment with IVIG is advisable.

6.3 Meningoencephalitis

Bacterial meningitis can usually be reliably distinguished from rickettsial CNS involvement, both on
clinical and laboratory grounds [4]. However, for severely ill children with fever and purpuric rash,
in whom neither disease can be ruled out, empiric treatment for both conditions is advisable [4].

6.4 Other Tick-Borne or Animal-Associated Infections

Various tick-borne and animal associated infections, such as Lyme disease, visceral leishmaniasis,
leptospirosis, brucellosis and bartonellosis, share similar clinical and first-line laboratory findings
to rickettsioses [40]. In such cases, knowledge of endemicity, detailed history and careful evaluation
may help. Doxycycline is the antibiotic of choice for rickettsial and associated pathogens, but also
for Lyme disease, leptospirosis and brucellosis and this facilitates therapeutical desicions.

6.5 Typhoid Fever

In past centuries, there was much confusion between typhoid and typhus fever [39]. For physicians
of our time it is clear that typhoid or enteric fever is caused by Salmonella enterica seropypes typhi
and paratyphi, and is prevalent in south-central and south-east Asia [122, 123]. Whereas rickettsio-
ses should be considered in international travellers, typhoid fever should be considered particularly
in immigrants from endemic countries [124, 125]. Cultures can offer diagnostic help, as Salmonella
species can be easily isolated in ordinary blood culture media.

6.6 Treatment

Rickettsioses should be treated upon suspicion, as treatment is more effective when given early in
the course of the disease. Milder cases may recover without treatment [38, 99], nevertheless com-
plications and unfavourable outcome cannot be excluded. Case fatality rates have been reported to
be up to 2-5% for R. rickettsii, 2% for R. conorii, 3% for E. chaffeensis and 1% for R. typhi infec-
tion and can reach 25% for R. rickettsii, 30% for O. tsutsugamushi and 70% for R. prowazekii
infection if left untreated [4, 6, 41, 49].
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6.7 Tetracyclines

Given their effective intracellular concentrations, tetracyclines have been the standard treatment for
rickettsioses since their release in 1948. Rickettsiae and related pathogens remain so susceptible to
tetracyclines, that rickettsioses have been termed “doxycycline-deficiency diseases” [126].
Doxycycline is the drug of choice for the treatment of most rickettsioses in adults and children.
Minocycline is preferred for Japanese spotted fever as it was reported to be more effective in vitro
against R japonica [26]. Tetracyclines were previously not used in paediatric practice due to the fear
of bone toxicity and tooth discoloration [127]. However, the American Academy of Pediatrics
Committee on Infectious Diseases recently revised its guidelines, suggesting doxycycline as the
treatment of choice for R. rickettsii infection and ehrlichioses, regardless of age [1, 4]. The rationale
is that morbidity outweighs the risk from a short course of doxycycline. The recommended dose for
children is 2.2 mg/kg twice daily, orally or intravenously. Under current recommendations, antibiot-
ics should be given for at least 3 days after clinical improvement, which means a minimum course
of 5-7 days for most spotted fever group rickettsioses and R. typhi infection. Longer regimens of
10-14 days are recommended for ehrlichioses, epidemic typhus, acute Q fever or central nervous
system involvement [1, 4].

6.8 Alternative Antibiotics

Chloramphenicol has been extensively used for childhood infections [128]. In the largest series with
R. conorii conorii infection from Sicily, all the 645 children were successfully treated with oral or
intravenous chloramphenicol [10]. Several issues of safety and efficacy have been raised, though:
the use of chloramphenicol instead of tetracyclines for R. rickettsii infection was associated with
higher mortality rates [76]; a fatal case of ehrlichial infection in a child treated with chlorampheni-
col was reported [58]; relapses of patients treated with chloramphenicol for R. conorii and R. typhi
infection were noticed in Israel [129]; and irreversible side-effects may occur [128].

Newer macrolides, including azithromycin, clarithromycin, josamycin and roxithromycin, are
characterised by excellent safety profile and have been successfully tested for the treatment of chil-
dren with R. conorii conorii and O. tsutsugamushi [130-132], and R. typhi infection [45, 99].
However, macrolides are ineffective for ehrlichiosis, anaplasmosis [133] and Brill-Zinsser disease
[43] and are not considered safe for the treatment of R. rickettsii infection. Despite the variable
susceptibility of C. burnetii to macrolides in vitro [134] newer macrolides have been successfully
used in acute Q fever [135] and have been suggested for chronic C. burnetii infection, especially in
childhood where the optimal treatment for endocarditis and osteomyelitis remains an open question
[65, 136].

Ciprofloxacin has been used to eradicate R. japonica infection in patients who did not respond
to minocycline [24, 137] but a failure has been reported in a teenager with R typhi infection [138].
Fluoroquinolones are active against C burnetii and ehrlichiae [139-141], but they are not yet
approved for routine use in children.

Rickettsiae are not susceptible in vitro to co-trimoxazole [140] and, more importantly, concerns
have been raised that sulfonamides may increase the severity of R. rickettsii, R. conorii conorii and
R. typhi infection [97, 98]. Furthermore, an adolescent boy and a young woman developed fulmi-
nant human monocytic ehrlichiosis, while on co-trimoxazole for acne and pyelonephritis [96, 142].
Currently, co-trimoxazole may only be considered for chronic C. burnetii infection [1].

Rifampin and rifabutin are active in vitro against rickettsial and associated agents (Rolain et al.,
1998), but clinical experience in children is limited. Rifampin had little success against R. conorii
conorii infection in children [143] but it was efficient against childhood ehrlichial infection [144].
It has also been used with encouraging results in adult O. tsutsugamushi cases in areas with strains
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resistant to doxycycline [49]. Rifampin is effective against C. burnettii in vitro [145] and has been
suggested for the treatment of Q fever pneumonia, [72], but there are no reports of treatment of
childhood Q fever yet.

Other antibiotics which are commonly used as first-line agents for childhood infections, includ-
ing B-lactams, aminoglycosides, and clindamycin are ineffective.

7 Prevention

Prevention is strongly recommended and includes avoidance of ticks and arthropod bites, protective
clothing, preferably impregnated with permethrin or other pyrethroid, frequent application of repel-
lents on exposed skin and daily inspection and proper removal of ticks or mites. Additionally,
children should be discouraged from touching rodents, dogs or domestic livestock [16, 80].

7.1 Vaccines

Recovery from a rickettsial infection confers strong and long-lasting immunity thus development of
a vaccine against rickettsioses seems quite possible. However, no appropriate vaccines are available
yet. Killed vaccines were tried for R. rickettsii with poor results [146]. The so-called Cox vaccine
for R. prowazekii appeared at the outset of Word War II but was halted in 1944 because of limited
efficacy and side-effects, and trials with live attenuated vaccines for R. prowazekii during 1950s and
1960s had high rates of side-effects [146]. Current research focuses on subunit vaccines which
would be harmless and cross-protective against R. prowazekii, R. typhi, R. rickettsii and R.conorii
[146]. Research on vaccines against ehrlichia and anaplasma species is still preliminary [147].
Currently, only acellular and whole-cell Q fever vaccines are available in Australia, the USA and
some European countries. These vaccines are recommended for non-immune high-risk adults after
pre-vaccination screening and have not been used in children [72].

7.2 Prophylactic Antibiotics

The possibility of acquiring rickettsiosos after a tick bite is small, given the rarity of infected ticks
and the low affinity of ticks for humans [16]. Doxycycline in a weekly single dose of 200 mg for
prolonged outdoor activities, such as for military personnel, is of questionable efficacy [80].
Asymptomatic individuals with recent tick bites seem not to benefit from prophylaxis, although a
single dose of azithromycin appears to protect adults with a history of tick-bite against R. conorii
conorii [148].

8 Conclusions

Rickettsioses are unlikely to be ever eradicated as a human hazard, as they are primarily infections
of arthropods. Their hosts and humans are only incidental intruders in the natural cycle. On the
contrary, they are re-emerging in a changing world, fulfilling Hans Zinsser’s conclusion “Typhus is
not dead. It will live on for centuries, and it will continue to break into the open whenever human
stupidity and brutality give it a chance, as most likely they occasionally will.” [149]. They should
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be considered in the differential diagnosis of children with FID, rashes, lymphadenopathy, constel-
lation of unusual clinical symptoms, normal or nearly normal first-line laboratory tests and a sug-
gestive history (Fig. 2). A short course of doxycycline is remarkably effective for most of these
infections and should be given on clinical suspicion, without laboratory confirmation, which might
come too late or never.
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What is the Evidence Behind Recommendations
for Infection Control?

Christina Gagliardo and Lisa Saiman

1 Introduction

Effective infection control in healthcare settings can only be accomplished with a program that
adopts evidence-based guidelines implemented by an interdisciplinary team responsible for moni-
toring implementation of these guidelines and for education of the practitioners involved in patient
care. An effective infection control program can prevent acquisition and transmission of infectious
pathogens among patients, staff and visitors. However, infection control practices can be time con-
suming, costly or tedious. Is there evidence to support infection control recommendations or are
recommendations simply based on anecdotal experience and expert opinion? We present the ratio-
nale for grading infection control recommendations and provide relevant examples of graded rec-
ommendations for infection control practices relevant for pediatric healthcare settings.

2 Grading Evidence for Infection Control Strategies

The Centers for Disease Control and Prevention (CDC), the World Health Organization (WHO), as
well as professional societies use a panel of experts to review the literature and develop evidence-
based guidelines derived from existing scientific data, theoretical rationale, applicability, and eco-
nomic impact. Table 1 shows the system used by the CDC for categorizing infection control
recommendations [1].

The literature describing strategies to prevent acquisition and transmission of pathogens in
healthcare settings largely consists of (a) case control or cohort studies assessing risk factors for
infections or colonization with specific pathogens, (b) reports of outbreaks and the strategies used
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Table 1 System for categorizing infection control recommendations

Category Strength of evidence

1A Strongly recommended for implementation and strongly supported by well-designed
experimental, clinical or epidemiologic studies

1B Strongly recommended for implementation and supported by some experimental, clinical or
epidemiologic studies and strong theoretical rationale

IC Required for implementation as mandated by federal and/or state regulation or standard

II Suggested for implementation and supported by suggestive clinical or epidemiologic studies, theoretical

rationale or consensus by panel of experts

to control them or (c) nonrandomized, pre- and post-intervention study designs, also known as
“quasi-experimental” designs [2]. These studies can provide valuable information regarding the
effectiveness of specific interventions. However, several factors can decrease the certainty of attrib-
uting improved outcomes to a specific intervention. These factors include: (a) difficulties in control-
ling for important confounding variables, (b) the use of multiple interventions during an outbreak,
(c) regression to the mean, i.e., improvement over time without any interventions [3], and/or (d)
over-estimation of treatment effect since each patient’s ‘treatment’ is deliberately chosen rather than
randomly assigned. While randomized treatment assignment would provide the most reliable, unbi-
ased estimate of treatment effects, it is rarely feasible for infection control intervention studies to
use this methodology due to cost (e.g. large sample size) and complexities of implementation (e.g.
contamination between study groups) [4]. Thus, when crafting guidelines, it is critical to assess the
quality of studies, potential biases, and consistency of results prior to assigning the previously men-
tioned evidence-based categories.

3 Hand Hygiene

Many patients may be colonized or less commonly, infected, with potentially transmissible patho-
gens. The hands of healthcare workers are often the conduit for the spread of such pathogens to
other patients in their care. Fortunately, hand hygiene is a simple, effective, low-cost intervention to
prevent the spread of pathogens that can cause healthcare-associated infections (HAI). Compliance
with hand hygiene can dramatically enhance patient safety. The WHO and CDC have developed
hand hygiene guidelines which emphasize the “moments” before, during and after patient encoun-
ters in which to perform hand hygiene [1, 5]. Table 2 specifies the “moments” during patient care
when hand hygiene should occur, and rationale for the recommendation. These guidelines also aim
to facilitate healthcare workers’ understanding of the risks of pathogen transmission and to integrate
hand hygiene practices into every interaction with a patient, their surroundings and equipment.

The preferred method of hand hygiene is an alcohol-based hand rub if hands are not visibly
soiled (WHO and CDC Category IB). In contrast, hands should be washed with soap and water if
visibly soiled or contaminated with proteinaceous material, blood or other body fluids (WHO
Category 1B and CDC Category IA) or if there is known or suspected exposure to spore-forming
organism such as Clostridium difficile (WHO Category 1B and CDC Category II).

Another important aspect of hand hygiene is the recommendation to ban the use of artificial
fingernails or fingernail extenders (WHO and CDC Category IA). Artificial nails worn by HCWs
are associated with healthcare-acquired infections particularly in the intensive care unit (ICU) popu-
lation. Compared with natural nails, artificial nails have higher rates of colonization with Gram-
negative flora and yeast [6] which are not removed with hand hygiene.
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Table 2 “Moments” for hand hygiene during patient encounters

Category®
“Moment” Rationale WHO CDC
Before patient contact Protect patient from potential pathogens 1B 1B
on HCW hands
After removing gloves Protect HCW from potential pathogens 1B 1B
Before aseptic task/procedure® Protect patient from pathogen on HCW hands 1B 1B
and/or own colonizing pathogen
After body fluid exposure risk Protect HCW and environment from 1A 1A
potential pathogens
When moving from contaminated Prevent contamination of non-infected/colonized 1B 11
to clean body site body site
After patient contact Protect HCW and environment from potential 1B 1B
pathogens
After contact with inanimate object/  Protect HCW and environment from potential 1B 1I
patient surroundings pathogens

HCW healthcare worker

*The WHO and CDC use the same classification system, although the grading of the recommendations varies
slightly [1, 5]

® Aseptic tasks/procedures: involve contact with the patient’s mucous membranes, non-intact skin, or invasive
medical device

4 Transmission Routes and Precautions for Epidemiologically
Significant Pathogens

Pathogens are transmitted by three major mechanisms: contact, droplet, and/or the airborne route.
Recommendations for the type of isolation precaution, the environmental controls (e.g. environmen-
tal cleaning and room type) and the use of personal protective equipment by staff (e.g. gowns,
gloves, and/masks) are based on the pathogen’s mode of transmission. Table 3 summarizes the
modes of transmission and provides relevant examples.

As new data become available, recommendations may change and become more (or less) strin-
gent depending on specific clinical scenarios or situations. Gaps in knowledge leading to controver-
sies do occur for recommendations. An example of such a controversy involved the use of personal
protective equipment during the 2009 Influenza A (HIN1) pandemic. Under routine environmental
conditions, seasonal influenza is spread by droplets and thus a surgical mask is indicated [7].
However, during the 2009 HIN1 pandemic, concerns about increased virulence and/or different
transmission routes, led the Occupational Safety and Health Administration (OSHA) and the CDC
to recommend the use of fit-tested disposable N95 respirators by healthcare workers who provided
direct patient care or collected respiratory tract specimens from patients with suspected or con-
firmed 2009 HIN1. As the pandemic progressed and more knowledge was gained, it was deter-
mined that 2009 Influenza A (HIN1) was spread via droplet transmission [8] and that the virulence
was comparable to that of seasonal influenza. Thus, the recommendation for the routine use of N95
respirators was modified both to account for this new knowledge and to address the rapidly dimin-
ishing stock of N95 respirators. As a result, many centers recommended the use of a surgical mask
during routine patient care and the use of the N95 respirator during aerosol-generating procedures,
e.g. bronchoscopy, open suctioning of airway secretions, endotracheal intubation. Updated recom-
mendations for personal protective equipment for this year’s seasonal influenza (Winter 2010-2011)
were unavailable at the time of this publication.
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5 Prevention of Central Line-Associated Bloodstream Infections
and Use of Bundle Strategies

The cost of central line-associated bloodstream infections (CLABSIs) is substantial, in terms of
morbidity and mortality and financial resources expended. To improve patient outcome and reduce
health-care costs, strategies have been implemented to reduce CLABSIs.

There are multiple potential sources of pathogens that can cause infection of a percutaneous
intravascular device [9]. These include, but are not limited to, organisms on the patient’s skin at the
device insertion site or on a contaminated catheter hub from the patient’s own skin flora or those
from healthcare workers’ hands. Other potential (although less likely) sources of infection are from
intrinsic contamination of the infusate (i.e., originating at the manufacturer), or from extrinsic con-
tamination (i.e., originating during preparation within the healthcare setting).

A multidisciplinary team approach can reduce the incidence of CLABSIs. The team should
include the healthcare providers who insert and maintain intravascular catheters, healthcare manag-
ers who allocate resources, and healthcare providers who educate patients and patients’ families to
properly care for central venous catheters. Several individual strategies have been studied and
shown to be effective in reducing CLABSIs. More recently, however, care “bundles” have been
introduced into patient care. Bundles are defined as a group of evidence-based interventions related
to a disease process, that when implemented together, result in better outcomes than single interven-
tions [10]. Table 4 delineates 10 core characteristics of care bundles [11]. In addition to
CLABSIs, care bundles are being applied to reduce catheter-related urinary tract infections and
ventilator associated pneumonias.

Table 5 provides examples of bundle elements for insertion and for maintenance of central
venous catheters [12]. Initiation of bundles to reduce HAIs requires not only delineating the bundle
elements, but extensive planning for implementation of the bundles (e.g. a central line cart) and
monitoring adherence (e.g. checklists). Most recently, a 29 PICU collaborative demonstrated that
adherence to both insertion and maintenance bundles was significantly associated with reducing
CLABSIs [13, 14].

Table 4 Ten characteristics of care bundles®

1. Consistently improve reliability of processes required for well tolerated and effective care

2. Group of interventions implemented together that result in better clinical outcomes when compared with
individual interventions

3. Each intervention is supported by quality scientific data, preferably a randomized-controlled trial

Each intervention is included because experts believe intervention is essential to improving clinical outcomes

Clinical value of interventions may be locally defined or change over time based on evolving research and

experience

Care bundles do not include all possible therapies nor are intended to be a comprehensive list of all possible care

If clinically inappropriate or contraindicated, care bundle elements should not be “forced”

Care bundles reflect all-or-nothing-principle; reliable care requires completion of all bundle elements

Use quality improvement to document completion of each element and improve compliance

10 Care bundles improve teamwork and communication within the unit

noe

© %N

“Modified from [11]
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Table 5 Bundle elements for central venous catheter insertion and maintenance®

Insertion checklist elements Maintenance checklist elements
¢ Hand hygiene before and after palpating site * Hand hygiene before and after accessing
and before and after insertion of central line (IA) catheter or changing dressing (IA)
¢ Maximal barrier precautions (IA) * Evaluate insertion site daily (IB)
¢ Disinfect skin, e.g. chlorhexidine, alcohol product IA) * Change dressing if damp, soiled, loose (IA)
e Sterile transparent dressing or sterile gauze (IA) » Standardize tubing set up and changes (IB)
* Maintain aseptic technique, including scrub the
hub (IA)

*[1]

6 Antimicrobial Stewardship

An increasing proportion of hospital acquired infections can be attributed to antimicrobial-resistant
organisms. Such infections are associated with increased morbidity, mortality, length of stay and
cost. Many healthcare facilities are actively engaged in antimicrobial stewardship defined as “the
optimal selection, dosage, and duration of antimicrobial treatment that results in the best outcome
for the treatment or prevention of infection with minimal toxicity to the patient and minimal impact
on subsequent resistance” [15]. It is estimated that as much as half of all antimicrobial use is inap-
propriate. Thus, one of the most critical strategies to reduce antimicrobial resistance in the health-
care setting is to improve appropriate antimicrobial use.

Antimicrobial resistance arises due to selective pressure from antibiotic use. However, studies
utilize different methods to categorize the antimicrobial agents to assess the association between
antibiotic use and the emergence of resistance, thereby making comparisons between studies diffi-
cult. Antimicrobial categories can include: specific agents, antibiotic class (e.g. -lactam agents),
spectrum of activity (e.g. anaerobic activity) or a combination of these. For example, there has not
been a consistent approach to categorize agents to assess the emergence of extended-spectrum
[-lactamase (ESBL) producing Gram-negative bacilli [16]. When analyzing the same data set, dif-
ferent conclusions could be drawn when using different antimicrobial categories, In the model using
antibiotic class, prior use of vancomycin and duration of hospitalization were associated with ESBL
infection, while third generation cephalosporin use was not independently associated with
ESBL infection. In contrast, the model using antibiotic spectrum identified use of an agent with
activity against Gram-negative bacilli as the only independent risk factor for infections caused by
ESBL producing Gram-negative bacilli. Zaoutis, et al., found that receipt of extended-spectrum
cephalosporins within 30 days was significantly associated with infection caused by ESBL among
hospitalized children [17]. Thus, standardizing categorization strategies and elucidating these issues
are critical to implement specific, effective recommendations to curb resistance. Further studies are
needed not only to elucidate risk factors for antimicrobial resistance, but to better define previous
antibiotic exposure.

To combat antimicrobial resistance, a comprehensive evidence-based stewardship program
ideally includes “care bundles”. Strategies that have been shown to be effective include: formu-
lary restrictions for certain antibiotics and pre-authorization by infectious diseases experts,
guidelines and clinical pathways, dose optimization such as converting from intravenous to oral
agents, and prospective audit of antimicrobial usage with intervention and feedback to pre-
scribers [18].
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7 Summary

Effective infection control is an integral part of patient safety and quality. Recommendations for
infection control practices are based on evidence from studies as well as the clinical experience of
experts. The emergence of care bundles that incorporate several evidence-based practices together
have led to further reduction of HAI and promise to improve antimicrobial stewardship.
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What Do We Know About How to Treat Tuberculosis?

Ben J. Marais

1 Introduction

In the year 2000 it was estimated that 884 019 (11%) of the 8.3 million new tuberculosis (TB) cases
diagnosed globally were children less than 15 years of age [1]. However, this figure almost certainly
represent a gross underestimation of the current situation. The most recent World Health
Organization (WHO) report estimated that 9.4 million new TB cases occurred during 2008, without
specifying the number of children affected [2]. Poor case ascertainment and limited surveillance
data hamper efforts to accurately quantify the global disease burden caused by childhood TB [3]. In
a community-based survey performed in Cape Town, South Africa, children less than 13 years of
age contributed 13.7% of the total disease burden. The calculated TB incidence was 407/100 000/
year; nearly 50% of the total adult TB incidence of 840/100 000/year during the same time period [4].
It is estimated that in areas where the TB epidemic is poorly controlled, children less than 15 years
of age are likely to contribute 15-20% of the TB disease burden, with TB incidence rates roughly
half of that reported for adults from the same community. In settings where transmission is limited
and preventive therapy provided, the comparative burden of childhood TB would be greatly
reduced.

A common misperception is that children usually develop “mild forms” of TB, as is seen in set-
tings with diligent contact tracing and active case finding. However, most children diagnosed in TB
endemic areas present with advanced disease, [5] and TB is a major (although frequently unrecog-
nized) cause of death in young children. A necropsy study conducted in Zambia demonstrated that
TB rivals bacterial pneumonia as a cause of death from respiratory disease, both in human immu-
nodeficiency virus (HIV)-infected and -uninfected children [6]. A subsequent study that docu-
mented identifiable causes of respiratory disease in children with community acquired pneumonia
not responding to first-line antibiotics, confirmed Mycobacterium tuberculosis as a common patho-
gen in southern Africa, irrespective of the child’s HIV status [7]. This review focus on what we
know about preventing and treating TB in children; issues related to TB diagnosis and management
of TB/HIV co-infection have been recently reviewed [8, 9].
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2 Preventing TB

In TB endemic areas the majority of the population develops primary M. tuberculosis infection dur-
ing childhood, but ongoing transmission implies an ever present risk of re-infection. Therefore, pre-
ventive therapy should focus on those at greatest risk of progression to active TB following primary
or re-infection. Age and immune status are the most important determinants of risk, with very young
immune-immature children (less than 3 years of age) and those with significant immune compromise
experiencing the greatest risk [10]. Due to the frequency and rapidity with which disease progression
may occur in this high-risk group, documented TB exposure and/or infection warrants preventive
chemotherapy. Isoniazid (INH) monotherapy for 6-9 months has proven efficacy, is widely available,
cheap and associated with minimal safety concerns and/or drug-drug interactions, making it the most
widely used preventive therapy regimen, also promoted by WHO [11-13].

Most national and international guidelines extend the preventive therapy age window to all chil-
dren less than 5-6 years of age with documented TB exposure. However, in TB endemic countries
implementation is extremely poor partly because provision of preventive therapy is not a measured
outcome of TB control programme performance. It is also regarded as unfeasible in areas with lim-
ited resources where health care services are already overburdened. Prerequisite screening tests such
as a tuberculin skin test (TST) and chest radiograph provides another barrier, but simple symptom-
based screening offers a safe and feasible alternative [11, 14]. The perceived risk of generating drug-
resistant TB when someone with undiagnosed active TB is inadvertently treated with INH
monotherapy, is often raised as a concern. This risk does require careful consideration when treating
HIV-infected adults, [12, 15] but children tend to develop paucibacillary disease with greatly reduced
risk of acquiring drug resistance. The US public health trials of the 1950s also indicated that INH
monotherapy seems sufficient even in the presence of disease, when this is minimal [16].

Older immunocompetent contacts are at low risk of progression to disease and are therefore not
regarded as a priority for the provision of preventive therapy. However, it is important that all close
contacts should be screened for symptoms suggestive of TB, since this presents an important oppor-
tunity for active case finding. All close contacts should be informed of their increased risk to
develop TB in the coming months/years and encouraged to return for formal evaluation should they
develop any symptoms suggestive of active TB disease. Non-endemic areas with sufficient resources
may elect to provide preventive therapy to all patients with proven M. tuberculosis infection in an
attempt to eliminate the pool of latent infection from which future cases may arise, since the risk of
future re-infection is minimal in such a setting.

2.1 HIV-Infected Children

Apart from a marked increase in overall TB incidence the HIV epidemic significantly lowered the
average age of adult TB patients with more women being affected than ever before [17]. In HIV-
affected communities the highest TB incidence rates now occur among men and women aged
20-45 years, who are likely to be parents of young and vulnerable children. This is illustrated by
the exceptionally high TB exposure rates recorded among South African infants born to HIV-
infected mothers [18]. The importance of regular TB exposure screening and provision of post-
exposure prophylaxis following each documented exposure event is undisputed. INH does not cause
drug-drug interactions with antiretroviral therapy (ART) and no treatment adjustment is indicated,;
overlapping drug toxicity also seems extremely uncommon [12].

Given the high likelihood of exposure, the effect of routine pre-exposure prophylaxis provided to
all HIV-infected infants in TB endemic areas has been explored. The first randomized controlled trial
was conducted in children with advanced HIV disease and minimal access to ART. It was stopped
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early due to significantly reduced mortality in the INH group compared to placebo [19]. Interestingly
differential survival benefit accrued mainly during the first 2-3 months of the trial, raising the pos-
sibility of undiagnosed or subclinical TB disease at trial entry. A second trial recruited very young
HIV-exposed infants (3—4 months of age), strictly excluding all with documented TB exposure and
meticulously monitored for subsequent TB exposure at which point they were taken off study drug
and provided with INH. This study was discontinued for futility, since mortality and/or TB-related
morbidity occurred with equal frequency in both groups [20]. These discrepant findings suggest that
infants managed in programs where there is early ART initiation and constant vigilance for TB expo-
sure do not benefit from pre-exposure INH prophylaxis. Early commencement of ART, as soon as
possible following a confirmatory tests in infancy and irrespective of CD4 lymphocyte count or clini-
cal disease staging, has significant survival benefit and reduces the risk of TB [21].

2.2 Adherence

Although INH preventive therapy for 6-9 months is regarded to be the standard of care, poor adher-
ence is a major concern that limits “real life” effectiveness [22]. “Real life” effectiveness is deter-
mined both by efficacy (as determined in clinical trials) and adherence (under field conditions).
Poor adherence with prolonged therapy demonstrates the need to consider alternative strategies that
may improve “real life” effectiveness. Rifampicin (RMP) has strong sterilizing activity and its addi-
tion shortens the duration of preventive therapy required. The use of a 3—4 month INH and RMP
regimen is associated with improved adherence and demonstrated equivalence compared to
6—9 months of INH prophylaxis [23, 24]. Disadvantages include increased drug cost, reluctance to
use RMP given its central role in short-course treatment and numerous drug interactions particularly
in HIV-infected children on ART. Theoretically RMP and pyrazinamide (PZA) represent an excel-
lent combination to eradicate intra-cellular and dormant bacilli. Hepatic toxicity has been a major
concern in adult studies, [25] but is rarely observed in children receiving standard 3-drug combina-
tion treatment (INH, RMP and PZA) and has not been observed during a preliminary preventive
therapy trial using this combination in children [26]. The inclusion of PZA in short course preven-
tive therapy regimens requires further exploration in children to identify strategies with improved
effectiveness.

3 Curing TB

The aims of TB treatment are to (1) cure the individual patient, (2) terminate transmission and (3)
prevent the development of drug resistance, all without causing severe adverse events [27]. Rapid
reduction in the organism load is important since it improves clinical symptoms, limits disease
progression, terminates transmission and protects companion drugs against the evolution of drug
resistance, since the occurrence of resistance mutations are random events and its likelihood is
directly related to the number of organisms present (bacillary load). The combination of multiple
drugs with different modes of action ensures that organisms with newly acquired resistance to a
single drug are killed before acquiring additional resistance mutations. In order to ensure permanent
cure eradicating bacterial subpopulations that are less likely to be killed by potent bactericidal
drugs, such as those with intermittent spurts of metabolism and/or residing in an acid pH environ-
ment, are as important. The need to ensure effective eradication of all organisms, including hypo-
metabolic bacilli, provides additional justification for the use of multiple drugs and also explains
the prolonged duration current therapy. Table 1 presents the mode and mechanism of action, main
toxicities and dosage recommendations for current first- and second-line drugs.
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Table 1 First- and second-line TB drugs, mode of action, main toxicities and recommended dosages in children
Adapted from ref.[65] — with permission

First line drugs
(discovery date)

Mode & mechanism of action

Main toxicities®

Single daily dose
mg/kg (range);
[maximum dose]

Isoniazid (1952)

Rifampicin (1963)

Pyrazinamide (1954)

Ethambutol (1961)

Streptomycin® (1943)

Bactericidal

Requires initial activation —
inhibition of cell wall
(mycolic acid) synthesis

Bactericidal and sterilizing

Inhibition of RNA synthesis

Sterilizing

Disrupt membrane energy
metabolism

Bacteriostatic

Requires initial activation —
inhibition of cell wall
(arabinogalactan) synthesis

Bacteriostatic

Inhibition of protein synthesis

Hepatitis
Peripheral neuropathy

Hepatitis

Orange discolouration
of secretions

Drug interactions

Hepatitis

Arthralgia

Visual disturbance
(acuity, colour

vision)

Oto and nephrotoxic

10 (5-15)°
[maximum 300 mg]

15 (10-20)°
[maximum 600 mg]

35 (30-40)°
[maximum 2000 mg]
20 (15-25)°

[maximum 1,200 mg]

15 (12-18)
[maximum 1,000 mg]

Second line Drugs

Ethionamide (1956)

Fluoroquinolones?
(1963)
Ofloxacin®
Levofloxacin
Moxifloxacin
Aminoglycosides
(1957)
Kanamycin
Amikacin
Polipeptides (1963)
Capreomycin
Cycloserine (1955)
derivative Terizidone

Para-aminosalisylic acid
(PAS) (1948)

Bactericidal

Requires initial activation —
inhibition of cell wall
(mycolic acid) synthesis

Bactericidal

Inhibition of DNA gyrase,
essential for DNA replication,
transcription and repair

Bactericidal

Inhibition of protein synthesis

Bacteriostatic

Inhibition of protein synthesis

Bacteriostatic

Inhibition of cell wall
(peptidoglycan) synthesis

Bacteriostatic

Inhibition of folic acid and iron
metabolism

Vomiting
Hypothyroidism
Hepatitis

Arthralgia (rare)
Insomnia, confusion
Oto and nephrotoxic

Oto and nephrotoxic

Psychosis, depression,
convulsions

Diarrhoea and
vomiting
Hypothyroidism

15-20 [1,000 mg]

15-20 [800 mg]

7.5-10 [750 mg]
7.5-10 [400 mg]

15-30 [1,000 mg]

15-30 [1,000 mg]

10-20 [1,000 mg]

150-200 [12 g] Divided
in 2-3 doses/day

*Hypersensitivity reactions and drug rashes may occur with any drug

®*WHO-endorsed new recommendations for dosing of first-line TB drugs in children
¢Streptomycin is rarely used, since there is no indication for using the retreatment regimen in children
dCiprofloxacin has the weakest activity and is no longer indicated for TB treatment
¢Thiacetazone (1946) is rarely used due to severe hypersensitivity reactions reported in HIV-infected children (114)
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Of the current first-line drugs, INH has the most potent early bactericidal activity (EBA), killing
the vast majority of rapidly metabolizing extra-cellular bacilli within the first few days of treatment,
[27, 28] provided the organisms are drug-susceptible and adequate drug levels are reached. Slower
growing intracellular bacilli are killed by INH, but only over a period of 12—-18 months; RMP is
more effective in eradicating this sub-population and do so within 9 months. The inclusion of both
RMP and PZA enable 6-month combination therapy [28]. PZA contributes by killing extracellular
bacilli that persist within the acidic centers of caseating granulomas and completes its action within
the first 2 months of treatment. Ethambutol (EMB) kills actively growing bacilli but has limited
potency. Its theoretical role in RMP containing regimens is to reduce the risk of acquired drug
resistance [28]. Any drug given in isolation will select spontaneously occurring drug-resistant
mutants that may subsequently multiply. The risk of acquired drug resistance is reduced by using
multiple drugs in combination and ensuring strict adherence to treatment [29]. Table 2 presents a
summary of the main advances in TB treatment regimen design over the past 60 years.

In addition to these theoretical concepts, operational issues remain crucial in everyday clinical
practice. These include access to early and accurate diagnosis, ensuring an uninterrupted and quality
assured drug supply that is stored and dispensed appropriately, use of optimal treatment regimens

Table 2 Advances in TB treatment and preventive chemotherapy during the past 60 years. Adapted from
ref.[65] — with permission

Advances in preventive

Date/decade Advances in TB treatment chemotherapy
1946 First randomized controlled trial (RCT) — compared streptomycin
to placebo; documented rapid acquisition of resistance
1950s First use of combination regimens H - for 9-12 months

Optimal regimen included 3 drugs (S/H/PAS) — total treatment
duration 24 months
1960s PAS replaced by ethambutol (S/H/E) H — for 6-9 months
Concept of intensive phase (to eliminate the bulk of bacilli)
and continuation phase (to ensure permanent cure) — total
treatment duration 18 months

1970s Addition of rifampicin (S/H/R/E), — total treatment duration H - for 6-9 months
9-12 months
1980s Streptomycin replaced by pyrazinamide H - for 6-9 months

Common regimens used:

1. H/R/ZJE intensive phase (2 months), H/R continuation
phase (4 months) — total treatment duration 6 months

2. H/R/ZJE intensive phase (2 months), H/E continuation
phase (6—7 months) — total treatment duration 8—9 months

1990s Launch of the Stop TB strategy inclusive of DOTS H - for 6-9 months or
Emphasis on global treatment access, adequate and quality assured HR for 3-4 months
drug supplies, use of standardized treatment regimens
2000s Regimens that contain rifampicin for the full duration of treatment H - for 6-9 months or
(6 months) shown to be superior HR for 3 months or
Only one regimen advised: R for 4 months

1. H/R/Z/E intensive phase (2 months), H/R continuation phase
(4 months) — total treatment duration 6 months

2010s ?Novel 2-4 month treatment regimens including Moxi- or 7HRZ daily — 2 months
Gatifloxacin, TMC207 and/or Rifapentine 7Weekly Rifapentine +
H - 3 months

27TMC207 for MDR/XDR
contacts — 3—4 months

H isoniazid, R rifampicin, Z pyrazinamide, E ethambutol, S streptomycin, PAS para-aminosalisylic acid
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and the establishment of systems to enhance adherence. With proper implementation, the WHO’s
directly observed therapy, short-course (DOTS) strategy adequately addresses most of these issues.
However, exclusive emphasis on sputum smear-positive disease excludes the vast majority of chil-
dren and many HIV-infected adults with TB. Dogmatic application of direct observation may also
neglect more comprehensive and effective forms of patient education and support. It is important to
understand why patients default in particular settings and to identify optimal strategies to improve
adherence, particularly among the poor and those living in rural and remote areas.

The main variables that influence the success of chemotherapy, apart from drug resistance, are
the bacillary load and its anatomical distribution. Sputum smear-negative disease is usually pauc-
ibacillary and therefore the risk of acquired (previously treated) drug resistance is low. Drug pene-
tration into the anatomical sites involved is good and the success of three drugs (INH, RMP, PZA)
during the 2-month intensive phase and two-drugs (INH, RMP) during the 4-month continuation
phase, is well established [27]. In the presence of extensive disease (excluding TB meningitis), HIV
co-infection and/or suspicion of INH resistance, the addition of EMB during the intensive phase is
advised to improve outcome and reduce the risk of acquiring drug resistance [27]. At the other end
of the disease spectrum, the efficacy of shorter treatment durations in immune competent children
with minimal disease requires further evaluation, since this would reduce treatment related adverse
events and greatly reduce the burden placed on health care services.

Sputum smear-positive disease implies a high bacillary load and an increased risk for random
drug resistance. Selecting multidrug-resistant (MDR; resistant to both INH and RMP) mutants is a
particular concern, which explains the use of four drugs (INH, RMP, PZA, EMB) during the
2-month intensive phase of treatment. Once the bacillary load is sufficiently reduced, daily or inter-
mittent (3x/week) therapy with INH and RMP during the 4-month continuation phase is sufficient
to ensure organism eradication [30, 31]. WHO does not recommend 2x/week intermittent therapy
and it should not be used if adherence cannot be ensured, especially in HIV-infected children or
those with cavitary disease [32]. In general, children with drug-susceptible TB respond well to treat-
ment, but until recently few countries had access to child friendly drug formulations. The Global
Drug Facility (GDF) has made child-friendly formulations available to deserving countries since
2008, [33] but huge programmatic barriers continue to limit the availability and use of these drugs
in many areas.

It is essential to consider the cerebrospinal fluid (CSF) penetration of drugs used in the treatment
of TB meningitis or disseminated (miliary) disease. INH and PZA penetrate the CSF well [34].
RMP and streptomycin (SM) penetrate the CSF poorly, but may achieve therapeutic levels in the
presence of meningeal inflammation [34]. In addition, the value of SM is limited by intramuscular
administration. EMB hardly penetrates the CSF, even in the presence of meningeal inflammation,
[32] but ethionamide shows good CSF penetration and has been used successfully as a fourth drug
in short-course treatment of TB meningitis [35, 36]. Although there are no randomized clinical tri-
als, several reports have illustrated the efficacy of short-course high-dose regimens in the treatment
of TB meningitis [36, 37].

3.1 Drug Dosing

Previous drug dosing recommendations for children were derived from adult studies without taking
into consideration the major age-related differences that exist in drug distribution, metabolism and
excretion. For example, the serum level achieved using a similar mg/kg dose of INH is significantly
lower in children than in adults [38]. Several recent studies have documented sub-optimal serum con-
centrations in children receiving standard mg/kg body weight dosages of INH, RMP, PZA and EMB
[39-41]. Revised recommendations for first-line agents, which take account of the physiological and
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anatomical differences between adults and children, have recently been adopted by WHO [42]. The
new dosage recommendations are included in Table 1. Regular weight-based dose adjustment is
important, particularly in young and/or malnourished children during the intensive phase of treatment,
when weight gain may be pronounced and rapid.

3.2 Adverse Events

Adverse events are less common in children than in adults. Hepatotoxicity is the most common
severe adverse event and can be caused by the first-line agents, INH, RMP and PZA, and less com-
monly by the second-line agents such as ETH and para-aminosalisylic acid (PAS). Some elevation
of liver enzymes (less than 5 times upper limit of normal values) is not unusual, but liver tenderness
or jaundice are regarded as contraindications for the continuation of hepatotoxic drugs. Hepatic
toxicity usually manifests within the first 2—4 weeks of therapy, but may occur at any time during
the treatment period [43]. In many cases the TB drugs are not the cause of liver function derange-
ment and children should be screened for other causes of hepatitis, such as hepatitis A, while con-
tinuing with non-hepatotoxic drugs in the interim. Hepatotoxic drugs (INH, RMP, PZA) should only
be reintroduced after liver functions have normalized (less than 2x upper limit of normal). Since
PZA is regarded as the most hepatotoxic agent its re-introduction is controversial. If 2 months of
PZA has not been completed and it is not re-introduced, then it would be prudent to continue treat-
ment with INH, RMP and EMB for a total duration of 9 months. If rechallenge of INH and RMP is
unsuccessful, which it rarely is, then 9-12 months of treatment should be completed using liver
friendly drugs that include a fluoroquinolone such as ofloxacin or levofloxacin.

INH-associated peripheral neuropathy is uncommon in children, but pyridoxine supplementation
should be considered especially in HIV-infected children who have persistently low pyridoxine
levels on TB treatment [44]. A recent comprehensive review of optic neuritis related to EMB sug-
gests that optic neuritis is very unusual at the newly recommended dosage of 15-25 mg/kg/day; [41]
its use is warranted in children with hepatotoxicity, cavitary or extensive pulmonary disease, severe
extra-thoracic disease or resistance to other first-line agents. Ethionamide frequently causes vomit-
ing, but this can usually be overcome by incrementally increasing the dose during the first 1-2 weeks
of therapy and dividing the daily dose if required.

3.3 HIV-Infected Children

TB treatment recommendations are similar for HIV-infected and -uninfected children [11]. However,
since severely immune compromised children are at increased risk of TB relapse, [45] consideration
may be given to prolonging the treatment duration from 6 months to 9 months. Additional issues to
consider include: higher incidence of co-infections with other pathogens, poor drug absorption and/
or poor treatment adherence due to chronic illness, high pill burden and parental illness/death [46].
TB is frequently the presenting disease in children with previously undiagnosed HIV infection.
The Centers for Diseases Control and Prevention (CDC) has established guidelines for initiation and
monitoring of ART in adults presenting with TB or initiating TB treatment in those already on ART.
These guidelines are regularly revised; the CDC website has the latest recommendations [47]. No
paediatric guidelines are provided but issues related to timing of initiation, drug-drug interactions,
overlapping adverse events and adherence concerns are similar. According to the most recent WHO
guidance, lifelong highly active ART (HAART) should be initiated within the first 2—-8 weeks of TB
therapy in all HIV-infected individuals, including children [48]. Significant drug interactions occur
between the rifamycins (especially RMP), and the protease inhibitors. RMP is considered to be
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compatible with all nucleoside reverse transcriptase inhibitors (NRTI). However, the use of a triple
NRTI regimen is not advised due to reduced efficacy and current recommendations are to combine
a double NRTI backbone with efavirenz. In the absence of dosage recommendations for efavirenz
in children less than 10 kg or 3 years of age, nevirapine at the upper limit of suggested dosages for
weight or surface area performs well and may be used [48]. An alternative is to use superboosted
lopinavir/ritonavir (additional ritonavir added to equal the lopinavir dose); [49] this is complicated
by the short shelf life and poor taste of ritonavir syrup.

Trimethoprim-sulphamethoxazole prophylaxis reduces the risk of Pneumocystis jiroveci (PJP)
pneumonia, invasive bacterial infections and malaria and is associated with significant survival
benefit in HIV-infected adults and children [50]. TB treatment is unaffected by concomitant
trimethoprim-sulphamethoxazole prophylaxis, which should be provided to all HIV-infected infants
and older children with severe immune suppression [51]. Transient worsening of symptoms signs
due to immune reconstitution inflammatory syndrome (IRIS) have been reported after ART initia-
tion, manifesting either as “unmasking IRIS”, where previous subclinical disease suddenly becomes
evident, or as “paradoxical IRIS” where symptomatic deterioration occurs despite adequate treat-
ment [52]. This temporary exacerbation does not indicate treatment failure and subsides spontane-
ously, although severe cases may require treatment with corticosteroids. IRIS due to M. bovis BCG
has been recognized as the most common IRIS manifestation in young infants initiated on ART
[53], with TB and other mycobacteria being more prevalent in older children [54].

4 TB Retreatment

TB treatment rarely fails in children. The most likely cause for treatment failure in settings where
the prevalence of drug resistance is low is non-adherence. Following treatment interruption most
children may be restarted on the original treatment regimen under close supervision, since the risk
of developing drug resistance is small if they have paucibacillary disease. If a child presents with a
new episode of TB more than 6 months after treatment completion, then it most likely represents a
re-infection event and standard first-line treatment is appropriate. There is no indication in children
to use the adult re-treatment regimen, which effectively adds a single drug (intramuscular strepto-
mycin) to a “failing regimen”. With genuine treatment failure (absence of clinical response to adher-
ent treatment) it is important to critically review the TB diagnosis, take a comprehensive history of
potential exposure to a drug-resistant source case (this should be done whenever a TB diagnosis is
considered), re-culture and perform drug susceptibility testing, and also consider poor bioavailability
of drugs and/or potential additional diagnoses.

5 Drug Resistant TB

It is evident that current control efforts are not containing the spread of the drug-resistant epidemic
and that treatment efforts are inadequate; of an estimated 500,000 cases of MDR TB that occurred
during 2008, only 30,000 (11%) were diagnosed and only 6,000 (1.2%) had access to Green Light
Committee approved treatment [2]. Without greatly increased resources and committed action that
includes enhanced infection control, early diagnosis and optimal management, the emergence of
drug-resistant TB will continue to threaten the very fabric of TB control efforts.

Children with paucibacillary TB are unlikely to acquire drug resistance and contribute little to
the creation and/or transmission of drug-resistant strains. However, since paediatric cases represent
ongoing transmission, children are frequently affected in areas where drug resistance is common
and transmission poorly controlled. As such, they present a valuable epidemiological perspective.
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Children with drug-resistant TB provide an accurate estimation of transmitted (primary) drug resis-
tance within communities [55]. Prospective surveillance data from Cape Town, collected over three
time periods, suggest an upward trend of drug-resistant TB among children, [56] with an overrep-
resentation of specific genotypes such as Beijing and Haarlem [57].

5.1 Mono-Resistance

Resistance to INH is usually the first step to the development of MDR-TB. Evidence suggests that
Regimen one (INH, RMP, PZA, EMB) should be sufficient to effect cure in most patients with INH
mono-resistant TB, [58] although the risk of acquiring MDR-TB is increased in patients with high
bacillary loads. In children we advise the addition of EMB (for the full treatment duration) and to
consider continuing treatment for 8-9 months depending on the severity of involvement. Since
minimum inhibitory concentrations (MICs) are not routinely done or reported to the clinician, it is
rarely appreciated that INH resistance may be of a low or intermediate level [59]. The presence of
an inhA mutation usually confers low level INH resistance with concomitant ethionamide resis-
tance, while a karG mutation usually confers high level INH resistance without ethionamide resis-
tance. [60]. The frequency with which low or intermediate level INH resistance occurs, probably
explains the observation that MDR patients had better outcomes with the addition of high-dose INH
to their regimen [61]. With genetic testing the presence of an inhA mutation can be used as an indi-
cator that continuation of high-dose INH should be considered, despite reported INH resistance, and
that ethionamide will probably not be effective [60]. In contrast, the presence of a katG mutation
indicates that high-dose INH has no added value, but ethionamide is likely to be active. In the
absence of genetic testing and/or MIC testing a combination of high-dose INH and ethionamide is
frequently advised. Preventive treatment for high-risk contacts of infectious INH mono-resistant
cases would be RMP mono-therapy for 4 months, which represents another strategy with improved
adherence and reduced hepatotoxicity compared to INH for 9 months [62].

5.2 Multidrug Resistance (MDR)

MDR-TB implies resistance to the most potent drugs in the first-line regimen, INH and RMP, with/
without resistance to other TB drugs. The principles guiding disease management remain unchanged.
High-risk children in contact with MDR-TB should be considered for preventive therapy, while
accurate disease classification and drug susceptibility test (DST) results, either of the presumed
source case or the child’s own isolates, should guide therapy. Second-line drugs are generally more
toxic, but with correct dosing, few serious adverse events have been reported in children. Hearing
loss is a major concern with prolonged use of injectable agents such as kanamycin or amikacin and
careful monitoring for adverse events such as depression and/or hypothyroidism is indicated.

A rational guide for preventive therapy in high-risk MDR contacts would be to use at least two
drugs to which the organism is susceptible, for at least 6 months [63]. Once MDR-TB has been
identified it is essential to perform second-line DST to optimize treatment and prevent multiplica-
tion of resistance. The evidence base for the treatment of MDR TB is limited, but basic principles
of treatment would include the following: (1) collect specimens for culture and DST prior to treat-
ment initiation (don’t delay treatment initiation with TB meningitis, but requisite specimens should
still be collected), (2) treat the child according to the DST result of the likely source case, if an
isolate from the child is not available, (3) give three or more drugs to which the isolate is susceptible
and/or naive depending on the severity of disease (never add one drug to a failing regimen; use a
minimum of four drugs if the child has extensive or cavitary disease), (4) use only daily directly



180 B.J. Marais

observed therapy (DOT), (4) schedule regular follow-up visits to monitor progress (including cul-
ture conversion) and adverse events and (5) treatment should continue for at least 12 months after
the first negative culture, but 18 months after first negative culture in cavitary, extensive pulmonary
or disseminated disease [64]. Optimal treatment should be discussed with an expert in the field,
while parents and children require regular counseling and support to complete treatment.

5.3 Extensive Drug Resistance (XDR)

Extensive drug resistant (XDR) can be defined as MDR-TB with additional resistance to the fluo-
roquinolones and a second-line injectable agent such as kanamycin, amikacin or capreomycin.
Currently, preventive therapy for XDR-TB contacts is not advised, but in the light of possible low
or intermediate-level INH resistance, high-dose INH (15-20 mg/kg) may provide some protection
to high-risk contacts. Treatment options for these patients are limited. In our experience, the addi-
tion of newer and alternative drugs such as linezolid should be considered and good outcomes are
possible [65]. Novel drugs and new treatment options are urgently required to help individual
patients and turn the tide against drug-resistant TB.

6 New TB Treatment Options

Major problems associated with current TB regimens include: (1) the long duration of treatment that
complicates administration, increases cost and reduces adherence, (2) increasing rates of resistance
to standard first-line drugs with amplification of drug resistance in the absence of adequate therapy,
(3) general low potency and increased toxicity of second-line drugs, (4) high frequency of resistance
to second-line drugs, especially the fluoroquinolones that are frequently misused and represent the
most potent second-line agents available, and (5) pronounced drug-drug interactions especially with
RMP-based regimens and ART. Large-scale financial investment is required to expand the pre-
clinical pipeline and advance new products to human clinical trials.

Multiple new drugs were discovered during the 1940s, 1950s and 1960s, together with the devel-
opment of creative study designs to test drug efficacy and identify optimal treatment regimens
(Tables 2 and 3). Following this fruitful period, the discovery of novel compounds and devel-
opment new regimens came to a near standstill, apart from minor refinement of existing regimens,
development of fixed dose combination tablets and increased availability of quality-assured drugs.
Within the last decade there has been a renewed focus on drug discovery by identifying promising
new drug targets and systematic screening of existing compound libraries. Given the high attrition
rate during pre-clinical development and the need to test multiple new compounds in different regi-
mens combinations, the need to grow the pre-clinical pipeline becomes self evident. Experimental
TB drugs that are in the discovery, pre-clinical or clinical phases of the development pipeline have
been extensively reviewed [64, 66]. Table 3 summarizes novel TB drugs in clinical trials.

Children are usually excluded from drug trials due to perceived risk and limited financial gain.
In fact most drugs used in paediatrics are not licensed for use in children and/or only become avail-
able for paediatric use long after initial registration. Difficulties in diagnosis and the monitoring of
treatment response complicate children’s inclusion in TB efficacy trials, but is this truly necessary?
It seems reasonable to extrapolate efficacy data from adult studies since the disease causing organ-
ism is identical; in addition children tend to develop paucibacillary forms of disease compared to
adults and demonstrate excellent treatment response with current drugs, even at the suboptimal dos-
ages used previously. However, the existence of unique age-related pharmacokinetic and toxicity
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Table 3 Novel TB drugs in clinical trials (those in discovery and preclinical phases are not included). Adapted
from ref.[65] — with permission

Novel drug

Mode & mechanism of action

Summary of progress to date

Phase 3
Moxi & Gatifloxacin
Newer fluoroquinolones

Phase 2

T™C 207
Diarrylquinoline
Tibotec Pharma Ltd.

Nitroimidazoles
PA-824
Nitroimidazo-oxazine
Chirion Corp. & TB Alliance
OPC-67683
Dihydroimidazo-

oxazole
Otsuka Pharma Ltd.

Rifapentine
Newer rifamycin

Phase 1

$0109
Ethylenediamine
Sequella

Linezolid & PNU-100480
Oxazolidinones
Pfizer

Bactericidal

Inhibition of DNA gyrase;
essential for DNA replication,
transcription and repair

Bactericidal, potentially
sterilizing

ATP depletion, imbalance
in pH homeostasis

Bactericidal, potentially sterilizing

Inhibition of cell wall (mycolic acid)
synthesis

Generate reactive nitrogen species
during anaerobic metabolism
(bioreduction)

Bactericidal, potentially sterilizing

Inhibition of cell wall (mycolic acid)
synthesis

Bactericidal and sterilizing

Inhibition of RNA synthesis,
extended half life

Potentially bactericidal

Precise mechanism of action
unknown, but affects cell wall
synthesis

Partial ethambutol analogue,
BUT effective against resistant
strains

Potentially bactericidal

Inhibition of protein synthesis

EBA comparable to rifampicin

Randomized controlled trials ongoing to
assess safety and efficacy of 4-month
regimens where either moxi- or
gatifloxacin replaces ethambutol or
isoniazid during 2-month intensive
phase

Poor early bactericidal activity (EBA),
but potent late bactericidal activity

Oral doses up to 400 mg/day well
tolerated

Additional dose escalation considered

Randomized controlled trials ongoing in
treatment of MDR patients; addition
of TMC207 to background MDR-TB
treatment increased sputum culture
conversion rates at 2 months (48%
vs 9%)

EBA consistent over a wide dosing range

Randomized controlled trials ongoing in
treatment of MDR patients

Publication of EBA data awaited

Randomized controlled trials ongoing in
treatment of MDR patients

EBA comparable to rifampicin

Several trials planned and ongoing to
assess safety and efficacy; eg. using
a 3-month regimen of rifapentine,
moxifloxacin and PZA as daily or 3x/
week therapy

Currently being evaluated in a phase 1
trial
EBA data awaited

Currently being evaluated in a phase 1
trial
EBA data awaited

EBA early bactericidal activity, MDR multidrug-resistant, PZA pyrazinamide
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profiles, justifies the development of child-friendly formulations and inclusion of children in safety
and dose ranging studies as soon as initial safety and efficacy trials have been concluded [67].

In conclusion, improved treatment access is of crucial importance to reduce the morbidity and
mortality associated with childhood TB. While eagerly awaiting the development of more feasible
diagnostic approaches and improved treatment regimens (both preventive and curative), much can
be achieved using pragmatic approaches and available drugs.
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Bacterial Meningitis in Childhood

Manish Sadarangani and Andrew J. Pollard

1 Introduction

Meningitis describes inflammation of the meninges, although the arachnoid and pia mater are also usu-
ally inflamed, i.e. leptomeningitis. A wide variety of pathogens cause childhood meningitis and clinical
features and outcomes vary according to the organism [1, 2]. Bacterial meningitis caused by Neisseria
meningitidis, Streptococcus pneumoniae and Haemophilus influenzae type b (Hib) is of particular impor-
tance as it has a high mortality and morbidity [1], has been relatively common [3-5] and is treatable with
antibiotics. In the last two decades widespread introduction of highly effective conjugate vaccines against
these pathogens in many industrialised countries has led to a significant reduction in the incidence
of bacterial meningitis [3, 5, 6], although it remains a major public health problem globally [7-9].

2 Causative Organisms

The predominant bacteria responsible for meningitis vary depending on age. In children over
3 months old, N. meningitidis, S. pneumoniae and Hib are the most common pathogens isolated [1].
In neonates (under 1 month of age), Group B Streptococcus (GBS) predominates, being responsible
for 45% of cases. Other common organisms are Escherichia coli (20%), other Gram negative
organisms (10%), S. pneumoniae (6%) and Listeria monocytogenes (5%) [10]. In children aged
between 1 and 3 months, any of these pathogens can cause meningitis.

3 Epidemiology and Vaccines

3.1 Neisseria meningitidis

Invasive meningococcal disease is endemic globally and most cases are caused by 5 of the 13
meningococcal serogroups: A, B, C, Y and W135. The majority of disease in Europe, South and
Central America and Australasia is caused by serogroup B and C organisms [3, 11, 12]. In North
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America, bacteria from serogroups B, C and Y cause an approximately equal amount of disease
[13]. Epidemics in Africa, which can reach an incidence of 1,000 per 100,000, are usually associ-
ated with serogroup A [14], and more recently serogroups W-135 and X [15, 16]. The peak
incidence of meningococcal disease occurs in children aged 6 months to 2 years, with a second
smaller peak at 15-19 years. The incidence of meningococcal disease across Europe is 2—-89 per
100,000 per year in children under 1 year and 1-27 per 100,000 per year in 1-4 year olds, with high
rates in the UK and Ireland; 60-90% have meningitis, with or without septicaemia [3].

There are now polysaccharide conjugate vaccines available for four of the five major serogroups
of N. meningitidis: A, C, Y and W135. The serogroup C conjugate vaccine was introduced in the
UK from 1999, and subsequently across Europe. This resulted in a tenfold drop in the incidence of
serogroup C disease [3]. In addition to direct protection, there was a significant effect of herd immu-
nity observed with this vaccine [17]. Serogroup B organisms now cause the majority of disease in
these countries, including 85-90% of UK cases. Since serogroup Y organisms account for a
substantial proportion of cases in North America, an ACYW-135 conjugate vaccine was introduced
in the USA for adolescents in 2005. Early data suggest that the overall vaccine effectiveness is 75%
(95% CI 17-93%) in healthy adolescents [18]. The serogroup B polysaccharide capsule is not
immunogenic in humans, and a number of protein-based vaccines against serogroup B disease are
in development. Two of these vaccines are currently undergoing phase II and III clinical trials, and
a serogroup B vaccine may be available in the near future [19].

3.2 Streptococcus pneumoniae

In the year 2000, there were over 100,000 cases of pneumococcal meningitis worldwide, with a
peak incidence in children under 2 years of age [9]. Incidence rates were highest in Africa at 38
cases per 100,000 per year, and lowest in Europe at six cases per 100,000 per year in children under
5 years of age. These data were gathered prior to widespread use of the 7-valent pneumococcal
conjugate vaccine (PCV7).

PCV7 contains polysaccharides from serotypes 4, 6B, 9V, 14, 18 C, 19F, and 23F and was
introduced into the routine USA immunisation schedule in 2000, and became routine in the UK in
September 2006. Five years after introduction of PCV7 into the USA, in children under 2 years of
age, the incidence of pneumococcal meningitis decreased by 64% overall, from 10 per 100,000 per
year to 3.7 per 100,000 per year [6]. Furthermore, there was a decrease in PCV7-serotype meningitis
of 93%. In 2005, the incidence of PCV7-serotype meningitis was 0.6 per 100,000 per year and of
non PCV7-serotype meningitis was 2.9 per 100,000 per year. A change of predominant serotypes
was also observed — serotypes 14 and 23F were the most common prior to widespread use of PCV7,
and 19A and 22F afterwards. Two years after introduction of PCV7 for vaccination of ‘high risk’
children in France there was a 39% reduction in the incidence of pneumococcal meningitis in all
children under 2 years of age [20]. New conjugate vaccines containing 10 (PCV10) or 13 (PCV13)
polysaccharides have now been introduced into routine immunisation schedules in many countries
around the world. PCV13 replaced PCV7 in the UK schedule in April 2010, leading to the possibility
of further decreases in the incidence of pneumococcal disease in the near future.

3.3 Haemopbhilus influenzae type b

Most Hib disease occurs in children below 5 years of age. In the year 2000, there were approximately
173,000 cases of Hib meningitis worldwide, with the highest incidence in Africa (46 per 100,000
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per year) and the lowest in Europe (16 per 100,000 per year) [7]. Before use of Hib conjugate
vaccines, however, the incidence of invasive Hib disease in Europe was 12—54 per 100,000 per year
in children less than 5 years, and approximately 60% of these had meningitis [5].

Most European countries implemented routine Hib conjugate vaccination between 1992 and 1996,
leading to greater than 90% reduction of disease in all countries [5]. From 1999 there was a resur-
gence in the number of cases in the UK, predominantly in children aged 1-4 years. This may have
been due to a waning effect of the initial catch-up campaign, interference with the co-administered
acellular pertussis vaccine or serogroup C meningococcal vaccine conjugated to CRM197, or a con-
sequence of the fact that no booster dose was in routine use at the time. In 2003 a further catch-up
campaign occurred and a routine booster dose was introduced into the immunisation schedule in
2006, resulting in a decrease in disease.

3.4 Neonatal Bacterial Meningitis

The incidence of bacterial meningitis has been stable at 0.2—1 per 1,000 live births in developed
countries since the 1980s [10]. Up to 30% of neonates with sepsis have associated bacterial menin-
gitis [21], highlighting the importance of assessment for possible meningitis during evaluation of a
septic neonate.

4 Predisposing Factors

There are a number of factors which increase a child’s risk for acquiring bacterial meningitis, and
it is important for these to be considered during the clinical assessment of possible cases. Some of
these are risk factors for all pathogens, whereas others only increase the likelihood of infection with
certain organisms. Predisposing factors include:

* Young age;

e Male gender;

e  Malnutrition or chronic illness;

* Exposure to tobacco smoke (N. meningitidis);

* Recent head trauma, neurosurgery or presence of a ventriculo-peritoneal shunt;
e Presence of a cochlear implant (S. pneumoniae)

e Local anatomical defects;

e Close contact with:

— A colonised carrier (N. meningitidis, S. pneumoniae, Hib);

An individual with disease (N. meningitidis, Hib, rarely S. pneumoniae);
Certain animals (e.g. reptiles — Salmonella, domestic animals — Listeria);
— Consumption of unpasteurised dairy products in pregnancy (Listeria);

e Lack of immunisation (Hib, S. pneumoniae, N. meningitidis);
* Congenital or acquired immunosuppression:

— Deficiencies in terminal complement components (N. meningitidis);
— Hyposplenism, e.g. post-splenectomy, congenital asplenia (S. pneumoniae, Hib);
— HIV infection (S. pneumoniae);

» Sickle cell disease (S. pneumoniae, Hib, Salmonella);
e Malignant neoplasia.



188 M. Sadarangani and A.J. Pollard

5 Clinical Presentation

The clinical manifestations of bacterial meningitis vary with age (Table 1) [22]. The classical
symptoms and signs present in older children are rarely present in infants and young children.
A number of studies, which have been mostly retrospective, have described the clinical features of
children with bacterial meningitis [23-36].

In children over 2 years, the illness usually begins with fever, nausea and vomiting, photophobia,
and severe headache. Occasionally the first sign is a seizure, which can also occur later. Irritability,
delirium, and altered level of consciousness develop as CNS inflammation progresses. The most
specific signs are neck stiffness, Kernig’s sign (the inability to fully extend the knee while the hip
is flexed due to contraction of the hamstring muscles and pain) and Brudzinski’s sign (automatic
flexion of the hips and knees after passive neck flexion), but these are often absent in children and
especially infants. In addition, focal neurological abnormalities may occur, and in the absence of
seizures they indicate cortical necrosis, occlusive vasculitis or cortical venous thrombosis. In infants
and young children under 2 years of age, fever and irritability are the most common characteristics.
Other symptoms are non-specific, and can include hypothermia, poor feeding, vomiting, lethargy,
jaundice, respiratory distress or apnoea, and seizures. A bulging fontanelle is often present.

Some of the organisms causing meningitis can also cause other clinical manifestations. N. men-
ingitidis causes septicaemia, which may co-exist with meningitis. Meningococcal septicaemia can
cause leg pain and cold extremities early in the illness [37]. A petechial or purpuric rash is usually
present in septicaemia, although the rash may be blanching, and can also be present with Hib or
pneumococcal disease. As the disease progresses, septicaemic shock occurs. Joint involvement is
suggestive of infection with N. meningitidis or Hib, and a chronically draining ear or history of head
trauma is more likely to be associated with pneumococcal meningitis.

Table 1 Clinical features of
bacterial meningitis in all
children, and in those under
2 years of age [22]

Feature All children (%) Children <2 years (%)

Non-specific features

Fever 66-97 69-96
Nausea and/or vomiting 18-70 31-60
Lethargy 13-87 28-54
Irritability or unsettled 21-79 >50
Refusing food and drink 26-76

Muscle ache and joint pain 23

Respiratory difficulties 13-49 29-38
Specific features

Headache 3-59

Photophobia 5-16 7
Stiff neck 13-74 13-56
Kernig’s sign 10-53 10-36
Brudzinski’s sign 11-66 11-68
Back rigidity

Bulging fontanelle 13-45 41-45
Seizures 14-38 22-55
Focal neurological deficit 6-47

Toxic/moribund state 3-49

Reduced conscious level 60-87

Coma 4-18 3-6
Shock 8-16

Rash 9-62
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It is not possible to reliably distinguish bacterial and viral meningitis on clinical features alone.
Children with bacterial meningitis, however, are more likely to have non-specific features and many
have neck stiffness or an altered conscious level, and children with viral meningitis are less likely
to have shock, an altered conscious level or seizures.

6 Differential Diagnosis

The main differential diagnosis for bacterial meningitis is other infectious causes of menin-
gitis. Viruses are the commonest cause of meningitis overall in developed countries, most
frequently enteroviruses. Other viral causes include mumps, herpes simplex virus (HSV),
cytomegalovirus (CMV), Epstein Barr virus (EBV), varicella zoster virus (VZV), adenovi-
ruses, HIV, measles, rubella, influenza, parainfluenza, and rotavirus. Other infectious causes
of aseptic meningitis are:

 Partially-treated bacterial meningitis;

* Non-pyogenic bacteria, e.g. Mycobacteria, Leptospira, Treponema pallidum, Borrelia, Nocardia,
Bartonella, and Brucella;

* Atypical organisms, e.g. Chlamydia, Rickettsia, and Mycoplasma;

* Fungi, e.g. Candida, Cryptococcus, Histoplasma, and Coccidioides;

e Protozoa and helminths, e.g. roundworms, tapeworms, flukes, amoebae, and Toxoplasma.

The differential diagnosis also includes other CNS infections, such as encephalitis and intra-
cranial abscesses (cerebral, subdural or epidural), as well as generalised sepsis from another
focus. Non-infectious causes that should be considered are leukaemia and solid CNS tumours,
connective tissue disorders (e.g. systemic lupus erythematosus, Behget’s disease), Kawasaki dis-
ease, sarcoidosis, and drugs and toxins, including intravenous immunoglobulin and heavy metal
poisoning.

7 Investigations

A lumbar puncture (LP) is required to obtain a definitive diagnosis of bacterial meningitis, including
identification of the organism. Additional investigations can be helpful to support the diagnosis of
bacterial infection, and to indicate severity of disease.

7.1 Lumbar Puncture

Cerebrospinal fluid (CSF) should ideally be obtained prior to commencing treatment, but initiation
of anti-microbial therapy should never be delayed if an immediate LP cannot be performed. CSF
analysis by microscopy, Gram stain, culture and polymerase chain reaction (PCR) is the definitive
method of diagnosis, and biochemistry analysis for protein and glucose (with a plasma glucose)
should also be undertaken (Table 2).

An LP should be performed in any child in whom meningitis is suspected and any drowsy or ill
infant, in the absence of any of the following contra-indications [22]:

e Signs of raised intra-cranial pressure:

— Reduced conscious level (Glasgow Coma Score <9, or a drop of 3 or more);
— Relative bradycardia and hypertension;
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— Abnormal posture;

— Unequal, dilated or poorly responsive pupils;

— Papilloedema (an uncommon finding in acute meningitis and its presence should prompt
consideration of venous sinus occlusion, subdural empyema or brain abscess);

— Abnormal ‘doll’s eye’ movements;

* Abnormal focal neurological signs;

¢ Shock;

» Extensive or spreading purpura;

e After convulsions, until stabilised;

* Abnormal clotting studies (if available) or concurrent anticoagulant therapy;
 Severe thrombocytopenia (platelet count <100x 10°/1);

* Localised infection at the site of LP.

If contra-indications are present, LP should be delayed and performed when contra-
indications are no longer applicable. Once CSF has been obtained it should be examined as
soon as possible because white blood cells (WBCs) start to degrade after approximately
90 min [38]. Initial Gram staining of CSF reveals an organism in 68—-80% of bacterial men-
ingitis cases [39]. It is rare for CSF microscopy to be normal and a pathogen identified later,
although this occurs most often in meningococcal meningitis (up to 8%) and in neonates. If
CSF variables are normal and the child is seriously unwell, it is important to consider alter-
native diagnoses. CSF cultures become negative rapidly following the administration of
antibiotics to a child with suspected meningitis. CSF cultures are negative 2 h after parenteral
antibiotics are given in meningococcal meningitis, after 6 h in pneumococcal meningitis and
after 8 h in neonatal GBS meningitis [39]. A delayed LP can still provide useful information,
however, since CSF cellular and biochemical changes remain for up to 44—68 h after the start
of treatment [40].

Table 2 CSF white blood cell (WBC) count, protein and glucose values in normal children and changes that
occur with meningitis (Adapted from [38, 56-58])

Macroscopic CSF WBC CSF neutrophil ~ CSF protein  CSF glucose (% of
appearance count (per ul)*  count (per pl)*  (g/1) plasma glucose)

Normal CSF

Neonate clear and colourless  0-20° 04 20-130 >60

>1 month 0-5¢ 0 0-40 60-70

Children with meningitis

Bacterial meningitis  turbid or purulent 11 1M " 1

Viral meningitis usually clear 1e N/1e N/t /N

TB meningitis yellow or cloudy e N/ttt " l

Fungal meningitis usually clear 1t N/ttt " l

*In the case of a traumatic LP, one WBC per 500 red blood cells can be subtracted from the total CSF WBC count
®WBCs in neonatal CSF is predominantly lymphocytes, although neutrophils may be present

¢QOutside the neonatal period all CSF WBCs should be lymphocytes and the presence of any neutrophils is abnormal
4CSF WBCs in bacterial meningitis are usually mostly neutrophils, although lymphocytes can be predominant in
early disease

¢CSF WBCs in viral meningitis are usually mostly lymphocytes, although neutrophils can be predominant

fIn TB or fungal meningitis, the majority of CSF WBCs are lymphocytes
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7.2 Cranial Computed Tomography (CT) and Magnetic Resonance
Imaging (MRI)

The main indication for cranial imaging is when the diagnosis is uncertain or to detect other
possible intracranial pathology. The use of anti-microbial therapy should not be delayed while
imaging is awaited. Importantly, a normal CT scan does not mean it is safe to do an LP — this
decision should be based on clinical assessment. However, if a scan shows evidence of raised
intra-cranial pressure an LP should not be performed. If a CT scan is required, it should be under-
taken urgently after stabilisation of the child. While CT is widely available and very useful for rapid
assessment of hydrocephalus, mass lesions, haemorrhage or cerebral oedema, MRI will detect more
subtle findings. It should be noted that non-contrast CT or MRI can be normal in early cases of
meningitis. CT in cerebral oedema may show slit-like lateral ventricles, areas of low attenuation,
and absence of basilar and suprachiasmatic cisterns [41].

7.3 Other Investigations

All children with suspected meningitis should have a blood culture (which is positive in 80-90% of
antibiotic-naive children), blood taken for PCR (see below), and full blood count (FBC), C-reactive
protein (CRP), clotting, urea and electrolytes, and glucose [41]. Bacterial meningitis is likely in
those with abnormal CSF parameters who have a significantly raised WBC count and/or CRP.
A normal CRP and WBC count, however, do not rule out bacterial meningitis. If bacterial menin-
gitis is suspected clinically and an LP has not been performed, children should be managed as such
regardless of blood results.

7.4 Molecular Techniques

It is increasingly common in developed countries that children are treated with parenteral antibiotics
prior to their arrival at hospital. Molecular techniques are therefore becoming an important adjunct
to blood and CSF culture to identify an aetiological agent in cases of meningitis. PCR for N. men-
ingitidis, S. pneumoniae and Hib using CSF or for N. meningitidis and S. pneumoniae using blood
can be obtained in the UK from the meningococcal reference laboratory in Manchester. For
N. meningitidis, PCR from blood has a sensitivity of 87% and specificity of 100%, whereas for
S. pneumoniae, PCR is sensitive and specific on CSF, but false positive results may be obtained
from blood due to the high nasopharyngeal carriage rate in young children [41]. Rapid antigen latex
agglutination tests on CSF or blood (which can be used to detect N. meningitidis, S. pneumoniae,
H. influenzae, E. coli or GBS) can be done locally and rapidly, but the lack of sensitivity (and
specificity) limits their clinical use.

8 Clinical Decision Rules

It has been estimated that over 90% of children presenting with meningitis in the highly immunised
populations of developed countries will have aseptic meningitis [42—-44], so clinical decision rules
have been developed since the introduction of the Hib conjugate vaccine to distinguish bacterial
from aseptic meningitis, to reduce antibiotic and corticosteroid use and hospitalisation rates. The
‘Bacterial Meningitis Score’ is the only rule which has been sufficiently validated in a large number
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of children, and classifies patients with CSF pleocytosis (WBC count >10 per mm?) as very low risk
of bacterial meningitis if they fulfil the following criteria: negative CSF Gram stain; CSF neutrophil
count <1,000 per mm?; CSF protein <80 mg/dl; blood neutrophil count <10 x 10%1; no seizure prior
to presentation [45]. Importantly, this score cannot be used to identify those who do have bacterial
meningitis. In a Hib immunised population, this score had a negative predictive value of 100%
(95% CI 97-100%) prior to routine use of PCV7, and 99.9% (95% CI 99.6-100%) when validated
after introduction of the vaccine [42, 45]. In this very large study only 1.3% of children with a CSF
WBC count <300 per mm? had bacterial meningitis, increasing to 10% and 28% for those with a
CSF WBC count >500 per mm? and > 1,000 per mm?, respectively.

It is likely that these studies underestimated the prevalence of bacterial meningitis in children
with CSF pleocytosis because they excluded 23% of eligible children, including those with critical
illness, purpura, immunosuppression, and previous antibiotic administration. Morever, no data are
available from countries where the meningococcal serogroup C conjugate vaccine is routinely used.
Clinical decision rules provide a potentially useful tool to identify the diminishing proportion of
children with meningitis who have a bacterial cause, but these tools need further validation before
they can be routinely implemented to determine treatment of children with suspected meningitis.

9 Management

Many children with meningitis, particularly those with meningococcal meningitis, will have co-
existing septicaemia and shock. Resuscitation following standard guidelines is therefore the priority
for initial management of these children, with the expectation that prompt and adequate fluid resus-
citation may be required. Any child with suspected meningitis should, therefore, be transferred to a
hospital immediately and be rapidly assessed for dehydration, shock and raised intracranial pres-
sure. Once initial resuscitation has commenced, appropriate antibiotics should be administered as
soon as possible, with corticosteroids if appropriate (see below).

9.1 Anti-microbial Therapy

In cases of suspected meningococcal disease (i.e. presence of a purpuric or petechial rash), antibi-
otic therapy with parenteral benzylpenicillin is often given before admission to hospital and is
recommended in the UK (Table 3) [22]. There is no reliable evidence to support or refute this
practice and the priority of transfer to hospital should remain [46]. In cases of suspected meningitis
where there is no rash (to indicate meningococcal disease) use of pre-hospital antibiotics is not

Table 3 Current UK guidelines for empirical and specific therapy in bacterial meningitis [22]

Age group Empirical therapy Specific therapy

Ceftriaxone
7 days for N. meningitidis
10 days for Hib

>3 months Ceftriaxone or Cefotaxime

+ Vancomycin 14 days for S. pneumoniae
>10 days for unconfirmed organism
<3 months Amoxicillin/Ampicillin GBS: >14 days Cefotaxime/Penicillin
+ Cefotaxime Gram negative organisms: 21 days Cefotaxime
(or Ceftriaxone or Meropenem) Listeria: 21 days Amoxicillin/Ampicillin with
Gentamicin for first 7 days
+ Vancomycin Unconfirmed: >14 days Amoxicillin/Ampicillin

plus Cefotaxime
Consider acyclovir
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recommended unless there is a delay in transfer to hospital. In hospital, antibiotic therapy for sus-
pected acute bacterial meningitis must be started immediately, before the results of CSF culture and
antibiotic sensitivity are available. At all ages antibiotics should be initiated if the CSF WBC count
is abnormal (Table 2). In neonates bacterial meningitis should still be considered if other clinical
features are present, irrespective of CSF WBC count.

Intravenous antibiotics are required to achieve adequate serum and CSF levels. The choice of empiri-
cal agent(s) should take into account local bacterial antibiotic sensitivity patterns. Once a pathogen has
been identified and antibiotic susceptibility results are available, specific therapy may need to be
adjusted. Current recommendations in the UK are provided below and summarised in Table 3 [22].

9.1.1 Empirical Therapy for Children Aged >3 Months

Monotherapy with a third generation cephalosporin (e.g. ceftriaxone or cefotaxime) is recom-
mended, with ceftriaxone sometimes preferred as it is once-daily dosing. These drugs have a broad
spectrum of activity against Gram-positive and Gram-negative organisms, are highly resistant to
B-lactamase activity, and penetrate the blood-brain barrier. In a meta-analysis of studies mostly
from the 1980s, there was no difference in outcome (i.e. death or deafness) following treatment with
third generation cephalosporins compared to conventional antibiotics (i.e. penicillin, ampicillin,
chloramphenicol and gentamicin). However, cephalosporins were more likely to have sterilised the
CSF at 1048 h following the onset of treatment, and were more likely to cause diarrhoea [47].

Neonatal deaths have been reported due to an interaction between ceftriaxone and calcium-
containing products [48], so ceftriaxone should not be administered simultaneously with
calcium-containing infusions in any age group. In this situation cefotaxime should be used. In the
USA, and a number of other countries, there is an increasing problem with penicillin-resistant
pneumococci. Overall 20-45% of S. pneumoniae strains worldwide are resistance to penicillin [1].
In regions where there is a high prevalence of resistance, or in children with recent prolonged or
multiple exposure to antibiotics, or those who have recently travelled to an area with a high rate of
pneumococcal resistance, vancomycin should be added.

9.1.2 Specific Therapy for Children Aged >3 Months

Specific therapy with ceftriaxone is recommended for convenience and cost-effectiveness [22]. The
overall cost of ceftriaxone, which includes costs of the drug, labour required and consumables for
administration, are less than either cefotaxime or benzylpenicillin, mainly due to the lower labour
costs associated with once-daily dosing. The difference in cost of these treatments is also dependent
on the weight of the child. Ceftriaxone is the cheapest treatment in all children under approximately
50 kg, and is most cost-effective in young children. The duration of antibiotic therapy depends upon
the infecting organism. There are no adequate studies of treatment duration, but 7 days is usually
considered sufficient for N. meningitidis, 10 days for Hib and 14 days for S. pneumoniae.
Unconfirmed, uncomplicated but clinically suspected bacterial meningitis should be treated with
ceftriaxone for at least 10 days depending on clinical features and course.

9.1.3 Empirical Therapy for Children Aged <3 Months

Cefotaxime is usually the treatment of choice, plus amoxicillin or ampicillin to cover Listeria. Some
centres use an aminoglycoside in addition to this regime. Ceftriaxone may be used instead of
cefotaxime, but should be avoided in infants who are jaundiced, hypoalbuminaemic, acidotic or
born prematurely as it may exacerbate hyperbilirubinaemia [1, 10]. Ceftriaxone should not be
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administered at the same time as calcium-containing infusions (see above). In addition, vancomycin
should be used for indications as above. In settings with high rates of community acquired extended
spectrum B-lactamase (ESBL) producing Gram-negative organisms, meropenem should be consid-
ered instead of cefotaxime.

9.1.4 Specific Therapy for Children <3 Months

There are no controlled clinical trials to guide duration of therapy in this age group. For GBS
meningitis, cefotaxime or penicillin should be continued for at least 14 days after initiation, but
treatment extended to at least 21 days in complicated cases. Data from in vitro studies suggest a
synergy between gentamicin and penicillins, although there are no clinical trials to support this [49].
In infections with Gram-negative organisms, treatment for 21 days is recommended with cefo-
taxime or an alternative antibiotic based on local resistance patterns and sensitivities of the specific
organism. If L. monocytogenes infection is confirmed, therapy is recommended for 21 days with
amoxicillin, adding gentamicin for at least the first 7 days. In cases of unconfirmed but clinically
suspected meningitis, cefotaxime plus amoxicillin/ampicillin should be administered for at least
14 days. If the course is complicated, extending the duration of treatment should be considered in
consultation with a specialist in paediatric infectious diseases. Repeat LP should be performed in
neonates after 48—72 h only if there is worsening or no improvement of clinical condition and/or
laboratory parameters. An LP at the end of treatment is unnecessary if the clinical response is
otherwise uneventful, since CSF findings at this stage are not useful to predict a relapse [50].

9.2 Corticosteroid Therapy

Corticosteroids reduce meningeal inflammation and modulate cytokine secretion to reduce
pro-inflammatory responses. In clinical trials corticosteroids reduced the rate of severe hearing loss
in bacterial meningitis from 11.0% to 6.6% [51]. The majority of children in these trials had
meningitis due to Hib and a CSF WBC count >1,000 per mm?, but there was also a trend for better
outcome in non-Haemophilus meningitis. In adults, steroids appears to reduce mortality in addition
to the improved hearing outcomes [51]. Data from studies conducted in low-income settings showed
no significant impact of steroids on hearing loss. This may be due to delay in presentation to the
hospital, differences in the causative organisms, or differences in the antibiotics used.

The use of corticosteroid therapy in bacterial meningitis remains controversial, however, principally
because of the lack of data relevant to the post-conjugate vaccine era. Most guidelines emphasise the
need to target steroid use to children who are most likely to have bacterial meningitis. The recently
published UK guidelines recommend that children over 3 months of age should receive corticoster-
oids if they have frankly purulent CSF, bacteria on CSF Gram stain, a CSF WBC count >1,000 per
mm?, or CSF pleocytosis and a CSF protein >100 mg/dl [22]. Corticosteroids should ideally be
administered before or with the first antibiotic dose, but they may be beneficial up to 12 h later [51].

9.3 Ongoing Fluid Management

Fluid therapy should be guided by clinical assessment of hydration status, signs of raised intra-cranial
pressure and shock and regular electrolyte measurements, since both over- and under-hydration are
associated with adverse outcomes. Over 50% of children have hyponatraemia at presentation
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attributed to increased concentrations of anti-diuretic hormone (ADH), and this is a marker of severe
disease. There are differing opinions as to whether ADH production is due to dehydration and is
therefore appropriate, or is part of the syndrome of inappropriate ADH secretion (SIADH). In gen-
eral, enteral fluids or feeds should be used where appropriate, and isotonic fluid when intravenous
therapy is required. After correction of dehydration, full maintenance fluid should be given to prevent
hypoglycaemia and maintain electrolyte balance. In settings with high mortality and where children
present late, full maintenance fluid therapy was associated with reduced spasticity, seizures, and
chronic severe neurological sequelae [52]. Where children present early and mortality rates are lower
there is insufficient evidence available, so fluid restriction should not be employed routinely. In
cases where there is evidence of raised intracranial pressure or circulatory failure, emergency man-
agement should be initiated and ongoing fluid management discussed with a paediatric intensivist.

9.4 Other Supportive Treatment

It is likely that some children with meningitis will require supportive treatment in addition to
antibiotics, corticosteroids and appropriate fluid therapy. It is important that any possible need for
management in an intensive care setting is considered early in the illness. Children should be
adequately oxygenated to prevent further brain injury, and hypoglycaemia should be actively sought
and treated. Children with seizures will require anti-convulsant therapy. If there is clinically-evident
raised intra-cranial pressure, or if there is a suggestion on a CT scan, then the appropriate manage-
ment of this is required. This may include elevation of the head of the bed to an angle of 30°, main-
tenance of normal pCO, through mechanical ventilation, and treatment with mannitol and furosemide.
Children with severe sepsis will require circulatory support with fluid replacement and inotropes.

10 Prevention of Secondary Cases

Both N. meningitidis and Hib are carried in the nasopharynx prior to causing invasive disease, so there
is a high risk of transmission from the index case to close contacts. Chemoprophylaxis and/or vac-
cination are therefore recommended for close contacts of cases when these organisms are suspected.
Chemoprophylaxis against meningococcal disease with rifampicin, ciprofloxacin or ceftriaxone
should be given as soon as possible and ideally within 24 h of diagnosis to household members who
have had prolonged close contact with the index case and those who have had transient close contact
with the index case if they have been directly exposed to large particles or respiratory droplets/secre-
tions (e.g. healthcare workers) [53]. Chemoprophylaxis against Hib disease is only indicated if the
index case is less than 10 years old or there is a vulnerable individual (defined as immunosuppressed,
asplenic or under 10 years of age) in the household [54]. In such cases rifampicin should be given to
the index case, and all household contacts if there is a vulnerable individual in the household. In cases
of Hib disease, Hib immunisation should additionally be given to the index case if under 10 years
of age and incompletely immunised or convalescent antibody levels <1 pg/ml or hyposplenic, as
well as all incompletely immunised children under 10 years of age in the same household.

11 Complications and Prognosis

Outcome depends on multiple factors, including age, time and clinical stability prior to treatment,
organism and host inflammatory response. Early complications are seizures and SIADH. Subdural
effusions occur in one-third of cases, and are often asymptomatic with spontaneous resolution.
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Table 4 Risk of sequelae from bacterial meningitis in adults and children globally [55]

Risk after
Sequelae S. pneumoniae (%) Hib (%) N. meningitidis (%)
Hearing loss 7.5 32 2.6
Motor deficit 5.8 2.2 1.0
Behavioural problems 4.6 2.1 0.6
Cognitive difficulties 4.2 1.1 1.6
Epilepsy 2.5 1.5 0.5
Visual disturbance 1.1 0.5 1.5
At least one sequelae 34.7 14.5 9.5
Multiple impairments 5.7 2.6 1.3

They may also manifest with enlargement of head circumference, vomiting, seizures, bulging
fontanelle, focal neurological signs or persistent fever. Other complications that can occur later during
acute disease are focal neurological abnormalities, hydrocephalus (more often in younger infants)
and brain abscesses, especially in newborns infected with Citrobacter diversus or Proteus.

Long-term complications occur in 10-30% overall (with higher rates in resource-poor countries),
and are summarised in Table 4 [1, 55]. The most common complication of bacterial meningitis
is sensorineural hearing loss, so all children should have hearing screening performed soon after
discharge from hospital. Other common complications are epilepsy, motor and cognitive impair-
ment, blindness and optic atrophy, and learning and behavioural problems.

In the developed world, case fatality rates are less than 10% overall and under 5% for meningitis
due to N. meningitidis or Hib [1]. However, case-fatality rates in developing countries are much
higher, and are around 70% for pneumococcal and Hib meningitis in Africa [7, 9]. For neonatal
bacterial meningitis, mortality is approximately 5-10% overall. Disability at 5 years is 50% for
GBS and E. coli, and 78% following infection with other Gram-negative organisms [10].

12 Conclusions

The introduction of vaccines against the encapsulated bacteria which predominantly cause bac-
terial meningitis has significantly reduced the incidence in developed countries, making cases of
bacterial meningitis sometimes difficult to distinguish clinically from other sick children with
febrile illnesses. There is still a substantial global burden of disease, predominantly occurring in
resource-poor countries, where case-fatality rates are higher and long-term sequelae are more
common. There remains a limited evidence base for many aspects of what is considered to be
the standard of clinical management, most notably regarding the duration of antibiotic therapy,
indications for corticosteroid treatment and optimum fluid therapy. Future challenges include
the development of vaccines against serogroup B N. meningitidis, prevention of neonatal infec-
tion through maternal vaccination or use of specific antibody preparations, enabling routine use
of more sensitive tests, such as amplification of 16S rRNA gene by PCR, for diagnosis in anti-
biotic pretreated patients, and the assessment of new antimicrobial agents against resistant
pneumococcal strains.
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Mycobacterium marinum Infection

Marc Tebruegge and Nigel Curtis

1 Introduction

Mpycobacterium marinum was first identified as a causative organism of tuberculosis in fish in 1926
[1], but its pathogenic role in causing skin disease in humans was only identified more than two
decades later [2]. The organism is prevalent in natural aquatic environments world-wide and can be
found in fresh, brackish and salt water [3].

M. marinum causes disease in fish, amphibians and aquatic mammals [4-9]. Human infection is
commonly the result of trauma in an aquatic environment that results in a breach of the skin barrier, such
as abrasions or lacerations. The injury is often minor, and may therefore not be recalled by the patient
[10, 11]. Aquaria and swimming pools used to be commonly reported sources of infection — which
led to the disease being referred to as ‘fish tank granuloma’ or ‘swimming pool granuloma’ [11-15].
However, due to the now widespread use of chlorination and other disinfection measures, public swim-
ming pools have become an unusual source of infection [13, 16, 17]. During the last two decades contact
with contaminated aquarium water has been the most common source of infection in practically all
published case series. M. marinum infection can also be acquired by handling infected fish or shellfish
or, less commonly, as a result of injuries actively inflicted by marine animals (i.e. fish spine or bite
injuries) [17]. Consequently, at risk groups include fishermen and other individuals who professionally
handle fish and other seafood (including chefs, fishmongers and oyster shuckers), fish fanciers and water
sports enthusiasts [11, 12, 18-24]. No cases of human-to-human transmission have been reported.

2 Microbiology
M. marinum is a nontuberculous, acid-fast bacillus that belong to the Runyon I group of photochro-

mogens, which are characterised by slow growth and production of a yellow pigment on exposure
to light (Table 1) [25, 26]. In culture, M. marinum grows best at temperatures between 30°C and
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Table 1 Runyon classification of nontuberculous mycobacteria

Group Pigment production Organisms
Group I Photochromogens Nonpigmented colonies when cultured in the M. mar ’.””.’."
dark. Yellow pigment production when M. kfmfvasu
cultured in light M. simiae
Group II Scotochromogens Yellow-orange pigmented colonies when M. gordonae
cultured in light or the dark M. scrofulaceum
M. szulgai
Group III Non-chromogens Non-pigmented colonies M. avium complex
M. haemophilum
M. ulcerans
Group IV Rapid growers - M. abscessus
M. chelonei

M. fortuitum

32°C, and poorly or not at all at 37°C [27-29]. M. marinum is an aerobic bacterium and requires
oxygen for optimal growth [27].

M. marinum is resistant to isoniazid and pyrazinamide and only intermediately susceptible to
streptomycin [22, 30]. Most clinical isolates are susceptible to rifampicin, rifabutin, ethambutol,
amikacin, tetracyclines (doxycycline, minocycline), clarithromycin, cotrimoxazole and some quino-
lones [12, 22, 31, 32]. However, some strains have been found to be resistant to ciprofloxacin,
resulting in recent treatment guidelines discouraging the use of this agent [30]. Results of a rela-
tively recent in vitro study involving 43 clinical isolates of M. marinum that investigated the activity
of gatifloxacin, gemifloxacin, levifloxacin and moxifloxacin have cast further doubt on the potential
role of quinolones in M. marinum infections [33].

The sequencing and assembly of the M. marinum genome has been completed in 2008 [34]. The
genome of the M strain comprises a 6.6 Mb circular chromosome, and is therefore 1.2 Mb larger
than that of Mycobacterium tuberculosis (H37Rv). A comparison with the genome of M. tubercu-
losis confirmed a close genetic relationship with the two species sharing approximately 3,000
orthologous genes with an amino acid identity of 85%. A phylogenetic analysis that included further
mycobacterial species revealed that M. marinum is most closely related to Mycobacterium ulcerans,
followed by M. tuberculosis. M. ulcerans strains are genetically less diverse than M. marinum
strains, indicating that the former species is likely to have evolved from the latter [35].

3 Epidemiology

M. marinum infections in humans are rare, although solid epidemiological data remain relatively
limited. A national survey from France estimated the incidence to be approximately 0.04 cases per
100,000 inhabitants per year [12]. A retrospective study conducted over a 10-year-period at the
largest dermatological referral center in Hong Kong identified only 17 patients with M. marinum
infection, which equated to less than 0.005% of the 345,394 new patients seen during this period
[10]. Nevertheless, in most published case series of nontuberculous mycobacterial skin and soft
tissue infections, M. marinum is the most commonly isolated organism, followed by M. abcessus,
M. fortuitum and M. chelonae [10, 22, 36, 37].

The majority of infections occur in previously healthy adults [10, 21, 23, 37, 38]. Infections
in children and teenagers have been described, but are less common [12, 19, 39-42]. In most
larger studies there is a moderate male preponderance, likely reflecting occupational exposure
[12, 22, 23, 43].
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4 Clinical Features

The average duration between inoculation and the onset of symptoms is 2—4 weeks [12, 17, 44],
although considerably longer incubation times — in a few instances exceeding 6 months — have been
reported [12, 17].

In most cases M. marinum infection is confined to the skin and subcutaneous tissue. The skin
lesions are typically papular, nodular or plaque-like in appearance. A sporotrichoid pattern (i.e. a
linear distribution of multiple lesions along lymphatic vessels) is seen in about a quarter to a third
of cases [12, 22, 43, 44]. Ulcerative lesions, pustules and abscesses are less common manifestations
[10, 12, 22, 23]. In the majority of patients the lesions are painless, but some patients report mild to
moderate pain and tenderness [45]. Co-existing regional lymphadenitis is present in 10-20% of
patients [12]. Systemic symptoms, such as fever and malaise, are rare [14, 45].

The most commonly affected sites are the upper limbs, accounting for close to 90% or more of
the cases in most larger case series, followed by the lower limbs [10, 12, 22, 38, 46, 47]. Truncal
lesions have rarely been reported. There are two potential explanations for these observations:
(1) the upper limbs are most prone to exposure or injury in an occupational context as well as
during the cleaning of fish tanks, and (2) as M. marinum grows best at temperatures below 37°C
the comparatively lower temperature of the extremities may favour bacterial replication.

Locally invasive disease, including tenosynovitis, arthritis and osteomyelitis, is relatively
uncommon. Data from the Centers for Disease Control over a 7-year-period revealed that synovial
or osteoarticular infection was present in 5 (8.5%) out of 59 cases [16]. A review of published
cases with invasive M. marinum infection suggests that some form of immunocompromise can be
identified in the vast majority of these patients [21]. Of the 35 cases summarised in this review, 14
(40%) had received steroid injections at the site of infection, while another nine (26%) had
received systemic steroids (with or without other immunosuppressive medication). In addition, one
patient had severe combined immunodeficiency, while another had acquired immunodeficiency
syndrome; in both cases the outcome was fatal [48, 49]. Another review highlights solid organ
transplant recipients as an at-risk group for severe disease [50]. Several recent case reports have
illustrated that patients treated with anti-TNF-o agents (infliximab or etanercept) for rheumato-
logical conditions or Crohn’s disease are also at increased risk of severe M. marinum disease
[51-56]. This is perhaps not surprising, given the critical role that TNF-o plays in the host immune
response to mycobacterial infections, and in view of the fact that an increase in risk for tuber-
culosis, as well as other nontuberculous mycobacterial infections, is well-documented in patients
receiving anti-TNF-o therapy [57-61].

True disseminated infection (i.e. systemic, rather than localised spread of the infection) is
very rare, and almost exclusively occurs in immunodeficient or immunosupressed individuals
[14, 49, 62].

5 Diagnosis

The diagnosis of M. marinum infection is frequently considerably delayed. The average interval
between the onset of symptoms and the correct diagnosis in many published case series is close to
or exceeds 12 months [10, 11, 16, 21, 23]. There are several potential explanations for this. The
injury resulting in inoculation with M. marinum is often minor and may not be recalled by the
patient. Also, there is often a significant delay between the inoculation and the onset of symptoms,
which further increases the difficulty of making a connection between the skin lesion and the pre-
ceding aquatic injury. Notably, one literature review found that in 35% of the published cases the
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incubation period was 1 month or longer [17]. Furthermore, M. marinum skin lesions evolve slowly
over several weeks, and are frequently painless, which may reduce the urgency to seek medical
attention [44]. Notably, one study from Australia, which included 29 patients, reported that the aver-
age delay between onset of symptoms and consultation with a medical practitioner was 5 months
[43]. Also, given the rarity of M. marinum infection many medical practitioners will be unfamiliar
with this condition, and might fail to conduct specific tests that would help identify the causative
infection. Importantly, M. marinum grows slowly in culture, and therefore escapes detection in
routine, short-term bacterial cultures.

On histological examination with conventional Ziehl-Neelsen staining, acid-fast bacilli are
identified in only the minority of cases [23, 38], with detection rates below 10% being reported in
several case series [10, 11, 37, 46]. In contrast, granulomatous inflammatory changes, which can be
caseating or non-caseating, are observed in the vast majority of cases [11, 38, 63].

Biopsy or abscess material should be cultured in parallel in solid (e.g. Lowenstein-Jensen or
Middlebrook 7H10 and 7H11 media) [64] and liquid media (i.e. broth media), such as the com-
monly used mycobacteria growth indicator tube (MGIT) system (Becton Dickenson, Sparks, MD,
USA) [30]. Broth cultures produce a more rapid result, but can be hampered by bacterial over-
growth. Solid cultures serve as a backup in instances where liquid cultures have been contaminated,
and can also be used for susceptibility testing [30]. Dessication of biopsy material prior to process-
ing must be avoided; if the tissue sample is very small it can be immersed in a small amount of
sterile saline [30]. Communication with the laboratory is vital, so that cultures are incubated at a
temperature that promotes optimal growth of M. marinum (i.e. 30-32°C, instead of 35-37°C used
for most other nontuberculous mycobacteria) [27]. In some studies, between 70% and 80% of the
cases were reported to be culture-positive [10, 44], although considerably lower figures have been
reported by other authors [23]. On average, growth can be detected in culture after 3—4 weeks of
incubation [22].

Routine susceptibility testing of clinical isolates is not recommended as the susceptibility pattern
of M. marinum is well documented, and acquired mutational resistance is rare [31]. However, sus-
ceptibility testing should be considered in patients with treatment failure (i.e. those cases who fail
to show improvement despite several weeks of therapy), and those with persistently positive culture
results after more than 3 months of therapy [30].

Nucleic acid amplification techniques (NAATSs) are further useful tools for the diagnosis of
M. marinum infection. The clear advantage of NAATs is that results are available considerably
faster compared with culture, while their greatest disadvantage is that they do not provide any infor-
mation about the susceptibilities of the organism identified. A number of NAATS, such as poly-
merase chain reaction (PCR) coupled with restriction fragment length polymorphism analysis and
16S rRNA gene-based PCR techniques, which enable distinction between different nontuberculous
mycobacteria at species level have been developed [65-69]. Several reports have described the
use of conventional PCR for the diagnosis or confirmation of M. marinum infection in clinical cases
[19, 70-72]. Although PCR-based methods are likely to be highly sensitive and specific, the number
of published cases is currently too small to allow an accurate estimate of these test characteristics.
However, a recent publication highlights that real-time PCR (based on amplification of 16S rRNA
genes) performed on paraffin-embedded skin biopsies may increase the diagnostic yield in patients
with M. marinum and other nontuberculous mycobacterial skin infections which are culture-
negative [73].

The majority of cases have a positive tuberculin skin test (Mantoux), with induration of greater
than or equal to 10 mm in diameter reported to occur in between 60% and 100% of patients [11, 14,
74, 75].

Interferon-gamma release assays (IGRA) are further adjunctive tools that can support the pre-
sumptive diagnosis of M. marinum infection. M. marinum has been shown to express early secretory
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antigenic target 6 (ESAT-6) and culture filtrate protein 10 (CFP-10) [76, 77], the two RD1 antigens
that form the basis of both currently commercially available IGRA licensed for the diagnosis of
tuberculosis — the QuantiFERON-TB Gold assay (Cellestis, Carnegie, Australia) and the T-SPOT.TB
assay (Oxford Immunotec, Oxford, United Kingdom). Arend et al. reported significant interferon-
gamma production in response to stimulation with ESAT-6 and CFP-10 in whole blood samples
from patients with M. marinum infection using in-house ELISA and ELISPOT assays [75]. A study
by Kobashi et al. that evaluated the performance of the second generation QuantiFERON-TB Gold
assay (incorporating ESAT-6 and CFP-10) in patients with nontuberculous mycobacterial infections
confirmed that commercial IGRA can be a useful adjunctive tool for the diagnosis of M. marinum
infection [78]. In this report seven (58%) out of 12 patients diagnosed with M. marinum infection
(and without a history of previous tuberculosis) were found to have a positive IGRA result. Another
report described an adolescent with M. marinum infection confirmed by PCR testing, in whom a
third generation QuantiFERON-TB Gold-in-tube assay (incorporating TB7.7, in addition to
ESAT-6 and CFP-10) was also positive [19]. Importantly, this patient was very unlikely to have
been exposed to M. tuberculosis. Further cases of M. marinum infection with a positive
QuantiFERON-TB Gold assay result have been described [79, 80].

6 Differential Diagnosis

Table 2 provides a comparison of bacterial infections that occur commonly as a result of aquatic
trauma or contact with fish and other aquatic animals [81-91]. Other differential diagnoses include
skin infections caused by other nontuberculous mycobacteria, sporotrichosis, nocardiosis, pyo-
derma gangrenosum, cutaneous leishmaniasis, herpetic whitlow, psoriasis, sarcoidosis, skin cancer
and vasculitis.

Table 2 Comparison of common bacterial skin and soft tissue infections following aquatic injury

Aeromonas
hydrophila

Erysipelothrix
rhusiopathiae

Mycobacterium
marinum

Salt, brackish and

Vibrio species®

Typical source Salt and brackish Fresh water; Salt water; contact
water; contact contact with with fish/seafood fresh watetr; )
with fish/ fish/seafood contact with fish/
seafood seafood
Incubation period Hours to days Hours to days Days Weeks
Typical Painful cellulitis, Painful cellulitis, Painful, pruritic Painless skin/soft
manifestations vesicles/bullae, abscess ring-shaped tissue lesion
necrotising soft lesions
tissue infection (erysipeloid)
Regional Common Common Up to 30% Rare
lymphadenitis
Systemic symptoms Common Common Rare Very rare
Progression Rapid Rapid Slow Very slow

Fatal outcome
References

(hours to days)
5-20%
[81-85, 88]

(hours to days)
Rare
[81, 86-88]

(days to weeks)
Rare
[81, 89-91]

(weeks to months)
Rare

*Commonly implicated species include V. vulnificus, V. alginolyticus and V. parahaemolyticus
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7 Treatment

Spontaneous resolution has been reported in a few cases, although this appears to be relatively rare
[92]. Conversely, there are cases reported in the literature in whom skin lesions have persisted for
more than two decades [93].

The optimal treatment of M. marinum infection remains uncertain. There are currently no pub-
lished controlled trials that have investigated the treatment of M. marinum infections. Cases of
success and failure have been reported with practically any combination of antibiotics with
anti-mycobacterial activity. In addition, several publications suggest that antibiotic in vitro activity
does not accurately predict clinical effectiveness [12, 16].

There are a considerable number of published cases of M. marinum infection in which treatment
with a single antibiotic agent has been successful [10, 14, 23, 46, 94, 95]. However, there is some
evidence suggesting that monotherapy is less likely to be adequate for the treatment of invasive
M. marinum infections [12]. Based on the limited data available from case series and data extrapo-
lated from studies on the treatment of other nontuberculous mycobacterial infections, most experts
recommend treatment of M. marinum infections (including isolated skin and soft tissue infections)
with two antibiotics. Treatment should be continued for 1-2 months after resolution of all lesions
[14, 46, 96]. This strategy has been recently also recommended in the latest American Thoracic
Society (ATS)/Infectious Diseases Society of America (IDSA) statement on the management of
nontuberculous mycobacterial disease [30]. Some authors have proposed adding a third active agent
in patients with disseminated or extensive invasive infection [14]. Rifampicin has been suggested as
a suitable addition for patients with bone and joint involvement [14, 30, 96], primarily on the basis
of its good bone penetration, rather than compelling clinical data.

An accurate assessment of the clinical efficacy of single antibiotic agents and combination
regimens is practically impossible. Although treatment regimens have been described in many
reports, it is often not possible to link these to the reported outcomes. Also, in most larger studies a
considerable number of patients were switched from one regimen to another, the rationale for which
is often unclear (i.e. side effects vs. poor treatment response). In addition, in many cases simulta-
neous surgical intervention complicates the interpretation of the response to antibiotic treatment.

The latest ATS/IDSA guidelines recommend using a combination regimen comprising clarithro-
mycin together with either ethambutol or rifampicin [30]. Nevertheless, it is worth noting that in the
largest published study, seven (18%) of 39 patients who received a regimen containing clarithromy-
cin failed to show adequate response to treatment or relapsed, despite the fact that all corresponding
isolates were found to be susceptible to this agent on in vitro testing [12]. Similar failure rates were
described for ethambutol- and rifampicin-containing regimens in the same report (23% and 24 %,
respectively), while treatment only failed in 5% of the patients receiving tetracyclines. Doxycycline
and minocycline have also been successfully used as monotherapy, with or without surgery, in
several other reports [10, 11, 43, 46, 97, 98]. Nevertheless, monotherapy is discouraged by most
experts, and tetracyclines are not suitable for the treatment of paediatric cases. Cotrimoxazole
monotherapy has also been reported to be successful in a few reports; however, most of these
patients had disease limited to skin and soft tissue only [11, 43]. Recent, encouraging reports
have shown that linezolid has excellent in vitro activity against M. marinum [33, 99, 100], but there
are no published cases that were treated with this agent.

The average treatment duration required to achieve cure in comparatively large studies including
all forms of disease (i.e. skin/soft tissue and invasive disease) ranges between 3 and 6 months [10, 12].
Patients with extensive invasive disease generally require longer treatment courses [12, 21].

The role of surgery in the treatment of M. marinum infection remains poorly defined [45].
However, several authors have suggested that surgical debridement is indicated in cases with invasive
infection [3, 14, 21, 30].
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8 Prognosis

The prognosis of M. marinum infection largely depends on the extent of the disease at presentation
and co-existing morbidity (i.e. immunosupression or immunodeficiency). In the majority of immu-
nocompetent patients who present with isolated skin and soft tissue infection, cure can be achieved
with antibiotic treatment alone. However, resolution frequently takes several months, and residual
scaring or hyperpigmentation of the skin are not uncommon. One study that included 24 patients
with tenosynovitis of the hand or wrist, some of which were treated with antibiotics alone while
others simultaneously underwent surgical debridement, suggests that full functional recovery can be
achieved in the majority of these cases [45]. Fatal outcome, as a result of disseminated infection, is
very rare and has been reported almost exclusively in immunocompromised patients.

9 Future Prospects

There is a need for better data on the optimal antibiotic treatment of M. marinum infection. However,
given the rarity of this condition a randomised controlled trial of adequate size would require a
multi-center study. In such a trial, cases would need to be stratified into different severity groups
(i.e. skin/soft tissue only vs. invasive disease) to provide meaningful data. Further studies are also
required to better define the role of surgical intervention.
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