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«Aokéery, ...mepl T VOTHUOTO, ODO, WPELEELY 1 U1] PAOTTEIV )

“The physician must...have two special objects in view
with regard to disease, namely, to do good or to do
no harm”

Hippocrates, Epidemics, 5th century B.C.

«Ilotouoiol toioy owTololy eufiaivovoty, ETEPo. Kol ETEPO.
DoOTo ETIPPEL»

“Ever-newer waters flow on those who step into the same
rivers”
Heraclitus, 6th century B.C.






Foreword

This book presents the collective scholarship by well-recognized experts summarizing the current
knowledge on HIV and infant feeding. Although the focus is upon HIV postnatal transmission through
breast milk, the lessons learned to date have shown the importance and benefits of breastfeeding as
well as the disadvantages and risks of attempting to reduce or replace this mode of infant feeding. The
risks of replacing breastfeeding are becoming appreciated through well-intended, but poor, practice.
The absolute necessity of breastfeeding, especially in settings with high levels of infectious diseases
and poor water and sanitation, the importance of exclusive breastfeeding in the first 6 months, the
continued importance of breastfeeding to the second year of life, and the inherent risks incurred by
early breastfeeding cessation (what is more commonly referred to as early weaning) with its measur-
able adverse consequences on infant morbidity, nutrition, and survival have been well understood in
the child-survival literature and now relearned by HIV researchers.

It continues to be a mystery why the majority (60—85%) of infants born to HIV-infected women
are not infected with HIV without receipt of any intervention. It is also mystifying that a majority
(85-90%) of all HIV-exposed babies, who consume hundreds of liters of HIV-infected breast milk
with frequent daily feedings, escape infection. These facts suggest that the balance of all factors con-
tributing to transmission of virus is tipped away from HIV transmission and we are fortunate to be
able to push the balance even further from transmission by the science which has been learned. In
2009, an estimated 90% of 370,000 infants (the annual incidence of all HIV infections in children) is
due to mother-to-child transmission (MTCT) of the virus. The postnatal transmission of virus through
breastfeeding is estimated to be a third to a half of all transmission from mothers to their babies. At
the same time, in the same context in which most of the HIV infections from MTCT occur, approxi-
mately 3.5 million children under five continue to die annually from diarrhea, pneumonia, and neona-
tal sepsis, all of which are significantly reduced by breastfeeding, and over one-third of the ten million
childhood deaths annually are associated with undernutrition (WHO 2010). Breastfeeding has been
identified as the most effective child-survival intervention, estimated to prevent 1.3 million deaths
to children under 5 in the world annually (Jones, G., Steketee, R. W., Black, R. E., Bhutta, Z. A.,
Morris, S. & the Bellagio Child Survival Study Group (2003): How many child deaths can we prevent
this year? Lancet 362: 65-71.).

We have learned a lot over the last two decades about effective interventions to lower MTCT.
Research and interventions to diminish MTCT initially focused on the peripartum period, success-
fully using antepartum and intrapartum administration of antiretrovirals to curtail the infant acquisi-
tion of virus. In clinical trials, in the developed and the developing world and in the surveillance data
of the developed world, transmission rates of 1-2% are achieved with optimum regimens initiated
antepartum, and continued through labor and delivery. The postpartum transmission of HIV by inges-
tion of breast milk has only recently been studied and it too has shown to be substantially and signifi-
cantly reduced with antiretroviral interventions. Antiretroviral drugs taken by the mother, a single

vii



viii Foreword

drug taken by the baby for as long as 6 months or some combination of drugs to the mother and baby,
successfully reduce breast milk transmission. These data are incorporated into the 2010 WHO recom-
mendations extrapolated to continuing medications for the duration of breastfeeding.

Reviewing the lessons learned (or relearned) in HIV and breastfeeding is informative for improv-
ing maternal and child health. First, in the USA, early guidelines (1985) advised strongly against
HIV-infected mothers feeding their children from the breast. This guidance was provided as it pre-
vented infant exposure to the HIV virus after delivery. It was safe to avoid breastfeeding in the devel-
oped world with adequate nutrition provided to the babies in an environment not encumbered by
multiple other infectious challenges. It is germane to point out that medical and public health authori-
ties took responsibility for the decision making, not individual women. The decision on infant feeding
was, and continues to be, established as public health policy in the USA.

In the developing world, not only is extended breastfeeding for about 2 years of life the predomi-
nant practice but it is also the medically recommended form of optimal feeding due to its many scien-
tifically proven benefits, including reduced risk of infant mortality, immune protection which reduces
risk of the incidence and severity of common childhood illnesses like diarrhea and respiratory infec-
tions, as well as the considerable nutritional and economic benefits. The medical advice to exclusively
breastfeed for the first 6 months followed by continued breastfeeding through the child’s second birth-
day or longer was backed by sound, scientific evidence and strongly promoted as optimal infant feed-
ing by WHO, UNICEF and the public health world in general. The fear of HIV transmission by breast
milk by the mid-1990s began to undermine both the practice and medical advice about the importance
of breastfeeding and of specific breastfeeding practices.

Researchers in the late 1990s then showed that exclusive breastfeeding in the first 3—-6 months of
life was associated with significantly less HIV transmission than mixed feeding. These data were not
readily accepted, to many it seemed counterintuitive to advise more exposure to breast milk virus.
The lower HIV transmission rates associated with exclusive breastfeeding, however, were repeatedly
confirmed and finally accepted and incorporated into WHO guidelines in 2001, although the pre-
ferred infant feeding option was still replacement feeding. This led to policies that differed between
the developed and developing world—no breastfeeding for HIV-infected women in the former and
exclusive breastfeeding for at least the first few months followed by abrupt weaning in the latter.
Not surprisingly, health workers and policy makers were confused.

Instead of providing clear medical advice, women were individually asked to weigh rather com-
plex scientific evidence, take into account their own circumstances, and make an informed choice to
replacement feed or not, based on AFASS criteria of replacement feeding being acceptable, feasible,
affordable, sustainable, and safe. Otherwise, exclusive breastfeeding with early and abrupt weaning
was recommended (and clearly seen as a second best solution). There was a prevailing opinion in the
international HIV community that emulation of the developed world with replacement feeding was
the ideal way to proceed, the difficulties (including stigma) and mortality risks associated with replace-
ment feeding, using bottles and early and abrupt cessation of breastfeeding tended to be underesti-
mated, the difficulties in getting women to change to exclusive breastfeeding exaggerated, and the
risk of HIV transmission associated with abrupt weaning was not yet understood.

It is interesting to note that many developing-country women and the programs that worked closely
with them were somewhat quicker to seize on the findings on the protective effects of exclusive
breastfeeding as compared to mixed feeding in the first 3—6 months of life than many in the interna-
tional community. These stakeholders were more aware of the dangers and difficulties inherent in
implementing a policy that relied on breast milk substitutes and bottle feeding, and had more confi-
dence that mothers would be willing to alter longstanding feeding practices in the best interests of
their children. The HIV epidemic has had both negative and positive unintended consequences on
breastfeeding in resource poor settings—one of the positive unintended consequences is that rates of
exclusive breastfeeding in the first 6 months have increased significantly and substantially in the last
decade in many countries throughout the world, with some of the largest increases in countries with
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high HIV prevalence, attributed to an increased understanding of the protective effects of exclusive
breastfeeding relative to mixed feeding to prevent transmission of HIV, in addition to its other benefits
(Kothari, M and Noureddine A. 2010. Nutrition Update 2010. Calverton, Maryland, USA: ICF
Macro).

As data documented the cumulative risk of HIV transmission with lengthening of the period of
breastfeeding, it seemed logical to decrease the exposure to breast milk by shortening the duration of
breastfeeding. Clinical trials in the mid 2000s, however, began documenting, to the world’s conster-
nation, that there was increased morbidity and mortality associated with early cessation of breastfeed-
ing. In fact, when the concept of HIV-free survival was incorporated, so that death from any cause was
valued equally and an added benefit was achieved if a child was HIV-free, it was shown that shorten-
ing the duration of breastfeeding led to increased mortality from causes other than HIV. Early wean-
ing did not improve HIV-free survival. HIV-free survival is an accepted concept but should be
qualified. It ignores the morbidity of hospitalizations and other nonfatal illnesses. It also ignores the
longer survival of HIV-infected infants who breastfeed. The 2010 WHO guidelines endorse HIV- free
survival, swing the pendulum clearly back in favor of breastfeeding in resource poor settings based
on the accumulated scientific evidence, and recommend that national policy in each country decide on
infant feeding practices for HIV-infected women. This recommendation removes the decision making
from individual women and places it in the guidelines/policy arena, some 2% decades after the deci-
sion was taken at the policy level in the USA.

The book thoroughly presents the science of HIV and infant feeding. The existing science clearly
shows that most cases of breast milk transmission of HIV are preventable through antiretroviral drugs
and modifications to infant feeding practices. The scientific world now knows how to employ antiret-
rovirals to prevent MTCT of HIV. The scientific and programming worlds also know, but have been
less effective, in assessing and effectively incorporating the nondrug-related infant feeding interven-
tions, like exclusive breastfeeding and later and more gradual breastfeeding cessation, that have proven
effective in reducing MTCT of HIV and increasing HIV-free survival in children. We should be both
encouraged and disheartened by findings like those shown in Ch 16, Table 2 that health workers’ advice
(in this case for early breastfeeding cessation/early weaning) led to reducing the proportion of women
still breastfeeding at 9 months from 98 to 35% —encouraged, as it demonstrates that health workers’
advice can be effective in changing long engrained practices; disheartened by the fact that for most of
these women, we now know that the advice on early weaning likely reduced HIV-free survival in this
population.

Programmatic and more limited scientific data also suggest that the most effective drug regimens
(which antiretrovirals, to whom, and for how long) and the most effective modifications to infant
feeding practices for a given setting are highly dependent on the underlying epidemiological, service
delivery, political, and sociocultural environments.

It is also clear that while the science on these issues has rapidly advanced, PMTCT programming
practice has not kept pace. Why has PMTCT been implemented so successfully in the developed
world and still relatively slowly in the developing world? There is an estimated decrease of 25% in
HIV transmission in 2009 as compared to 2004. The difficulties of implementation at every level of
service delivery continue to plague programmatic action. These difficulties are evident in the relative
failure to effectively and rapidly reduce transmission in the developing world to 1-2%.

Implementation science must more quickly uncover and address the specific barriers in each set-
ting which continue to prevent the elimination of MTCT. It is not lack of knowledge, lack of clinical
trials, lack of drugs, resistant cultural practices, or lack of interest in implementation which is respon-
sible for the incomplete uptake of all PMTCT services, including those related to infant feeding.
There is no acceptable excuse for failure to provide these services to all pregnant women who access
any antenatal care and to continue to offer follow-up services to these women and their affected children
for at least 2 years postpartum, if not beyond, for those who remain on antiretroviral treatment.
Coverage of the population will be incomplete unless those not accessing care can also be reached.
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The developing world has had particular difficulty reaching immunocompromised pregnant women
with appropriate therapy. Solving the political, behavioral, and implementation problems of subopti-
mal uptake of PMTCT services for all HIV-infected women will prove essential if these services are
to be delivered optimally to curtail postpartum transmission of HIV by breastfeeding.

The editors and authors are to be commended for compiling this information and presenting it in
such a way as to provide a factual basis for essential next steps to improve worldwide programs to
prevent MTCT of HIV.

Durham, NC, USA Catherine M. Wilfert, MD
Washington, DC, USA Katherine A. Krasovec, ScD
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2011 marks the 30th anniversary of the first reports of what came to be called acquired immunodefi-
ciency syndrome (AIDS), as well as the 15th anniversary of the introduction of combination antiret-
roviral therapy. The early 1980s were characterized by remarkably rapid scientific advances, including
recognition of HIV-1, documentation of the modes of HIV-1 transmission, proposal of means of pre-
vention that have largely stood the test of time, and introduction of a serologic diagnostic test. This
bland summary of milestones fails to capture the human and scientific drama behind these historic
events, as well as the fierce debates among scientists, medical workers, and the general public about
the implications of the AIDS epidemic.

As always, science alone could not address societal concerns, nor were its conclusions always
readily accepted even in the face of strong evidence. Acceptance that HIV-1 was transmitted through
the blood supply, for example, took time. Additional areas of initial controversy were whether the
AIDS virus could be transmitted heterosexually and from mother to child. Realization that HIV-1
could also be transmitted through breastfeeding was especially difficult to accept by legions of public
health workers and development specialists who had toiled for years in low-income countries to
increase breastfeeding as a key strategy for improving child survival by preventing diarrheal diseases,
respiratory infections, and malnutrition.

AIDS offered stark alternatives to HIV-infected women, especially in sub-Saharan Africa, the
region most heavily affected by HIV/AIDS: continue to breastfeed and risk infants acquiring HIV-1;
avoid breastfeeding, and risk increased infant and under-5 mortality from other causes. The emphasis
on autonomy and individual rights that was part of the AIDS response paradoxically left women
isolated with an unfair burden of choice, while public health officials and agencies grappled with their
own conflicts and mixed opinions about the limited interventions, such as replacement feeding with
formula.

Fortunately, because of widespread access to antiretroviral therapy and extensive research, options
are now available for those dire choices that seemed irresolvable in the 1980s and 1990s. The evolu-
tion of our understanding of HIV-1 transmission by breastfeeding, the relevant virology and immu-
nology, modalities for prevention, and the emergent policy and programmatic approaches are
comprehensively captured in this timely book. HIV/AIDS science continues to progress with major
implications for HIV prevention policies. Perhaps the greatest debate currently is around how best to
use antiretroviral therapy for maximal benefit for both individual health as well as to prevent trans-
mission to others, and the pendulum is swinging towards earlier and more widespread therapy. From
the pessimism of the past, we have entered an era of possibility—even in our fiscally constrained
times —so that we even dream of virtual elimination of pediatric HIV disease on a worldwide basis. If
that vision seems unduly optimistic, it at least is not for lack of available tools.

xi
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The longer view in life is often necessary to fully understand an issue, and so it seems with HIV/
AIDS and child survival. Despite the tragedy of almost eight million deaths annually in children under
5 across the world (the great majority in sub-Saharan Africa and South Asia), tremendous improve-
ments in child survival have occurred and continue to do so. HIV-1 incidence is declining in many
African countries and the scale-up of treatment and prevention programs that has occurred would
have been unthinkable a decade ago. It is now possible to reduce mother-to-child transmission in sub-
Saharan Africa to levels not very different from those achieved in Europe or North America. This
represents success, and this book usefully and eloquently describes it, for which I congratulate the
editors and authors.

Atlanta, GA, USA Kevin M. De Cock, MD, FRCP (UK), DTM&H
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Part I

Transmission of HIV-1 Infection and Other Viruses
to the Infant Through Breastfeeding:

General Issues for the Mother and Infant



Chapter 1
Breastfeeding and Transmission of HIV-1:
Epidemiology and Global Magnitude”

Mary Glenn Fowler, Athena P. Kourtis, Jim Aizire, Carolyne Onyango-Makumbi,
and Marc Bulterys

Introduction

Over the past two decades, major strides have been made in HIV-1 research and prevention. Among
these advances, some of the most remarkable and sustained achievements have been in reducing the
risk of transmission of HIV-1 from mothers to their infants. In resource-rich settings such as the USA
and Europe, mother-to-child transmission (MTCT) of HIV-1 has successfully been reduced to less
than 1-2% [1] with the goal of virtual elimination of new cases. This success in prevention of mother-
to-child transmission (PMTCT) of HIV-1 has been achieved by widespread implementation of effec-
tive PMTCT antiretroviral therapy (ART) regimens, and obstetrical interventions as well as avoidance
of breastfeeding through the use of infant formula.

In resource-limited international settings, progress toward reduction in PMTCT has been more mod-
est. One major challenge has been balancing the importance of extended breastfeeding to overall infant
health and survival against its known risk of HIV-1 transmission. Initial PMTCT studies in the mid to late
1990s focused on short-course peripartum regimens to reduce MTCT, targeting transmission around the
time of labor/delivery. More recently, studies have focused on extended prophylactic ART regimens given
to the HIV-1-infected mother during the third trimester and labor/delivery, in combination with postnatal
regimens provided either to the mother or her HIV-1-exposed infant throughout breastfeeding.

*The findings and conclusions in this report are those of the authors and do not necessarily represent the official
position of the Centers for Disease Control and Prevention.

M.G. Fowler, M.D., M.P.H. (E0)
Department of Pathology, Johns Hopkins Medical Institutes, Baltimore, MD, USA

Onsite Makerere University—Johns Hopkins University Research Collaboration, Kampala, Uganda
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This chapter provides an overview on the current state of HIV-1 transmission from mothers to
infants through breastfeeding. In this context, we present current statistics on the worldwide epi-
demic, detail the epidemiology of MTCT including risk factors and timing of transmission, discuss
possible mechanisms of transmission, and recent research findings which led to updated World Health
Organization (WHO) PMTCT recommendations in 2010. We also address remaining research gaps
and planned future research studies.

Epidemiology of HIV-1 Transmission: Global Trends

The HIV-1 pandemic continues to levy a heavy health and economic burden on the human race world-
wide. The distribution of incident HIV-1 cases, shown in Fig. 1.1 and based on 2009 Joint United
Nations Program on HIV-1/AIDS (UNAIDS) data [2], highlights that the largest numbers of infected
individuals live in sub-Saharan Africa (SSA) followed by India and the Far East. According to
UNAIDS data, the estimated number of people who became newly infected with HIV-1 in 2009 was
2.6 million (2.3-2.8 million) representing a 19% reduction since 1999. While significant declines of
more than 25% were registered in several countries including high HIV-1 burden-settings in SSA,
rates of new annual HIV-1 infections remained stable in Western, Central, and Eastern Europe; Central

GLOBAL REPORT

Regional HIV and AIDS statistics and features | 2009

Adults and children Adults and children Adult prevalence | Adult & child
living with HIV newly infected with HIV (15-49) [%] | deaths due to AIDS
Sub-Saharan Africa 1209 rrillionz-z éf. mii?.:} [16 minion1-' g;n rr'.!m [4.7% -550:&% (iR miuion‘l-' ?ﬂ.'m
Middle East and North Africa G000 . P o 5
South and South-East Asia 3.7 mil]inn‘t lgrrlllllllllao:; [240 000 ﬁgom [0.3% —06.33:3 [230 000 ?E.?D%EOO]
East Asia (560 000 — Tﬂﬁ?ﬁ 48 000 _??o%gg [0.1% _OdJ?:; (25 000 ?fo%gg]
Central and South America 12 minion1-' ? g:':lullllugr:} 170 000 -??o%gg [0.4% nodg?:’] 43 000 -5;39%8(?]
Caribbean 220 000 ?‘i?o%gﬁ 13 ot:w;h-1 ; 00000? [0.9% -11'??; 18500 i 1259033]
Eastern Europe and Central Asia a3 miliion‘t—.?.?r;llllllljgl; I (110 000 1?20%9& (0.7% -odg:ﬁ_ 60000 4 Ss%gg]
Western and Central Europe (720 000 §§100%%i (23 oc:-nf3 :o%gg (0.2% _Od_%: (6800~ ,2%33
North America 12 minicn‘t—. g g:':lulll:grr:} [44 000 -_i:go%gg [0.4% -Od_??:’] (22 000 uzfa%g(?]
Oceania 50 000 ? ;%Eﬁ (3400 -4650?.3? [0.2% -063?; [<1000 -1;1(0)3]
TOTAL 33.3 million 2.6 million 0.8% 1.8 million
[31.4 million — 35.3 million] (2.3 million — 2.8 million] (0.7%- 0.8%] | (1.6 million — 2.1 millian]

The ranges around the estimates in this table define the boundanies within which the actual numbers lie, based on the best available information

Fig. 1.1 Regional HIV/AIDS Statistics and Features, 2009. UNAIDS Report on the Global AIDS Epidemic 2010.
Available at: http://www.unaids.org/globalreport/Epi_slides.htm. Accessed January 2011
Note: The ranges around the estimates in this table define the boundaries within which the actual numbers lie, based on

the best available information
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Western & Eastern Eu rbpé
Central Europe & Centrg‘I}Asm

: <100
North America <200} [1500 - 6000]
<100 East Asia
[<200] 1900
Middle East & North Africa (<1000 - 3600]
caiiggﬁan [405%4 osgao]
& South & South-East Asia
[<1000 - 3100] 20 000
Sub-Saharan Africa [12.000-26.000)
Soﬁ&n hﬁe%ica e 0
190 000 - 460 000 ceania
4300 | ) <1000

(2600 -~ 6500] 500 - 1200]

Total: 370 000 [230 000 - 510 000]

Fig. 1.2 Estimated number of children (<15 years) newly infected with HIV, 2009. (Data from World Health
Organization, UNAIDS. UNAIDS report on the global AIDS epidemic, 2010.) Available at: http://www.unaids.org/
documents/20101123_epislides_core_en.pdf. Accessed January 2011

Note: The ranges around the estimates in this figure define the boundaries within which the actual numbers lie, based on
the best available information

Asia; and North America. New pediatric HIV-1 infections worldwide (Fig. 1.2), estimated to be
370,000 (230,000-510,000) globally in 2009, are almost all due to MTCT, occurring either during
pregnancy, during labor and delivery, or through breastfeeding [3]. While still a major global health
concern, this represents roughly a 25% reduction compared with 2004 figures [2].

Sharp declines in the rates of MTCT have been realized for the past 15 years in North America and
Europe [1, 3, 4]. More recently, similar successes have been seen in rural Yunnan Province in China
[5] with infant infection rates of less than 2%. This is a result of national implementation of effective
PMTCT strategies including (1) universal, opt-out antenatal HIV-1 counseling and testing; (2) obstet-
rical interventions to reduce HIV-1 transmission during labor/delivery including scheduled caesarian
section prior to active labor and membrane rupture; (3) combination ARVs for prophylaxis during the
antepartum, intrapartum, and postpartum periods; and (4) avoidance of breastfeeding in settings where
formula use is safe, available, and affordable. In the absence of effective PMTCT intervention,
between 15 and 40% of infants become HIV-1 infected [3, 6-8], whereas with these interventions,
infection rates of less than 1-2% are seen.

This progress notwithstanding new pediatric HIV-1 infections remain unacceptably high in
resource-limited settings, particularly in SSA, a region that accounted for more than 90% of the esti-
mated global MTCT in 2009 [1]. This high level of transmission is attributed to the high levels of
endemic HIV-1 infection among pregnant women in many African countries (Table 1.1). Slow scale-
up of proven PMTCT interventions such as routine opt-out counseling and testing for HIV-1; limited
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Table 1.1 HIV prevalence—national adult estimates; sentinel surveillance estimates among pregnant women
(1549 years) and mother-to-child transmission risk from 2000 to 2009 (where data is available) in selected sub-
Saharan African countries

National prevalence,

HIV prevalence —pregnant
women aged 15-49 years,

Percentage of infants born
to HIV infected mothers

Country % (year) % (year) who are infected, % (year)
Southern Botswana® 17.6 (2008) 32.5(2009) 3.8 (2009)
Africa 17.1 (2004) 33.7 (2007) 4.8 (2007)
32.4 (2006) 11.5 (2004)
33.4 (2005) 20.7 (2002)
37.4 (2003)
35.4 (2002)
36.2 (2001)
South Africa®>  16.9 (2008) 29.3 (2008) 16 (2009)
16.2 (2005) 29.4 (2007) 16 (2008)
29.0 (2006-2007)
Namibia® No population survey 17.8 (2008) 12.7 (2009)
has been conducted  19.9 (2006) 25 (2007)
19.7 (2004) 28 (2005)
22.0 (2002)
19.3 (2000)
Lesotho® 23.6 (2008) 43.3 (2007) 15 (2007)
23.2 (2007) 19.2 (2006) 25 (2005)
11 (2005)
6.3 (2004)
East Africa  Kenya' 6.2 (2009) - 27 (spectrum modeling)
6.3 (2008-2009)
7.4 (2007)
Rwanda® 2.9 (2009)° 4.3 (2007) 4.1 (2009)
3 (2005) 4.1 (2005) 6.9 (2008)
5.2 (2003) 10.3 (2007)
11 (2006)
11.9 (2005)
10 (2004)
23.4 (2003)
Tanzania® 5.7 (2009) 8.2 (2005-2006) 18 (2008)
6.4 (2005-2006) 8.7 (2003-2004) 26.5 (2009)
6.6 (2003-2004) 9.6 (2001-2002)
7.1 (2001-2002)
Uganda' 6.5 (2009) 5.9 (2008-2009) 9.9 (2008-2009)
6.1 (2002) 6 (2007-2008)
West Africa  Malil 1.3 (2006) 2.2 (2009) 21 (spectrum modeling)
1.7 (2001)
Cote D’Ivoire* 3.7 (2008) 4.5 (2008) 26.7 (2008-2009)
4.7 (2005)
Nigeria' 4.6 (2009) 4.6 (2008) 29.1 (spectrum modeling)
3.6 (2007) 5.8 (2001)

AUNAIDS 2010, Country progress report (Botswana). http://www.unaids.org/fr/dataanalysis/monitoringcountryprogres

s/2010progressreportssubmittedbycountries/file,33650,fr..pdf. Accessed January 2011

SUNAIDS 2010, Country progress report (South Africa). http://www.unaids.org/en/dataanalysis/monitoringcountryprogre
ss/2010progressreportssubmittedbycountries/southafrica_2010_country_progress_report_en.pdf. Accessed January 2011
“South Africa has the largest number of HIV infected individuals in the world (5.2-5.7 million in 2009), followed by
Nigeria (2.98 million in 2009)
YUNAIDS 2010, Country progress report (Namibia). http://data.unaids.org/pub/Report/2010/namibia_2010_country_
progress_report_en.pdf. Accessed January 2011


http://www.unaids.org/fr/dataanalysis/monitoringcountryprogress/2010progressreportssubmittedbycountries/file,33650,fr..pdf
http://www.unaids.org/fr/dataanalysis/monitoringcountryprogress/2010progressreportssubmittedbycountries/file,33650,fr..pdf
http://www.unaids.org/en/dataanalysis/monitoringcountryprogress/2010progressreportssubmittedbycountries/southafrica_2010_country_progress_report_en.pdf
http://www.unaids.org/en/dataanalysis/monitoringcountryprogress/2010progressreportssubmittedbycountries/southafrica_2010_country_progress_report_en.pdf
http://data.unaids.org/pub/Report/2010/namibia_2010_country_progress_report_en.pdf
http://data.unaids.org/pub/Report/2010/namibia_2010_country_progress_report_en.pdf
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Table 1.1 (continued)

*UNAIDS 2010, Country progress report (Lesotho). http://www.unaids.org/en/dataanalysis/monitoringcountryprogress
/2010progressreportssubmittedbycountries/lesotho_2010_country_progress_report_en.pdf. Accessed January 2011
TUNAIDS 2010, Country progress report (Kenya). Available at http://www.unaids.org/en/dataanalysis/monitoringcountryp
rogress/2010progressreportssubmittedbycountries/kenya_2010_country_progress_report_en.pdf. Accessed January 2011
fUNAIDS 2010, Country progress report (Rwanda). http://www.unaids.org/en/dataanalysis/monitoringcountryprogress
/2010progressreportssubmittedbycountries/rwanda_2010_country_progress_report_en.pdf. Accessed January 2011
"UNAIDS 2010, Country progress report (Tanzania). http://www.unaids.org/en/dataanalysis/monitoringcountryprogres
s/2010progressreportssubmittedbycountries/tanzania_2010_country_progress_report_en.pdf. Accessed January 2011
'TUNAIDS 2010, Country progress report (Uganda). Available at http://data.unaids.org/pub/Report/2010/uganda_2010_
country_progress_report_en.pdf. Accessed January 2011

JUNAIDS 2010, Country progress report (Mali). Available at: http://data.unaids.org/pub/Report/2010/mali_2010_coun-
try_progress_report_fr.pdf. Accessed January 2011

KUNAIDS 2010, Country progress report (Cote D’Ivoire). Available at: http://data.unaids.org/pub/Report/2010/cotedi-
voire_2010_country_progress_report_fr.pdf. Accessed January 2011

'UNAIDS 2010, Country progress report (Nigeria). http://www.unaids.org/en/dataanalysis/monitoringcountryprogress/
2010progressreportssubmittedbycountries/nigeria_2010_country_progress_report_en.pdf. Accessed January 2011

provision of ARVs for prophylaxis or maternal treatment (Fig. 1.3); and lack of acceptable, feasible,
affordable, sustainable, and safe alternatives to breastfeeding all have contributed to the high MTCT
rate in SSA. Extended breastfeeding, into the second year, is the cultural norm in many African coun-
tries [9] where it is crucial for infant survival. In these settings, among infants born to HIV-1-infected
women who breastfeed, breast milk transmission of HIV-1 is estimated to account for about one third
of all new pediatric HIV-1 infections. In total, about 10-15% of all HIV-1 exposed infants are infected
through prolonged breastfeeding [10].

Risk Factors for HIV-1 Transmission During Breastfeeding

There has been substantial increase in our knowledge about risk factors and timing of breast milk
transmission of HIV-1 which has helped drive the development of effective PMTCT strategies.
Although the exact mechanisms of MTCT during breastfeeding have not been clearly elucidated, the
most important risk factors associated with breast milk HIV-1 transmission may be summarized as
follows: viral factors; maternal factors (clinical, immunological, and behavioral); factors related to
patterns of breastfeeding; and maternal-infant host factors.

Viral Factors

Maternal HIV-1 RNA levels in plasma and breast milk are the strongest independent predictors of
MTCT through breastfeeding [11-15], and as such, women with advanced HIV-1 disease and associ-
ated breast milk high viral load (VL) are more likely to transmit HIV-1 during breastfeeding
[11-18].

Maternal primary infection during the postnatal period, which is associated with transient elevated
levels of breast milk VL [19], is linked to particularly high rates of infant HIV-1 acquisition (about a
33% risk) [19]. This high transmission risk is presumably due to high levels of maternal viremia prior
to emergence of maternal immunologic responses capable of containing viral replication at a lower set
point. Increased MTCT risk with maternal primary HIV-1 infection while breastfeeding has been
reported in several earlier studies [19, 20] and reaffirmed more recently in a Zimbabwean prospective
cohort study [21] and a retrospective case-series in China among women infected by HIV-1 via


http://www.unaids.org/en/dataanalysis/monitoringcountryprogress/2010progressreportssubmittedbycountries/lesotho_2010_country_progress_report_en.pdf
http://www.unaids.org/en/dataanalysis/monitoringcountryprogress/2010progressreportssubmittedbycountries/lesotho_2010_country_progress_report_en.pdf
http://www.unaids.org/en/dataanalysis/monitoringcountryprogress/2010progressreportssubmittedbycountries/kenya_2010_country_progress_report_en.pdf
http://www.unaids.org/en/dataanalysis/monitoringcountryprogress/2010progressreportssubmittedbycountries/kenya_2010_country_progress_report_en.pdf
http://www.unaids.org/en/dataanalysis/monitoringcountryprogress/2010progressreportssubmittedbycountries/rwanda_2010_country_progress_report_en.pdf
http://www.unaids.org/en/dataanalysis/monitoringcountryprogress/2010progressreportssubmittedbycountries/rwanda_2010_country_progress_report_en.pdf
http://www.unaids.org/en/dataanalysis/monitoringcountryprogress/2010progressreportssubmittedbycountries/tanzania_2010_country_progress_report_en.pdf
http://www.unaids.org/en/dataanalysis/monitoringcountryprogress/2010progressreportssubmittedbycountries/tanzania_2010_country_progress_report_en.pdf
http://data.unaids.org/pub/Report/2010/uganda_2010_country_progress_report_en.pdf
http://data.unaids.org/pub/Report/2010/uganda_2010_country_progress_report_en.pdf
http://data.unaids.org/pub/Report/2010/mali_2010_country_progress_report_fr.pdf
http://data.unaids.org/pub/Report/2010/mali_2010_country_progress_report_fr.pdf
http://data.unaids.org/pub/Report/2010/cotedivoire_2010_country_progress_report_fr.pdf
http://data.unaids.org/pub/Report/2010/cotedivoire_2010_country_progress_report_fr.pdf
http://www.unaids.org/en/dataanalysis/monitoringcountryprogress/2010progressreportssubmittedbycountries/nigeria_2010_country_progress_report_en.pdf
http://www.unaids.org/en/dataanalysis/monitoringcountryprogress/2010progressreportssubmittedbycountries/nigeria_2010_country_progress_report_en.pdf
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Fig. 1.3 Percentage of pregnant women living with HIV receiving antiretrovirals to prevent mother-to-child transmis-
sion of HIV in 25 countries with the highest HIV disease burden among pregnant women, in descending order, 2009.
WHO, UNICEF, and UNAIDS. Towards universal access: scaling up priority HIV/AIDS intervention in the health sec-
tor. Progress report 2010. Geneva, World Health Organization, 2010. Available at: http://www.who.int/hiv/
pub/2010progressreport/report/en/index.htm. Accessed November 2010

postpartum blood transfusion [22]. In the Zimbabwean study, the majority (two-thirds) of infant
HIV-1 infections occurred within 90 days of maternal seroconversion. Breast milk transmission risk
was nearly fourfold greater among infants who were <9 months old [21].

HIV-1 detected in breast milk may originate from plasma cell-free virus that crosses the mammary
epithelial tight junctions into the breast milk compartment or be produced locally by replication
in macrophages and epithelial cells [8]. Both cell-associated and cell-free HIV-1 virus have been
reported [15, 23], although the differential roles in MTCT risk are inconclusive. Gray et al. [24]
reported that viral variants may initially be seeded from plasma into breast milk but that thereafter
there continued mixing of viral lineages over time between plasma and breast milk compartments.

Virologic subtypes and MTCT: HIV-1 subtypes and recombination forms exhibit functional and phe-
notypic variations that may influence MTCT efficiency [25-27]. Recombination, which occurs as a
result of co-infection of an individual host cell with two or more distinct viruses, may lead to the
emergence of HIV-1 recombinant viruses that are evasive to immune pressures or have fitness that
enhances transmission [28]. For instance, in a Tanzanian study, MTCT risk was higher among women
with HIV-1 subtype C compared to those with A, D, or A/D recombinant [27] while in a Kenyan study,
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MTCT was more common among those with subtype D or A/D recombinant virus compared to those
with subtype A [29]. Certain intersubtype recombinant viruses may be preferentially transmitted dur-
ing breastfeeding [14].

Maternal Clinical and Immunologic Risk Factors

Clinical mastitis, breast abscess [30], and subclinical mastitis defined by increased sodium levels in
the breast milk compartment [31] are associated with increased MTCT during breastfeeding. Severe
maternal illness with malnutrition and frequent engorgement of the mammary glands from nonexclu-
sive breastfeeding may lead to stasis of breast milk and subclinical mastitis [32, 33].

Micronutrient deficiencies have been associated with increased MTCT risk [34, 35]. Selenium
deficiencies may be associated with mastitis [34] while vitamin D deficiency is associated with com-
promised fetal immune development, which could result in increased vulnerability to infant HIV-1
acquisition [35]. One study demonstrated a strong correlation between vitamin A deficiency and
increased MTCT risk [36], although subsequent studies offering vitamin A supplementation showed
no PMTCT benefit [32, 37, 38].

Several immunologic factors in breast milk, including HIV-1-specific IgG and IgA immunoglobu-
lins, T lymphocytes, natural killer cells, interleukins, lactoferrin, lysozyme, defensins, chemokines,
secretory leukocyte protease inhibitor (SLPI), and epidermal growth factors, have antimicrobial and
immune-modulation properties that may influence MTCT risk [39]. For example, attachment of HIV-1
particles to dendritic cell membranes and transfer to CD4+ lymphocytes is inhibited by specific IgA
secretory antibodies in breast milk [40].

Breastfeeding Patterns

Longer duration of breastfeeding is associated with increased MTCT risk due to its cumulative nature
[11, 12, 14, 17]. A meta-analysis summarized late breastfeeding transmission rates as <1%/month
[17]. Early weaning, prior to 6 months, on the other hand, has been associated with increased infant
morbidity and mortality due to diarrheal disease, pneumonia, and other infectious diseases [41-43].
Abrupt weaning within a few hours or days has been associated with elevated breast milk sodium
levels and breast engorgement, which leads to maternal illness including fever and mastitis, with
resultant increase in breast milk VL [44]. Considering the potential for increased MTCT risk from
abrupt weaning, WHO in 2010 issued revised detailed guidelines [45]. The WHO encouraged moth-
ers who chose to breastfeed to do so exclusively for 6 months and if they could then safely use breast
milk substitutes, wean over several weeks and then stop breastfeeding if suitable breast milk substi-
tutes can be safely used and sustained. Mothers who cannot provide safe breast milk substitutes at
6 months should continue breastfeeding for 12 months or longer, along with providing nutritious
locally available complementary foods. WHO also recommended ARV prophylaxis should be pro-
vided for the duration of breastfeeding [45].

Maternal and Infant Host Factors

Maternal host factors associated with the higher risk of MTCT, in addition to VL in breast milk,
include illness severity and lower CD4 count. In addition, maternal-infant HLA concordance, as well
as maternal HLA homozygosity, have been associated with increased risk of MTCT [46, 47].
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Infant host factors that have been associated with increased transmission risk include increased
permeability of infant gut mucosa to HIV-1 particles related to immature dendritic cells in the mucosa.
These immature cells transport the virus to the lymph nodes (Peyer’s patches) and then to CD4+ cells
[48]. A breach in the integrity of the infant’s gastro-intestinal mucosa from inflammation related to
mixed feeding may also facilitate passage of HIV-1 [49]. This is postulated as the likely mechanism
for increased MTCT risk with mixed infant feeding [37, 49]. Infant oral candidiasis has also been
associated with MTCT during the postpartum period [30].

Timing of Transmission Among Breastfeeding Populations

MTCT of HIV-1 can occur in utero, intrapartum, and postpartum through breastfeeding. Based on
fetal and infant data from several HIV-1 prevention studies, the following consensus definitions have
been adopted to categorize the timing of transmission:

1. In utero infection: infants with a positive HIV-1 RNA or DNA polymerase chain reaction (PCR)
result detected in a sample collected within 72 h of birth.

2. Intrapartum or early postpartum infection: infants with a negative PCR at birth (within 72 h) but a
positive PCR result by 4-6 weeks of age. These infections are presumed to have occurred late in
pregnancy, during labor and delivery, or very soon after delivery through oral or mucosal exposure
to virus in maternal blood, secretions, or colostrum/early breast milk.

3. Late postpartum infection: infants with a negative PCR result at 4—6 weeks of age, but a detectable
HIV-1 infection later. These infections are presumed to have occurred via breastfeeding [50, 51].

These definitions, however, remain arbitrary, and the relative contribution of each period to perina-
tal HIV-1 infections shifts with the introduction of PMTCT interventions. For example, in nonbreast-
feeding populations prior to the introduction of potent combination ARVs, about 30% of MTCT was
estimated to occur during pregnancy and the remainder during labor and delivery [51, 52]. With the
introduction of ARV prophylaxis in the antepartum and intrapartum periods in the mid-1990s, there
were major reductions in intrapartum transmission. As a result, currently, 50-67% of MTCT is esti-
mated to occur during pregnancy among populations with high rates of intrapartum coverage of ARV
prophylaxis.

Timing of Breastfeeding Transmission

There appears to be an increased risk of MTCT during the first weeks of breastfeeding. Several stud-
ies, including a randomized trial in Nairobi, Kenya [12], compared MTCT timing between breastfed
and formula-fed infants. A substantial proportion (as high as 80%) of breast milk transmission of
HIV-1 occurred by 1-2 months after birth [11, 12, 14, 15, 17]. The absolute breast milk transmission
risk was estimated to be 2.7-4.2%/month in the first 1-2 months [12, 17]. Additional studies, includ-
ing a meta-analysis by an International Collaborative Group, reported a low and constant risk from
breastfeeding of about 0.6-0.9%/month through 12—18 months [11, 12, 14, 17]. An early prospective
study in rural Rwanda found 0.5% HIV transmission per month after 20 months of age among chil-
dren still being breastfed beyond 2 years of age, a common practice in rural Africa [18].

The increased risk of MTCT in the first weeks of breastfeeding may be related to several factors.
In one study, median VL in colostrum and early breast milk was substantially higher than in breast
milk collected 14 days after birth. This could lead to higher transmission rates in the first weeks of
infant life [53]. Other factors could be the lack of acid secretions in the newborn gut resulting in an
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inability to deactivate the HIV-1 virus. The general immature immunologic responses of the newborn
could also play a role [54].

Mechanisms of Breastfeeding Transmission of HIV-1 to the Infant

Transmission of HIV-1 from mother to infant through breastfeeding is influenced, as mentioned
above, by a number of host (genetic, immunologic, and infectious), viral (quantity and characteris-
tics), and behavioral/environmental (type and frequency of breastfeeding) factors of the mother—infant
dyad [53, 54]. There are many gaps in our understanding of how HIV-1 is transmitted through breast-
feeding and which immune or other parameters most protect infants from such transmission. As previ-
ously mentioned, HIV-1 in breast milk of infected mothers can originate either from blood cell-free
virus released into breast milk through the epithelial barrier of the mammary gland or can be produced
by local replication in macrophages and in ductal and alveolar mammary epithelial cells [55]. Whether
mammary epithelial cells themselves support HIV-1 replication remains controversial [56, 57]. What
is clear is that the mammary epithelium is quite effective in curtailing viral entry [58].

The concentration of HIV-1 in cell-free breast milk is generally lower than in plasma by about
2 logs [5, 23]. HIV-1 has been detected both in the cellular compartment of breast milk and in cell-free
milk with varying frequencies. Detection ranged from 39 to 89% of breast milk samples of HIV-1-
infected women in different studies [15, 23]. Viral detection is associated with lower maternal CD4+
T cell count, vitamin A deficiency, and clinical or subclinical mastitis and breast abscess [59-61].
HIV-1 load in breast milk seems to be highest just after birth [16]. Intermittent shedding and differ-
ences in VL between the two breasts have been noted in several studies [61, 62]. Highly active antiret-
roviral therapy (HAART) started during pregnancy or postpartum suppresses HIV-1 RNA but may not
suppress DNA in breast milk [63—65]. Some researchers have found that detection of cell-associated
virus in breast milk is a stronger predictor of transmission than cell-free virus [16, 28]: a twofold
increased risk for every tenfold increase in cell-free HIV-1 RNA compared to a threefold increased risk
for every tenfold increase in infected cells harboring HIV-1 DNA has been estimated [4, 15, 16, 28].

Entry of HIV-1 into the infant blood stream requires passage across mucosal surfaces and interac-
tion of HIV-1-infected cells with epithelial cells in the oral, nasopharyngeal, or gastrointestinal tract.
Saliva provides a hostile milieu to infection through a range of mechanisms. Salivary hypotonicity is
thought to disrupt HIV-1-infected cells and to inactivate HIV-1 in leucocytes. Saliva also contains
various substances with anti-HIV-1 activity including mucins, lysozyme, lactoferrin, SLPI [66], and
cytokines and chemokines [67, 68].

Contact between HIV-1 infected cells and epithelial cells is postulated to occur through binding of
HIV-1 envelope glycoproteins to the epithelial receptor galactosyl ceramide, with stabilization of the
interaction from integrin-dependent engagement [55]. There is increasing appreciation of the fact that
epithelial cells are not simply passive barriers but have reciprocal regulating interactions with innate
and adaptive immune factors guarding against foreign antigens [56, 58].

Resistance to infection via breastfeeding may also involve natural killer cells and natural antibod-
ies to HIV-1 on exposed mucosal surfaces or in the systemic compartment of the infant. Natural
mucosal antibodies to the chemokine co-receptor (CCRS) and to the viral protein rat have been
described [56, 58]. The role of such preadaptive immunity to resistance against HIV-1 transmitted
through breast milk is unclear.

Breast milk itself contains many antimicrobial and immunomodulatory factors with diverse effects
on HIV-1. Some factors have in vitro anti-HIV-1 activity or the capability to interfere with HIV-1 bind-
ing (including SLPI, lactoferrin, RANTES, interferon-y, and a.- and B-defensins, mucins, glycans, and
polyunsaturated fatty acids) [54, 69], as well as HIV-1-specific antibodies [69]. Other factors display
pro-inflammatory activity that might promote local HIV-1 replication (including interleukin-6, IL-8,
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IL-7, IL-1p, and TNF-a) [69, 70]. Specific human leukocyte antigen (HLA) alleles have been associ-
ated with protection against MTCT of HIV-1; in particular, HLA B18 may protect the infant against
breastfeeding transmission [71]. The immunology of breast milk in the context of mother-to-child
transmission of HIV-1 is addressed in more detail in other chapters of this book.

Infant Gut Mucosal Activation Markers and Protective Effects
of Exclusive Breastfeeding

Several studies have shown that the type of infant feeding in the first 34 months has an effect on
postnatal transmission of HIV-1. Mixed feeding during the first several months of life is associated
with an increased risk of transmission whereas exclusive breastfeeding appears protective [49, 72-74].
In the Zimbabwe ZVITAMBO trial, the rate of postnatal transmission of HIV-1 was 5.1, 6.7, and 10.5
infections per 100 child-years of breastfeeding for infants who were exclusively breastfed, predomi-
nantly breast-fed (breast milk plus non-milk fluids), and mixed fed, respectively [49]. This may be due
to damage to the intestinal mucosa from early introduction of nonbreast milk foods leading to delayed
closure of the enterocyte junctions in the intestinal mucosal barrier. Alternatively, intestinal immune
activation resulting from early introduction of foreign antigens or pathogens may be involved. Both of
these mechanisms can increase the risk of HIV-1 transmission to the infant [75].

Maternal Breast Factors Related to Risk of Transmission

Mammary epithelial permeability is increased during the immediate postpartum period, during wean-
ing [74], and during periods of inflammation such as mastitis when pericellular sodium and albumin
can move into breast milk resulting in elevated levels [28, 31, 76]. In addition, infrequent breast emp-
tying, which might occur with nonexclusive breastfeeding or when weaning, can increase the risk of
ductal inflammation in the breast with the production of cytokines and other inflammatory mediators
leading to subclinical mastitis and increases in mammary epithelial permeability. Elevation in breast
milk sodium in the absence of clinical symptoms (subclinical mastitis) and symptomatic breast inflam-
mation (mastitis) has been associated with higher levels of HIV-1 in breast milk and increased risk of
postnatal transmission [71]. However, one study indicated that laboratory markers of mastitis such as
increased sodium level and cell count are poor predictors of HIV-1 RNA levels in breast milk [76].
Several mechanisms have been postulated for breast milk transmission related to clinical or subclini-
cal mastitis including increased permeability of HIV-1 cell-free particles and white blood cells from
the plasma into the lumen as a result of inflammation of the mammary epithelial tight junctions
[77, 78]. Increased mobilization of inflammatory cells which up-regulate local HIV-1 expression
leading to higher virus levels in breast milk may also play a role [54].

The Impact of Antiretroviral Drugs in Reducing MTCT:
Clinical Trial Findings Among Breastfeeding Populations

Given the protective effects of breastfeeding on infant and child survival, but mindful of the ongoing
risk of HIV-1 transmission, recent research has focused on developing and testing interventions to
reduce the risk of transmission throughout the breastfeeding period (Table 1.2). Initial interventions
focused on the peripartum period and the first few weeks of breastfeeding, while more recent trials have
assessed the safety and efficacy of extended ART prophylaxis given to either the mother or the infant.
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Initial PMTCT Trial Results Testing Late Antepartum
and Intrapartum Regimens

In 1994, the historic Pediatric AIDS Clinical Trial Group (PACTG) 076 trial results were announced
which showed that maternal zidovudine (ZDV) oral prophylaxis provided from as early as 14 weeks of
gestation, administered intravenously during labor/delivery, and then given to the infant for 6 weeks
could reduce MTCT by 67% among nonbreastfeeding mothers with CD4 counts >200/mm?. Transmission
rates were 8.3% in the ZDV arm and 25.5% in the placebo arm at 18 months postpartum [79].

Based on this proof of concept, researchers designed simpler regimens that would be more feasible
to deliver in international settings including interventions beginning in the last trimester, administered
during labor, and having shorter prophylaxis duration for the infant. In 1999, a placebo-controlled trial
conducted in Thailand showed that ZDV given from 36 weeks of gestation through delivery produced
a 50% reduction in vertical transmission (18.9% in the placebo group compared to 9.4% in the ZDV
group) [80]. However, in this Thailand trial, the mothers did not breastfeed; therefore, the efficacy of
the shorter regimens on breastfeeding transmission was unknown [80].

Similar placebo-controlled trials were conducted in C6te d’Ivoire and Burkina Faso, West Africa,
among breastfeeding populations [81, 82]. These trials assessed the efficacy, tolerance, and accept-
ability of oral ZDV regimens provided from 36 weeks and administered during labor. One of the
studies also added a week of oral ZDV for both mothers and infants postdelivery [81]. A pooled analy-
sis of these two studies reported transmission rates of 22.5% in the ZDV group and 30.2% in the
placebo group, or a 26% reduction by 2 years with ongoing breastfeeding [83]. Efficacy was highest
among women with CD4 counts greater than or equal to 500/mm?® [83]. ZDV use was found to be safe
and efficacious. However, the programmatic scale up of even short-term antepartum regimens has
proven challenging, particularly in African settings, due to financial and logistical issues.

The HIVNET 012 Study [84, 85] announced in 1999 was unique because it targeted only the labor/
delivery period. Conducted in Kampala, Uganda, it assessed the safety and efficacy of a single dose
of Nevirapine (sdNVP) taken by the mother at labor onset followed by a sdNVP to the newborn within
72 h of birth. The comparison group of mothers received ZDV during labor and their newborns
received a 1-week course of daily ZDV. The HIVNET 012 sdNVP regimen resulted in a 47% reduc-
tion in perinatal transmission at 14 weeks compared to short course ZDV [84]. Infants were followed
through 18 months. Despite continued breastfeeding, the long-term transmission rates showed a per-
sistent 41% reduction for infants receiving sdNVP [85]. This prophylaxis regimen, in addition to
having a high efficacy rate, was found to be safe, highly cost-effective, and deliverable in high sero-
prevalence settings [86]. However, concerns arose regarding the emergence of resistant mutations
which could negatively impact on later HIV-1 treatment success.

A number of studies evaluated the use of short-course combination ARVs for PMTCT. The PETRA
trial conducted in South Africa, Tanzania, and Uganda evaluated the efficacy of short-course regimens
combining ZDV and lamivudine (3TC) in predominantly breastfeeding populations. There were three
regimens of ZDV +3TC. The first targeted the antepartum, intrapartum, and postpartum periods. The
second targeted the intrapartum and postpartum periods. The third targeted only the intrapartum
period. All three regimens were compared to placebo. At 6 weeks, the first and second ZDV +3TC
regimens were effective in reducing HIV-1 transmission (63 and 42% reduction, respectively) with
transmission rates of 5.7 and 8.9%. However, after 18 months, the transmission rate of the most inten-
sive intervention was 14.9%, or double that observed at 6 weeks [87].

Thus, short-course perinatal ARV trials conducted in the mid to late 1990s demonstrated effectiveness
in reducing HIV-1 transmission during the first months after delivery. However, except for the HIVNET
012 sdNVP trial, the efficacy observed shortly after birth decreased over time with continued breastfeed-
ing. These studies highlight the need to supplement short-course regimens to prevent MTCT of HIV-1
with continued interventions to minimize the risk of subsequent transmission through breastfeeding.
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Extended Infant Prophylaxis Regimens to Reduce Postpartum Transmission

One of the strategies proposed to reduce the risk of postpartum breast milk HIV-1 transmission is the
use of infant ARV prophylaxis during the breastfeeding period. An open-label trial, SIMBA, was con-
ducted in Uganda and Rwanda with infants of HIV-1 infected women who had received ZDV plus
didanosine (ddI) from 36 weeks gestation until 1 week postpartum. Infants were randomized to receive
either 3TC or NVP from birth until 1 month after breastfeeding cessation. The study provided empiri-
cal evidence for the use of infant ARV prophylaxis. Four weeks postpartum, the infant infection rates
were 1.1% among infants who received 3TC and 0.6% among infants who received NVP among
HIV-1 uninfected infants at birth. The overall transmission rate at 6 months was 10% [88]. Likewise,
the MITRA study conducted in Tanzania was an open-label, nonrandomized, prospective cohort study
investigating prophylactic ARV treatment for the infant during the breastfeeding period. The estimated
risk of HIV-1 infection 6 weeks after delivery was 3.8%, whereas at 6 months it was 4.9%. Among
infants uninfected at 6 weeks, the cumulative risk of HIV-1 infection was 1.2% at 6 months [89].

More recent data from three large randomized clinical trials provide stronger evidence showing
that improved HIV-1-free survival is significantly associated with extended provision of prophylactic
ATRs for the infant during breastfeeding. The SWEN study conducted in Uganda, Ethiopia, and India
reported a 50% reduction in postnatal transmission at 6 weeks for infants who received daily NVP
from birth compared to those who received sdANVP (2.5% vs. 5.3%, p=0.009). At 6 months there were
fewer HIV-1-infected children among those who received the extended-dose NVP compared to those
who received sdNVP, although this difference was not statistically different (p=0.16) [90].

The PEPI study conducted in Malawi reported a reduction in postnatal HIV-1 transmission at
9 months for infants who received 14 weeks of daily NVP compared to those who received sdNVP
plus 1 week of daily ZDV (5.2% vs. 10.6%, p<0.001). Infants who received 14 weeks of daily NVP
and ZDV compared to those who received sdNVP plus 1 week of ZDV also had significantly lower
transmission (6.4% vs. 10.6%, p=0.002) [91].

HPTN 046, a phase III randomized double-blind placebo-controlled trial, compares the relative
safety and efficacy of an extended regimen of infant NVP covering 6 weeks to 6 months postbirth.
The trial is currently completing study participant follow-up and will compare 6 months versus
6 weeks of infant NVP on safety and cost effectiveness [92].

Likewise, the BAN study conducted in Malawi demonstrated that either 28 weeks of infant pro-
phylaxis with NVP or maternal triple ATRs given daily during breastfeeding decreased postnatal
transmission significantly compared to 1 week infant prophylaxis postdelivery [93].

Extended Maternal Prophylaxis Regimens During Breastfeeding

Another approach to the prevention of postnatal HIV-1 transmission is the use of maternal triple ARV
prophylaxis during breastfeeding. Several studies suggest that it may be effective to give relatively
healthy, HIV-1-infected pregnant women ARV solely for prevention of postnatal transmission. Four
open-label observational trials conducted in SSA where maternal triple ARV regimens were given
during the third trimester through cessation of breastfeeding at 6 months showed overall transmission
rates ranging from 1.2 to 4.1% at 4-6 weeks of age, and from 1.4 to 5% at 6 months [93-98]. The
MITRA PLUS study conducted in Tanzania was an open-label, nonrandomized prospective cohort
study where HIV-1-infected pregnant women received ZDV, 3TC, and NVP from 34 weeks gestation
through 6 months of breastfeeding. Women with CD4 counts >200 cells/mm? or adverse reactions to
NVP received Nelfinavir (NLF). Cumulative transmission rates were 4.1% at 6 weeks and 5.0% at
6 months [94].



1 Breastfeeding and Transmission of HIV-1: Epidemiology and Global Magnitude 19

The Kisumu Breastfeeding Study (KiBS) study conducted in Kisumu, Kenya, was a phase IIb
study using a similar regimen and duration to the MITRA PLUS study. KIBS was later modified to
provide NLF for women with CD4 counts >250 cells/mm?®. Postnatal transmission rates were 4.2% at
6 weeks and 5% at 6 months [95].

The AMATA study, conducted in urban Rwanda, was an open-label, observational study compar-
ing triple ARV therapy started at 26 weeks gestation through delivery if the infant was formula fed or
through 6 months if breastfed. Women received Stavudine (d4T), 3TC, and NVP if her CD4 count was
less than 350/mm? or 3TC, ZDV, and Efavirenz (EFV) if her CD4 count was greater than 350 cells/mm?.
Only six children were infected after birth, a 1.3% postnatal transmission rate [96].

In the Kesho Bora trial, a multisite trial in Kenya, South Africa and Burkina Faso, HI'V-1-infected
pregnant women with CD4 counts between 200 and 500 cells/mm?® were randomized between 28 and
36 weeks gestation to either triple ARV [ZDV, 3TC and lopinavir enhanced with ritonavir (LPV/r)]
for 6.5 months postdelivery or until breastfeeding cessation or a short ARV regimen (ZDV through
delivery followed by 1 week of ZDV and 3TC). All infants received sdNVP after delivery followed
by 1 week of ZDV. The study concluded that triple ARV prophylaxis given during pregnancy and
continued during breastfeeding significantly reduced the risk of HIV-1 infection at 12 months of age
by 40% (p=0.05) compared to short-course ARV prophylaxis given only during late pregnancy and
peripartum [97].

At the time of the trial, there were parallel Kesho Bora observational cohort studies assessing
effectiveness and safety of ARVs used for treatment or prophylaxis. Women with CD4 counts less
than 200 cells/mm?® or with WHO stage 4 disease were initiated on HAART, while women with CD4
counts greater than 500 cells/mm? received ARV prophylaxis consisting of ZDV from 34 to 36 weeks
gestation until delivery and sdNVP in labor. All infants received sdNVP. Eighteen-month cumulative
transmission rates were 7.5% for women who received HAART for treatment and 5.8% when women
received ARV prophylaxis with ZDV. This study helped shed light on the importance of initiating
HAART early in pregnancy in women with advanced HIV-1 disease to avert the increased risk of
transmission associated with insufficient VL suppression [98].

The Mma Bana trial [99] conducted in Botswana compared the efficacy of a protease inhibitor
(PI)-based ARV regimen (ZDV +3TC+LPV/r) with a triple nucleoside regimen [ZDV +3TC +aba-
cavir (ABC)]. There was 92-95% efficacy in virologic suppression at delivery and during the breast-
feeding period in both arms, with an overall MTCT rate of 1.1%.

The BAN study [93] conducted in Malawi evaluated the efficacy of either maternal triple ARV or
extended infant NVP prophylaxis administered over 28 weeks of breastfeeding in reducing postpar-
tum HIV-1 transmission. These regimens were each compared to a control group where mothers and
infants did not receive extended prophylaxis after delivery. Both the maternal ARV regimen and the
extended infant NVP prophylaxis were superior to the control arm. At 28 weeks postdelivery, the
HIV-1 transmission rates were 1.7% for the extended NVP prophylaxis group and 2.9% for the mater-
nal triple ARV group compared with 5.7% for the control group. This trial demonstrated that use of
either maternal triple ARV or extended infant NVP prophylaxis are effective in the reduction of HIV-1
transmission during breastfeeding.

Evolving WHO Infant Feeding Guidelines for HIV-1-Exposed Infants

While the intervention trials addressing use of extended maternal and infant prophylaxis were being
undertaken, other studies were demonstrating that early weaning, prior to or at 6 months of age,
among HIV-1-exposed infants, as had been recommended by WHO and other groups, was associated
with increased risk of infant morbidity and mortality among HIV-1-uninfected infants [41, 43,
100-102]. Based on these data, in 2006, the WHO refined their infant feeding guidelines for infants
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born to HIV-1-infected women. They recommended 6 months of exclusive breastfeeding if replace-
ment feeding is not acceptable, feasible, affordable, sustainable, and safe. At 6 months, replacement
feeding should be reassessed. If replacement feeding was not safe or sustainable at 6 months, then
continued breastfeeding with additional complementary foods was recommended [103]. These infant
feeding recommendations were updated further in 2010 [104].

WHO 2010 Advice and Implementation

Based on the above trial data demonstrating that both infant prophylaxis and maternal ARV prophy-
laxis were efficacious in decreasing the risk of HIV-1 transmission during the first 6 months of life
among HIV-1-infected breastfeeding women who did not require treatment for their own health, the
WHO in their 2010 revised PMTCT guidelines provided updated recommendations for use of either
of these two approaches to reduce transmission throughout breastfeeding [45]. The other recommen-
dations were to provide longer antepartum ARV prophylaxis to further reduce the risk of HIV-1 trans-
mission during pregnancy with provision of ARV prophylaxis from as early as 14 weeks gestation for
HIV-1-infected women with CD4 counts >350/mm?® who did not yet require HAART for their own
health. The 2010 WHO guidelines also recommended providing ARVs throughout the duration of
breastfeeding, through the first year of life or longer, to either the mother or her infant.

This revised advice was strongly backed by WHO expert consultants but was based on limited
clinical trial data. Data supporting the recommended PMTCT interventions applying to breastfeeding
after 6 months are particularly limited. IMPAACT 1077, also known as PROMISE (promoting mater-
nal and infant survival everywhere) is a large, multisite trial currently underway which will compare
the use of maternal triple prophylaxis during pregnancy to that of maternal ZDV. In the postpartum
period, the use of maternal triple ARV prophylaxis will be compared to that of infant NVP throughout
breastfeeding. PROMISE will also study the impact of stopping versus continuing triple ARVs after
the discontinuation of breastfeeding for women who do not yet require therapy. The study will also
evaluate the effect of continuing infant cotrimoxazole prophylaxis among uninfected children after
cessation of breastfeeding and whether it reduces morbidity and improves 2-year survival.

Breast Milk HIV-1 Transmission: Challenges, Gaps,
and Future Research Directions

The HIV-1 pandemic is showing signs of maturing, but women of childbearing age remain a highly
susceptible at-risk group. In some settings, HIV-1 prevalence is much higher among women than
men, especially in the younger age groups. Despite 30 years of research, there is still no vaccine to
prevent HIV-1 infection. Other interventions are urgently needed to protect women and adolescent
girls from acquiring HIV-1 infection. Thus, a primary challenge, which will also reduce MTCT trans-
mission among breastfeeding women, is to find efficacious methods to protect women from becoming
HIV-1 infected.

Better understanding of innate and adaptive immunity that protects against breastfeeding transmis-
sion of HIV-1, and elucidating the role of immunogenetic factors, as well as the mechanisms of HI'V-1
transfer across the gut lumen, will be important in designing future tailored preventive strategies. Other
challenges and research gaps include providing clinical trial data to test the updated WHO guidelines
on PMTCT among breastfeeding HIV-1 infected women as well as translating these extended and
more complicated PMTCT strategies into actual practice in urban and in rural resource-limited set-
tings. In addition, operational research to determine how best to integrate PMTCT interventions into
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maternal/child health services infrastructure and how to use the increased PMTCT funding to help
strengthen general maternal/child health services will be important [105]. Finally, longer term safety
follow-up to assess evidence of late health sequelae among HIV-1-exposed but uninfected infants who
receive prolonged ARV exposure both antenatally and postnatally based on the 2009-2010 PMTCT
guidelines currently being adopted will be a critical future research need.

Summary and Conclusions

Protecting the current generation of uninfected adults, especially women of childbearing age and
adolescent girls, as well as the next generation of uninfected children from HIV-1 are two of the most
critical global health challenges. Much progress has been made in the prevention of MTCT among
nonbreastfeeding, HIV-1 infected women living in resource-rich settings. Transmission rates of less
than 2% are being seen, and virtual elimination of new pediatric HI'V infections is the goal. In resource-
limited settings where breastfeeding is a necessity, there has also been progress in clinical trial research
to reduce the risk of postnatal HIV transmission. Some of these results have been translated into
reduced numbers of infected infants worldwide since 2007. However, many challenges still remain in
the quest for a global HIV-1-free generation of children.
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Chapter 2

Breastfeeding and Transmission of Viruses
Other than HIV-1

Claire L. Townsend, Catherine S. Peckham, and Claire Thorne

Introduction

The risk of HIV-1 transmission from mother to infant through breastfeeding is well established, but
less attention has been paid to the implications of other viruses present in breast milk. Acquisition of
human immunodeficiency virus type 2 (HIV-2) through breastfeeding has been reported, but the risk
of transmission appears to be lower than for HIV-1. For other viruses, such as cytomegalovirus (CMV)
and human T-cell lymphotropic virus type 1 (HTLV-1), transmission through breastfeeding is com-
mon and well documented, and infection can result in short- or long-term consequences in the infant.
For hepatitis B and C viruses, although mother-to-child transmission occurs, breastfeeding does not
appear to be a major route of transmission. In this chapter, the implications of these viruses identified
in breast milk are described.

For most other viruses that have been detected in breast milk, acquisition of infection through
breastfeeding is not an important route of transmission. For example, Epstein—Barr virus (EBV) and
human herpesvirus-6 (HHV-6) are shed in breast milk but are not considered an important source of
infection in infancy [1, 2]. Both of these viral infections are acquired early in life, but their prevalence
increases throughout childhood, with similar rates reported in breastfed and formula-fed babies, and
it is therefore unlikely that breast milk is a frequent route of transmission [2]. Human herpesvirus-7
(HHV-7) and human herpesvirus-8 (HHV-8) have been identified in breast milk, albeit rarely, but are
often present in saliva, a more likely route of transmission [3—5]. Herpes simplex viruses-1 and -2
are shed into breast milk [6], but reported cases of neonatal infection associated with breastfeeding are
usually in mothers with herpetic lesions on the breast [7, 8]. Breastfeeding is therefore only
contraindicated if lesions are apparent. The presence of EBV and CMV has been reported to be inde-
pendently associated with HIV-1 RNA concentration in breast milk [9]; however, it is unknown
whether infection with EBV or CMV has implications for increased shedding of other concurrent
infections in breast milk.

There is a theoretical risk of acquisition of infection in breastfed infants whose mothers are vac-
cinated postnatally. Rubella vaccine virus can be recovered from breast milk of women receiving
postpartum vaccination and may be transmitted to the breastfed neonate [10, 11]. However, this
does not result in clinical disease and there is no evidence of a significant alteration in the infant’s
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immune response to subsequent rubella vaccinations or of an increased risk of reactions at a later
date [12]. Breastfeeding is not a contraindication for postpartum vaccination with the combined
measles—mumps—rubella vaccine. Varicella immunisation is not recommended for breastfeeding
mothers by the vaccine manufacturer. However, a study in the United States (US) showed no evi-
dence of virus in breast milk or transmission to breastfeeding babies from mothers receiving a
2-dose schedule at 6 and 10 weeks after birth [13]. US guidance from the Centers for Disease
Control and Prevention, and UK national guidance states that vaccination is not contraindicated in
breastfeeding mothers.

The chapter focuses on the risk of transmission through breastfeeding of HIV-2, HTLV-1 and
CMY, as well as hepatitis B and C viruses, and explores the implications of early acquisition of these
different viruses for both the short and long term.

HIV-2

HIV-2 is found predominantly in West Africa and in countries with historical links to the region, such
as France and Portugal. HIV-2 is less pathogenic, results in lower viral loads and progresses more
slowly than HIV-1, but ultimately leads to immunosuppression and AIDS [14]. Reported mother-to-
child transmission rates in the absence of antiretroviral therapy range from 0 to 4% [15-19]; these
rates are significantly lower than for HIV-1, possibly due to the lower plasma viral loads occurring
with HIV-2 infection [18].

Although vertical transmission has been studied less extensively for HIV-2 than HIV-1, postnatal
HIV-2 transmission through breastfeeding has been documented. In a study in the Gambia, 8 of 202
children born to HIV-2-positive women were infected, with timing of transmission reported for 7;
3 had negative PCR tests at 2 months of age and subsequently tested positive, suggesting acquisi-
tion through breastfeeding [18]. In the French Perinatal Study, one of the two reported cases of
vertically acquired HIV-2 infection probably occurred through breastfeeding [20]. Although the
risk of postnatal transmission through breastfeeding is probably lower than for HIV-1, there is a
lack of robust evidence, and HIV-2 is usually managed according to HIV-1 infant feeding
guidelines.

Human T-Cell Lymphotropic Virus

HTLV-1 was the first human retrovirus to be discovered, in 1980 [21, 22], followed soon afterwards
by the discovery of HTLV-2 in 1982 [23]. HTLV-1 infection is life-long and in most individuals
remains asymptomatic. However, after a long latent period a small but significant proportion of indi-
viduals infected with HTLV-1 develop serious neurological and lymphoproliferative disorders. The
association of HTLV-2 with such long-term sequelae is less certain [23].

Both HTLV-1 and HTLV-2 can be acquired by mother-to-child transmission (mainly through
breastfeeding); sexual transmission, particularly from male to female; and from contaminated blood
products through blood transfusion or injecting drug use [23, 24]. HTLV-1 is endemic in the Caribbean
basin, Japan, South America and West and Central Africa with isolated foci in other areas [23, 24].
The natural history of HTLV-1 has mainly been described in these populations. In contrast, the preva-
lence of HTLV-2 is highest in the Amerindian and some central African populations, and among
injecting drug users [25, 26].
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Mother-to-Child Transmission of Infection

Mother-to-child transmission is an important mode of acquisition of HTLV-1 [23, 27, 28],
and seems to occur mainly through breastfeeding. Based on HTLV-1 studies carried out in
Japan in the 1980s, rates of mother-to-child transmission were estimated to be around 15-25%,
although numbers in all studies were small [27-32]. A study in French Guyana reported a rate of
10% [33].

Infected lymphocytes have been detected in breast milk from HTLV-1 carrier mothers, and milk
from infected mothers given orally to marmosets has been shown to result in infection [34-36].
However, since HTLV-1 infection also occurs in bottle-fed infants born to carrier mothers, it is likely
that transmission can also occur in utero and/or during delivery, although the risk appears to be low
[37]. HTLV-1 proviral DNA has been detected in the placenta and in cord blood [30], but the mecha-
nism for transmission remains unclear. Transmission of infection due to breastfeeding has been well
documented, and breastfeeding is a major risk factor for acquisition of HTLV-1 in the offspring of
infected mothers, with longer duration of breastfeeding associated with increased rates of infection
[37—-40]. After the acquisition of infection through breastfeeding there appears to be no further trans-
mission prior to puberty [41].

Other documented risk factors for perinatal HTLV-1 transmission include high maternal proviral
load and antibody titre, increased maternal age and clinical condition and transfusion history of the
mother [42-47]. In a study in Peru, the offspring of mothers who presented with HTLV-1-associated
myelopathy/tropical spastic paresis (HAM/TSP) or strongyloidiasis were significantly more likely to
be infected than those of asymptomatic mothers, suggesting that maternal disease is a risk factor for
infection, possibly due to increased proviral load [48].

Consequences of Vertically Acquired Infection

HTLV-1 infection is life-long and most of those infected during early childhood remain asymp-
tomatic in adulthood, although serious HTLV-1-related disease develops in a small proportion of
infected individuals. Late sequelae include adult T-cell leukaemia/lymphoma (ATL) and HAM/
TSP. ATL is a rare and rapidly progressive lymphoproliferative malignancy of mature T-cells
which occurs in people aged 20-60 years, while TSP is a slower but incapacitating disease of the
nervous system for which there is at present no treatment [24]. HTLV-1 is also associated with
uveitis and other inflammatory disorders [24]. Disease typically manifests later in life, and due to
the long latent period there is a paucity of information on the true risk of long-term sequelae in
children with vertically acquired infection. However, it is estimated that 5-10% of vertically
infected children will progress to one of the HTLV-1-related diseases after a long latent period
[24]. An estimated 1-5% of infants with infection will develop ATL with an average latency of
30 years [35], while the lifetime risk of developing HAM/TSP is lower and in the order of 0.25—
3% [49, 50].

Paediatric manifestations of HTLV-1 are extremely rare but cases of chronic and relapsing derma-
titis of childhood have been reported, which may progress to ATL and HAM/TSP. HTLV-1-associated
infective dermatitis appears to be a risk factor for disease progression, and children with this condition
have a significant increase in provirus DNA load compared with asymptomatic children [52-54]. It
has been suggested that among HTLV-1-infected children eczema could be a marker of risk for sub-
sequent HTLV-associated diseases. Juvenile presentation has also been well documented but is
extremely rare, and if it occurs progression to late sequelae is rapid [52].
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Prevention of Transmission

Given the lack of treatment or availability of vaccines to prevent infection, many clinicians advocate
prenatal screening in populations where the prevalence of infection is high, thus enabling women with
infection to be advised to avoid breastfeeding, or at least reduce its duration. However, decisions
about breastfeeding need to balance the potential risk of infection-related adverse sequelae against the
innumerable benefits of breast milk. One study has reported that the identification of positive women
caused discrimination that was worse than that for HIV and stressed the need for counselling [55]. In
addition, the potential harm that could result from identifying a maternal diagnosis of HTLV-1 on the
family’s quality of life requires consideration. In populations where screening is carried out, unin-
fected women also need to be informed about other routes of acquiring the infection so that these can
be avoided.

Antenatal screening for HTLV-1 was introduced in Japan in settings where the prevalence of infec-
tion was high, and women identified as seropositive were advised not to breastfeed. The response to
this programme was good, and maternal transmission dropped from around 20% to 3%. In the same
study, shortened duration of breastfeeding was reported to significantly reduce transmission [56]. This
programme was estimated to prevent around 80% of mother-to-child transmission of HTLV-1. In
Okinawa, Japan, there was also a marked reduction in the prevalence of antibody to HTLV-1 among
pregnant women (from 5.6% to 3.7%) and among nursery school children (from 1.8% to 0.2%)
between 1968 and 2000. This was thought to be mainly due to reduced levels and shortened duration
of breastfeeding among women identified as seropositive in pregnancy. However, mother-to-child
transmission rates among non-breastfed infants also decreased from 12.8% to 3.2% from 1995 to
1999, so other factors were also likely to be responsible [57].

The epidemiology of HTLV-2 has not been so well characterised. Mother-to-child transmission of
HTLV-2 appears to occur in a similar pattern to HTLV-1 [51], but information on rates of transmission
are sparse as only small numbers of infected women and their babies have been followed up. Similarly,
information on the long-term adverse effects is limited.

Cytomegalovirus

CMYV is a ubiquitous herpes virus which is commonly acquired in early life and is often asymptom-
atic. However, congenital CMV, acquired in utero, is symptomatic in 10-15% of newborns and has
more serious long-term consequences. The incidence of congenital CMV ranges from about 0.4% of
births in resource-rich countries to over 1% in resource-poor countries and in disadvantaged popula-
tions [58]. Congenital CMV can result in permanent neurological sequelae, including mental retarda-
tion, developmental and motor impairment and sensorineural hearing loss. In contrast, postnatally
acquired CMYV is rarely symptomatic in full-term infants, although there may be consequences for
preterm and low birth weight infants.

Presence of CMYV in Breast Milk

Since the 1970s human breast milk has been known to be a source of CMV infection [59-62]. The
presence of CMV in breast milk was first demonstrated in 1967 [59], and in 1972, Hayes et al. isolated
CMYV from the breast milk of 17 of 63 (27%) seropositive mothers [60]. Subsequently, Stagno et al.
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reported the isolation of CMV at least once in breast milk or colostrum from 38 of 265 (14%)
seropositive women, with isolation less frequent from colostrum (8%) than breast milk (36%) [61].

Shedding of CMV in breast milk may occur following reactivation in the mammary glands, and
does not necessarily correlate with shedding in urine [60, 61, 63]. Hayes et al. found that the virus was
detectable in breast milk significantly more often after the first week postpartum than before [60]. In
a more recent study where breast milk was tested at 2-week intervals, CMV was detectable in most
samples 2 weeks after delivery, with a peak in DNA viral load at around 4—-6 weeks postpartum [64].

The use of polymerase chain reaction (PCR) techniques in recent studies suggests that reactivation
of CMV in breast milk occurs in the majority of seropositive mothers. A study in Tiibingen, Germany,
demonstrated reactivation in 96% (73 of 76) of seropositive lactating mothers [65], and other studies
have found similarly high rates [66, 67]. In a systematic review of CMV transmission to preterm
infants, detection of CMV in breast milk was reported to range from 67% to 97% [68]. Although the
seroprevalence of CMV varies widely by age, ethnicity and region, rates in pregnant women are high
in most populations, ranging from 40% in some developed countries to as high as 98% in less devel-
oped regions [69, 70]. Breastfeeding is therefore a common source of exposure to CMV and is thought
to function as a form of natural immunisation.

Transmission to the Infant

Transmission of CMV to the infant was demonstrated by Stagno et al., who followed 19 breastfed
infants whose mothers were shedding virus in their milk; 11 of these infants (58%) acquired CMYV,
despite the detection of maternal antibodies in the breast milk, but none showed any signs of disease
[61]. In a population-based prospective study in the United Kingdom (UK), infants were screened for
CMYV at birth to exclude congenital infection, and followed up at regular intervals; 12% were excret-
ing virus at 3 months and 20% at 1 year of age [62]. Among infants of seropositive mothers, 33% had
evidence of infection at 1 year of age (compared with 4% of those born to seronegative mothers),
including 76% of those who were breastfed. A recent review of CMV transmission to preterm and
low birth weight infants highlighted a wide range of transmission rates from seropositive mothers,
from as low as 6% to over 50%, probably due to differences in feeding practices and study inclusion
criteria [68].

Consequences of Postnatal Acquisition in Preterm
and Low Birth Weight Infants

Although there was no sign of disease in infants who acquired CMV in the study by Stagno et al., a
subsequent study suggested that early acquisition in preterm infants could result in CMV disease,
when two premature infants developed CMV pneumonitis [71]. Preterm infants may be particularly
susceptible to CMV disease due to the lack of transfer of maternal antibodies. In a study of 33 infected
preterm infants in Germany, clinical manifestations occurred in 16 infants (48%) and included
hepatopathy, neutropenia, thrombocytopenia and sepsis syndrome [72]. Symptomatic transmission
was significantly more likely among infants of lower birth weight. It may be difficult, however, to
distinguish signs of CMV from complications of prematurity [73], and definitions of CMV disease
often differ. Most other studies have reported lower rates of CMV disease, ranging from 0% to 34%
[68]. Nevertheless, symptoms can be severe, and frequently include hepatitis, thrombocytopenia and
sepsis-like syndrome.
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Long-Term Outcomes

Data on long-term outcomes of postnatally acquired CMV are much more limited. Although congenital
CMV is associated with neurological sequelae, including hearing loss, there have been no reports to date
of severe long-term impairment in symptomatic preterm infants with postnatal infection. In the study by
Stagno et al., which included psychometric, hearing and vision assessments, no abnormalities were detected
in 39 term infants with asymptomatic postnatal infection at a mean age of 51 months [61]. Theoretically,
sequelae would be more likely in infants who were preterm or of low birth weight and developed CMV
symptoms. However, the number of such infants in any given study is usually small. In a matched follow-up
study of 22 preterm infants with CMV infection (half with symptoms) and 22 uninfected controls, there
was no hearing loss in either group at 2—4.5 years of age, and no evidence of a difference between groups
in neurological problems, language or motor development [74]. Only one study has suggested a possible
increase in neurological sequelae in preterm infants with early onset of CMV excretion who were followed
up until 3 years of age [75]. In most studies, however, duration of follow up is more limited. Although there
is no clear evidence that early acquisition of CMV through breastfeeding poses a significant risk of long-
term sequelae for preterm and low birth weight infants, a risk cannot be excluded.

Prevention

CMV can be eliminated from breast milk by Holder pasteurisation (30 min at 62.5°C), but there are
concerns that pasteurisation reduces the activity of immunologically beneficial components of breast
milk, which are particularly important for preterm and low birth weight infants [76]. Freezing also
reduces the infectivity of CMV in breast milk but may not completely eliminate the virus [77, 78]:
there have been reports of transmission to infants who were fed frozen milk [64, 79]. Further evalua-
tion of the relative benefits of freezing versus pasteurisation is needed to inform guidelines on early
management of preterm and low birth weight infants.

Hepatitis B Virus

Discussions around the role of breastfeeding in the transmission of hepatitis B virus (HBV) from an
infected mother to her infant have been ongoing for many years. This is driven by the fact that in many
countries women are screened for HBV so that, if infected, their exposed baby can be protected by a
full course of immunisation, the first dose being given at birth. An estimated 5% of pregnant women
worldwide are chronic HBV carriers, but there is wide variation by region. A recent study reported
estimated median prevalence of hepatitis B surface antigen (HBsAg) in pregnant women according to
the endemicity of the region, ranging from 0.7% in low endemicity regions (i.e. the Americas and
Europe) to 10% in high endemicity regions (i.e. Africa and Western Pacific) [80]. Furthermore,
HBsAg carriage rates can vary substantially within populations: in a study of pregnant women in
Taiwan, prevalence was 11% overall but ranged from 3.5% among women of Vietnamese ethnicity to
21% among aboriginal Taiwanese [81].

HBY in Breast Milk

Although HBsAg, hepatitis B envelope antigen (HBeAg) and HBV DNA have been isolated from
breast milk samples [82-84], evidence to date suggests that breastfeeding does not increase the risk
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of vertical transmission of HBV. In early studies, predating the availability of hepatitis B vaccine,
there was no evidence to support a substantial role of breastfeeding in HBV transmission from mother
to child [85]. Beasley et al. reported a nearly identical frequency of acquisition of HBsAg and anti-
HBs antibody in 92 breastfed and 55 non-breastfed infants in a study of 147 mother—infant pairs [86],
while a smaller German study similarly found no association between breastfeeding mode and infant
HBYV infection [87].

Breast Feeding and HBV Immunisation

In the context of infant immunisation, HBV transmission does not appear to be affected by breastfeed-
ing and the World Health Organization, the Centers for Disease Control and Prevention in the US and
other international and national guidelines recommend that mothers infected with HBV should breast-
feed. In a small Italian study of 85 infants born to HBsAg-positive mothers (2% were HBeAg
positive), 22 were breastfed and 63 were formula fed and all received immunoglobulin and
vaccination; there were no infections in either group and no significant difference between groups
with respect to seroconversion (95% in the breastfed group and 97% in the formula-fed group) [88].
Wang et al. investigated whether breastfeeding impacts upon the efficacy (with respect to anti-HBs
response) of immunisation of infants of HBV-infected mothers, and found no difference in incidence
of immunoprophylaxis failure by breastfeeding mode [89]. In a study in the US, infections were
compared in breastfed versus formula-fed infants (n=369) born to HBV-infected mothers, all of
whom received immunoglobulin at birth and the full course of vaccination; there were no infections in
the 101 breastfed infants (mean duration of breastfeeding, around 5 months) and three infections
among the 268 formula-fed infants [90]. There is a theoretically increased risk of HBV transmission
via breastfeeding if an infected mother has cracked and bleeding nipples, but no evidence base exists
to support this hypothesis.

Hepatitis C Virus

HCYV is a blood-borne virus that is transmitted most effectively by direct percutaneous exposure to
blood. Infants are at risk of infection primarily as a result of transmission from their infected mothers.
The risk of vertical transmission of HCV is small, occurring in 3—-6% of cases, although this may be
higher for some sub-groups including women co-infected with HIV.

Although excretion of HCV in colostrum has been described in some studies [91, 92], other inves-
tigators have not been able to detect HCV in breast milk, including in viremic mothers [93-95].
Furthermore, variability over time and correlates of excretion have not been evaluated. There are only
a small number of observational studies carried out to date with the statistical power to address the
question of whether breastfeeding increases risk of HCV vertical transmission. None of these have
found any evidence to support an increased risk of HCV transmission through breastfeeding. In a
cohort study of the European Paediatric HCV Network involving 1,758 mother—child pairs, the
mother-to-child transmission rate was 6.2% (95% confidence interval 5.0%, 7.5%) in HCV-infected
women delivering between 1998 and 2004, of whom 15% were co-infected with HIV and no protec-
tive effect of formula feeding was observed [96]. In a UK study of 441 HCV-positive mothers and
their infants, 59 infants were breastfed and vertical transmission rates were 7.7% among those breast-
fed and 6.7% among those formula fed, a non-significant difference [97]. In a similar cohort in Italy,
infants of nearly 300 HCV RNA-positive mothers were followed from birth, of whom around 30%
breastfed: vertical transmission rates did not differ significantly between the breastfed and formula-
fed groups at 7% and 4%, respectively [98].
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A large individual patient data meta-analysis involving European data (n=1,474) demonstrated no
effect of breastfeeding on vertical transmission among infants of women with HCV infection only;
however, the study identified a significantly increased risk of transmission among the 13 breastfed
infants of HCV/HIV co-infected mothers [99]. In settings where formula feeding is safe, acceptable,
affordable, feasible and sustainable, HIV-infected women are advised to avoid breastfeeding due to
established risks of postnatal transmission of HIV, and thus HIV/HCV co-infected women in such
settings should receive the same advice.

Kumar et al. carried out a study in the United Arab Emirates involving 65 HCV seropositive moth-
ers, to investigate the role of breastfeeding in vertical transmission of HCV [91]. Of these 65 women,
all of whom breastfed their infants, five had developed symptomatic liver disease by 3 months
postpartum, during the breastfeeding period; three of the five infants of these symptomatic women
became infected, most likely as the result of breastfeeding. This study provides some limited evidence
of an increased risk of postnatal transmission through breastfeeding among HCV-positive women
with liver disease and high viral loads.

However, for asymptomatic HCV seropositive women, without HIV co-infection, current interna-
tional and national guidelines recommend breastfeeding. As with HBYV, a theoretical increased risk of
HCYV transmission where a mother is suffering from cracked and bleeding nipples exists, and it may
therefore be prudent for such women to abstain from breastfeeding.

Conclusions

Breast milk provides numerous nutritional and immunological benefits, and protects the infant against
viral and bacterial pathogens. For the majority of viral infections including several herpes viruses (e.g.
EBYV, HHV-6, HHV-7, HHV-8, HSV-1 and HSV-2), breastfeeding is not a common route of transmis-
sion even if the virus can be detected in the milk of infected mothers. There is a possibility of an
increased risk of transmission of these infections in women co-infected with HIV-1, but evidence is
limited. As described here, HTLV-1 and CMV are commonly transmitted through breast milk and can
cause early- or late-onset disease. In areas of high HTLV-1 prevalence, antenatal screening may be
warranted, to enable infected women to avoid or reduce the duration of breastfeeding, thereby reduc-
ing the risk of mother-to-child transmission and possible long-term sequelae. On the other hand,
although CMYV seroprevalence is high in most populations, transmission through breastfeeding does
not result in clinical disease in most infants. Exposure of newborns to infections such as CMV in the
presence of maternal antibodies may represent a form of natural immunisation, and breastfeeding is
usually advised. However, preterm infants who lack maternal antibody may be particularly suscepti-
ble to viral infections in milk. Screening and pasteurisation of banked breast milk ensures that preterm
infants receiving donor milk are protected from infection. However, for preterm infants receiving their
mother’s own milk, the relative benefits of freezing and pasteurisation remain a matter for debate.
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Chapter 3
Breastfeeding Among HIV-1 Infected Women:
Maternal Health Outcomes and Social Repercussions

Elizabeth Stringer and Kate Shearer

Worldwide, the majority of HIV-infected women live in resource-constrained areas and must breastfeed
because replacement feeding is not a viable option for them due to its lack of feasibility, safety, and
affordability [1]. The benefits of breastfeeding are many and are often overshadowed by the risk of
HIV transmission in HIV-infected mother—infant pairs. Breastfeeding confers immunological benefits
to infants [2], protects infants from diarrhea and pneumonia [3, 4], and may improve cognitive func-
tion, only to name a few [5]. In low-income countries, the benefits of breastfeeding are even greater
than in high-resource countries. In 2000, the World Health Organization estimated that breastfeeding
could prevent 1.3 million infant deaths worldwide [6, 7].

New evidence shows that HIV-infected women who take antiretrovirals during breastfeeding [8—10]
have very low rates of postnatal HIV transmission. Likewise, infants who are given extended nevirap-
ine prophylaxis during breastfeeding experience similarly low rates of transmission [9-11]. The World
Health Organization and many governments now promote exclusive breastfeeding for 6-12 months,
regardless of the HIV status of the mother. When antiretroviral medications are combined with exclu-
sive breastfeeding, breastfeeding becomes much safer for HIV-exposed infants. Recently, the impact of
breastfeeding on maternal health in HIV-infected women has been more closely examined. This is
especially pertinent in Africa where women may not be able to meet their nutritional requirements dur-
ing breastfeeding. In this chapter, we review current literature on the impact of breastfeeding on mater-
nal health with a specific focus on morbidity, mortality, nutrition, and social issues.

Evidence of the Impact of Breastfeeding on Maternal Morbidity,
Nutritional Status, and Maternal Weight

During breastfeeding, the maternal nutritional requirements are higher than during pregnancy. The
average nutritional requirements during pregnancy are an additional 300 kcal/day, whereas 500 kcal/
day above the normal requirements are required during breastfeeding [12, 13]. Micronutrient needs
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Table 3.1 Recommended Pregnancy Lactating

dlet.ary allowance (RDA) kcal Second trimester: +340 kcal 0—6 months: +500 kcal

during pregnancy and . .

Jactation for women ages Third trimester: +452 kcal 6-12 months: +500 kcal

19-50 [14-18] Protein 71 g 71 g
Fat* 20-35¢g 20-35¢g
Vitamin B12 2.6 ug 2.8 ug
Vitamin K® 90 ug 90 ug
Riboflavin 1.4 mg 1.6 mg
Zinc 11 mg 12 mg
Iodine 220 pug 290 g
Vitamin A 770 pug 1,300 ug
Vitamin B-6 1.9 mg 2.0 mg
Vitamin C 85 mg 120 mg
Vitamin D 600 TU 600 U
Thiamin 1.4 mg 1.4 mg
Niacin 18 mg 17 mg
Folate 600 ug 500 pug
Vitamin E 15 mg 19 mg
Selenium 60 pg 70 pug
Calcium 1,000 mg 1,000 mg
Phosphorus 700 mg 700 mg
Magnesium 350-360 mg 310-320 mg
Iron 27 mg 9 mg

* Acceptable macronutrient distribution range
" Adequate intake

also increase and the daily requirements during pregnancy and breastfeeding are outlined in Table 3.1
[13]. Although the data are scarce in this area, nutritional requirements are believed to increase in
asymptomatic HIV-infected pregnant woman by as much as 10%, and with AIDS to as much as an
additional 25-30% [19]. An HIV-infected pregnant woman who subsequently breastfeeds potentially
has nutritional requirements that are 50% higher than a nonpregnant HIV-uninfected woman [19].

Fraser and Grimes conducted an extensive review of the literature on the impact of breastfeeding
on postpartum weight loss, focusing on 28 well-conducted studies examining this issue [20]. The
studies included a variety of different populations ranging from women from resource-rich countries
to resource-constrained countries. In general, women who breastfed were compared to women who
replacement fed, and, after a thorough review, the authors concluded that there is not enough evidence
to suggest that breastfeeding has an impact on maternal postpartum weight loss [20].

In an article published in 2006, Papathakis et al. reported on 142 HIV-infected and HI V-uninfected
breastfeeding women from South Africa. Their results showed that, between 8 and 24 weeks postpar-
tum, HIV-infected women lost an average of 1.4 kg, while HIV-uninfected women gained 0.4 kg
(»=0.004), and HIV-infected women had lower subcutaneous fat. The authors noted that fat-free
mass, fat mass, and percent body fat did not differ between HIV-infected and HIV-uninfected women
at any time postpartum [21].

In Zambia, Murnane and colleagues found that among HIV-infected women in Lusaka, most
women actually gained weight over the course of the study period. Women were randomized into one
of two groups, a long-duration breastfeeding group in which the median duration of breastfeeding was
16 months, and a short-duration breastfeeding group in which women were supposed to cease breast-
feeding at 4 months. While women in the shorter duration of breastfeeding group gained 2.3 kg,
women in the longer duration group gained 1.0 kg (»p=0.01) from 4 to 24 weeks postpartum [22].
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Although the majority of the literature does not suggest that HIV impacts weight loss in a postpartum
breastfeeding population, recent literature suggests that breastfeeding women who do lose weight have
an increased risk of mortality. Data from the ZVITAMBO study showed that breastfeeding HIV-infected
women who had 10% weight loss had a sevenfold increased risk of mortality compared to HIV-infected
women without weight loss [23]. These women, however, are likely to have had other causes for weight
loss, such as opportunistic infections, that may have placed them at greater risk for morbidities and
death. A Kenyan prospective study supports this. Of 535 in the cohort, the incidence of upper respira-
tory infections was 161 per 100-person year and diarrhea was 63 per 100-person years [24].

Surprisingly, breastfeeding was associated with diarrhea and the authors postulated that formula
feeding mothers may have adhered to better hygiene practices.

Maternal Mortality and Morbidity in HIV-Infected Breastfeeding Women

In 2001, Nduati and colleagues published the results of a secondary analysis of a randomized trial,
examining maternal mortality among HIV-infected mothers [25]. 425 HIV-infected pregnant women
were enrolled between 1992 and 1997 and randomized to either breastfeeding or replacement feeding.
Women were followed monthly for the first year and quarterly for the second year. The authors found
that women who were randomized to breastfeeding were three times as likely to die compared to
women who were randomized to formula feeding (RR: 3.2; 95% CI 1.3-8.1; p=0.01). The authors
also showed a positive relationship between postpartum weight loss and maternal mortality for every
kg lost per month (RR of 3.4; 95% CI: 2.0-5.8).

The effects of breastfeeding seemed to persist even when entry viral load and CD4 counts were
controlled for. One concerning finding in the study was that almost half of the women who died had
a CD4 count >350. However, this study had several weaknesses. Reporting was an issue and mainly
pertained to the quality and quantification of breast or formula feeding. As is common in many areas
in Africa, infants were not exclusively breastfed or formula fed, however, the extent of this was not
described in this chapter.

Since the publication of this study, a number of other studies and secondary analyses have been
conducted. Otieno and colleagues conducted a prospective cohort study which enrolled pregnant HIV-
infected women <28 weeks gestation between 2000 and 2005 [26]. All women were given short course
AZT regardless of CD4 count. Women were also provided free formula and counseled on options for
breastfeeding. Follow-up was monthly in the first year and quarterly in the second year. In the analysis,
feeding options were dichotomized into breastfed, even if a woman breastfed for a very limited time,
and never breastfed. Women who breastfed had a faster rate of CD4 decline (7.7 vs. —4.4 CD4 cells/uL/
month; p=0.014), however, there were not significant differences in viral load changes. The decline in
CD4 cell counts was most evident for those who breastfed for longer periods of time. There was also
a greater decline in BMI at 25 months postpartum, although mortality rates did not differ between the
two groups, nor did time to CD4 cell count falling below 200 or time to start ART.

A number of other studies have been performed that do not show a significant impact of breastfeed-
ing on maternal morbidity or mortality in HIV-infected women (Table 3.2). Coutsoudis and colleagues
conducted a secondary analysis of breastfeeders and never breastfeeders. The mean time of follow-up
for breastfeeding mothers was about 10.5 months, a shorter amount of follow-up time compared to the
Nduati and Otieno studies. In this cohort, there were 2/410 maternal deaths (0.49%) in the breastfeed-
ing group and 3/156 (1.92%) maternal deaths in the never breastfeeding group. There was no differ-
ence between the two groups with regard to mortality, new co-morbidities, CD4 cell count changes,
or change in hemoglobin [32].

Sedgh and colleagues also examined the relationship of breastfeeding with time to death, CD4 cell
decline, anemia, and weight loss in a prospective cohort of HIV-infected women who were enrolled
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Table 3.2 Review of literature on maternal morbidity and mortality as it relates O to infant feeding method in HIV-

infected women

Author Year Country Population Design Results
Nduati [25] 2001 Kenya 397 HIV-infected RCT of breastfeeding Median duration of
pregnant women versus formula breastfeeding =17 months
Women followed until feeding 18/197 deaths in the breast-
death, for 2 years feeding group versus 6/200
after delivery, or in the formula feeding
until end of study group (p=0.009)
Coutsoudis [27] 2001 South 566 HIV-infected Vitamin A Mean time of follow-up
Africa women followed intervention study breastfed = 10.4 months
postpartum No infant feeding Never breastfed=10.6 months
(410 breastfed; randomization 2/410 (0.49%) deaths among
156 never No ARVs were breastfeeding mothers
breastfed) available 3/156 (1.92%) deaths among
formula feeding mothers
p=0.10
Kuhn [28] 2005 Zambia 653 HIV-infected Secondary analysis ~ Median duration of breastfeed-
women of a RCT—abrupt ing in the prolonged
Early weaning vs. weaning at group =15 months
prolonged BF 4 months vs. No difference in mortality
Follow up for 2 years prolonged up to 24 months after
breastfeeding delivery (p=0.38)
Taha [29] 2006 Malawi 2,000 HIV-infected Two RCT Median duration of
women BF=18 months
2 MTCT trials Over 24 months, 44 (2.2%)
Followed up for women died
2 years No increased risk of maternal
morbidity or mortality in
breastfeeding women
Otieno [26] 2007 Kenya 296 women Prospective cohort Current BF had a higher rate
(98 formula fed; study of CD4 cell decline
198 breastfed) 12/166 deaths among
Followed for 2 years breastfeeders
4/88 deaths among never
breastfeeders (no signifi-
cant difference in time to
death)
Walson [24] 2007 Kenya 489 HIV-infected Prospective cohort All cause mortality at
women study 12 months (1.9%)
Followed up for 24 months mortality (4.8%)
12-24 months among all women
Sedgh [30] 2004 Tanzania 698 HIV-infected Observational cohort Mean duration of breastfeed-
women from RCT from ing was 18.2 months
All women breastfed the Trial of 109 (15.6%) deaths
Vitamin Study No association between
(TOV) 2 year breastfeeding and risk of
outcomes death (adjusted RR=0.73,
95% CI: 0.29-1.83),
anemia, weight loss, or
CD4 cell count decline
Breastfeeding 2005 Meta 4,237 HIV-infected Meta analysis on Median duration of breastfeed-
and HIV analysis women HIV-infected ing: 10.0 months
International 3,717 (87.7%) women from 162 (3.8%) died within
Transmission breastfed eligible clinical 18 months of delivery. No
Study 520 (12.3%) never trials association between infant
Group [31] breastfed feeding status and

probability of death
(p=0.16)
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into the Trial of Vitamin Study in Tanzania, a randomized controlled trial enrolling between 1995 and
1997 [30]. Women were seen monthly for up to 80 months. This group tried to very accurately describe
duration and type of breastfeeding. While the mean duration of breastfeeding in this study was
18.2 months, the mean duration of exclusive breastfeeding was just 2.9 months. The authors examined
the impact of breastfeeding on maternal status in a variety of ways and ultimately concluded that
breastfeeding did not have a negative effect on mortality, CD4+ decline below 200, anemia, or weight
loss. The authors also did not note a “dose response” effect; women who breastfed longer did not have
a higher risk of death or other morbidities. These results are encouraging despite the fact that the
authors noted that their power to detect a difference was limited by the sample size [30].

Using data from two randomized trials in Malawi, Taha and colleagues examined the impact of
breastfeeding on the health of HIV-infected mothers [29]. All mothers received single dose nevirapine
(sdNVP) and the infants were randomized to receive either SANVP or sdNVP +zidovudine (ZDV).
Mother—infant pairs were followed every 3 months for up to 24 months. Outcome was maternal mor-
bidity and mortality and infant and child mortality at 2 years of age. 2,000 women were enrolled into
both studies. Cumulative maternal mortality was 12/1,000 and 32/1,000 at 12 and 24 months, respec-
tively. 44/2,000 died (2.2%) overall. The mean duration of breastfeeding was 15.4 months (median
18 months, IQR 9-22). The authors compared outcomes of breastfeeding women at 3, 6, and 12 months
to those of women who were not breastfeeding at those time points. There were no differences between
the two groups with regard to maternal viral load, BMI, or hemoglobin. Breastfeeding was also not
associated with the various morbidities that were described but was associated with decreased risk of
child mortality (HR 0.44; 95% CI: 0.28-0.70) [29].

In 2005, Kuhn and colleagues published a secondary analysis of a randomized trial which compared
rapid weaning to extended breastfeeding in pregnant HIV-infected women [28]. They found no differ-
ences in mortality between the two groups of women even when the first 4 months postdelivery were
excluded.

The Breastfeeding and HIV International Transmission Study Group aggregated data from nine
randomized controlled trials [31]. 4,237 HIV-infected women (3,717 women who breastfed and 520
who never breastfed) were included from a variety of prevention of mother-to-child transmission
(PMTCT) trials. Of all women, 162 (3.8%) died during the 18-month period of follow-up. The median
duration of breastfeeding was 10 months. The probability of death did not differ by feeding mode.
Women who were breastfeeding at the time of maternal death were at a lower risk of death compared
to those who were not breastfeeding at the time of death (HR =0.03, 95% CI: 0.02-0.05).

Tuberculosis and Breastfeeding

There have been a number of articles written on tuberculosis and breastfeeding, as tuberculosis is the
most common opportunistic infection in HI'V-infected women [33]. While tuberculosis bacilli are not
found in breast milk, newborns can contract tuberculosis through close contact with their mothers,
especially if the mother is breastfeeding. The Global Programme for Vaccines and Immunization
recommends different treatments for breastfeeding women who are smear negative and smear posi-
tive. If a mother is diagnosed with tuberculosis prior to delivery, but is smear negative she can breast-
feed normally and have her infant immunized with BCG as soon as possible after birth. If a mother is
smear positive during pregnancy, she is advised to breastfeed normally and give isoniazid prophylaxis
to the infant for 6 months (5 mg/kg/day). The infant can be immunized with BCG after stopping iso-
niazid and if the infant is HIV infected it should not receive BCG. All first line tuberculosis medica-
tions for nonpregnant adults are suitable for breastfeeding mothers, because they are minimally
secreted into the breast milk [34, 35].
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Vitamin Supplementation, Breastfeeding, and HIV Disease

Papathakis and colleagues in South Africa examined micronutrient status and serum protein levels in
HIV-infected and HIV-uninfected breastfeeding women. Ninety-two HIV-infected and 52 HIV-
uninfected women were enrolled into the study and followed for up to 6 months postpartum. HIV-infected
women were more likely to have lower concentrations of folate, vitamin A, serum albumin, and pre-
albumin. There were no differences between the two groups with respect to vitamin B-12, vitamin E,
ferritin, zinc, selenium, or copper [21].

Multivitamins

Evidence for multivitamin use in HIV-infected individuals dates back to the 1990s when an observa-
tional study in the USA showed that men infected with HIV who took multivitamins had a reduction
in progression to AIDS [36]. In 1998, Fawzi and team published the first results of the Trial of Vitamins
(TOV) study [37]. The TOV study was a study comparing placebo, multivitamins with vitamin
A +betacarotene, multivitamins without vitamin A, and vitamin A +betacarotene. One thousand sev-
enty-five HIV-infected pregnant women were enrolled in Tanzania between the gestational ages of 12
and 27 weeks and followed for up to 80 months postpartum; the mean follow-up time was 72 months.
One of the most important results of this study was the observed decrease in HIV disease progression
among women randomized to the multivitamin (MVI) arm. Women in the MVI arm were less likely
to progress to stage 4 disease or AIDS (RR 0.71; 0.51-0.98) and were more likely to have sustained
increases in CD4 cell counts and CD4 cell percentage postpartum. Although all women were enrolled
during pregnancy, the majority of follow-up time was during breastfeeding. MVI seemed to decrease
HIV transmission via breastfeeding in women with the lowest CD4 cell counts (RR 0.37; 95% CI
0.16-0.85; p=0.02). Multivitamins also had other positive effects on maternal reduction in thrush,
gingival erythema, angular chelitis, oral ulcers, fatigue, and rash. Additional effects were a 44%
reduction in low birth weight, and a 39% reduction in severe prematurity [38].

The TOV study provides convincing evidence that HIV-infected women who took multivitamins
had improved outcomes which ranged from a decrease in HIV disease progression to other HIV mor-
bidities, and is viewed as the definitive trial on this issue.

The role of vitamin A and other micronutrients in breastfeeding and HIV infection is discussed in
detail in Chapter 15.

Social Issues and Stigma

HIV infection places a heavy emotional and mental burden on infected mothers to protect their
infants from acquiring infection, especially after birth through feeding [39—41]. In many well-
resourced countries, HIV-infected mothers replacement feed, a widely available and acceptable infant
feeding method. However, in many low-resource countries, especially among those found in sub-
Saharan Africa, replacement feeding is neither easily accessible nor widely acceptable [42—44].
Breastfeeding is a long-standing cultural norm, often accompanied by complementary food and
drinks, and replacement feeding is often perceived as suspicious [39, 45, 46]. HIV-infected women
who deviate from cultural norms by using formula or practicing only exclusive breastfeeding often
face heavy criticism from family and neighbors and the risk that their HIV status could be unwittingly
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exposed. Furthermore, infant feeding decisions are often not the sole responsibility of the mother.
Husbands and grandmothers often play an integral role in decision-making, complicating matters
even further for many infected women, especially those that have yet to disclose their HIV status to
family members or friends.

Breastfeeding and Mixed Feeding as a Cultural Norm

Exclusive breastfeeding for the first 6 months of life is recommended by the World Health Organization
for HIV-infected mothers [47]. However, in many countries where breastfeeding is normative, mixed
feeding, which includes providing the infant with food and drinks in addition to breast milk, tends to
predominate. While it has been shown that mixed feeding confers a risk of transmission four times
greater than exclusive breastfeeding, in some communities it is mistakenly believed that mixed feed-
ing helps reduce the risk of HIV transmission through breastfeeding as the infant consumes a smaller
amount of the HIV-infected mother’s breast milk [48, 49]. Several studies conducted throughout sub-
Saharan Africa have found high rates of mixed feeding among participants, ranging from 12.4% in a
study in South Africa to 100% in a small study from Tanzania [49-54].

Supplementing breastmilk with additional food and drinks is common in many countries. In Burkina
Faso, for example, it is routine to provide the infant with fluids, including herbal teas, in addition to
breast milk, from the first day of life. It is also traditional in many communities to bathe the infant in
water combined with “medicinal herbs,” part of which is then given to the infant to drink [44]. When
mixed feeding is culturally normative, it can be extremely difficult for an HIV-infected mother to prac-
tice exclusive breastfeeding, even when the mother is aware of the risks associated with mixed feeding,
due to societal pressures to supplement breast milk with complementary food and drinks from friends,
family, and other members of her surrounding community. Not conforming to such societal pressures
may make the mother a target for suspicion and criticism from the people around her.

Replacement Feeding Creates Suspicion

For HIV-infected women who choose to formula-feed their infants, the obstacles they face are often
as great or greater than those faced by HIV-infected women attempting to exclusively breastfeed in
communities in which mixed feeding is normative. In many countries where replacement feeding is
uncommon for the vast majority of the population, usually at least in part due to its prohibitive cost,
the use of infant formula is often perceived as suspicious and may be considered to be an indicator of
a positive HIV status [40, 44, 45, 49]. In order to deal with these suspicions, many HIV-infected
women who choose to formula feed, either because they have the means to do so or because they are
enrolled in a program which provides free infant formula, turn to deception in order to avoid questions
and protect their HIV status from becoming public knowledge. For example, one focus group partici-
pant in South Africa noted, “...there’s a lot of thinking within the community that the babies that are
fed on formula are those who are HIV-positive so sometimes you’ll find that the mother will go to the
clinic to collect the milk and then tear off the cover which shows what kind of milk it is because she
doesn’t want to be asked questions” [46].

In order to cope with the stigma surrounding formula feeding, some women report conjuring up
lies and stories to mask the true reason for their choice. Claiming to have breast problems has been
reported by women as an excuse for using formula and, in some cases where the woman has disclosed
her status to her husband, her husband is complicit in supporting these lies in order to protect his fam-
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ily from backlash associated with being infected with HIV. As one focus group participant in Burkina
Faso stated, “I’'m so happy because my husband told them that I had some tests and that my breasts
are not good” [39]. Some women will also claim that health care providers or their method of delivery
are the reason for their decision to use formula. In Tanzania, an HIV-infected woman who had deliv-
ered by caesarean section reported telling others that she “was advised by a doctor to only breastfeed
my baby at night because I don’t have enough breast milk after the operation” [49].

The Role of Relatives in Infant-Feeding Decision-Making

In many communities, women do not have much control over infant-feeding decision-making. Often,
the mother-in-law and husband hold a significant amount of power in decisions over the care of
infants. In South Africa, 13% of mothers reported that their infant feeding decision was influenced by
either their mothers or other female relatives [45]. This can create great conflict for HIV-infected
women who want to choose the best infant feeding method for themselves and their infant without
having to disclose their status to family members. As one woman in Burkina Faso stated, “I breastfeed
because of my mother-in-law, but deep down, I'm not calm, I am afraid” [39]. In many cases, women
are forced to succumb to the wishes of their mother-in-law in order to maintain peace in the household
and not raise suspicions about their HIV status, which in turn puts their infant at greater risk of acquir-
ing HIV infection through infant feeding.

Husbands can also have a strong hand in infant-feeding decision making. In Burkina Faso, for
example, fathers control the family’s finances and must give the wife permission to be able to pur-
chase infant formula [44]. In Kenya, mothers reported that their husbands held great influence in their
infant feeding decisions and would push the mothers to obey their decisions [55]. While husbands
exerting influence in infant-feeding decision-making can cause distress for HIV-infected women,
husbands can also be a great asset in protecting the infant feeding decision from influence from the
mother-in-law and other family members, primarily in situations where the mother has disclosed her
status to her husband. The father may be the only person in the household with enough societal power
to override the decision of the mother-in-law, making him a very important ally to HIV-infected
mothers [39, 44].

Stigma in the Community

Stigma and social pressure around infant feeding decisions are not limited to family members. HIV-
infected women also face similar pressures from members of their surrounding communities and, in
some cases, from health care workers. Some HIV-infected women have reported fear of discrimina-
tion and stigma at health facilities, especially those in which baby friendly initiatives heavily promote
breastfeeding. Mothers in South Africa reported feeling pressured to explain why they would not
breastfeed and instead of facing that discussion, they chose to breastfeed so as to avoid having to
disclose their HIV status [40]. Even in situations where HIV-infected mothers are appropriately coun-
seled and understand the risks associated with breastfeeding, especially nonexclusive breastfeeding,
many will still choose to do so due to social pressure, regardless of whether or not they are in a posi-
tion to afford to safely formula-feed their infants. As one mother from South Africa put it, “Babies
feeding from the breast grow well and look big and healthy...but really, nobody asks funny questions
when you breastfeed” [43].
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Mothers Feelings of Guilt Over Breastfeeding

Stigma and pressure to make appropriate choices in regards to infant feeding is not only external for
many HIV-infected mothers. Many women report feeling anxiety and fear over breastfeeding and the
potential that they may infect their infants with HIV [39, 41]. Self-stigma and guilt weigh heavily on
the minds of many mothers struggling to ensure HIV-free survival for their children. In Ethiopia, moth-
ers compared themselves to criminals for breastfeeding their children. One mother stated, “You feel
like you are a criminal doing something bad to your own child.” This sentiment was echoed by another
mother who stated, “I cannot believe I was breastfeeding my child knowing that I have the virus in my
breast milk. If you were a judge, you might have sent me to jail. I almost killed him” [41].

Conclusion

In most places in the world, HIV-infected women must breastfeed their infants because of the numer-
ous constraints surrounding replacement feeding. With the discovery that maternal ART or infant
prophylaxis throughout the breastfeeding period can prevent infant HIV transmission, the impact of
breastfeeding on maternal HIV disease has taken on a greater focus. Breastfeeding is associated with
increased caloric demands, but if those nutritional demands are met, breastfeeding does not affect
postpartum weight loss, even in HIV-infected women. Despite two studies which suggested that
breastfeeding in HIV-infected women may increase their morbidity and mortality, the majority of
studies do not suggest a deleterious effect. Multivitamins provide many benefits to HIV-infected
breastfeeding women and should be routinely incorporated into postnatal care. Women also face a lot
of pressure to breastfeed in areas where breastfeeding is culturally the norm, but the societies do not
always support safe exclusive breastfeeding. The overwhelming evidence shows that breastfeeding in
HIV-infected women is not detrimental to their health and that HI'V-infected women can now safely
breastfeed with low rates of HIV transmission. HI'V-infected women also require a lot of support
whether they choose to breastfeed or formula feed.
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Introduction

More than 90% of the 370,000 pediatric human immunodeficiency virus type 1 (HIV-1) infections
globally in 2009 were acquired through mother-to-child transmission (MTCT) [1], and most of these
transmissions occurred in sub-Saharan Africa. MTCT of HIV-1 occurs either during late pregnancy,
the intrapartum period, or breastfeeding [2, 3]. With the application of prophylactic antiretroviral
(ARV) therapy and breastfeeding avoidance, MTCT is now observed in only 1-2% of at-risk infants
in developed countries [4, 5]. The majority of pregnant women residing in high HIV-burden, resource-
limited countries (RLCs) are still not aware of their infection status and do not receive timely interven-
tion measures to prevent vertical transmission [6—11]. Untreated infected infants have high HIV-related
morbidity and mortality. Approximately 33% of the untreated infected infants in RLCs die during their
first year of life, and >50% die within their first 2 years [12]. Treating infants early greatly reduces
mortality and morbidity [13]. Recognition of the importance of reducing infant HIV mortality has
facilitated the development of methods to bring appropriate testing closer to pregnant and lactating
mothers, to identify HIV-infected infants earlier, and to provide timely access to life-saving ARV treat-
ment and care. New and accurate diagnostic methods have emerged in the last few years, and many of
these methods have been field-validated. This diagnostic service should not comprise a stand-alone
program but must be integrated into the overall mother and child health programs to achieve the goal
of prevention of mother-to-child transmission (PMTCT) [14, 15]. In this chapter, we review currently
available diagnostic methodologies, including their advantages and disadvantages, their testing
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algorithms, and their quality assurance requirements, with a particular focus on early HIV diagnosis
in the breastfed infant. Further, we discuss efforts toward the development of simple, accurate, and
rapid diagnostic applications.

General Perspectives and the Roles of Laboratory Testing
in Early Infant Diagnosis

First recognized among homosexual men in 1981, acquired immunodeficiency syndrome (AIDS)
was soon found among injection drug users, recipients of blood or blood products, and infants
born to women with AIDS [16]. In 1985, a case of infant infection via breastfeeding from a mother
who acquired HIV from the transfusion of HIV-contaminated blood after cesarean section was
recognized [17].

As shown in Table 4.1, two distinct types of serological and virological assays are useful in the
fields of PMTCT and early infant diagnosis (EID). Serological assays are highly sensitive and specific
in detecting HIV antibodies in infected adults but are ineffective in determining the infection status in
the first few months of life in exposed infants because of the presence and slow decay of cross-pla-
cental maternal IgG antibodies. Maternal IgG has a half-life of approximately 25 days [18, 19], and
takes 12—13 months (range 10—16 months) to disappear from the circulation of an uninfected infant
[20-24]. Prior to the availability of virological assays, the presence of HIV antibodies in exposed
children older than 18 months was used as the sole marker for HIV infection. Although there had been
numerous attempts to improve test performance, the sensitivity and specificity of serological assays
for infants less than 6-9 months of age remained low and thus were not useful for early diagnosis
[25-37]. With the advent of the polymerase chain reaction (PCR) in the mid-1980s [38], PCR was
used to overcome the problems of sensitivity and specificity of serological assays [39—41]. Over the
last two decades, numerous PCR-based and other nucleic acid techniques (NATs) were developed
for EID. The 2010 WHO recommendations suggest the use of virological tests with a sensitivity of
>95% and specificity of >98% for infant and child diagnosis of HIV infection [42]. The detection of
viral nucleic acid is considered a virological assay and is currently the method of choice for EID.
A second type of virological assay is based on the detection of viral structural p24 antigens (Table 4.1).

Table 4.1 Current virological and serological assays useful in early infant HIV diagnosis and PMTCT settings

Assays Utility and operational challenges
Virological assays Methods of choice for definitive early diagnosis
Nucleic acid
DNA Manual Roche Amplicor DNA version 1.5 is the most used assay in RLCs. Can be used

with blood and DBS; discontinuation of manufacturing and replacement by real-time
assays are anticipated

RNA or TNA® Several quantitative and qualitative methods are available and found to be highly sensitive
and specific (Table 4.2); POC methods are being developed (Table 4.4)
P24 antigen Has been greatly improved and can be used with both plasma and DBS specimens

(Table 4.3). There is a great need for a commercial kit that contains all required testing
components. POC methods are being developed (Table 4.4).

Reverse transcriptase Cavidi assay detects reverse transcriptase enzyme activity of retroviruses, not widely used
because it requires fresh specimen

Serological assays Not useful for early identification of infected infants
Rapid tests Useful in rapid determination of the serostatus of pregnant women in labor room or
exposure status of infants
Maternal antibody The majority of uninfected infants lose maternal antibodies by 9-12 months of age and
decay thus serologic assay can be used to rule out infection. Exposed infants having antibody

at 18 months or older are judged as infected

“TNA=total nucleic acid
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A third type of virological assay, the Cavidi ExaVir assay, detects viral reverse transcriptase enzymatic
activity [43]. To maintain the enzymatic activity, blood specimens have to be kept frozen and require
a cold chain for transportation prior to testing in a laboratory. This method is thus not as useful as the
other two virological assays in RLCs.

Breastfeeding and HIV Diagnosis

In RLCs, breast milk remains an important source of nutrients but also of HIV transmission in infants.
In the most recent WHO guidelines for breastfeeding [44], it is recommended that HIV-infected moth-
ers receive ARV when breastfeeding. If ARV drugs are not available, it is recommended that mothers
be counseled to exclusively breastfeed for the first 6 months and continue thereafter unless replace-
ment feeding is available [44]. Since many HIV-infected pregnant women may not receive ARV for
various reasons, the potential of HIV transmission via breastfeeding in RLCs remains.

When testing exposed infants who are receiving breast milk, the timing of the test and the timing
of breastfeeding cessation have to be taken into account in deciding the infection status of the infants
[42]. Exposed infants may be presented to the testing facility regardless of their feeding status. Two
test results are considered. First, a positive virological test irrespective of breastfeeding status is indic-
ative of HIV transmission. In this case, a second specimen should be taken as soon as possible and
tested to confirm transmission. In the meantime, ARV treatment (ART) should be started without
delay. Second, a negative virological test indicates the absence of infection. However, if the infant is
being breastfed or was breastfed until recently, this infant should be tested again at least 6 weeks after
complete weaning to rule out HIV transmission via breast milk. Breastfeeding should not be discon-
tinued while diagnostic tests are being performed or while waiting for results [42, 44].

HIV-1 DNA Assays

Most of the vertical HIV transmission burden has fallen on RLCs. Given the limitations that such settings
can place on the application of novel technologies, any EID diagnostic service considered for RLC-
deployment should meet the following three criteria. First, the technique and related technologies should
not require an overwhelming degree of laboratory capacity building and training. Second, the method
should be able to use dried blood spot (DBS) samples in order to circumvent the many challenges associ-
ated with venipuncture of infants and specimen transportation to provide wider access to exposed infants.
Third, and most important of all, the method should detect HIV infection early. Depending on the meth-
odologies, NAT can be used to detect either proviral DNA, viral RNA, or both (total nucleic acid). These
assays can amplify HIV DNA or RNA up to 10'°-10">-fold and thus without proper built-in anticontami-
nation measures, false-positive results may occur [45, 46]. It is thus recommended that high-quality com-
mercial assays with built-in anti-contamination controls are used in dedicated PCR laboratories for EID
following good laboratory practices [47, 48]. The manual Roche Amplicor HIV-1 DNA PCR version 1.5
assay was the best method in the last decade that fulfilled these requirements and was quickly adopted in
many RLCs [48, 49]. This assay qualitatively amplifies and detects the HIV-1 proviral DNA integrated in
the mononuclear cells of an infected person. It uses relatively inexpensive thermocyclers to conduct PCR
amplification of HIV-1 DNA. It also employs the same equipment commonly present in HIV serological
laboratories for enzyme-linked immunosorbent assays (ELISA) to colorimetrically measure amplified
DNA. This assay was originally designed for whole blood but was soon adopted to use with DBS [50, 51].
Furthermore, it allows the collection of specimens to occur at healthcare facilities close to the residences
of exposed infants and thus significantly increases infant access and EID service coverage [48, 49]. The
performance of the Roche DNA assay has been extensively investigated in many countries and was
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recently reviewed [14]. The sensitivity of detection on specimens taken at birth has been shown to be
between 10% and 40%, but sensitivity increases rapidly as the infants reach 4-6 weeks of age [52-58].
Sherman et al. demonstrated that performance using whole blood and DBS was essentially identical, with
the sensitivity and specificity of detection in 6-week-old infants at 100% and 99.6%, respectively [59].
Using DBS and this assay, successful EID programs have been established in Botswana [10], Uganda
[60], South Africa [51, 61], Kenya [62, 63], Zambia [64], Tanzania [65, 66], Malawi [67], and other high
burden countries [49, 68—71]. Although there is a trend toward the use of automated, high-volume assay
technologies [48], this manual assay remains the primary technology used in most RLCs [72].

Qualitative and Quantitative HIV-1 RNA Assays

The infant immune system at the time of birth is not fully developed and cannot control viral replica-
tion effectively. Further, it contains an abundance of CD4 cells for the vertically transmitted HIV virus
to infect and propagate. When an infant is infected in utero, HIV viral load is usually in the range of
10°~10° copies per ml of plasma at birth. Viral load quickly increases to 10°-10° copies per ml of
plasma within 1-2 weeks [73-77]. Current commercial viral load assays that are used to monitor the
effectiveness of ARV treatment typically have a detection limit ranging from 50—100 copies per ml of
plasma. The rise of high viral load content in the infants soon after birth can thus be readily detected.
Five “real-time” viral load assays are listed in Table 4.2. They are named “real-time” because these
assays employ fluorescence-labeled HIV-1-specific oligonucleotide probes that can emit fluorescence
during the process of amplification/detection cycles. Three of the listed assays use an initial reverse
transcription step to convert HIV-1 RNA to DNA prior to DNA PCR (Roche TagMan, Abbott m2000,
Biometric Generic Viral Load). Thus, if the initial specimens are whole blood or DBS and the nucleic
extraction procedure does not discriminate between RNA and DNA, cellular DNA would also be
measured. For EID, there is no need to differentiate RNA and DNA.

Using the bioMerieux NucliSens EasyQ assay, Lilian et al. reported 100% sensitivity with DBS
specimens from infants less than 3 months of age [63]. Using Roche TagMan real-time assay, Stevens
reported sensitivity of 99.7% and specificity of 100% in infants from South Africa [78]. Three study
groups reported on the use of the qualitative GenProbe APTIMA assay [79, 80]. One of these studies
[80] used DBS specimens from eight countries with several HIV-1 subtypes (A, B, C, D, and AE) and
obtained 99.2% sensitivity and 100% specificity. To increase the detection throughput, Stevens and

Table 4.2 Performance characteristics of major quantitative and qualitative real-time assays

DBS
First author processing
Instrument (references)  Country  Specimen Target automation Infantage Sensitivity Specificity
bioMerieux Lilian [119] S Africa DBS RNA No <3 months 22/22 (100) 151/157 (96.3)
EasyQ DBS RNA No 3-12 months  30/30 (100) 59/59 (100)
Roche Stevens [48] S. Africa DBS TNA  Yes NA® 303/304 (99.7) 496/496 (100)
TagMan v2.0° Blood TNA  Yes NA 303/304 (99.7) 691/691 (100)
Abbott m2000 Lofgren [66] Tanzania DBS RNA  Yes <18 months  35/36 (97)* 140/140 (100)*
Gen-Probe Sullivan [79] USA DBS RNA  Yes NA 68/68 (100) 28/29 (96.6)
APTIMA Kerr [80] USA DBS RNA No NA 128/129 (99.2) 162/162 (100)
Stevens [81] S. Africa DBS RNA  Yes 6 weeks 151/151(100)  333/343 (97)
Biocentric Burkina DBS RNA No 6 weeks 20/20 (100) 94/94 (100)
Generic Viljoen [82]  Fasso DBS RNA No 3-6 months  34/34 (100) 4/4 (100)
Viral load DBS RNA No 9-18 months  52/52 (100) 7/7 (100)

“NA=not available in the original publication
"Roche TagMan v2.0 assay could also detect DNA when whole blood or DBS samples are used
“Used a viral load cut off of 1,000 copies/ml
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colleagues extracted RNA from DBS using GenProbe SB100 extractor and documented excellent
performance by GenProbe APTIMA with sensitivity and specificity of 100% and 97%, respectively
[81]. They estimated that a centralized laboratory could process as many as 1,900 DBS specimens
in a 24-hour period [81]. In Tanzania, RNA extracted from two full circles of DBS (each 16 mm in
diameter) was successfully detected by the Abbott m2000 instrument [66]. Successful employment of
the Biocentric assay was reported to yield 100% sensitivity and 100% specificity with DBS samples
obtained from 6-week-old infants from Burkina Faso [82].

NAT Testing Times and Testing Algorithm in Developed Countries

The NAT testing methods, specimen collection time, and testing algorithms vary significantly across
countries. The basic operational principle is to (1) begin testing exposed infants as early as possible, (2)
if the first sample yields a positive result, confirm with a second sample as early as possible, and (3)
breastfed infants should be tested 6 weeks after the cessation of breastfeeding. Although the sensitivity
of detection in the first few days of life is low, in the USA and other developed countries, many health-
care facilities collect specimens for HIV testing in the first 48 hours (h) of life in order to find the infected
infant early [83]. The American Academy of Pediatrics (AAP) currently recommends commercial NAT
testing (qualitative or quantitative) be performed on HIV-exposed infants within the first 14 days of life,
at 4 weeks, and at 4 months. If the NAT is positive, it is recommended to promptly obtain a second speci-
men for confirmation with a second quantitative NAT and then begin ARV treatment if positive [83]. It
is important to note that none of the quantitative viral load or qualitative assays is currently FDA-
approved for infant diagnosis, and when used injudiciously they may occasionally yield false-positive
results as recently reported by Patel et al. [84]. When EID testing is performed in a research laboratory
or a facility conducting a high volume of viral load determinations, extra safeguards against contamina-
tion are advised. False-positive results could come from cross contamination between samples, speci-
men mix-ups, the presence of amplified HIV DNA, or specimen labeling errors. It is important to use a
second sample to confirm positivity. The AAP also recommends the use of a threshold of 10,000 copies/
ml for diagnosis of pediatric HIV infection [14]. This recommendation may need to be carefully verified.
Weak signals around 100 copies/ml or lower are most likely due to contaminations [84].

For exposed children with negative virological tests, many experts confirm the absence of HIV
antibody using a serologic assay between 12 and 18 months. In exposed infants younger than
18 months who have not been breastfed, a presumptive exclusion of HIV infection can be made based
on several combinations of negative results (1) three NAT tests: two at >2 weeks and one at >4 weeks;
(2) one NAT test at >2 months; or (3) one antibody test at >6 months [15, 83, 85].

A definitive exclusion of HIV infection in a nonbreastfed infant with no positive HIV-1 virological
test result can be made based on serial negative results from either (1) two NAT tests: one at >1 month
and one at >4 months or, (2) two negative ELISA antibody tests at >6 months and no other clinical or
laboratory evidence of HIV-1 infection.

HIV p24 Antigen Assay

An antigen assay could be a cost-effective or complementary alternative to NAT for infant diagnosis.
The most evaluated and validated p24 assay is the ultrasensitive p24 (Up24) assay originally devel-
oped by Schupbach and others [86]. The Up24 method uses (1) heat denaturation (100°C for 5 min)
to disrupt antibody—antigen immune complexes, (2) biotinyl tyramide ELAST ELISA signal amplifi-
cation system to increase detection sensitivity, and (3) plasma or DBS specimens. The Up24 assay has
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Table 4.3 HIV-1 p24-based infant diagnostic studies

First author Confirmation
(references) Sample Countries Subtype of infection Infant age Sensitivity Specificity
Nsojo [72] Plasma Tanzania A,D DNA PCR 1-8 weeks 18/18 (100)  106/106 (100)*
or serum 9-26 weeks 35/36 (97.2)
27-52 weeks  40/40 (100)
>52 weeks 30/31 (96.8)
Nadal [120] Plasma Switzerland B DNA PCR <10 days 6/12 (50) 146/148 (98.6)
11 days to 10/10 (100)  114/116 (98.3)
3 months
3-6 months 19/19 (100)  68/68 (100)
>6 months 191/191 (100) 310/311 (99.7)
Sutthent [121] Plasma Thailand AE Viral load 1-2 months 21/21 (100)  100/100 (100)
4-6 months 21/21 (100)  100/100 (100)
Sherman [122] Plasma S. Africa C DNA PCR 6 weeks 22/23 (95.7) 62/62 (100)
3 months 20/20 (100)  62/62 (100)
4 months 2/2 (100) 3/3 (100)
7 months 7/7 (100) 22/24 (93.6)
Zijenah [94]  Plasma Zimbabwe C DNA PCR <6 months NA (98.1) NA (96.9)
7-18 months  NA (89.5) NA (91.5)
De Baets [123] DBS DRC® C DNA PCR <18 months 5/5 (100) 82/82 (100)
Nouhin [124] DBS Cambodia  AE DNAPCR &  3.7-24 months 42/46 (91.3) 123/123 (100)
culture
Patton [90] DBS S. Africa C DNA PCR 1 month to 82/83 (98.8)  59/59 (100)
12 years
George [88] Plasma Haiti B Viral load 0.2-3.6 months 40/43 (93) 156/157 (99)
Fiscus [92] DBS USA B DNA PCR <7 days 0/5 (0) 108/109 (99.1)

and culture  8-30 days 24/29 (90)  148/151 (97.4)
31-90 days  88/94(93.3) 268/273 (98.2)
91-180 days  44/45 (94.1)  95/96 (99)

Patton [91] DBS S. Africa C DNA PCR, 6 weeks 72/72 (100) NA
Viral load 6 weeks to 48/49 (98) NA
6 years
Cachafeiro DBS DR¢, Malawi, AE, B, C DNA PCR, <7 days 2/4 (50) 80/80 (100)
[89] S. Africa, RNAPCR  1-6 weeks 4/5 (80) 95/95 (100)
USA, 6-26 weeks 21/22 (95) 192/192 (100)
Vietnam 26-72 weeks  24/24 (100)  63/63 (100)
Wittawat- DBS Thailand AE, B DNA PCR 1-2 months 1/5 (20) 116/118 (98.3)
mongkol antibody at 4-6 months 5/5 (100) 116/118 (98.3)
[93] >18 months
NA not available
2Age not specified

*Democratic Republic of the Congo
‘Dominican Republic

a sensitivity of >98% and works with either plasma or DBS specimens and on diverse HIV-1 subtypes
(A, B, C,E, and AE) (Table 4.3). Similar to the NAT assays, many versions of p24 antigen assays with
modification of p24 extraction solutions exist. It was also recently reported that a simplified assay
without the use of signal amplification had a sensitivity of 84% and specificity of 98% in Malawi [87]
and a sensitivity of 91% and specificity of 97% in Haiti [88]. The usefulness of the simplified p24
assay remains to be determined.

Assays using p24 antigen, despite having excellent performance characteristics and appearing to
detect most HIV-1 subtypes, have yet to be widely used. One of the reasons for this is the lack of a
complete commercial kit that allows a standardized extraction of blood or DBS p24 [89] and subsequent
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Table 4.4 Innovative point-of-care technologies potentially useful for EID

First authors

(references) Target Methodology Starting material Testing time
Parpia [112] P24 Dip-stick, lateral flow 25 ul plasma 45 min
Tang [125] P24 Nanoparticle-based immunoassay Not mentioned 3h
Jangam [126] DNA Use of FINA* disk to extract blood 100 pl whole blood  1-2h
DNA followed by Abbott
real-time PCR
Lee [114] RNA Dip-stick in cartridge, NAT real-time 240 pl plasma 2-h
machine
Steinmetzer [115] RNA, total Cartridge-closed system, NAT 10 ul whole blood 1-2h
nucleic acid real-time machine
Tanriverdi [116] RNA Cartridge-closed system, NAT 200 pl plasma 1.5h

real-time machine

*FINA=filtration isolation of nucleic acids

detection. Excellent performance of p24 assays have been recently shown in large reference laboratories
in South Africa [90, 91], the USA [89, 92], and Thailand [93]. The cost of a noncommercial p24 assay
was reported to be fivefold lower than that of current commercial NAT assays [94]. However, when
fully commercialized, the true cost difference may not be as large. Nevertheless, the successful dem-
onstration of p24 provides an important tool, in addition to NAT, to independently verify vertical
transmission. Point-of-care p24 assays are being vigorously explored (Table 4.4).

Rapid HIV Testing for Late-Presenting Pregnant Women
and for Infants of Unknown Serostatus

Laboratory-based EID activity is an integrated part of a PMTCT program. The coverage of PMTCT
services varies greatly from country to country and facility to facility but is generally suboptimal in
RLCs, thus adversely affecting the overall performance of EID efforts [95]. A successful EID program
requires early testing of pregnant women and their infants, quick transfer of samples to the laboratory
for testing, and delivery of results to original clinics [49, 96, 97]. Rapid serological tests can yield
results in 30 minutes (min) or less. Since 2002, the U.S. Food and Drug Administration (FDA) has
approved seven rapid tests (RTs) (OraQuick Advance Rapid HIV 1/2 Antibody Test, Reveal G3 Rapid
HIV-1 Antibody Test, Uni-Gold Recombigen HIV Test, Multispot HIV1/2 Rapid Test, Clearview
HIV1/2 Stat-PAK, Clearview Complete HIV1/2, and INSTI Test) [98]. The most recent FDA-approved
INSTI test yields a result in 1 minute. There are many commercial rapid tests used outside of the USA
that have received USAID/CDC evaluation [99] and WHO prequalification [100]. Rapid tests are
extremely valuable in labor rooms to identify late-presenting HIV-infected women for timely prophy-
laxis to prevent vertical transmission [101, 102]. Maternal acquisition of HIV during pregnancy is
also known to be a strong risk for vertical HIV transmission [103]. The AAP recommends RT be
performed on the mother and the result reported to healthcare professional within 12 hours for ARV
prophylaxis for the infant to commence [104]. RT was successfully used for pregnant women who
were unaware of their serostatus in the labor room [101, 105-107] or at outpatient obstetric—gyneco-
logic settings [108].

Many young children seen in pediatric healthcare facilities are HIV-infected in high burden
countries. If the maternal status is not documented, RT can be used to identify the HIV-exposure
status of the infant in a single clinical visit and result in immediate provision of co-trimoxazole
prophylaxis and collection of blood for virological testing. It was found in a recent study conducted
in a PMTCT clinic in Johannesburg, South Africa, that many RTs could be used to identify exposed
infants at <3 months of age with a sensitivity of 100% [48]. An oral test (OraQuick) only identified
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85% of the exposed infants younger than 6 months in a recent study [109]. Interestingly, while the
1-minute INSTI test detected 99.4% of the exposed infants younger than 3 months, it is negative in
90% and 98% of uninfected infants at 7 months and 12 months, respectively [59]. Thus INSTI may
be used as a test to exclude infection at 7 months or later [59]. Homsy et al. also previously reported
that blood-based rapid testing could identify uninfected infants at an age of 3 months or older [110],
and it was determined that using such a strategy to reduce the number of infants requiring PCR is
cost-effective [60].

Point-of-Care and Innovative Technologies

Two conspicuous obstacles are present in many RLCs, (1) low EID coverage and therefore late infant
testing and (2) high loss to follow-up after EID testing. Although infants could be tested at the age of
4-6 weeks, in a recent survey, Tripathi et al. reported that the average age of infants tested by PCR in
Senegal, Namibia, and Uganda was 4.0, 4.4, and 7.2 months, respectively [111]. Obtaining a second
specimen for PCR confirmation would further lengthen the time to diagnosis and increase the loss to
follow-up. It was found that 50% of guardians in Malawi did not come back for results and two-thirds
of the identified infected infants were not referred to care [67]. One way to overcome these challenges
is to use simple and rapid point-of-care (POC) methodologies to bring testing services closer to the
affected families and their exposed infants (Table 4.4).

Parpia et al. [112] developed a rapid dip-stick p24 antigen assay and evaluated it with fresh plasma
samples from 24 HIV infected (19 younger than 6 months) and 365 uninfected infants 1 year of age
or younger in South Africa. This 45-min test required the use of plasma and yielded sensitivity and
specificity of 95.8% and 99.4%, respectively. The same research group also designed a low cost verti-
cal flow device to separate plasma from whole blood [113] to further simplify the test for field use. In
a different dip-stick assay based on NAT testing, Lee et al. qualitatively measured HIV-1 RNA using
240 pl of plasma [114]. Plasma RNA was isolated using nonorganic solvents and then amplified in an
enclosed cartridge to eliminate contamination. The assay has a detection sensitivity of 200 copies per
ml of plasma and could detect major HIV-1 subtypes (A, B, C, D, AE, AG, G, H, J, and K) and groups
N and O. Steinmetzer et al., showed that HIV-1 total nucleic acid from 10 pl of finger-prick blood can
be detected in an hour using a small credit-card sized cartridge and a light-weight, portable thermocy-
cler with comparable or better detection sensitivity than commercial HIV real-time NAT [115]. This
assay may prove to be useful for EID. Another quantitative RNA assay, the Liat assay with 200-ul
plasma input, was shown [116, 117] to have a detection sensitivity limit of 58 copies per ml of plasma
and could also detect most of the HIV-1 group M subtypes. Most of these novel assays are still in the
developmental stage and require vigorous field evaluation outside of a reference laboratory setting to
truly document their field utility. Nevertheless, it is encouraging that many of these assays are being
developed by commercial entities or researchers with the commercialization goal to determine viral
load for ART monitoring. These well-standardized and sustainable viral load technologies are appli-
cable to EID diagnosis.

Quality Assurance and Global Proficiency Testing Programs for NAT Testing

As discussed earlier, NAT-based assays based on exponential amplification of viral nucleic acid tend
to yield false-positive results if a nonstandardized commercial assay is used [46, 118]. The World
Health Organization (WHO), the U.S. Department of Health and Human Services (HHS), and other
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health agencies recommend the use of two virological tests using two different specimens to confirm
a positive diagnosis. The surge in funding from the President’s Emergency Plan for AIDS Relief
(PEPFAR), the Global Fund, and other major donors and initiatives has allowed for the rapid expan-
sion of EID testing in many RLCs. To ensure the quality of test performance, the Global AIDS
Program, U.S. Centers for Disease Control and Prevention (CDC), began to provide an external qual-
ity assurance (EQA) program with DBS specimens in 2006. This program consists of two compo-
nents: (1) provision of known positive (n=2) and negative (n=1) DBS specimens and (2) provision of
a proficiency testing (PT) panel. The PT panel consists of blinded, ten-member positive and negative
DBS samples. Participating laboratories are expected to return the results within 4 weeks mimicking
primary testing turnaround time requirements and expectations. Laboratories are tested three times a
year. This program has increased from 17 EID testing facilities in 11 countries in 2006 to over 100
laboratories in 35 countries by the end of 2010. The global distribution of participating facilities is as
follows: 79 laboratories in 21 sub-Saharan African countries, 13 in 5 Asian countries, 5 in the
Caribbean region, and 2 each in North and South America. The increase in the number of laboratories
and countries with EID capacity reaffirms the strong need for a standardized EQA Program.
Laboratories enrolled in the program have shown consistent improvement in their mean scores over
time (R=0.71). Most laboratories used the Roche DNA assay until recently. In 2010, 15 laboratories
transitioned to automated nucleic extraction platforms and real-time PCR to accommodate their
higher demand for infant testing.

With the anticipated use of p24 tests, similar quality assurance/quality control (QA/QC) programs
for PT and self-assisted capacity building are also needed.

Conclusion

Since the first recognition of mother-to-child HIV transmission in 1983 and breast milk-acquired
transmission in 1985, great advances in scientific knowledge, programmatic implementation, and
diagnostic technologies have been made. Two independent virological methods to detect HIV nucleic
acid and the structural protein p24 have been shown to possess both high sensitivity and specificity
of detection needed for early diagnosis. All exposed infants are recommended to receive virological
testing 4—6 weeks after birth. In many RLCs, exclusive breastfeeding is recommended by WHO to
provide the needed infant nutrition and to reduce mortality associated with mixed feeding.
Transmission of HIV can occur throughout the breastfeeding period and thus a negative virological
test result during the breastfeeding period does not rule out infection. Exposed infants who continue
breastfeeding should be tested 6 weeks after weaning. Although nucleic acid testing is the predomi-
nant method currently used, the p24 antigen assay, if provided in a cost-effective manner, may
become the preferred method because of its simpler laboratory equipment and training requirements.
The use of DBS to collect blood specimens enables a wider reach of exposed infants in hard-to-reach
areas. The impact of automated nucleic acid extraction and fluorescent real-time technology in a
centralized laboratory has been shown to produce accurate and high-throughput results in South
Africa. Up to this date, due to the inadequate healthcare system, human resources, and laboratory
capacity in many RLCs, reaching exposed infants at an early age and providing timely results are still
very challenging. The overall number of exposed infants, as compared to the number of persons on
ART who receive viral load determination, is too small to elicit the rapid manufacture of affordable,
high quality, and standardized commercial testing kits and equipment. It is fortunate that many POC
technologies that are currently under development to determine viral load for ART monitoring can
also be used for EID.
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Chapter 5
Virologic Determinants of Breast Milk
Transmission of HIV-1

Susan A. Fiscus and Grace M. Aldrovandi

Introduction

In 1985, the first report of presumed HIV breast milk transmission was described in an Australian
infant whose mother received a postpartum transfusion from an apparently healthy male homosexual
donor, who subsequently developed Kaposi’s sarcoma and Prneumocystis pneumonia [1]. Later that
year, HIV was cultured from the cell-free fraction of breast milk of 3 HIV-infected women [2]. On the
basis of these reports, guidelines in the USA were changed advising HIV-infected women not to
breastfeed, but for the majority of HIV-infected women worldwide this was not and is not an option.
In the intervening 25 years, much has been learned about breast milk transmission, including ways to
reduce its occurrence. Some of this knowledge may appear “obvious”; e.g., avoidance of breast feed-
ing prevents breast milk transmission [3]. Less obvious is the fact that breastfeeding behavior, i.e.,
exclusive breastfeeding, as opposed to mixed feeding, substantially reduces the risk of
transmission [4]. However, despite these advances, there are still many questions regarding key patho-
genic mechanisms of HIV breast milk transmission. Among these are whether cell-free or cell-
associated virus is responsible for transmission; where and when transmission occurs; which virologic
determinants predispose mother—infant pairs to transmission; and whether the breast is a separate
virologic compartment? This chapter reviews the virologic factors that have been associated with
breast milk transmission of HIV.

What Is Transmitted: Cell-Free or Cell-Associated Virus?

One of the most remarkable and consistent features of HI'V breast milk transmission is its inefficiency.
Despite immunologic immaturity and ingestion of hundreds of liters of breast milk, only 15-20%
of infants will become infected [5, 6]. This observation has raised questions about the nature and
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“infectiousness” of milk-borne virus. Thiry et al. [2] were able to isolate infectious virus from filtered
skim milk, but attempts to isolate HIV from breast milk cells failed due to bacterial contamination.
However, successful viral isolation of HIV from the cellular fraction of colostrum has been reported
[7, 8] and in vitro, breast milk cells and breast epithelium are known to be susceptible to HIV infection
[9, 10]. Milk contains many inhibitors of cell-free HIV and likely inactivates many of the potentially
infectious virions [11-17]. The paucity of studies successfully culturing virus from this secretion has
been cited as evidence of decreased infectiousness. However, culturing HIV from bodily fluids,
including plasma, semen, and cervicovaginal fluids is much more difficult than obtaining it from cells.
Advances in molecular biological techniques allowed investigators first to determine that the HIV
genome could be detected in breast milk cells [18-29]. Later, HIV RNA assays were used to detect
and quantitate viral load in cell-free lactoserum [23-27, 30-38].

Cell-Associated HIV DNA

HIV-infected cells can be detected in breast milk [9, 18-29, 39]. Detection of proviral DNA ranges
from 21 to 88% depending on the study, the time of sampling, and the sensitivity of the assay used
[18-29]. Confounding all these studies is the marked natural variation in breast milk cell numbers—
which decrease from about 10%ml in colostrum to 10>~10%/ml in mature milk—as well as cellular
composition. Several studies have assessed the role of proviral HIV DNA in breast milk in transmis-
sion to the infant. One study found an association between detection of breast milk HIV DNA at 15
days after birth and transmission—63% of transmitting mothers had detectable HIV DNA compared
to only 39% of nontransmitters [22]. However, this study did not consider the timing of infection of
the baby and so could not differentiate between in utero, peripartum, and breast milk transmission.
Koulinska et al. [24] found that breast milk cell-associated HIV was predictive of transmission both
before and after 9 months postpartum, while cell-free virions were only associated with transmission
after 9 months. Rousseau et al. [25] found that each log, increase in the number of proviral HIV DNA
copies/million cell equivalents was associated with an increase in the risk of vertical transmission, and
this association held after adjustment for plasma and breast milk HIV RNA levels. However, when the
analysis was limited to the four infants known to be infected via breast milk, the results were no longer
significant. In addition, two other reports found no association in the detection of proviral DNA and
breast milk transmission. Guay et al. [19] reported that 80% of transmitters and 72% of nontransmit-
ters had detectable proviral DNA in breast milk cells; for mothers of infants who were negative by p24
antigen or HIV DNA at birth, the transmission rate of those with detectable HIV DNA in breast milk
was 13% compared to 7% in those with no detectable breast milk HIV DNA (p=0.48). Likewise,
John et al. found overall detection rates of breast milk DNA of 79-82%, and no correlation with late
postnatal infection (32 months of age) with an odds ratio (95% CI) of 0.9 (0.4-2.0) [29].

Cell-Free HIV RNA

Breast milk HIV RNA levels are typically two or more logs lower than matched blood plasma viral
loads [23, 30, 32-34, 37, 40], but the two are significantly correlated [23, 32-34, 40, 41]. Detectable
HIV RNA was found in cell-free milk of 37-89% of untreated women [23, 24, 30-32, 34, 38] and is
more likely in women with advanced HIV disease. Viral loads in these studies ranged from undetect-
able to 5,000,000 copies/ml, although the mean or median viral loads were typically less than 1,000 cop-
ies/ml in all studies. The highest viral loads were observed in women with breast inflammation,
subclinical mastitis, or crackednipples [23, 30, 34-38,40]. Intermittent shedding and discordant shedding
of HIV RNA were observed in studies that collected samples at more than one time or from both
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breasts at the same time [30, 33, 38, 42], and there is disagreement as to how breast milk HIV levels
vary during lactation in the absence of antiretrovirals (ARVs). Two studies found no change in the
frequency of detection or mean/median viral load when samples were collected within 1 week of birth
up to 3 months [32, 35]. One found that colostrum/early milk (0—10 days) had significantly higher viral
loads compared to samples collected later [33]. A fourth study determined that the prevalence of breast
milk HIV RNA was higher in mature milk (greater than 7 days) than in colostrum [31]. Abrupt cessa-
tion of breastfeeding has been associated with significant increases in HIV RNA, as well as clinical
mastitis [43], underscoring how normal physiologic processes influence HIV entry into milk.

At least eight studies have evaluated the role of breast milk HIV RNA in transmission, with six
finding a significant association with some caveats [24-26, 32-35, 40]. In one study, breast milk RNA
levels were predictive only after 9 months [24], and in another only a trend towards an association
with late postpartum transmission was found [35]. Cumulative exposure to cell-free HIV in breast
milk, rather than the mode of breast feeding (exclusive vs. mixed) was associated with transmission
in another study [40]. However, since cell-associated HIV was not evaluated in this study, its possible
contribution remains unclear. Rousseau et al. [25] assessed both breast milk HIV RNA and DNA and
found that the concentration of infected breast milk cells was marginally associated with breast milk
transmission after adjustments for plasma and breast milk HIV RNA levels. However, this analysis
only included four infected infants. Lastly, in a case—control study mastitis was positively related to
both cell-free and cell-associated shedding, but only HIV DNA remained statistically significant in
multivariate analyses [26].

Factors That Change HIV RNA and DNA Concentrations in Breast Milk

Effect of Mastitis

Mastitis has been associated with increased risk of transmission in several studies [23, 26, 34-38]. All
studies that only evaluated the association between cell-free viral loads in breast milk and mastitis
found significant associations [34-38]. Although an elevated Na/K ratio (>1) was positively corre-
lated with both cell-free and cell-associated HIV shedding in breast milk, only cell-associated HIV
DNA remained statistically significant in the multivariate analysis in one study [26]. In contrast,
Gantt et al. [23] found that indicators of mastitis (Na>12 mmol/L, Na/K ratio> 1, or total leukocyte
count>10° cells/ml) were associated with increased breast milk HIV RNA load (p<0.05), but not
with HIV DNA load. However, none of these mastitis surrogates were predictive of HIV RNA levels
in breast milk. A third study found that mastitis was associated with postnatal transmission only when
plasma, not breast milk, viral load was elevated [36].

Effect of Antiretrovirals on Breast Milk HIV RNA and DNA Levels

Of ten ARVs which have been evaluated to date (zidovudine, lamivudine, nevirapine, lopinavir, rito-
navir, efavirenz, nelfinavir, indinavir, tenofovir, and emtricitabine) [44-51], only lamivudine (3TC)
and zidovudine (ZDV) concentrate to any extent in breast milk, with breast milk levels two to eight
times higher than concurrent plasma levels [46, 49-51]. Frequency of detection and levels of breast
milk HIV RNA were lower in women who had received ZDV during gestation compared to those who
received placebo [48]. Between days 3 and 21 postpartum, nevirapine (NVP) was associated with
significantly greater suppression of breast milk HIV RNA compared to ZDV [52, 53] and this was
associated with a significantly lower transmission rate at 6 weeks [53]. Lehman et al. [54] noted lower
breast milk HIV RNA over 4 months postpartum in women receiving ZDV/3TC/NVP compared to
those receiving ZDV alone, single-dose NVP alone, or single-dose NVP with ZDV. Breast milk HIV
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RNA levels were significantly lower at delivery and day 7 in women who received ZDV/3TC/NVP
antenatally compared to women who were untreated [55]. Increases in breast milk viral load have
been observed after ARV discontinuation [48] and during weaning [43].

Lehman et al. [54] collected breast milk at several time points up to 4—6 weeks after delivery in
18 women taking HAART (ZDV/3TC/NVP). They demonstrated that HIV persists in breast milk cells
despite HAART, while plasma and breast milk HIV RNA levels were suppressed. Similar results were
reported by Shapiro et al. [56] in a study of 26 women on HAART who provided milk samples at
2 and 5 months postpartum.

The Debate: Cell Free Versus Cell Associated

It is clear that with the sensitive assays now available, both cell-free HIV RNA and cell-associated
HIV DNA can be found in the breast milk of most HIV-infected women who are not taking ARVs.
Depending on the study, either cell-free or cell-associated HIV can be correlated with breast milk
transmission. Compounding the confusion is the fact that breast milk RNA and DNA levels are signifi-
cantly correlated, with correlation coefficients ranging from 0.28 to 0.46 [23-25]. In vitro experiments
[9-11, 57-66] and animal models [67-78] have produced conflicting data. Typically, cell-free
virions suspended in PBS or culture fluid, not breast milk, have been used in in vivo models, but in
vitro studies have indicated that cell-free HIV is inactivated in the presence of breast milk [11-17, 79],
while infected breast milk cells demonstrated prolonged survival in breast milk [80]. Differences in
animal models, study populations, time points, and assays also make direct comparisons among reports
difficult. There have been only six reports where both HIV DNA and HIV RNA were measured in the
same study [23-26, 46, 54]. One found that HIV DNA loads were not increased during mastitis, while
HIV RNA levels were [23]. Two analyzed data from the same case-cohort study finding that only cell-
associated breast milk viral load was significantly associated with mastitis and with transmission
throughout the breastfeeding period [24, 26]. Similarly, in a large study conducted in Nairobi, each
log,, increase in infected breast milk cells was associated with a threefold increase in the risk of trans-
mission (p=0.002) [25]. However, when the analysis was limited to the four infants known to be
infected via breastfeeding (i.e., they were known to be uninfected at or after 1 month of age), this find-
ing lost significance. Two studies reported decreases in breast milk HIV RNA, but not cell-associated
DNA, during antiretroviral treatment, suggesting that cell-free virus might be more important in trans-
mission [24, 26]. However, the identification of proviral DNA in breast milk cells may not be indica-
tive of ongoing replication, while the presence of HIV RNA is. The pool of long-lived infected
macrophages and resting CD4 cells would probably persist despite the presence of ARVs.

However, it is possible that either cell-free or cell-associated virus may be responsible depending
on factors such as the age of the infant at the time of transmission, breast feeding practices, mastitis
or other inflammatory processes, innate immune factors in the milk, and other unknowns [81].
Differences observed among both the cell-free and cell-associated studies described above are
undoubtedly due in large part to differences in the HIV assay used (lower limit of detection, variabil-
ity, etc.), timing of collection of specimens, exclusive versus mixed breast feeding practices, sample
processing, and possibly HIV subtypes.

When and Where Does Transmission Occur?

It is difficult to discriminate between perinatal and early breast milk HIV transmission. Although a
meta-analysis suggested that the risk of breast milk transmission was relatively constant at about 0.9%
per month after the first month of life [82], several individual studies have demonstrated that the risk
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of breast milk transmission is higher during early lactation [3, 31, 33, 83, 84]. For instance, Miotti et al.
found the risk of breast milk transmission per month was 0.7% during age 1-5 months, 0.6% during
age 6—11 months, and 0.3% during age 12—17 months [83]. As described above, whether HIV RNA
loads are higher in early lactation or not is unclear [31-33, 35]. It will be difficult to assess this ques-
tion in the future since guidelines now recommend ARV therapy for all pregnant women which
reduces not only the plasma viral load, but also the colostrum/early milk HIV RNA levels. Two stud-
ies have both found that proviral HIV DNA is higher in colostrum and gradually decreases with time
[21, 25]. Despite this, there was no significant difference in the concentration of infected breast milk
cells among transmitting and nontransmitting mothers, although the number of infants known to have
been infected via breastfeeding was very small [25].

There have been few investigations addressing where transmission occurs in the infant—oral
mucosa, esophagus, or intestine. HIV RNA has been detected in gastric aspirates of neonates as a
result of swallowing maternal blood and cervicovaginal secretions during delivery [85]. Gastric pH is
neutral at birth which would reduce the potential inactivation of virions or infected cells. Moreover,
the tremendous buffering capacity of breast milk seems to allow absorption of cytokines and even
cells. Oral epithelial cells have been shown to be permissive to both cell-free and cell-associated HIV
in vitro but the in vivo relevance is uncertain [66]. These findings may be relevant to early postnatal
transmission via breastfeeding. The observation that mixed feeding more than doubles the risk of
infection compared to exclusive breast feeding [4, 36, 86, 87] suggests that the gut may be the site
of transmission [81]. The humanized mouse model may be able to shed light on this issue [88].

Why Does Transmission Happen? Viral Determinants
of Breast Milk Transmission

Most of the early investigations of viral factors associated with vertical transmission of HIV were
conducted in the USA and Europe where formula feeding was recommended for HI V-infected women.
Later studies in Africa frequently did not discriminate in the analysis between infants infected in
utero, peripartum, or via breastfeeding. As a consequence there are very few reports that address viral
determinants of breast milk transmission.

Tropism

Single viral variants establish infection in the recipient when transmission of HIV occurs across a
mucosal barrier (sexual, perinatal, or via breast feeding) [89—94], and almost all newly transmitted
viruses have been shown to use the CCRS co-receptor for entry into cells [93, 95, 96]. Few studies,
however, have assessed these parameters for breast milk transmission [97, 98]. In a very small
study, four infants infected via breast milk possessed HIV envelopes that used CCRS as the co-receptor
[97]. In vitro studies implicate CCR5-expressing memory CD4 T cells, breast-milk macrophages, or
mammary epithelial cells as a potential source of CCRS using HIV [10, 39, 99].

Envelope Sequence

To date there has been no evidence for signature sequence motifs that might explain why some virus
variants are transmitted via breast feeding over others, and few differences between plasma or milk
viral sequences in terms of potential N-linked glycosylation sites, shorter variable loops, or V regions
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lengths [100, 101], although others have described fewer potential glycosylation sites [94]. A study of
genetic diversity in the reverse transcriptase genes of breast milk virus found more diversity in women
treated with ARVs compared to untreated women, suggesting viral evolution in the breast under selec-
tive drug pressure [102].

Subtype

There is some indication that HIV subtype C might be preferentially transmitted in utero [103],
although earlier studies had failed to find differences [104, 105]. A larger study found that subtype D
was more commonly transmitted compared to subtype A [106], while another found that recombinant
viruses, subtype C and subtype A were more commonly transmitted than subtype D when HIV gag
(p24-p7), env (C2-C5), and LTR were used to classify subtypes [107, 108]. However, none of these
reports differentiated between in utero, peripartum, and breastfeeding transmissions. More recently, it
has been found that intersubtype recombinant genomes, especially recombination within the LTR,
might render HIV-1 more fit for transmission via breast milk in comparison with nonrecombinant
subtypes A, C, and D [109].

Replicative Capacity

Accumulated mutations in the RT and PR genes due to selective pressure from ARVs may lead to
decreased viral replication capacity. Eshleman et al. [110] found that the average replication capacity
of maternal blood isolates was higher in transmitters than in nontransmitters after adjustment for
maternal HI'V-1 load and other factors.

Compartmentalization

Breast milk and plasma HIV RNA viral loads have been shown to be correlated, although the amount
in breast milk, in the absence of inflammation, is typically 100 times less, [23, 29, 30, 32] suggesting
that there is limited mixing between these two anatomically distinct compartments. Studies have
yielded conflicting results, probably due to differences in the assays used, sampling times, and/or HIV
subtypes [102, 111-113]. More recent studies, several of which used single genome amplification
techniques, which reduce the possibility of resampling and PCR-associated error and recombination,
have concluded that the breast is not a separate compartment [100, 101, 114, 115]. In maximum likeli-
hood analyses, all of these studies found that milk and plasma sequences were interspersed in most
women with no evidence of compartmentalization in samples collected contemporaneously. In addi-
tion, monotypic virus variants were significantly more frequent in milk than in plasma suggesting
local production of HIV in the breast from infected cells [100, 101, 114]. However, if breast milk and
plasma samples collected 10 or more days apart were assessed, compartmentalization was usually
observed [100]. Phylogenetic comparison of milk virus collected 8 weeks apart revealed synchronous
viral evolution and new clonal expansion suggesting continuing seeding of the breast by blood vari-
ants [101]. Another study concluded that blood plasma was the unlikely source of the most recent
common ancestor in half of the women tested [115]. These results suggest that there may be two dis-
tinct mechanisms for HIV to enter and populate the lactating breast [101]. First, there may be con-
tinual trafficking of either cell-free or cell-associated virus from the blood to the breast. Second, there
appears to be transient local production of virus [100, 101] which may undergo independent evolution
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due to selective immune or drug pressures [116—121]. One caveat for all of these studies is that
women with detectable breast milk viral loads were selected, and compartmentalization might be
more evident in women with lower viral loads [100, 101, 114].

Resistance

Development and transmission of drug resistance in the genital tract have been observed for many
years [122, 123]. Distinct patterns of drug resistance may arise in the genital tract since there may be
subtherapeutic concentrations of ARVs in the genital compartment [124]. Similar events may occur in
the breast, especially with the use of single-dose NVP, without the use of a week or two of combina-
tion ART to prevent the development of resistance [117].

Several studies have demonstrated the development of drug resistance in breast milk [116-121,
125]. NVP has a very long half life [126] and a low threshold to resistance [127] and thus it is not
surprising that resistance to it develops readily [128]. This is especially true for women and their
infants given single-dose NVP to prevent mother-to-child transmission of HIV [129, 130]. A meta-
analysis estimated that 36% (19-76%) of women and 53% (36-87%) of infants had detectable
resistance in plasma following single-dose NVP using population sequencing techniques [130]. Even
more resistance in both women and infants is observed when more sensitive assays are employed
[117, 131-133]. An additional risk is the development of NVP-resistant mutations in breast milk
[117-121] which can then be transmitted to the infants [117, 125]. The specific resistance mutations
observed in mother—infant pairs are frequently different [117, 125]. The prevalence of resistance
mutations in breast milk following single-dose NVP ranges from 37 to 65% 4—12 weeks after delivery
[118, 120, 121] and fades with time [121]. Women receiving HAART or a week of ZDV/3TC appear
to develop less drug resistance in breast milk [116, 117]. The drug-associated mutations in breast milk
can differ between right and left breasts and between plasma and breast milk [116-121].

Conclusions

Despite more than 25 years of studying the pathogenesis of breast milk transmission of HIV, many
questions remain. Even in the absence of preventive measures, why do most breastfed infants escape
infection? It is possible that either cell-free or cell-associated virus might be responsible for breast
milk transmission, depending on factors such as timing of infection, inflammation, breast feeding
practice, innate inhibitory properties of milk, and other unknown factors. Like other modes of HIV
infection which involve crossing a mucosal barrier, most infections are established by a single CCR-5
using virion. Recent data suggest that there is little or no compartmentalization of breast milk variants,
but do indicate local evolution of the virus within the breast. It is still unknown where in the infant
transmission occurs—oral cavity, esophagus, or the intestinal tract. Understanding the factors that
prevent vulnerable infants from acquiring HIV may provide valuable insights into vaccine and other
preventive strategies.
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Chapter 6
HIV-1 Resistance to Antiretroviral Agents: Relevance
to Mothers and Infants in the Breastfeeding Setting

Michelle S. McConnell and Paul Palumbo

HIV is a retrovirus whose genetic material is comprised of RNA. It is a decidedly adaptable virus
with properties of high replication rates in association with an RNA copying enzyme—reverse
transcriptase—which possesses a relatively high copying error rate, in the order of 1 error or mutation
for every 10,000 nucleotides copied. This translates to a single mutation for every viral replication
event on average in the setting of a billion viral copies produced daily in an infected individual. As
such, the viral quasispecies (the pool of viral variants present at a given time) can and does adapt rap-
idly to environmental pressures such as the immune response or antiretroviral agents. It should not be
surprising, therefore, that as antiretroviral agents have been developed and deployed, mutations in HIV
genes associated with ARV resistance have rapidly been detected, underscoring the strategy of multi-
ple agent and multiple class ARV therapy known as highly active antiretroviral therapy (HAART).

Prevention of mother-to-child HIV transmission (PMTCT) has been one of the remarkable success
stories in the era of HIV infection beginning with the ACTG 076 trial which features use of AZT [1],
to the HIVNET 012 trial featuring single-dose nevirapine [2], to the use of maternal HAART. Current
PMTCT standards result in approximately 1% transmission rates between an HIV-infected pregnant
woman and her newborn in resource-rich settings [3—5]. PMTCT successes have also been recognized
in resource-limited settings although on a more modest scale. Challenges in the form of cost, limited
healthcare infrastructure, and the need to continue breastfeeding practices despite HIV transmission
risk have been difficult to overcome. This chapter focuses on the unique aspects of viral resistance
in the complex setting of breastfeeding and the use of ARVs for both prevention and treatment of
HIV infection.

Detection of Resistance: Population Sequencing Versus Ultrasensitive Assays

The technology for the detection of HIV resistance to antiretroviral agents in human specimens, primar-
ily blood plasma, was established and validated in the 1990s and, to some extent, has changed little to
the present day [6]. The dominant, commercially available assays (genotyping) employ a technique
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referred to as “population sequencing” in which viral RNA in plasma samples is reverse transcribed
to viral DNA, massively PCR-amplified, and then undergoes DNA sequencing. Mutations in the viral
reverse transcriptase and protease genes, which are associated with resistance to antiretroviral agents
of the nucleoside reverse transcriptase inhibitor (NRTI), nonnucleoside reverse transcriptase inhibitor
(NNRTT), and protease inhibitor (PI) classes are then scored and packaged into a resistance profile
report. Population sequencing exhibits sensitivity limits in that it detects the “dominant” sequence
within the viral quasispecies pool present in a blood sample, that is, a mutation must be present in at
least 20% of the virions in a sample for it to be detected. Minor viral variants which are present at
frequencies less than 20% will not be detected yet may contribute to clinical resistance once exposed
to antiretroviral agents. Extensions of the base assay have been developed for the detection of resis-
tance to the newer classes of ARVs—integrase inhibitors and cell binding/fusion inhibitors.

It has recently been reported that minority resistance variants do indeed contribute to adverse clini-
cal outcomes although lower thresholds of clinical importance have not been established [7, 8].
Multiple assays have surfaced in the research setting with enhanced, or “ultrasensitive,” resistance
detection capabilities. In addition, resistance testing (basic or ultrasensitive) is being applied to breast
milk samples targeting either cell-free viral RNA or cell-associated proviral DNA.

Relationship of HIV in Blood and Breast Milk: Open, Communicating
Systems Versus Distinct Compartments

Clinician investigators have long been concerned that regional compartments within an HIV-infected
individual may possess characteristics which allow for the independent evolution of the viral qua-
sispecies when compared with the systemic circulation. Examples of such possible compartments
include the central nervous system (CNS), genital tract, and breast. What properties might comprise
such a compartment? Classically, a distinct compartment would offer limited or negligible penetration
by ARVs and might possess depressed or absent elements of the immune system. The CNS is the best
example of a compartment with many ARVs demonstrating altered penetration and pharmacokinetic
properties. Locally replicating virions clearly evolve with respect to a different set of selective pres-
sures when compared with those in the systemic circulation.

Extensive studies of the “compartment” properties of the mammary gland and breast milk have
been conducted and reported in recent years. ARV drug levels in maternal plasma, breast milk, and in
infants via breast milk exposure demonstrate a complex pharmacokinetic profile reflective of plasma
and breast milk half-life characteristics and sampling time point variability. The very short half-life of
AZT in adults results in delayed and low concentrations achieved in breast milk [9, 10], although
median breast milk/plasma ratios range from 0.5 to >1.0. This results in very low AZT exposure in
breastfeeding infants, estimated at more than 1,000 times lower than the recommended infant dose for
PMTCT [9]. The longer plasma half-life of lamivudine results in breast milk/plasma ratios ranging
from 1.25 to >5 [9-11] and in detectable levels which approach the HIV inhibitory concentration
(IC,)) in the breastfeeding infant.

Nevirapine has the longest half-life of the commonly used ARVs, a critical property for its effective-
ness as a PMTCT agent and also a liability regarding emergence of resistance. Breast milk/maternal
plasma ratios have been reported at about 0.7 [9, 11, 12] and infant NVP concentrations resulting from
breast milk exposure at a range of 200-900 ng/mL which is well above the viral IC. The detectable
infant levels of lamivudine and NVP acquired from breastfeeding exposure represent a risk for selection
of resistance should the infant be or become HIV-infected. The protease inhibitors, such as atazanavir,
lopinavir/ritonavir, and nelfinavir have also been evaluated and appear to have breast milk/maternal
plasma concentration ratios of 0.1 with minimal to no detection in the breastfeeding infant [10, 11, 13].
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Recent analyses of comparative viral genetic evolution in maternal plasma versus breast milk have
resulted in considerable insight as well as debate. Clonal analyses of viral quasispecies within a sample
can be used to construct phylogenetic (relatedness) trees. Results from such analyses have been used
to assess whether “compartments” are evolving independently or whether maternal plasma and breast
milk represent an intermixing continuum. Some investigators have generated data which support the
compartment model with phylogenetic trees demonstrating distinct lineages evolving in maternal
plasma versus breast milk [14—17]. A recent report from Heath and Aldrovandi emphasized the impor-
tance of joint sample timing in that breast milk, and plasma samples obtained at the same time were
highly related but, if they were obtained >10 days apart, compartmentalization was often inferred [18].
This underscores the rapid evolution of HIV genetic sequences and the care with which genotypic
analyses must be undertaken. Despite supporting general intermixing and lack of compartmentaliza-
tion, three investigator groups recently reported evidence of local clonal expansion and the possibility
of the development of discrete lineages within the breast [18—-20]. We will have to stay tuned as the
debate and investigations continue—it may, in fact, not be an “all-or-none” phenomenon.

Settings Which May Predispose to the Emergence of Resistant
Virus in Blood and Breast Milk

In the USA, Europe, and most resource-rich settings, recommendations for pregnant HIV-infected
women are to avoid breastfeeding completely. However, in many resource-limited settings, due to
unavailability of formula, limited or no access to clean water, stigma associated with formula use, and
high infant morbidity and mortality rates due to diarrheal diseases and pneumonia, continued breast-
feeding by HIV-infected mothers is recommended. To reduce the risk of HIV transmission through
breastfeeding, a number of antiretroviral interventions have been identified for PMTCT during the
breastfeeding period.

Until the most recent update to the WHO recommendations [21], many women in resource-limited
settings who did not require antiretroviral treatment for their own health received either single-dose
nevirapine alone, or combination prophylaxis with zidovudine and lamivudine plus single-dose nevi-
rapine in labor. In a study that randomized women to single-dose nevirapine or short-course zidovu-
dine, it was reported that breast milk HIV-1 RNA levels and nevirapine use were independently
associated with reductions in transmission of HIV-1 [22]. This suggests that the efficacy of single-
dose nevirapine for reduction of HIV transmission is, in part, by way of reducing breast milk RNA
levels, in addition to nevirapine in plasma. Other studies have corroborated these findings but also
reported that nevirapine levels in plasma and breast milk following single-dose nevirapine persist
beyond 2 weeks following delivery [12, 23, 24], thereby potentially leading to emergence of resistant
virus with continued breastfeeding. In short, the presence of ante- and intrapartum ARVs in breast
milk, while helping to reduce transmission of HIV through breast milk, may also lead to the develop-
ment of resistant virus.

More recently, maternal ARVs given during the breastfeeding period have shown to be efficacious
in terms of reduction of transmission, and the importance of these regimens in reducing postnatal HIV
transmission cannot be understated. However, ARVs delivered during the breastfeeding period also
pose a risk of development of mutant virus. The various clinical trials and regimens for prevention of
breastfeeding HIV transmission, using a combination of maternal ARV initiated in the third trimester
and continuing postpartum, all reported significant reductions in postnatal HIV transmission as com-
pared to standard antepartum and intrapartum regimens [25-30].

The other principal approach to prevention of breastfeeding HIV transmission has been infant
prophylaxis and studies have similarly promising findings. The Six Week Extended Dose Nevirapine
(SWEN) study reported a reduction in infant HIV infection rates from 9% to 6.9% at 6 months among
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infants receiving 6 weeks of nevirapine [31], and the Post-Exposure Prophylaxis of Infants (PEPI)
study reported a 66% reduction in HIV infection among infants who received 14 weeks of nevirapine
or nevirapine plus zidovudine [32]. The Mitra study provided daily lamivudine to breastfeeding
infants, and reported a postnatal HIV transmission rate between 6 weeks and 6 months of 1.1% [33].
Finally, the BAN study provided daily NVP to infants during 28 weeks of breastfeeding and demon-
strated a postnatal 28-week HIV transmission rate of 1.7%, compared with 5.7% in those who did not
received extended prophylaxis [22].

In summary, antiretroviral regimens for either mothers or infants for the prevention of breastfeed-
ing HIV transmission are effective and have become part of WHO guidelines [21], but these regimens
may also lead to development of resistant virus in breast milk, particularly as drug levels start to fall
and viral load rebounds.

Other factors contributing to the emergence of resistant virus may relate to differential penetration
of ARVs into breast milk [34] and the impact of those ARV concentrations on HIV RNA and DNA
levels in breast milk. Prophylaxis regimens, as described above, impact breast milk RNA levels dif-
ferentially. In a study in Kenya, comparison was made of RNA and DNA levels in breast milk among
women receiving HAART, single-dose nevirapine, single-dose nevirapine plus zidovudine, or zidovu-
dine alone. There were significantly greater reductions in cell-free RNA with administration of
HAART than with zidovudine (p=0.0001), and a slightly less significant difference was noted between
HAART and single-dose nevirapine plus zidovudine arms (p=0.04). There was no difference in any
of the arms in viral DNA levels [35]. Similarly, in a Botswana study, mothers who received single-
dose nevirapine plus zidovudine were more likely to have undetectable HIV RNA levels in breast milk
at 2 weeks postpartum, as compared to women who received zidovudine alone (80% vs. 39%, respec-
tively). By 2 months there was no difference in the HIV RNA levels in breast milk by study arm [36].
This again highlights both the success of ARVs, and nevirapine in particular, in reducing viral load,
not just in plasma but also in breast milk, and also the resultant viral load rebound which occurs with-
out ARVs. Suboptimal levels of drug in breast milk can lead to resistant virus, although not all studies
have reported associations between ARV levels in breast milk and resistance rates [37, 38].

A number of studies have suggested that ARVs in breast milk may preferentially depress HIV
RNA levels, cell-free more than cell-associated, and RNA levels more than HIV DNA levels [39-41].
Overall, cell-free and some cell-associated RNA levels decrease with ARVs, but DNA levels were not
reduced [42]. Additionally, there is some evidence that cell-associated virus in the form of infected
cells is a stronger predictor of transmission than cell-free virus [43]. The key effect of maternal ARV
therapy during breastfeeding may be the marked reduction of viral gene expression and replication,
represented by decreases in cell-free and cell-associated viral RNA, despite limited effect on cell-
associated proviral DNA.

Reports of HIV Drug Resistance in Breast Milk and Infected Infants

Postpartum ARV prophylaxis for prevention of postnatal HIV transmission has clear benefits not only
in terms of reducing viral load levels in breast milk itself, but also in terms of providing infants with
ARVs administered through breast milk. However, infants infected with HIV despite infant prophy-
laxis may develop or be infected with resistant virus, either transmitted from the mother via breast
milk or selected for following transmission of HIV-1 from the mother. Factors such as the frequency
of infant feedings and reduced drug clearance times in young infants may result in selective drug pres-
sure and predispose infants to the development of viral mutations in infants HIV-infected through
breastfeeding. We summarize here reports of resistant HIV-1 virus in breast milk following single-
dose nevirapine prophylaxis and of resistance associated with maternal or infant ARV prophylaxis
during the breastfeeding period.
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Receipt of single-dose nevirapine prophylaxis in labor has been reported to be associated with the
development of resistant HIV in breast milk. Among women in Zimbabwe who received single-dose
nevirapine, 65% of breast milk and 50% of plasma samples at 8§ weeks had detectable NNRTI muta-
tions [44]. In Uganda, nevirapine resistance was detected in 40% of 30 breast milk samples at 4 weeks
following receipt of single-dose nevirapine [45].

Among women receiving HAART postnatally, resistance in breast milk has been reported from a
number of studies. A study in Mozambique looked at resistance mutation patterns in breast milk HIV
and reported that the genotypic resistance patterns differed between plasma and cell-free breast milk
viruses in 38% of women and between cell-free and cell-associated viruses in 50% of women (see
above) [46]. These data lent further evidence to the theory that breast milk and plasma virus and asso-
ciated viral mutations originate in separate compartments. Another small sample of women assessed
resistance rates in plasma and breast milk following receipt of maternal zidovudine, lamivudine, and
nevirapine from 28 weeks gestation until 1 month postpartum. NNRTI mutations were found in 13%
of plasma and breast milk samples, and lamivudine mutations were found in 9%, including both cell-
free and cell-associated viral mutations. While the rates of resistance were similar in plasma and
breast milk, there were differences in the resistance patterns in breast milk and plasma, suggesting that
resistance patterns in plasma among women receiving HAART may not predict what patterns will
emerge in breast milk [47].

Among HIV-infected infants, there have also been reports of resistance associated with infant ARV
prophylaxis for prevention of breastfeeding HIV transmission. A comparison of HIV-infected infants
in the SWEN study at 6 weeks and 6 months found that infants who received extended dose nevirapine
for 6 weeks had higher rates of resistance than infants who received single-dose nevirapine (62% vs.
18%, respectively, at 6 months) [48, 49].

Finally, there have been a few reports of HIV drug resistance in infected infants whose mothers
received HAART postnatally. A small analysis of infected infants from the SWEN study in Uganda
found that all of seven HIV-infected breastfeeding infants whose mothers started HAART postnatally
had nevirapine drug resistance and six of seven also had NRTI resistance [50]. However, the authors
concluded that because both mothers and infants received nevirapine prophylaxis before the infant’s
diagnosis, it could not be determined whether resistance was acquired through nevirapine prophylaxis
or nevirapine in the mothers’ breast milk. NRTI resistance could also have been acquired through
resistant breast milk virus or through exposure to nonsuppressive levels of NRTIs in breast milk.
In the KiBs study where mothers received either nevirapine or nelfinavir-based HAART from
34 weeks gestation through 6 months postpartum, 67% of HIV-infected infants had detectable HIV
drug resistance [51, 52]. Genotypic resistance mutations to NRTIs were M184V (n=13), K65R (n=4),
D67N (n=2),and T215Y (n=2), and mutations to NNRTI were Y181C (n=3), K103N (n=2), G190A
(n=2), and K101E (n=1). In the same study, among infants exposed to maternal nevirapine, four
(67%) of six infants with resistance had an NRTI mutation and all six infants had an NNRTI mutation.
Among infants exposed to maternal nelfinavir, all ten (100%) infected infants had an NRTI mutation,
but none had a major protease inhibitor mutation. Notably, many of these infants did not have resistance
on the first positive specimen but did on subsequent specimens at 14 and/or 24 weeks, suggesting that
the virus mutated after infection.

Policy Implications and Status

Current WHO recommendations for prevention of breastfeeding HIV transmission are to initiate
HAART for eligible pregnant women as soon as possible in pregnancy and continue through the
breastfeeding period and thereafter. Infants should be given daily nevirapine or twice-daily zidovu-
dine for 4-6 weeks. For women who do not require treatment for their own health, prophylaxis may
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include (1) twice daily zidovudine, plus single-dose nevirapine in labor, plus 7 days of zidovudine
plus lamivudine immediately postpartum for the mother, and daily nevirapine for 4—6 weeks or until
1 week following cessation of all breastfeeding for the infant; or (2) triple daily ARV prophylaxis
starting as early as 14 weeks gestation and continuing until 1 week after cessation of all breastfeeding
for mothers, and daily nevirapine or twice daily zidovudine for 4-6 weeks for infants [21]. WHO
recommendations on infant feeding are that women should (1) breastfeed and either they or their
infants receive ARVs, as noted above, or (2) avoid all breastfeeding [53].

While current recommendations for PMTCT attempt to minimize HIV transmission and the devel-
opment of drug resistance, many of these ARV interventions still pose a risk for development or trans-
mission of resistant HIV. However, it should be noted that resistance to zidovudine requires multiple
sequential mutations and is associated with advanced disease stage and low CD4 counts. As a result, it
is unlikely that zidovudine prophylaxis for women who do not require treatment for their own health
will result in significant resistance. Lamivudine resistance, on the other hand, emerges with a single
mutation and has been associated with mono-therapy or when combined with zidovudine for extended
periods. Similarly, a single mutation can result in resistance to both nevirapine and efavirenz.

While it is important to note the potential risk of the development of resistant HIV during the
administration of maternal or infant ARV prophylaxis for the prevention of breastfeeding HIV trans-
mission, this must be weighed against the benefits of both breastfeeding and of reductions in HIV
transmission. The combination of maternal and infant prophylaxis may yield the greatest benefit in
terms of reductions in transmission, health benefits to the mother, and minimizing development of
resistant HIV virus in infected infants. There is evidence to suggest that early initiation of ARVs in
the mother antepartum and continuance of the ARVs through the breastfeeding period leads to some
of the greatest reductions in HI'V transmission, particularly for women with CD4 counts <350 cells/mm.
However, longer periods of prophylaxis may also lead to higher rates of resistance, and for women
with higher CD4 counts, there may be comparable efficacy of providing ARVs to women and to
breastfeeding infants. Nevertheless, caution should be taken in making direct comparisons between
these studies of breastfeeding HIV transmission due to cohort and contextual differences among the
different studies [54]. In summary, while the findings summarized here are illustrative of the various
types of resistance that can and do emerge in both breast milk of infected mothers and in HI V-infected
infants, further studies are needed to determine how best to prevent transmission and minimize the
development of resistance.
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Chapter 7
Animal Models of HIV Transmission Through
Breastfeeding and Pediatric HIV Infection

Koen K.A. Van Rompay and Kartika Jayashankar

Introduction

In 2009, an estimated 370,000 children contracted HIV from their mothers during the perinatal and
breastfeeding period [1]. Major progress has been made in reducing intrapartum transmission of
HIV-1 using prepartum antiretroviral regimens [2—4]. However, in low-resource countries where it has
been difficult to make replacement feeding AFASS (affordable, feasible, acceptable, sustainable, and
safe), breastfeeding continues to be a considerable risk factor for postnatal mother-to-child transmission
of HIV [5-7]. Breastfeeding is a big dilemma for many HIV-infected women in such areas: even
though it can transmit HIV, breast milk remains the best resource to provide the nursing infant with
much-needed nutrition and protection against other serious infectious diseases [8, 9].

Whereas exclusive breastfeeding carries a lower risk of HIV-1 transmission than mixed feeding
[10, 11], considerable research efforts are focused on exploring additional intervention strategies,
such as heat treatment of expressed breast milk [12, 13]. Prolonged administration of antiviral drugs
to mothers and their nursing infants can reduce HIV transmission [14-16], but their cost, risk of
toxicity, and need for regular administration are limiting factors in resource-poor areas. Ideally, a
vaccine regimen should be developed that, when administered to the infant shortly after birth, could
protect against HIV transmission during prolonged breastfeeding (see review in ref. [17]).

Progress is hampered by our incomplete understanding of the many viral and host factors that are
involved with breast milk transmission of HIV. In addition, because clinical trials aimed at reducing
transmission rates are very tedious, time-consuming, and expensive, only relatively few intervention
strategies can be explored. Accordingly, there is an important role for animal models. Appropriate
animal models can be useful to gain insights into the biology of transmission and disease pathogenesis,
and they can be used to screen intervention strategies in a relatively short time so that the most
promising ones can enter clinical trials first.

There is currently no perfect animal model of HIV infection. A number of animal models that use
different, related viruses are available, each with their advantages and limitations. Although murine
and feline models of perinatal transmission have been developed and can be useful for initial screen-
ing of interventions, limitations of these models remain the significant differences in the virus, host
physiology (e.g., placentation with transplacental antibody transfer, pharmacokinetics, and fetal/
neonatal immune development), and disease pathogenesis (reviewed in ref. [18]).
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Simian immunodeficiency virus (SIV) infection of non-human primates is generally considered to
be the best animal model because it resembles more closely HIV infection of humans and therefore
allows a more reliable extrapolation of the results of antiviral strategies. Accordingly, non-human
primate models are the focus of the remainder of this review.

Overview of Non-human Primate Models for HIV Infection

Non-human primates are phylogenetically the closest to humans, and they have very similar physiol-
ogy, including immunology and pharmacology. Many non-human primate species in Africa have a long
history of natural infection with different SIV strains [19, 20]. A common theme among the different
non-human primate models is that natural infection rarely results in overt disease; in contrast, a disease
that resembles AIDS in humans is most consistently seen during infection of non-natural hosts.

Chimpanzees in the wild are the source of SIVcpz, the immediate precursor of HIV-1. Although
SIVcpz infection of chimpanzees in the wild is associated with an increased mortality rate [21], very
few animals that have been experimentally infected with SIVcpz or HIV-1 in captivity have developed
disease [22—24]. In addition, this animal model is not practical due to the low availability, its high
price, and ethical issues such as their high intelligence and endangered status. HIV-1 infection could
be induced in young pigtailed macaques, but virus replication was not sustained and no disease was
observed [25]. HIV-2 infection models have been developed with hamadryas baboons (Papio hama-
dryas) and several macaque species; depending on the HIV-2 isolates, the outcome varied from an
AIDS-like disease with CD4+ T cell decline to no disease [26-28].

Many other non-human primate species in Africa are naturally infected with SIV strains; examples
are African green monkeys (SIVagm) and sooty mangabeys (SIVsm) [19]. These viruses are more
closely related to HIV-2 than to HIV-1. Despite persistent high-level virus replication, these natural hosts
rarely develop disease. Accordingly, these natural, nonprogressive SIV infections represent an evolu-
tionary adaptation that allows a peaceful coexistence of primate lentiviruses and the host immune sys-
tem; research indicates that this adaptation involves phenotypic changes to CD4+ T cell subsets, limited
immune activation, and preserved mucosal immunity, all of which contribute to the avoidance of disease
progression [29-33]. In contrast, due to co-housing different primate species [34], it was discovered
coincidentally in the mid-1980s that SIV infection of non-natural hosts such as Asian macaques results
in a disease that resembles human AIDS in many aspects [35]. Limitations of the STV-macaque models
remain their high cost, relative availability, and the subtle differences between HIV and SIV (i.e., SIV
resembles more HIV-2 than HIV-1). However, the many similarities in virus, host, and disease pathogen-
esis have made them currently the premier animal model in HIV research (reviewed in refs. [36—40]).

Main Characteristics and Development of SIV-Macaque Models

The most commonly used species are rhesus macaques (Macaca mulatta), cynomolgus macaques
(M. Fascicularis), and pigtailed macaques (M. nemestrina). The SIV isolates generally belong to a
few groups, in particular SIVmac, SIVsm, and SIVmne. While CD4 is their main cell receptor for
viral entry, most SIV isolates use CCRS5 as a co-receptor. To mimic the common routes of HIV trans-
mission in humans, macaque models have been developed for different routes of virus inoculation
(i.e., intravenous, intravaginal, intrarectal, or oral) [41-43]. As discussed further, models for pediatric
HIV infection have been developed by using pregnant and infant macaques [44—47].

Infection of macaques with virulent SIV isolates such as SIVmac251 results, after a variable
asymptomatic period, in a disease which resembles human AIDS in many aspects, including cell
tropism, generalized immune activation, CD4+ T cell depletion (especially from mucosal sites),
opportunistic infections, weight loss, and wasting [35, 48]. Very importantly, the same laboratory
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Fig. 7.1 Schematic representation of simian immunodeficiency virus (SIV), HIV-1, and chimeric constructs that are
used in non-human primate studies. Although HIV-1 can replicate in chimpanzees and to a very limited extent, in
pigtailed macaques [21, 25], SIV infection of macaques is a much more practical animal model to study disease patho-
genesis and test intervention strategies. Because there are important genetic differences between SIV and HIV-1 that
include the targets of some antiviral strategies, chimeric viruses have been constructed that, depending on the construct
and further in vivo passaging, can induce transient to persistent viremia and sometimes disease. In this schematic
representation, white and black boxes refer to SIV and HIV sequences, respectively. RT-SHIVs contain HIV-1 reverse
transcriptase (RT) in a SIVmac239 background [50] or SIVmne background [145]. Env-SHIVs consist of SIV
background containing HIV-1 env, tat, rev, and generally (to have better replication in macaques) also vpu [146].
Simian-tropic (st)HIV-1 strains differ from HIV-1 only in the vif gene [59]

markers such as viral RNA levels in plasma and CD4+ T lymphocyte counts that are used to monitor
HIV-infected people are also predictive of infection and disease progression in SIV-infected macaques.
Accordingly, these markers are also extremely useful to evaluate the efficacy of antiviral strategies.

It is important to note that SIV infection of macaques is not necessarily fatal. Depending on the
selection of the host and the SIV isolate or clone, a broad spectrum of viremia and clinical outcomes
is observed. At one end of the spectrum are models in which highly virulent SIV isolates induce per-
sistently high viremia and rapid disease progression within ~3 months; at the other end are avirulent
isolates such as SIVmac1A11, which induce transient or low-level viremia and no disease at all, even
in newborn macaques [46]. Accordingly, investigators can select the virus with a particular virulence
that is most appropriate to address a certain research question. In addition, this spectrum of infection
outcomes makes this model also suitable to assess how genetic changes in the virus (e.g., mutations
that confer drug resistance or immune escape) affect viral virulence.

Although SIV is related to HIV-1, some genetic differences remain (Fig. 7.1). Preclinical testing of
antiviral strategies in the SIV-macaque model is most relevant if the viral target and its susceptibility
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to inhibition naturally resemble, or can be engineered to resemble, that of HIV-1. Most SIV isolates
are susceptible to many anti-HIV drugs [36, 49]. In contrast, non-nucleoside RT inhibitors (NNRTT)
such as nevirapine and efavirenz are active only against HIV-1 and not against HIV-2 or SIV [49].
Accordingly, the construction of infectious SIV/HIV-1 chimeric viruses, in which the reverse tran-
scriptase (RT) gene of SIV was replaced by its counterpart of HIV-1 (so-called RT-SHIVs), has
allowed evaluation of NNRTI in primate models [50] (Fig. 6.1). Similarly, because there are signifi-
cant differences between the SIV and HIV envelope proteins, env-SHIVs that contain the HIV-1
envelope region have been constructed to allow direct testing of strategies that target the HIV-1 enve-
lope region (Fig. 7.1). Many env-SHIVs are attenuated but some virulent isolates have been derived
through serial passage. Most virulent env-SHIVs such as SHIV-89.6P, while useful to address specific
questions, have the limitation that their disease pathogenesis (including CXCR4 co-receptor usage
and very rapid CD4+ cell depletion) differs from the typical course seen with HIV and SIV infection,
and some evidence suggests that they are not reliable predictors of efficacy in humans [51-55]. The
few currently available CCR5-using env-SHIVs (such as SHIV-SF162P3 and the clade C env-SHIV-
1157i) have the limitation that, after the initial peak of viremia, a significant portion of untreated
animals suppressed viremia to low or undetectable levels and did not develop disease [56-58].

In ongoing attempts to use a virus that resembles HIV-1 as much as possible, investigators
constructed simian-tropic (st)HIV-1 strains that differ from HIV-1 only in the vif gene; these viruses
caused persistent viremia in pigtailed macaques for several months after which viremia was controlled
by the immune system [59] (Fig. 7.1). Accordingly, although these different CCR5-tropic env-SHIVs
and stHIV-1 isolates are useful to test prophylactic or early postinfection interventions, their large
variability in chronic viremia and disease outcome makes them less suitable to test the efficacy of
antiviral strategies during established infection, especially because animal numbers are usually
limited. However, it is likely that further development of these SHIV and stHIV-1 models in the
coming years will lead to a more persistent viremia.

Macaque Models of Perinatal Transmission

Whereas numerous SIV and SHIV experiments have been performed in juvenile and adult macaques,
relatively few research groups have focused their attention on developing models to study mother-to-
child transmission and pediatric infection. Two main categories of macaque models have been
explored, depending on whether the mother is inoculated with subsequent monitoring of transmission
to the offspring, or whether the newborn or infant macaque is directly inoculated with virus (Fig. 7.2).
Both have their advantages and disadvantages, as neither one is perfect in mimicking every aspect of
natural transmission plus being suitable to rapidly screen intervention strategies. Nonetheless, the
studies that have been performed in macaques so far have provided important information on the many
host and viral factors that determine transmission and the disease course in the infants. In addition,
they have guided the clinical development of strategies aimed at preventing or treating infection.

Maternal Transmission Models

In the maternal transmission models, which are aimed at mimicking natural mother-to-child transmis-
sion as much as possible, the female macaques are infected with SIV either during pregnancy or after
delivery. Following birth, the infants are generally allowed to suckle. The offspring is monitored
regularly to determine the timing of transmission and the disease course.

To investigate in utero transmission in detail, one research group developed a chronic fetal catheter-
ization model in which pigtailed macaques were infected intravenously with HIV-2 and fetal samples
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Fig. 7.2 Summary of non-human primate models to study pathogenesis and intervention strategies for mother-to-infant
transmission and pediatric HIV infection. Two main categories of non-human primate models have been developed, each
with their advantages and drawbacks. (a) In the maternal transmission model, the adult female macaque is inoculated
with simian immunodeficiency virus (SIV) or SHIV either before pregnancy, during pregnancy, or after delivery; the
offspring is monitored for evidence of spontaneous transmission that can occur in utero, during delivery, or through
breastfeeding. (b) In the infant inoculation model, the newborn or infant macaque is directly inoculated with virus, which
provides more control over the timing of infection and the rate of infection to address certain research questions. Both
models can be used to study interventions aimed at preventing infection or disease progression. (¢) In the maternal trans-
mission model, antiviral strategies (e.g., active and passive immunization; antiretroviral drugs) can be administered to
the mother: (i) maternal antibodies and many antiretroviral drugs can cross the placenta and reach the fetus; (ii) antiret-
roviral drugs given shortly before delivery (including caesarian section) can still reach the newborn in sufficient amounts;
(iii) antibodies present in breast milk (including IgG and IgA), although not bioavailable to reach the systemic circula-
tion, can still provide some local immunity to the nursing infant. Although antiretroviral drugs can be detected in breast
milk of macaques and humans after dosing [73, 147], the transfer rate differs for each drug, and the amount of drug
ingested by the nursing infant is generally too low or suboptimal to provide the infant with systemic prophylactic or
therapeutic benefits. (d) Antiviral strategies (passive and active immunization; antiretroviral drugs) can also be given
directly to the infants. Some studies used a combination of these models; for example, an immune- or drug-based inter-
vention can be administered to the uninfected mother, and after birth, the infant is inoculated directly with SIV [72, 76]

could be collected regularly [60]. However, one can doubt the relevance of such a fetal catheterization
model to study natural transmission, because the 100% fetal infection rates suggest that the invasive
procedure may promote transmission at the site of the catheter. Such a model may therefore resemble to
some extent the model of ultrasound-guided direct SIV inoculation into the fetal amniotic fluid [61].
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In some of the earliest studies that used natural transmission, pregnant rhesus or pigtailed macaques
were inoculated intravenously with SIV/DeltaB670 or SIVsmm during various stages of gestation, but
depending on the study, few to none of the infants were infected at birth, indicating a low rate of in
utero transmission [62-66]. When the infants were allowed to suckle, 3 of 12 infants became infected
at 9—15 months of age, indicating late transmission through breastfeeding [63].

In follow-up studies to the more natural transmission studies, four rhesus macaques were inoculated
intravenously during midgestation with SIV/DeltaB670, with the aim that infants would be delivered
when females were in the chronic phase of infection. The four infants were SIV-negative at birth and
for the first 6 weeks of age, indicating that in utero or peripartum transmission did not occur. However,
three of the four infants became infected by breastfeeding between 2 and 4 months of birth [67].

When nine pregnant pigtailed macaques were inoculated intravenously during midgestation with
SHIV-SF162P3, four of the nine infants became infected. The one infant that was infected in utero devel-
oped high viremia and CD4+ T cell depletion. The other three infants, which acquired infection peri- or
postpartum, highly controlled virus replication but showed de novo antiviral antibody responses [44].

The experimental design of another set of studies mimics the situation in which women become
HIV-infected shortly after delivery, so that the infants have no transplacentally acquired antiviral
antibodies while breastfeeding. In these studies, 14 lactating macaques were inoculated intravenously
with SIV/DeltaB670 between 15 and 45 days after vaginal delivery; 10 of the 14 nursing infants
became infected through breastfeeding but the timing of infection ranged from 14-21 days (two
“early transmitters”) to 88-360 days (eight “late transmitters”) after maternal SIV inoculation [68].
The relatively high (71%) rate of breast milk transmission in this macaque model in comparison to
observations in breastfeeding HIV-infected women can be explained because of the higher virus levels
and accelerated disease course in this animal model. In this study, a number of viral and host para-
meters were measured to identify possible correlates of transmission. In the early transmitters, peak
viral loads in milk and plasma were similar to those of the other animals; however, the early transmit-
ters subsequently displayed a rapid progressor phenotype (i.e., high virus replication, accelerated
CD4+ T cell decline, and poor SIV-specific antibody responses). This suggests that host factors that
are associated with failure to control the initial viremia may also play a role in promoting viral trans-
mission in breast milk to the nursing infant [68]. Comparison of the late transmitters versus nontrans-
mitters did not reveal any differences in plasma SIV levels (which were all similarly high), CD4+ T
cell counts, total immunoglobulin levels, or SIV-specific antibody titers in plasma and milk; however,
late transmitters had higher levels and more persistent detection of SIV in milk in comparison to
nontransmitters [68].

Genotypic analysis that was performed in several of these SIV transmission studies revealed that
the infant macaques were infected with homogenous virus populations in comparison to the more
diverse viral populations in maternal samples. This indicates that viral phenotypes were selectively
transmitted across the placenta and through breastfeeding [62, 67].

Altogether, the main advantage of the different maternal infection models is that they can address
certain questions about mother-to-child transmission in their most natural context of maternal infec-
tion, including the presence of maternal immune responses.

Although these models have provided important insights, some limitations and weaknesses remain.
The combined data indicate that most SIV transmission from infected female macaques to their off-
spring occurs during prolonged breastfeeding, which differs from observations in people where most
HIV-infected infants acquire their infection around the time of delivery. In addition, because of the
variable timing and rates of transmission and the limited animal numbers, these macaque models of
maternal transmission are often not sufficiently powered (1) to identify viral or host determinants of
disease progression in the infants and (2) to screen novel intervention strategies for efficacy in reduc-
ing transmission or delaying disease progression in those infants that became infected.

Although uninfected pregnant or nursing female macaques have been used to study the pharma-
cokinetics of antiretroviral drugs across the placenta or into breast milk [69-73], the maternal
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transmission model has to our knowledge not been used to study whether such interventions reduce
the transmission rate of SIV to their infants.

Accordingly, to solve some of these problems and complement the maternal transmission model,
direct infant inoculation models have been developed.

Infant Inoculation Models

Development of High- and Low-Dose Oral SIV Inoculation Models

To develop a model of pediatric HIV infection and AIDS, the first studies in infant macaques used the
intravenous route of virus inoculation [45, 74, 75]. In subsequent models, SIV was administered
orally to newborn or infant macaques [43, 76]. Depending on the age of the animals, these oral inocu-
lation models simulate oral exposure of human newborns and infants to HIV through ingestion of
maternal genital fluids or blood during delivery, or of breast milk after birth.

The advantages of these infant inoculation models are that investigators have more control over the
timing of infection, the dose, and the composition of the viral inoculum to target specific research
questions. A dose of virus can be selected for oral administration that can assure nearly 100% infection
rates of the infant macaques. Although such high infection rates do not mimic natural transmission
rates, their advantage is that they allow easier testing of the efficacy of intervention strategies with
smaller group sizes. To achieve high infection rates following oral virus inoculation, two main models
have been developed, namely high-dose inoculation and repeated low-dose inoculation.

In the high-dose inoculation model that was developed first, a high dose of SIV, SHIV, or HIV-2 is
given once or twice to the infant macaques [43, 77-80]. Whereas a high-dose oral inoculation model
is relatively easy to perform, a potential disadvantage is that the amount of virus that is administered
to achieve nearly 100% infection rates is much higher than the one that human infants are exposed to.
Such a model with an overwhelmingly high virus inoculum can probably identify highly potent anti-
viral intervention strategies, but may miss or underestimate the efficacy of prophylactic strategies
with low to moderate efficacy.

To mimic the frequent exposure to lower amounts of virus that occurs during prolonged breastfeed-
ing, repeated low-dose exposure models have been developed. In one model of early transmission,
newborn or 4-week-old infant macaques are hand-held, without anesthesia, and are bottle-fed low
amounts of SIV three times daily for 5 consecutive days [81, 82]. Infection rates of ~87-94% were
observed. Similarly, a model of late transmission was developed, in which low doses of virulent
SIVmac251 were given orally to juvenile macaques at weekly intervals [81]. An advantage of such
more extended inoculation schedule is that (1) regular inoculations can be continued until virtually all
control animals are infected and (2) the number of inoculations needed to induce infection provides
an additional measure to determine the relative efficacy of prophylactic intervention strategies [81].
Similar repeated low-dose virus inoculation models have been developed for intravaginal and intrarectal
inoculation routes of juvenile or adult macaques [56, 83-85].

Lessons Learned on Transmission and Pathogenesis

Studies in infant and adult macaques suggest that after oral inoculation, the tonsil is the most likely
site of viral entry and early replication [86, 87]. Oral inoculation of infant macaques with virulent
SIVmac251 resulted in rapid systemic dissemination within the first week, and the induction of strong
innate immune responses in local and systemic tissues [86]. The early response at the sites of mucosal
entry was dominated by the induction of pro-inflammatory cytokines, which are likely to favor
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Fig.7.3 Pathogenesis of virulent SIV infection in adult versus infant macaques. After the primary peak of viremia, most
SIV-infected adult macaques mount strong antiviral immune responses which reduce virus levels in peripheral blood to
a lower set-point; after months to years, these animals develop a gradually progressive immunodeficiency. In contrast,
inoculation of infant macaques within the first month of life with highly virulent isolates like SIVmac251 results in a
more fulminant disease course characterized by persistently high viremia, weak and/or transient antiviral immune
responses, and life-threatening immunodeficiency (indicated by +) generally within 2—4 months of infection [46, 75]

immune activation, virus replication, and systemic dissemination. In contrast, cytokines with direct
antiviral activity were only minimally induced at the mucosal sites of entry [86].

Several studies have demonstrated that the outcome of SIV infection is not necessarily fatal but
depends highly on the virulence of the virus inoculum. Oral or intravenous inoculation of newborn
macaques within the first month of life with highly virulent isolates like STVmac251 results in persis-
tently high viremia and, in comparison to older animals, an accelerated disease course as most infants
develop life-threatening immunodeficiency within 2—4 months of infection [46, 88, 89] (Fig. 7.3).
This rapid disease course characterized by persistently high viremia and poor antiviral immune
responses is similar to what is observed in a minority of SIV-infected adult macaques that become
rapid progressors [90]. These observations are also consistent with the accelerated disease course in
many HIV-infected human infants in comparison to adults [91]. Similar to observations in older
macaques, virulent SIV infection of infant macaques also results in rapid depletion of CD4+ T lym-
phocytes in the gut [92]. Infection of infant macaques with other virulent isolates such as the molecu-
lar clone SIVmac239 results in slightly lower virus levels, and delayed disease course (animals
developed disease between 6 and 36 months). Partially attenuated isolates, such as the multiply deleted
SIVmac239A3, induce disease more slowly or in only a fraction of the infected animals over time
[93]. At the far end of the spectrum of virulence, infection of infant macaques with avirulent isolates
such as SIVmaclA11 results in transient low-level viremia and no disease even after many years of
follow-up [46].

The selection of a virus strain with a particular virulence requires careful consideration in the
experimental design of intervention studies. The available evidence suggests that prophylactic and
therapeutic efficacy is more difficult to achieve against highly virulent uncloned isolates than against
molecularly cloned or attenuated virus isolates. This also means that, if an intervention strategy gives
even partial efficacy in a highly virulent model (e.g., high-dose SIVmac251 inoculation of newborn
macaques), its efficacy may be even more pronounced for human infants and adults [75, 94].
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Interventions to Prevent or Treat Infection

The infant inoculation models have been used to explore different immune- or drug-based interven-
tion strategies aimed at preventing infection or delaying disease progression (Fig. 7.2).

Passive Immunization

Because of the proven success of passive immunization in preventing and treating many other infec-
tious diseases in humans (reviewed in ref. [95]), there has been interest to explore if a similar approach
can be effective against HIV. A number of different studies have demonstrated conclusively that pas-
sively acquired antibodies can protect infant macaques against oral SIV infection.

In an early study, vaccination of pregnant animals against SIV resulted in transplacental transfer of
anti-SIV antibody that protected two of three newborn macaques against oral-conjunctival STVmac251
inoculation at birth [76]. In a subsequent study, SIV hyperimmune serum, administered subcutaneously
prior to oral inoculation with a high dose of virulent STVmac251, protected six of six newborn macaques
against infection [79]. The antibodies in this hyperimmune serum had no neutralizing activity in vitro
against the challenge virus, but had high activity in an antibody-dependent cell-mediated virus inhibi-
tion (ADCVI) assay [79, 96]. However, when this SIV hyperimmune serum was given to three new-
borns 3 weeks after oral SIV inoculation to test its efficacy against established infection, viremia was
not reduced and all three infants died within 3 months due to AIDS and immune-complex disease.

Another research group demonstrated that pre- and/or early postexposure administration of a high
dose of monoclonal antibodies with broad in vitro neutralizing activity including against the challenge
virus protected newborn macaques against oral infection with SHIV-vpu+ or SHIV89.6P [77, 97-99].
The success of passive immunization depended on the time window because a delay of the adminis-
tration of monoclonal antibodies from 1 to 12 or 24 h after oral SHIV89.6P inoculation reduced the
prophylactic efficacy, even though infected infant macaques had reduced viremia and slower disease
progression than untreated animals [100]. Despite these promising data, however, it was subsequently
found that two of the monoclonal antibodies used in these studies exhibit auto-reactivity, which limits
the use of these broadly neutralizing antibodies in humans [101].

In another study, neutralizing IgG antibodies were administered subcutaneously to newborn
macaques | day before oral inoculation with a high dose of SHIV-SF162P3. The amount of antibody
that was given was low, so that it resembled physiologic levels in SHIV-infected pregnant macaques
that could be transferred transplacentally. Although such low amounts were insufficient to prevent
infection, they conferred therapeutic benefits, because treated animals had reduced plasma virus levels
and enhanced de novo generation of antiviral antibodies [102].

In summary, these passive immunization studies provide the important proof-of-concept of the
passive immunization approach. They also support the continued search for potent antibodies with
broad antiviral activity in vitro but lacking auto-reactivity that can then be evaluated in vivo; examples
include the recently discovered PG9/PG16 and VCR0O1/VCRO2 antibodies [103, 104].

Active Immunization

Ideally, an active immunization strategy can be developed that, when administered to the infant shortly
after birth, can induce long-lasting immunity that protects against HIV transmission during prolonged
breastfeeding (reviewed in ref. [17]). The development of a pediatric HIV vaccine faces many of the
same problems as those of adult vaccine development, as discussed below. However, a pediatric
vaccine has the additional challenges that (1) the newborn immune system is less mature and has
some differences compared to that of older animals and humans, (2) the vaccine needs to be able to
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induce immune responses in the presence of passively acquired maternal antibodies, and (3) because
breastfeeding starts early after birth, rapid induction of protective immune responses is important.

Before discussing active immunization studies in infant macaques, a brief review of the lessons
learned from vaccine studies in adult macaques and human adults is warranted.

As reviewed above, passive immunization studies in infant macaques have provided the important
proof-of-concept of the prophylactic potential of antibodies. However, macaque studies that used
heterologous viral challenges and human clinical trials have demonstrated that it has been very diffi-
cult to induce antibodies with broad antiviral activity through active immunization [39, 105, 106].
Because many studies, including some that used in vivo CD8+ cell depletion, have found an important
role of CD8+ T cell responses in determining peak viremia and viral setpoint after infection [107,
108], much attention has focused on exploring vaccines that induce also cell-mediated immune
responses in non-human primate models. In general, live-attenuated vaccines have been most success-
ful, probably because they generate persistent and broad antiviral immune responses [109-111]; but
due to safety concerns, this approach is currently not being explored in humans. Many other vaccine
approaches—including DNA, replicating and non-replicating vectors, and subunit proteins—have
been tested in macaque models. Although many vaccines have shown various levels of efficacy in
macaque models, their mechanisms and location of action are still poorly understood, because no
single in vitro immune effector function or combination of markers has been consistently associated
with efficacy [111, 112].

In recent years, the pursuit for an effective HIV vaccine and the quest to identify immune correlates
of protection have been stirred up significantly by the results of two-phase III clinical trials that were
performed in adults. The STEP study failed to show protection of an adenovirus type 5 (AdS) vector-
based vaccine, despite good induction of cell-mediated immune responses [55]. In contrast, the Thai
ALVAC/AIDSVAX trial found a 30% reduction in infection rate despite—by conventional assays—a
relatively low immunogenicity [113, 114]. Although the outcomes of all these vaccine studies confirm
our poor understanding of in vivo antiviral immunity and the limitations of the in vitro and ex vivo
assays, they promote some new trends (reviewed in ref. [115]). One of them is that “the more, the
better” may not apply to the immune responses needed for an effective HIV vaccine. Instead, the
available data suggest the need for an intricate balance between quantity, quality, timing, and location
of the different antiviral immune responses, as too much immune activation and inflammation can be
harmful by promoting virus replication and dissemination [116]. Thus, there is the need to focus
future research efforts on (1) the further development and optimization of in vitro assays and markers
to better capture the variety of beneficial and harmful immunological responses that occur in vivo at
mucosal sites and systemically, and (2) the more effective use of non-human primate models in HIV
vaccine development [40, 115, 117].

A number of immunization studies have been performed in infant macaques. In one initial study,
newborn macaques received multiple DNA prime immunizations followed by HIV-1 gp160 protein
booster immunizations [118]. When animals were challenged intravenously at ~26 months of age
with homologous SHIV-vpu+, partial protection was observed, as some animals did not become
infected and others partially controlled virus replication. An intravenous rechallenge of some animals
with the heterologous SHIV89.6P revealed partial control of viremia.

In another early study, a more accelerated vaccine regimen with oral SIV challenge was explored.
Groups of infant macaques were immunized at birth and 3 weeks of age with either modified vaccinia
virus Ankara (MVA) expressing SIV gag, pol, and env (MVA-SIV), or live-attenuated SIVmaclAl1.
One MVA-SIV-immunized group had maternally derived anti-SIV antibodies prior to immunization.
At 4 weeks of age, the animals were challenged orally twice (24 h apart) with a high dose of a highly
virulent and genetically diverse STVmac251 stock. Although all animals became infected, the immu-
nized animals mounted better antiviral antibody responses, controlled virus levels more effectively,
and had a longer disease-free survival than the unvaccinated monkeys. Maternal antibodies did not
significantly reduce the efficacy of the MVA-SIV vaccine [89]. Plasma samples of this study were
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analyzed for SIV envelope variants by heteroduplex mobility assay. Early after infection, plasma of
the infant macaques showed heterogeneous SIV env populations including one or both of the most
common env variants in the virus inoculum, and no consistent differences in transmission patterns of
envelope variants were found between vaccinated and unvaccinated infants. However, envelope vari-
ants diverged in most vaccinated animals 3—5 months after infection, in association with the develop-
ment of neutralizing antibodies [119]. These patterns of viral envelope diversity, immune responses,
and disease course are similar to observations in HIV-infected children, and underscore the relevance
of this pediatric animal model.

In a subsequent study, infant macaques were given multiple intramuscular immunizations during
the first 3 weeks of life with recombinant poxvirus vaccines expressing SIV structural proteins, namely
either ALVAC-SIV or MVA-SIV [81]. This time, however, starting at 4 weeks of age, the animals
were inoculated orally according to a repeated low-dose SIV challenge model (three times per day for
5 days in a row). Although ALVAC-SIV was relatively poorly immunogenic according to conven-
tional assays, significantly fewer ALVAC-SIV-immunized infants were infected compared with unim-
munized infants (relative risk of infection: 0.43). These early results of partial prophylactic efficacy
of ALVAC-SIV in infant macaques despite poor immunogenicity were consistent with the later results
of the Thai ALVAC/AIDSVAX trial in adults (see above; ref. [113]). In these infant macaque studies,
animals not infected after oral challenge in infancy were rechallenged at a later age. When a subgroup
was inoculated orally with a high dose of virus, all animals became immediately infected. In contrast,
when the remaining animals were rechallenged by repeated weekly exposures to low amounts of SIV,
more exposures were required to infect animals vaccinated with ALVAC-SIV or MVA-SIV than to
infect unimmunized animals [81]. These observations demonstrate the role of the virus inoculation
regimen in determining our ability to detect a protective effect. Once infected, the vaccinated animals
also had reduced viremia compared with unimmunized animals.

In later studies, an attenuated recombinant vesicular stomatits virus expressing SIVmac239 gag,
pol, and env (VSV-SIVgpe) was tested in infant macaques. Oral administration of VSV-SIVgpe to
infant macaques shortly after birth and followed by an intramuscular booster immunization with MVA-
SIV 2 weeks later induced local and systemic antiviral immune responses by 4 weeks of age [120].
However, this regimen did not protect any infants against infection following repeated low-dose
SIVmac251 inoculation at 4 weeks of age; in addition, the effect of the vaccine regimen on peak vire-
mia and viral setpoint was small [121]. Altogether, this VSV-SIVgpe/MVA-SIV as a prime-boost vac-
cine regimen was less effective than the poxvirus-based prime-boost regimens described above [81].

Finally, in another recent study, infant rhesus macaques were immunized first intradermally with a
novel recombinant BCG construct expressing HIV immunogens, followed 11 and 14 weeks later by
intramuscular injections of a MVA-HIV construct. The HIV-specific responses induced in infants
were lower compared to historical data in adult animals. Because HIV-1 does not replicate in rhesus
macaques, the infants were not challenged [122].

Overall, the results of the passive and active immunization studies in infant macaques are promis-
ing and support the concept that neonatal immunization with HIV vaccines might reduce infection
rates from breastfeeding or modulate disease progression in infants that became infected. However,
further research is warranted to improve our arsenal of vaccine regimens, adjuvants, and in vitro
assays aimed at identifying the immune correlates of protection so that the different vaccine strategies
can be screened more efficiently in animal models and the most promising ones can enter the pipeline
of clinical trials first.

Antiretroviral Drugs

Since the early days of the HIV epidemic, the potential of antiretroviral drugs to reduce mother-to-
infant transmission of HIV has been explored for two main reasons. First of all, administration of
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antiretroviral drugs to the mother can, depending on the duration and composition of the drug regimen,
lead to reduced virus levels in blood, secretions, and breast-milk, which is expected to reduce the expo-
sure of the infant to the virus. Secondly, the presence of antiretroviral drugs in the uninfected infant
around the time of viral exposure may also prevent infection (chemoprophylaxis) (Fig. 7.2c, d).

The infant macaque models have been used extensively to show proof-of-concept of chemopro-
phylaxis. Initial studies with infant macaques demonstrated that a 6-week oral zidovudine regimen
starting shortly before intravenous low-dose virus inoculation could protect some infant macaques
against SIV infection [74]. This study provided an incentive for the PACTG 076 Study Group clinical
trial which demonstrated that zidovudine administration to HIV-infected women during pregnancy
and delivery and to their newborn for 6 weeks after birth was found to reduce the mother-to-child
transmission rates of HIV by approximately two thirds [123].

Later studies with the newer and more potent RT inhibitor tenofovir (PMPA) used the oral route of
SIV inoculation. Pre- and postexposure regimens of tenofovir were found to be quite effective in pro-
tecting infant macaques in both the high-dose and repeated low-dose oral SIVmac251 inoculation
models, even when short regimens (such as one or two doses) were used that targeted the time of virus
exposure [82]. Efficacy was dependent on having sufficient drug levels, as determined by several fac-
tors of the dosage regimen including drug amount, timing of initiation (i.e., pre-exposure is more
effective then postexposure), and the duration of administration [82].

Shortly after the prophylactic efficacy of a 2-dose tenofovir was demonstrated in infant macaques,
the HIVNET 012 trial showed that a 2-dose intrapartum and neonatal nevirapine regimen also reduced
the rate of mother-to-infant transmission of HIV [4, 80]. Because this short nevirapine regimen fre-
quently induces drug-resistant mutants in the mother [124], the efficacy and safety of tenofovir in the
infant macaque model provided an incentive for the more recent clinical trials which demonstrated
that the addition of a short regimen of tenofovir and emtricitabine reduced the risk of nevirapine resis-
tance [125, 126].

The success of these short-term antiretroviral regimens in reducing in utero, intrapartum, and early
postpartum transmission of HIV provided the impetus to extend the administration of antiretroviral
drugs to lactating mother and/or to the breastfeeding infant throughout the breastfeeding period.
Several studies have demonstrated that these strategies are highly effective [14-16, 127, 128].

Despite their prophylactic success, the cost of long-term administration of antiretroviral drugs to
lactating mothers and their infants throughout the period of breastfeeding is still considerable. In an
attempt to find cheaper alternatives, it would be ideal if topical administration of antiviral compounds
at the site of viral exposure could prevent oral infection. Similar to the development of vaginal micro-
bicides, such compounds would be given in amounts sufficient for potent antiviral activity directly at
the mucosal site, but too low to give sufficient systemic antiviral drug levels. In addition to a lower
cost, another advantage of such topical approach is that also compounds that are too toxic or have
unfavorable pharmacokinetics for systemic use may be suitable candidates. Because the regular
ingestion of considerable amounts of breast milk is likely to wash away any loose molecules from
the mucosal surface, a compound that can adhere to or penetrate in the mucosal cells is more likely
to provide longlasting antiviral activity after infrequent administration. So far, however, only very
little research has been done in this area. In two published studies, topical oral administration of two
prodrugs of tenofovir, developed to give high intracellular penetration and accumulation of the active
moiety tenofovir diphosphate, was not effective in protecting infant macaques in repeated low-dose
oral exposure models [82, 129]. These results are in stark contrast to the demonstrated efficacy of
tenofovir as topical microbicide against vaginal and rectal SIV or SHIV infection in macaque studies
and against vaginal HIV infection in the recently completed CAPRISA 004 clinical trial among
women in South Africa [130-132]. Possible reasons for this discrepancy in efficacy include
(1) differences in contact time to allow drug absorption by mucosal cells and (2) biologic differences
in viral transmission events across different mucosal surfaces, and have been described in detail
elsewhere [129].
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The infant models have also been used to investigate the therapeutic efficacy of antiretroviral
regimens for infant macaques that became infected following intravenous or oral SIV inoculation.
Initial studies demonstrated that early zidovudine treatment provided significant benefits because
treated animals had lower virus levels, enhanced antiviral immune responses, and delayed disease
progression [75]. These results were at that time very important as proof-of-concept of the benefits of
early antiretroviral therapy. However, the long-term benefits of zidovudine monotherapy were moder-
ate and also limited by the emergence of zidovudine-resistant viral mutants [133].

Studies with tenofovir in SI'V-infected infant macaques were the first ones to demonstrate the high
therapeutic efficacy of this compound in the animal model prior to the first clinical trials in HIV-
infected humans. While short-term tenofovir therapy during acute infection already provided some
clinical benefits, prolonged tenofovir therapy initiated early during infection had stronger and much
more durable antiviral effects than late therapy [88, 134, 135]. The emergence of tenofovir-resistant
viral mutants (which is associated with a K65R mutation in RT) partially reduced but did not
completely abrogate the benefits of tenofovir therapy, as some animals infected with K65R SIV
mutants but maintained on long-term tenofovir therapy were able to sustain low or undetectable
viremia and no disease progression for currently more than 14 years; both tenofovir and CD8+ cell-
mediated immune responses were required to maintain this suppressed viremia [136—138]. While
these studies with tenofovir in SIV-infected infant macaques have contributed to its clinical develop-
ment and have been predictive of its efficacy in HIV-infected people [139—141], they also provide the
hope that many HIV-infected children may be able to lead long and healthy lives, particularly if
started early on antiretroviral therapy.

Future Directions

Studies in the pediatric macaque model have provided proof-of-concept of several immune- and drug-
based intervention strategies that are effective in preventing or treating infection; these data have been
useful to guide clinical trials. Because mother-to-child transmission of HIV has, in the absence of any
interventions, a relatively high transmission rate during a defined window period in comparison to
sexual transmission, it offers unique opportunities to evaluate prophylactic intervention strategies.
Accordingly, some of the strategies, particularly antiretroviral drug prophylaxis, have been translated
from preclinical research in animal models into clinical applications for prevention of mother-to-child
transmission quite rapidly, well before the development of such strategies to prevent sexual transmis-
sion in adults [142]. In return, the information obtained in human clinical trials needs to be fed back
into the animal models, because both positive and negative outcomes help to validate the predictabil-
ity of the different macaque models so that they can be improved further.

Because of the major success in using antiretroviral drugs to reduce mother-to-child transmission of
HIV, the door of opportunity for immune-based strategies is slowly closing, and it remains to be deter-
mined how we can best integrate any of the immune-based strategies into current clinical research
efforts. Yet, a valid scientific incentive for immune-based strategies is that they could reduce the need
for antiretroviral drugs that, despite high efficacy, still have issues of affordability, practicality, and the
risk of drug-resistant mutants. For example, an attractive hypothetical strategy (similar to the perinatal
hepatitis B model) would be the combination of active and passive immunoprophylaxis shortly after
birth, and potentially overlapping with neonatal chemoprophylaxis. In such a strategy, passively admin-
istered antibodies with high antiviral activity and/or short-term antiretroviral drug prophylaxis might
effectively cover the early breastfeeding period while active immunity is still being developed [17].

However, the development of pediatric HIV vaccines is met by a number of hurdles. Historically,
many antiviral vaccines (e.g., polio) were first tested and found to be effective in pediatric populations
[143, 144]. For HIV, however, the success of antiretroviral drugs in preventing pediatric infection
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reduces the incentive to invest in research for a pediatric HIV vaccine. In the current research climate,
the majority of resources are spent on adult SIV and HIV vaccine research efforts. Accordingly, the
development of pediatric HIV vaccines is becoming increasingly dependent on the results of vaccine
trials in adult populations. However, because so far no highly effective HIV vaccine for adults has
been identified, the immune correlates of protection are unclear, and evidence indicates a significant
difference in infant and adult vaccine responses, it is currently unclear how and if the results of vac-
cine studies in adults that are aimed against sexual or intravenous transmission can be extrapolated to
infants. The macaque models may prove to be useful for pediatric vaccine development by allowing
comparative studies on the safety, immunogenicity, and efficacy in adult and infant macaques.
Considering the bleak prognosis for HIV-infected children and adults during the early years of the
epidemic, our current ability to manage HIV infection with highly active antiretroviral therapy (ART)
represents a major triumph of modern medicine. However, as even the newer drugs are still relatively
expensive and carry some risk for toxicity (which may be cumulative after many years), the ultimate
goal remains to have a strategy that would allow permanent withdrawal of ART, either by gaining long-
term immunological control or by purging out viral reservoirs and totally curing infection. Many
potential strategies to reactivate latent virus are likely to carry the risk of adverse effects (such as
toxicity); in case of incomplete immunological control or eradication, the withdrawal of the antiretrovi-
ral drugs may lead to a viral rebound that may affect future treatment options. Without proof-of-concept,
only few people who fare well on a stable ART regimen may be interested to enroll in such clinical
trials. Accordingly, as reviewed elsewhere [36], macaque models can play an important role in better
understanding viral persistence and testing novel concepts aimed at permanent control or elimination.

Conclusions

The studies that have been performed in macaque models so far have improved our understanding
of the many host and viral determinants of transmission and pathogenesis of pediatric infection, such
as the timing of infection and the dose and virulence of the virus. Studies in the pediatric macaque
model have also provided proof-of-concept of several immune- and drug-based intervention strate-
gies. The ongoing comparison of data obtained in these animal models with results from clinical stud-
ies in humans will provide further validation and improvement of these animal models so that they can
continue to advance our scientific knowledge and guide future clinical trials with increasing predict-
ability and reliability.
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Chapter 8
Antiretroviral Pharmacology in Breast Milk

Amanda H. Corbett

Introduction

Despite the risks of HIV transmission via breastfeeding, it is utilized worldwide for infant nutrition,
especially in resource poor countries [1]. Due to limited resources, many mothers are not receiving
antiretroviral therapy for their own disease, hence, the need for interventions during the peri- and
postpartum period to prevent mother-to-child transmission. One strategy to limit transmission is pro-
viding antiretroviral agents to mothers of breastfeeding infants or antiretrovirals directly to the infants
during the postpartum period while breastfeeding [1]. Both strategies have been shown to be effective
at decreasing transmission rates [1-14]. This chapter focuses on the pharmacology of antiretrovirals
in breast milk, while being administered to mothers, and the resultant exposure to the breastfeeding
infant.

Pharmacology of Medications Used During Breastfeeding

There are several factors that affect the exposure of drugs to breastfeeding infants: (1) the concentra-
tion of drug in the mother’s plasma, (2) the amount of drug excreted into the breast milk, and (3) the
amount of milk the infant ingests daily [15].

1. The concentration of drug in the mother’s plasma
Mother’s plasma concentrations in the early postpartum period can be quite different than in preg-
nant and nonpregnant women. A multitude of physiologic changes take place during pregnancy
which affect drug disposition [16]. The period of time postpartum for the reversion of these changes
to baseline is not fully known. Therefore, drug disposition in the postpartum period can be unpre-
dictable. For example, during pregnancy the amount of albumin and alpha-1-acid glycoprotein
declines over time with approximately 70-80% of prepreganancy values at delivery [17]. This has
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been shown to be clinically significant for anticonvulsants such as phenytoin used during pregnancy
[18, 19]. When protein binding is decreased, total drug concentration of phenytoin will decrease
much more than unbound concentration; therefore, adjusting doses based on unbound concentra-
tion would be critical to avoid overdosing [18, 19].

Investigations with antiretrovirals have aimed at evaluating dosing during pregnancy and during
the postpartum period [21, 22]. Two of these evaluated lopinavir/ritonavir concentrations during
pregnancy (with adjusted doses of drug during that time) and at various times postpartum [21, 22].
Even at 2 weeks postpartum it seems that mother’s plasma concentrations of lopinavir/ritonavir are
higher than that in the third trimester, suggesting very early postpartum changes in drug exposures
[21, 22]. This would suggest that changes in pregnancy-related drug disposition return to baseline
in the early postpartum period for this medication.

2. The amount of drug excreted into the breast milk
Multiple drug characteristics contribute to the degree of exposure in breast milk including the
degree of protein binding, lipo- or hydrophilicity, and ionization [17]. Several in vitro and in vivo
models have attempted to predict the exposure of drugs into breast milk based on pKa (the acid
dissociation constant), lipophilicity, protein binding, and fat content of breast milk [23-25]. All
available data have concluded that large intra- and intersubject variability exists and that the gold
standard for predicting breast milk exposure is the concentration seen in the breastfeeding infant’s
plasma [17]. The most predictive drug characteristic of breast milk:mother plasma ratio has been
protein binding [17]. In a comprehensive literature review of exposure of drugs to breastfeeding
infants, no infant exposures existed for drugs with >85% protein binding. An investigation con-
ducted in the mid-1980s evaluating beta-blocker transfer into breast milk found that regardless of
lipophilicity or whole-milk-binding properties, plasma protein binding was the most predictive
of breast milk exposures [26].

3. The amount of milk the infant ingests daily
All infants do not ingest the same amount of milk daily. Milk ingestion can vary based on infant
age, sex, and water intake [27]. Also, medications and hormone production can alter the amount of
milk production that is available to the infant [16, 28]. These are important factors included in the
calculation for infant “doses” of drugs via breastfeeding

=C_ . XV

milk >

Dose

absolute milk

where Dose . . =absolute infant dose, C . =drug concentration in milk, and V __ =volume of
absolute milk milk

milk ingested [16].

Both of these factors must be taken into account when predicting the exposure of drugs into breast
milk.

Assays for Measuring Antiretroviral Drug Concentrations in Breast Milk

As with any matrix, it can be difficult to develop an accurate and precise drug assay for measuring
drug concentrations in breast milk. Milk has a combination of protein, fat, and carbohydrates in vari-
able amounts [29]. The largest component of milk is water, accounting for 65-90% in mammalian
species, with the remainder consisting of dissolved and suspended solids and various nutrients [29].
Many factors can contribute to the relative amounts of each nutrient in milk, including diet and the
numbers of days since onset of lactation. In addition, drug penetration into breast milk can be affected
by multiple factors including protein binding, ion trapping, and lipophilicity. Most drugs have been
reported to passively diffuse into breast milk from mother’s plasma. Drugs with higher protein bind-
ing, such as some antiretrovirals, would have limited penetration, as the protein-bound drugs would
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be too large to passively diffuse. Once these drugs are in the breast milk there is much less protein
binding relative to plasma (20—60% of plasma). Secondly, weakly basic drugs tend to concentrate in
milk as they become ionized in this matrix due to the lower pH of milk compared to blood. Finally,
lipid-soluble drugs will concentrate in the fat component of milk which prevents return to plasma but
will be ingested by the infant.

Multiple techniques have been evaluated to provide high efficiency extraction of drugs in milk [29].
Liquid-liquid and solid-phase extraction techniques for analysis with high-performance liquid
chromatography (HPLC) have shown to be the most efficient. One published assay for detection of
multiple antiretrovirals in one assay utilized protein precipitation prior to solid-phase extraction in
order to isolate the liquid layer of milk with a resultant 92.6% extraction efficiency [30]. Subsequent
HPLC/MS/MS (MS =mass spectrometry) detection accurately and precisely detected seven antiretro-
virals in breast milk with >99% intra- and interday accuracy and 5.0% and 7.8% intra- and interday
precision, respectively.

Antiretrovirals Used During Breastfeeding for Prevention
of Mother-to-Child Transmission of HIV

Many observational studies and clinical trials have evaluated the use of antiretrovirals for prevention
of mother-to-child transmission [3, 4, 6—15]. Eight of these interventions administered antiretroviral
combination therapy to the mother during the postpartum breastfeeding period [3, 4, 8-11, 14].
Some studies included both formula and breastfed infants, while others enrolled only mothers will-
ing to breastfeed for the duration of the antiretroviral intervention. It is difficult to directly compare
the differences between maternal antiretroviral therapy and infant prophylaxis between studies;
however, overall it is thought that the interventions are comparable [2]. The percent of HIV infec-
tions in the infants that were exposed to combination antiretroviral therapy via breastfeeding was
very low with a range of 0.4-3.0% at the end of therapy and breastfeeding [3, 4, 6, 8—11, 14]. All
but one regimen consisted of two nucleoside reverse transcriptase inhibitor (NRTI) combinations
(mostly zidovudine +lamivudine) and one of the following: nevirapine, efavirenz, nelfinavir,
or lopinavir/ritonavir. One study administered a triple NRTI therapy of zidovudine + lamivudine +a
bacavir. Despite very low levels of transmission, 100% protection was not achieved in any of the
studies. This is likely due to multiple factors including adherence, resistance, antiretroviral drug
exposure in the breast milk, and subsequent effects on infant exposures or a combination of all of
these factors.

Exposure of Antiretrovirals into Breast Milk

Pharmacokinetic data from these investigations and others have demonstrated differential penetration
of antiretrovirals into breast milk and subsequently to infants [31-39]. It is critical to know the
extent of drug exposures in breast milk in order to provide the best protective effect to infants without
a risk of toxicity or antiretroviral resistance if in fact the infant is exposed to HIV.

To identify the best prevention strategies, further analysis of current clinical data combining viral
suppression, drug concentrations, and transmission is warranted. A recent investigation determined
that there are two potential mechanisms for viral populations in breast milk [40]. One is by trafficking
of virus from blood into breast milk, which is thought to constitute the largest proportion. The second
is transient breast milk viral replication from recently trafficking virus from the blood [40]. Therefore,
treatment strategies should target both these mechanisms of viral proliferation in breast milk.
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Table 8.1 Summary of antiretroviral concentrations in mother’s plasma, breast milk, and infant’s plasma based on
single concentration time points

References Antiretroviral BM/MP ratio IP/BM ratio IP/MP ratio
NRTIs
Corbett et al. [34] Zidovudine 1.86 0 0
Mirochnick et al. [36] Zidovudine 0.44 0 0
Shapiro et al. [38] Zidovudine 3.21 NR 2.5¢
Corbett et al. [34] Lamivudine 5.57 0.003 0.01
Corbett et al. [33] Lamivudine 2.6 0.01 0.06
Mirochnick et al. [36] Lamivudine 2.56 0.02° 0.04°
Shapiro et al. [38] Lamivudine 3.34 NR 0.04
NNRTIs
Colebunders et al. [32] Nevirapine 0.68-0.9 NR NR
Corbett et al. [33] Nevirapine 0.7 0.17 0.12
Mirochnick et al. [36] Nevirapine 0.75 0.17° 0.13°
Shapiro et al. [38] Nevirapine 0.67 NR 0-0.20
Schneider et al. [37] Efavirenz 0.54 0.25 0.13
Pls
Colebunders et al. [32] Nelfinavir 0.06-0.24 NR NR
Corbett et al. [33] Nelfinavir 0.08 0 0
Colebunders et al. [32] Indinavir 0.9-54 NR NR
Corbett et al. [34] Lopinavir 0.11 0 0
Ritonavir 0.11 0 0

MP mother’s plasma, BM breast milk, /P infant’s plasma, NR not reported
“Infants were also directly receiving drug
PEstimates based on data in manuscript

Table 8.2 Summary of antiretroviral concentrations in mother’s plasma, breast milk, and infant’s plasma based on
multiple sampling over the dosing interval

References Antiretroviral BM/MP AUC ratio IP/BM AUC ratio IP/MP AUC ratio
NRTIs
Corbett et al. [35] Zidovudine 1.4 0 0
Spencer et al. [39] Zidovudine 0.22 NR NR
Corbett et al. [35] Lamivudine 1.2 0.02 0.03
Spencer et al. [39] Lamivudine 0.89 NR NR
PIs
Spencer et al. [39] Atazanavir 0.09 NR NR
Corbett et al. [35] Lopinavir 0.21 0 0
Ritonavir 0.21 0 0

MP mother’s plasma, BM breast milk, /P infant’s plasma, NR not reported, AUC area under the concentration time curve
(hxng/mL)

Nucleoside Reverse Transcriptase Inhibitors

Both zidovudine and lamivudine concentrations have been evaluated in breast milk [34-36, 38, 39].

Zidovudine

There is somewhat conflicting data on the exposures of zidovudine in breast milk (see Tables 8.1
and 8.2). Both single concentration time point and concentrations over the dosing interval have been
evaluated for zidovudine. Three investigations showed 1.4-3.21-fold higher exposures of zidovudine
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in breast milk compared to mother’s plasma [34, 38], while two others report a 66—78% lower exposure
in breast milk [36, 39]. None of these investigations had seen changes in concentrations over
2-24 weeks postpartum, indicating a constant exposure over the postpartum breastfeeding period.
Some explanations for the differences include sampling time after the previous dose, drug concentra-
tion assays, and inclusion or exclusion of zero values. The study with the highest exposure of zidovu-
dine (3.21-fold) also had very high mother’s plasma concentrations compared to the other studies.
This could be due to the median sampling time after the dose of 4.0 h where there would be an
expected higher exposure of zidovudine [38]. In addition, two studies with higher zidovudine expo-
sures in breast milk also reported a very high rate of undetectable concentrations at the predose time
point and these zero values were excluded in the analysis for BM/MP ratios [34, 35]. This could have
provided a falsely elevated BM/MP ratio.

Differences also exist when looking at single concentration time points compared to concentra-
tions over the dosing interval. Lower overall zidovudine exposures in breast milk compared to moth-
er’s plasma were seen in a 12-h dosing interval sampling as compared to single concentration time
points (0.22- and 1.4-fold) [35, 39]. This discrepancy could be due to the differences in time postpar-
tum of the evaluations: 14 days postpartum (0.22 BM/MP) versus 6—24 weeks postpartum (1.4 BM/
MP). Additionally, nearly one-third of the predose zidovudine concentrations (7=0 h) were
undetectable for the study with the higher BM/MP ratio and were excluded in the ratio analysis. In
addition, zidovudine does not appear to concentrate in infant’s plasma after ingestion of the breast
milk. Zidovudine has only been detected in infant’s plasma in breastfeeding infants who were also
receiving their own daily prophylaxis dose of the drug [38]. The limitations of all these investigations
include the following: intracellular zidovudine was not evaluated, sophisticated pharmacokinetic/
pharmacodynamic evaluations were not reported, timing and volume of breastfeeding was not con-
trolled, and whether or not the last dose prior to PK sampling was observed is not known for all
studies.

Lamivudine

Lamivudine has higher exposures in breast milk compared to mother’s plasma with low but detectable
concentrations in breastfeeding infant’s plasma (see Tables 8.1 and 8.2). Six investigations have eval-
uated the exposure of lamivudine in breast milk [33-36, 38, 39]. Five of the six showed a higher
concentration of lamivudine in the breast milk compared to mother’s plasma [1.2-5.6-fold]. The
higher concentrations in breast milk will likely suppress viral replication in this compartment thereby
preventing infection of the infant. Also, lamivudine concentrations are detectable in breastfeeding
infant’s plasma at 0.3-2% of that found in breast milk and 1-6% of that found in mother’s plasma.
The majority of the concentrations detected in the infant was not above the inhibitory concentration,
(IC,,) for wild-type virus; therefore, would not lead to viral suppression in infants exposed to HIV.
However, intracellular drug concentrations have not been evaluated. The implication of this exposure
in infants is likely a better HIV protective effect as compared to antiretrovirals that are not absorbed
by breastfeeding infants. Lastly, the low-level exposures in infant plasma may lead to lamivudine
resistance if in fact the infant is exposed to virus; therefore, complete viral suppression in the breast
milk is critical to prevent exposure of the infant.

Nonnucleoside Reverse Transcriptase Inhibitors

Both nevirapine and efavirenz have been studied in breastfeeding infants and their mothers and shown
to have intermediate exposures in breast milk and infant’s plasma compared to NRTIs and protease
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inhibitors (PIs). This is likely due to the degree of lipophilicity and protein binding relative to the
other classes of antiretrovirals [32, 33, 36-38].

Nevirapine

Five studies have evaluated concentrations of nevirapine in breast milk of breastfeeding mother—
infant pairs (Table 8.1) [32, 33, 36, 38, 41]. Overall exposures of nevirapine in breast milk are 67-90%
those of mother’s plasma with 17-25% in infant plasma relative to breast milk and 12-20% in infant
plasma relative to mother’s plasma. This relative exposure in infants is higher than the IC, for wild-
type virus in most cases, hence should provide a protective effect to infants exposed to virus through
breastfeeding. For infants that have lower yet detectable concentrations in plasma, the potential for
nevirapine resistance may exist; however, due to very low concentrations toxicity is less likely to
occur. Resistance has been reported in breast milk with single-dose nevirapine at labor; therefore, this
strategy should be avoided [42].

Additionally, nevirapine may be detectable in breast milk over an extended period of time follow-
ing discontinuation. A case study evaluating nevirapine in breast milk detected concentrations up to
17 days after discontinuation [41]. In addition, concentrations were greater than the IC, for wild-type
virus for 6 days after discontinuation in breast milk. This prolonged exposure without combination
antiretroviral therapy could likely lead to nevirapine resistance in breast milk and subsequently to the
infant. Use of an overlap in therapy with two additional NRTIs, for example, would be warranted in a
patient that discontinues nevirapine therapy.

Efavirenz

Similar to nevirapine, efavirenz penetrates into breast milk with subsequent exposures in infants (see
Table 8.1) [37]. One study of 13 breastfeeding mother—infant pairs evaluated efavirenz exposures
over 6 weeks to 6 months postpartum [37]. Breast milk concentrations were 54% those of mother’s
plasma with 25% and 13% of infant plasma concentrations relative to breast milk and mother’s
plasma, respectively. The degree of exposure in the majority of these infants was below the therapeu-
tic concentration required for viral load suppression in adults; however, there is no documented con-
centration for protective or prophylactic effects of an infant exposed to HIV. The low-level exposure
in both breast milk and infants could, however, lead to viral resistance in either breast milk or infant’s
plasma.

Protease Inhibitors

Atazanavir, indinavir, nelfinavir, lopinavir, and ritonavir concentrations in breast milk and infant’s
plasma via breastfeeding have been investigated and shown overall to have lower exposures in these
compartments compared to NRTIs and NNRTIs (see Tables 8.1 and 8.2). This is most likely due to
their high lipophilicity and high protein binding [32-35, 39].

Atazanavir

Concentrations of atazanavir in breast milk have been shown to be minimal (9% that of mother’s
plasma) (see Table 8.2) [39]. This is based on a PK study in seven mothers at 5 and 14 days postpartum.
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Breast milk and plasma samples were obtained over a 24-h period postdose; however, infant plasma
was not obtained as these mothers were not breastfeeding, simply lactating. Despite low levels of
exposure, all atazanavir breast milk concentrations were above the IC50 for wild-type virus; however,
to varying degrees. It is not known what degree of elevated concentrations above the IC, in breast
milk is required for viral suppression. In addition, there were no differences in exposures between the
colostrum (day 5) and mature milk (day 14), suggesting that atazanavir concentrations are present in
breast milk in the early postpartum period. Since infant plasma concentrations were not evaluated, it
is not known whether a direct protective effect is possible for infants exposed to HIV via breastfeed-
ing. However, based on breast milk concentrations above the HIV inhibitory concentration, breast
milk viral load is likely to be suppressed.

Indinavir

Data on indinavir exposures in breast milk are sparce but, of that reported, 90-540% of indinaivir
concentrations are present in breast milk relative to mother’s plasma (see Table 8.1) [32]. This is
based on a single mother who donated breast milk samples over 5 days postpartum. The plasma and
breast milk viral load for this patient was <50 copies/mL. This minimal data would suggest that indi-
navir may be a reasonable option for breastfeeding mothers.

Lopinavir

Lopinavir is detectable in breast milk but undetectable in plasma of breastfeeding infants (see
Tables 8.1 and 8.2) [34, 35]. In breast milk, 11-21% of lopinavir mother’s plasma concentrations are
present. Despite low exposures in breast milk, the majority of concentrations reported were >IC, | for
wild-type virus. Nearly double the degree of exposures is seen when evaluating lopinavir over the
dosing interval compared to single concentration time points; however, this exposure is still only 21%
of mother’s plasma. These differences are likely due to limitations such as timing of sampling after
the dosing interval; however, it does represent the true exposure of lopinavir over time in breast milk.
There were no detectable concentrations in infant’s plasma. There is potential for breast milk viral
load suppression; a direct protective effect in infants would be unlikely.

Nelfinavir

Minimal data are available for the exposure of nelfinavir in breast milk (see Table 8.1) [32, 33]. An
estimated 6-24% of mother’s plasma concentrations are present in breast milk with no detectable
concentrations in plasma of breastfeeding infants. This data is based on single concentration time
points over 0—17 h after the previous dose of nelfinavir. The majority of (but not all) concentrations in
breast milk were above the IC, for wild-type virus hence nelfinavir may not provide complete viral
suppression in the breast milk. Since no concentration was detectable in infant plasma, a direct protec-
tive effect may not exist either.

Ritonavir
Ritonavir breast milk concentrations are 11-21% those of mother’s plasma, with no detectable con-

centrations in infant’s plasma (see Tables 8.1 and 8.2) [34, 35]. Similar to lopinavir, breast milk expo-
sures for ritonavir were twice as high when evaluating concentrations over the dosing interval as
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compared to single concentration time points. Nearly all the concentrations in breast milk were above
the IC,, for wild-type virus suggesting the potential for breast milk viral load suppression. Due to no
detectable concentrations in infant plasma, a direct protective effect is unlikely.

Single Concentration Time Points Versus Extensive Sampling

Zidovudine, lamivudine, lopinavir, and ritonavir breast milk and infant plasma concentrations have
been evaluated for both single concentration time points and more intensive sampling over the dosing
interval as described previously [34, 35]. Zidovudine exposures were similar for both of these
approaches. Lamivudine levels were much higher when looking at single concentrations only (5.57-
fold BM/MP) versus over the dosing interval (1.2-fold BM/MP). The opposite was true for lopinavir
and ritonavir, where 11% of drug penetrated breast milk when evaluating single concentrations versus
21% when including the entire dosing interval. It does not seem that single concentration time points
accurately predict exposures over the dosing interval when using the latter as the gold standard. This
could be concerning if in fact concentrations are lower than expected during the dosing interval lead-
ing to viral replication and conversely if concentrations are higher than expected leading to toxicity in
the infant if exposed. Therefore, evaluation of drug exposures over the dosing interval (area under the
concentration time curve) may be required for determining correlations with outcomes such as viral
load and transmission rates.

Implications for Differential Exposures of Antiretrovirals into Breast Milk

In summary, the NRTIs zidovudine and lamivudine have higher concentrations in breast milk com-
pared to mother’s plasma with only lamivudine penetrating into infant plasma at very low concentra-
tions. The NNRTIs efavirenz and nevirapine have moderate exposure in breast milk with low but
potentially effective penetration into infant’s plasma. The PIs atazanavir, indinavir, lopinavir, nelfina-
vir, and ritonavir have low-level exposures in breast milk with no detectable concentrations in infant
plasma. These differential exposures are somewhat predicted based on the degrees of lipophilicity and
protein binding of each of these classes.

Further information on protein binding and intracellular NRTI concentrations in breast milk are
needed to evaluate the best antiretroviral prevention strategies during breastfeeding. In addition, the
concentration needed for viral load suppression in breast milk should be investigated as a common
approach for all agents. Reasons for transmission events despite antiretroviral interventions and ade-
quate adherence need to be identified. Low exposures of antiretrovirals in both breast milk and infant
plasma need to be considered in order to prevent potential antiretroviral resistance in the event an
infant is infected. More data correlating the already available pharmacokinetics in breast milk with
outcomes such as plasma and breast milk viral load, adherence to antiretrovirals, and transmission of
HIV to infants are needed to provide guidance on the best antiretroviral approaches for prevention of
mother-to-child transmission during breastfeeding.
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Chapter 9
The Immune System of Breast Milk: Antimicrobial
and Anti-inflammatory Properties

Philippe Lepage and Philippe Van de Perre

Introduction

Human breast milk is recognized as the optimal infant feeding. Human milk contains the nutrients
necessary to support the infant’s development [ 1-3]. Breast milk also contains components that protect
young children against various infectious diseases and, as more recently described, constituents nec-
essary to support the development of the infant’s immune system (ontogeny) [1-3]. This includes
various antimicrobial substances, constituents that promote tolerance and priming of the infant
immune system, as well as anti-inflammatory components. It has recently become clearer that protec-
tion provided through breast milk against some infections extends well beyond weaning [4].

The immune system of the neonate differs considerably from that of an adult [5]. At birth, cells of
the innate immune system (dendritic cells, macrophages, and neutrophils) and IgM- and IgG-producing
cells are present in the infant’s intestinal mucosae, but IgA secreting cells are extremely rare [6].
Because at least 90% of microorganisms infecting human beings use the mucosae as portal of entry
[7, 8], young infants are exposed to a large number of microorganisms and are at increased risk for
infection [9]. However, the intestinal immune system develops rapidly in the early postnatal period.
During this critical period of immunological vulnerability, resistance to infection relies both on the
protective factors in milk and on the infant developing his own innate and adaptive immunity. Breast
milk provides the missing components while also actively stimulating maturation of the infant’s own
intestinal defense [3].

In addition to eliminating infectious agents and minimizing the damage they cause, the neonatal
immune system must develop the ability to acquire tolerance. This means to discriminate between
antigens that are harmless and those that are potentially dangerous. Induction of tolerance is believed
to occur primarily in the gut and is facilitated by the specialized B and T cells, the production of
secretory IgA (SIgA), and the skewed Th2 response [10, 11]. Failure to regulate tolerance and
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active immune responses is hypothesized to contribute to food-related allergy, autoimmunity, and
inflammatory bowel disorders. Human milk promotes oral tolerance in the infant [12] and exclusive
breast-feeding may even prevent or delay the onset of atopic illness such as allergies.

Immunological Components of Human Milk

Breast Milk Cells

The cellular content of breast milk has certainly not yet revealed all its surprises. Recent studies dem-
onstrated that, particularly in mature milk, epithelial cell adhesion molecule (EPCAM+) cells from
the mammary gland are the most represented cell type in breast milk [13]. The exact role of these cells
ingested by neonates and breast-feeding infants remains unknown. Stem/progenitor cells have also
been identified by their specific surface markers in breast milk [14]. Their physiological role, if any,
is equally mysterious.

Excluding epithelial cells, neutrophils comprise roughly 80% of breast milk cells, macrophages
15%, and lymphocytes 4% [15].

Lymphocytes

Various lymphocyte types are coexisting in breast milk: CD3+ T cells (representing roughly 83% of
lymphocytes, almost equally distributed in CD4+ and CD8+ lymphocytes), gdT cells (11%), CD16+
NK cells (3—4%), and B cells (2%). Breast milk T and B lymphocytes share three major characteris-
tics that differentiate them from circulating lymphocytes. First, memory T and B lymphocytes are
overrepresented in breast milk, the majority of cells failing to express CD45RA receptor character-
izing naive cells [16, 17]. More than 70% of breast milk B cells are [gD-CD27+ memory B cells [18].
Second, many T and B lymphocytes from breast milk are activated, as they frequently express mark-
ers such as HLA-DR and CD38 [16-20]. This is paradoxical since human milk per se is remarkably
not prone to immune activation. As compared with other media including plasma, blood lymphocytes
incubated in the presence of human milk display considerably less frequently activation markers at
their surface (E. Tuaillon, personal communication). Most likely, breast milk lymphocytes become
activated through the extravasation process and/or their transepithelial migration [18-21]. Breast milk
B cells are frequently switched memory cells primed to secrete antibodies with overrepresentation of
large-sized B cells, plasmablasts, and plasma cells [18] and are not expressing complement receptor
[22]. Third, breast milk T [16] and B cells [18] predominantly harbor mucosal homing markers
(CD49f, b7 integrin, CD103, CD44) confirming that most of these cells migrated from the highly
compartmentalized mucosal-associated lymphoid tissue (MALT) to the mammary gland as an effec-
tor site. At least in milk-derived B cells, migration seems to have occurred preferentially from gut-
associated lymphoid tissue (GALT) confirming the predominant entero-mammary axis of the mucosal
immune system. Migrating B cells, mainly those primed to secrete IgA antibodies, are attracted to and
anchored within the mammary acini by the mucosae-associated epithelial chemokine CCL28 [23],
other cells being released in breast milk.

CDS8+ cytotoxic T lymphocytes can be found in human milk. These cells result from antigenic
exposure of maternal mucosal surfaces and are thought to be functional [24-27].

These characteristics of breast milk lymphocytes reinforce the idea that human milk provides neo-
nates and infants with a supplemental, highly immunoactive system primed to recognize the maternal
environment and to protect from potential pathogens the mother—infant dyad may encounter.
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Table 9.1 Distribution of immunoglobulins and other soluble substances in the colostrum and milk delivered
to the breast-fed infant during a 24-h period

Concentration in mg/day at postpartum

Soluble product <1 week 1-2 weeks 34 weeks >4 weeks
1gG 50 25 25 10
IgA 5,000 1,000 1,000 1,000
IgM 70 30 15 10
Lysozyme 50 60 60 100
Lactoferrin 1,500 2,000 2,000 1,200

Adapted from ref. 34

Macrophages

Macrophages have long been considered to represent the major cell type in colostrum and breast milk
consisting of 40% of breast milk leukocytes in early lactation and up to 85% in mature milk [19, 28,
29]. However, in these studies, macrophages were defined by morphologic characteristics and by
using forward and scatter flow cytometry analyses. More recent studies strongly suggest that the num-
ber of breast milk macrophages has been overestimated since only a small proportion of breast milk
cells harbor surface markers of macrophages such as CD14 [13-15]. Indeed, macrophages may rep-
resent only 15% of breast milk leukocytes [15].

Also, breast milk macrophages are distinct in terms of phenotype and functions from blood mono-
cytes/macrophages conferring them a higher phagocytic capacity and a more efficacious defense
against pathogens [30]. Breast milk macrophages are frequently activated [31] and their motility is
much enhanced as compared with blood monocytes/macrophages [32]. Breast milk macrophages are
morphologically distinct from blood macrophages and spontaneously secrete granulocyte—macrophage
colony-stimulating factor (GMCSF), an important cell growth factor that enhances effector functions
and cell signaling pathways [30]. They express DC-SIGN gene and protein (a DC-specific lectin that
mediates interaction with HIV-1), and differentiate into CD1+ dendritic cells after incubation with
IL-4 [30]. In addition, breast milk macrophages contain secretory IgA that can be released during the
phagocytosis process [33] and are profuse secretors of soluble factors such as lactoferrin and comple-
ment factors C3 and C4 [29].

Immunoglobulins

The mammary gland produces SIgA in high quantity with lesser amounts of SIgM and SIgG (Table 9.1).
They are one of the predominant proteins in breast milk and found at highest level in colostrum (5 mg/
mL in colostrum, about 1 mg/mL in mature milk, [35]). IgA is synthesized in human milk by resident
B-cells anchored in the mammary gland tissue through CCL28. These cells have migrated from the
mother’s intestine via the enteromammary axis [36]. IgA are synthesized as a dimer and linked to a
secretory component (SC). SIgA is relatively resistant to proteolytic enzymes from the infant’s gastro-
intestinal tract, allowing to provide a supply of IgA antibodies to the infant’s gut [2]. Human milk is
not only a rich source of SIgA that could be involved in situ in immune exclusion, but the specificity
of the SIgA is directed against microbes common to both the mother and her infant [1].

SIgA provides antimicrobial defense in three ways (Fig. 9.1): preventing bacteria and viruses from
attaching to mucosal surfaces by immune exclusion and mucosal painting, as well as neutralizing
microbial toxins. Through these mechanisms, SIgA would prevent the establishment of bacterial
colonies in the intestine and/or translocation across the mucosal barrier, thereby preventing an
inflammatory response that would be damaging to the infant. This provides a potential mechanistic
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Fig. 9.1 Mechanisms of immune protection of human mucosae. From ref. 37, with permission. Abbreviations: ADCC
antibody-dependent cellular cytotoxicity, NK cell natural killer cell, CTL cytotoxic lymphocyte responses, DC dendritic
cells, sIgA secretory immunoglobulin A, HEV high endothelial venules

explanation for the reduced neonatal septicemia associated with breast-feeding [1]. SIgA have been
identified in breast milk against many bacterial pathogens including Escherichia coli, Vibrio cholerae,
Campylobacter, Shigella, Giardia lamblia, Haemophilus influenzae, Clostridium difficile, and
Streptococcus pneumoniae [4], viruses such as Rotavirus, CMV, HIV, Influenza virus, respiratory
syncytial virus, and yeast [36]. SIgA against maternal microflora and dietary proteins have also been
identified in human milk [38]. Vaccination of mothers in late gestation will produce specific SIgA in
her breast milk that may protect her infant against exposure.

Animal experiments strongly suggest that SigA is the crucial protective component of breast milk
[39]. Knock-out mice lacking SIgA and SIgM show reduced protection against certain epithelial
infections [6]. However, in striking contrast to humans, immunoglobulins from breast milk in many
animal species (rodents, bovines, cats, ferrets, etc.) are transported across the intestinal epithelium
into the neonatal circulation [40]. This is an evident limitation in translating observations made from
animal models into humans.

Secretory Component

The secretory component (SC) is a glycoprotein present in many external secretions that is usually
coupled with polymeric immunoglobulins. SC is also abundant in human milk [41]. It may interfere with
the mucosal adhesion of enterotoxigenic E. coli, salmonellae, and C. difficile toxin A, as well as interact
with a pneumococcal surface antigen [6]. SC may inhibit certain toxins, such as C. difficile toxin A [6].
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Lactoferrin

Lactoferrin is a predominant whey protein in mature milk (=1 g/L), its maximal concentration is
found in colostrum (=7 g/L). The concentration of lactoferrin in breast milk is controlled by the repro-
ductive hormones prolactin and estrogen [1, 3].

Lactoferrin is an iron-binding protein. It is believed that its ability to withhold iron from pathogens
explains a great part of its antimicrobial potency [42]. However, this protein has antibacterial activities
that are independent of iron chelation. It may also act against some pro-inflammatory cytokines such
as IL-1pB, TNF-a, and IL-6 [1].

Lactoferrin may inhibit the attachment of bacteria to intestinal cells and has a direct activity against
a wide range of Gram-positive and Gram-negative bacteria, fungi, viruses, including HIV-1 [43], and
tumor cells [44, 45].

Lysozyme

Lysozyme is also a major whey protein of human milk. Together with SIgA, lactoferrin, and other
antimicrobial compounds, this protein plays a major role in the immune defense of the infant.
Lactoferrin removes lipopolysaccharide from the outer cell membrane so that lysozyme can enter and
degrade the inner proteoglycan matrix of the membrane of invading cells [46].

Oligosaccharides

Nondigestible oligosaccharides are an abundant constituent of human milk. They are found in high
concentration in colostrum (=22 g/L) and are less abundant in mature milk (=12 g/L). The types of
oligosaccharides also change during lactation. Oligosaccharides are produced by an antigen-indepen-
dent mechanism in epithelial cells in the mammary gland. Oligosaccharides resist hydrolysis by gas-
tro-intestinal enzymes, indicating that they would remain intact in the small intestine.

These compounds function like bacterial receptor analogues by competing with pathogens for
binding sites on the epithelial surfaces of the intestine. They can bind pathogens present on the
mucosal epithelia, such as E. coli, Campylobacter jejuni, and S. pneumoniae [44].

Other Nonantibody Protein Defense Agents
and Other Innate Immune Components

Many microorganisms express surface molecules that are believed to act like oligosaccharides [47].
These include lactadherin, mucins, and antisecretory lectins.

Lactadherin is a mucin-related glycoprotein produced by mammary epithelial cells during lactation.
Its concentration in milk peaks immediately postpartum and declines thereafter. It has been reported to
bind human rotavirus by preventing viral attachment to host cell receptors [48, 49]. Its concentration
has been inversely associated with rotavirus symptoms in infected breast-fed infants [50].

In addition, several hydrolysis products of casein and of a.-lactalbumin have antimicrobial activity
against E. coli, Klebsiella pneumoniae, staphylococci, streptococci, and C. albicans [51].

The protein haptocorrin has been shown in vitro to resist digestion and to inhibit the growth of
enterotoxigenic E. coli [51].
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The secretory leukocyte protease inhibitor (SLPI), a serine protease inhibitor, is present at poten-
tially active concentrations (1,100 ng/mL) in colostrum and transition milk, and it can inhibit HIV-1
entry into host cells in vitro [52].

Human milk contains active lactoperoxidase. The antibacterial properties of lactoperoxidase are
closely connected to the oxidation of thiocyanate, both in vitro and in milk.

Mature milk is reported to contain a soluble form of CD14 (sCD14), a cell receptor expressed on
macrophages. sCD14 is a glycoprotein that binds bacterial wall components; it is produced by mam-
mary epithelial cells in concentration 20-fold higher than in serum [1].

Several components (C3 and C4), receptors (CF2, CD21), and activation fragments of complement
are found in human milk. They might participate in immune bacteriolysis, neutralization of viruses,
immune adherence, cytolysis, and enhanced phagocytosis in the infant’s intestine.

Human (-defensin-1 has been demonstrated to have antimicrobial activity against E. coli and
might also be involved in upregulating the adaptative immune system in the gut [53].

Toll-like receptors, lacking in the neonate’s gut, have recently been reported in breast milk. They
play a crucial “sensing” role in the early innate immune response to invading pathogens [1].

Fatty Acids

The fat content of breast milk is 3—4 g/L in colostrum, transitional and mature milk, with 93-97% of
the lipids in the form of triglycerides. In addition to their nutritive and developmental benefits, milk fats
have been demonstrated to provide antimicrobial activity in infant gut [54]. The mechanism for antimi-
crobial effects of fatty acids and monoglycerides has not been established, but it has been suggested that
free fatty acids damage bacteria by disrupting their cell membranes or by changing intracellular pH.

Compounds that Promote “Healthy” Intestinal Microflora

It is well documented that the colon of breast-fed infants contains fewer potentially pathogenic bacte-
ria, such as E. coli, Bacteroides, Campylobacter, and Streptococcus, and more beneficial bacteria,
such as Lactobacillus and Bifidobacterium, as compared to formula-fed infants [55]. Activation of
SIgA-producing plasma cells in the young infant’s gut is dependent of the colonization of the gut by
Bifidobacteria and Lactobacilli stimulated by fermentation of nondigestible oligosaccharides which
are found in large amounts in human milk [10]. These are bifidus factors (compounds that enhance the
growth of bifidobacteria in the intestine), prebiotics, and compounds with prebiotic activity that stim-
ulate the growth of beneficial bacteria. Bifidogenic peptides from lactoferrin have been isolated from
human milk. Lactoferricin, a cationic peptide derived from digested lactoferrin has been found to be
structurally related to certain bifidogenic peptides and is hypothesized to participate in the coloniza-
tion of newborn infants’ flora [56]. The SC of IgA may also have some prebiotic properties [S6]. It has
also been hypothesized that the long-chain polyunsaturated fatty acids (LCPUFAs) in human milk
facilitate the adhesion of probiotics to mucosal surface [57].

Effect of Human Milk on the Infant’s Immune Development (Table 9.2)

The infant’s intestinal immune system develops rapidly in the early postnatal period as it comes into
contact with breast milk components as well as dietary and microbial antigens [6]. During the first
4-6 weeks of life, subepithelial plasma cells are unable to secrete a sufficient amount of SIgA to
protect the infant mucosae [6]. This has to be compensated by breast milk intake.



9 The Immune System of Breast Milk: Antimicrobial and Anti-inflammatory Properties 127

Table 9.2 Compounds in human Maternal mammary epithelial cells
milk with possible influence on

the infant’s immune development

Maternal immune cells
Macrophages and dendritic cells
Neutrophils
Natural Killer cells
T-cells
B-cells and their immunoglobulins
Stem/progenitor cells
Cytokines
Nucleotides
Other immune components
Chemokines
Other soluble factors
Long-chain polyunsaturated fatty acids
Compounds that promote microbiological colonization of the
infant’s colon
Hormones and bioactive peptides
Adapted from ref. 1

Table 9.3 Cytokines found in TNF-o IL-7

human milk TGE-B IL-8
IFN-y IL-10
IL-1B IL-12
IL-2 IL-13
IL-4 IL-16
IL-6 IL-18

Adapted from ref. 1

Cells

The immune cells present in mother’s milk play a pivotal role in bridging the gap between birth and
the child’s development of a fully functional immune system.

These cells may secrete immunoregulatory factors such as cytokines. The cytokines may stimulate
IgA production by peripheral blood lymphocytes [2]. The same cytokines are found in breast milk,
and the presence of transforming growth factor-f§ (TGF-f), IL-6, IL-7, and IL-10 is important for
immunologic development and differentiation of IgA-producing cells in the infant [6, 58, 59].

Breast milk neutrophils are also present in activated form, but seem to have limited functional
capacity once secreted into milk.

Cytokines

Human milk contains an array of cytokines, some in concentrations that could potentially influence
immune function (Table 9.3). The exact source of the cytokines present in the aqueous fraction of
breast milk remains to be determined, though it is suspected that the primary source is from cells pres-
ent in the mammary gland [60]. The extent to which cytokines survive passage through the infant
stomach is largely unknown, but recent work suggests that some cytokines may be sequestered and
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protected until they reach the intestine [61]. For example, IL-6 may be unable to survive the passage
through the gastro-intestinal tract, unless it is released from milk macrophages in the neonatal gut and
thereby enhance the development of the mucosal immunity.

In general, the concentration of cytokines varies widely in human milk, changes through lactation,
and is influenced by the mother’s health, making it difficult to assess their roles in the development of
the infant’s immune system.

The intake of cytokines through human milk has the potential to influence the maturation and
development of immune cells in the infant. Neonates have a limited ability to produce many cytokines
found in breast milk [1]. For example, TGF-f3 is present in breast milk and has been proposed to stimu-
late appropriate maturation of naive infant intestinal immune system [4, 62, 63]. IL-6 is hypothesized
to enhance the development of the infant’s mucosal immunity [6]. Additionally, the cytokines present
in milk assist both the transport of maternal leukocytes into milk and across the infant’s gut epithelium
[64]. There are many factors in breast milk that could either facilitate or inhibit cytokine activities that
are not accounted for in studies conducted in vitro.

Hormones

Little is known about the activity of these compounds on the naive immune system of an infant when
delivered orally. However, it can be suspected that they impact immune development in some syner-
gistic manner [1].

Nucleotides

Nucleotides are present in small amounts in human milk. It is likely that they play an important role
for the rapid early expansion of the lymphoid system as well as the early rapid growth of the gut of
the young infant. Dietary nucleotides are reported to benefit the immune system by promoting lym-
phocyte proliferation, NK activity, macrophage activation, and by producing a variety of other immu-
nomodulatory factors [65]. It is suggested that nucleotides promote a Th1 response and modulate the
differentiation of T and B cells [65].

Long-Chain Polyunsaturated Fatty Acids

Docosahexaenoic acid (DHA) and arachidonic acid (AA) constitute a small fraction of LCPUFAs in
human breast milk, but have recently been suggested to participate in immune development [66].
Adding the LCPUFAs DHA and AA to preterm formula resulted in lymphocyte populations and
cytokines more similar to human milk-fed infants than to infants who received unsupplemented for-
mula [66].

Immune Tolerance

In addition to eliminating infectious agents and minimizing the damage they cause, the infant’s immune
system also has to process harmless antigens and has evolved intricate mechanisms to discriminate
between antigens with the potential to cause damage and those without (tolerance). Induction of toler-
ance is believed to occur primarily in the gut by unique features of GALT, including specialized B- and
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T-cells, the production of IgA, and the Th2 response [11, 67]. Failure to regulate tolerance and active
immune responses can lead to diseases such as food-related allergy, autoimmunity, and inflammatory
bowel disorders.

Although it is well established that dietary antigens/potential allergens are present in human milk
(reviewed in ref. 68), the consequences on the infant’s immune system remain unclear. It is hypothe-
sized that breast milk promotes tolerance to dietary antigens and microflora via immunosuppressive
cytokines (IL-10 and TGF-f) and antigens present in breast milk [6].

Compounds in Human Milk that May Be Involved in the Induction of Tolerance

1. TGF-B and IL-10
Acquisition of tolerance involves the downregulation of the immune system through the secretion
of cytokines such as TGF- and IL-10. Low levels of TGF-f in breast milk have been related to an
increased risk of atopic illness in infants, which supports the role of this cytokine in the develop-
ment of tolerance [67]. Other dietary nutrients may influence the concentration of TGF-f in human
milk, as levels of TGF-3 were reported to be positively correlated to polyunsaturated fatty acids
(PUFA) content [69]. IL-10 present in breast milk is bioactive. Human milk inhibits the prolifera-
tion of human blood lymphocytes in vitro and this inhibition is lessened by adding antihuman
IL-10 antibodies in the milk [70]. IL-10 plays also a role in the synthesis of IgA [70].
2. N-6 and n-3 fatty acids

In human milk, there are roughly ten different long chain (LC)-PUFAs consistently detected,
representing both the n—3 and the n—6 series and including AA and DHA [71]. Maternal intake of
PUFA prior to and during lactation is reflected in breast milk PUFA content [72]. Membrane phos-
pholipids fatty acid composition in infants is strongly influenced by maternal diet and can alter the
function of the immune cells [73]. Low n—6/n—3 ratios (due to higher content of n—3) in breast
milk have been related to lower risk of atopic illness in the breast-fed population [4]. Animal studies
suggest that the essential fatty acid content of the maternal diet significantly affects the develop-
ment of immunological tolerance to food antigens in the suckling offspring [74]. Inmunoregulatory
benefits have been attributed to n—3 LCPUFA [68]. Dietary intervention during critical early stages
of immune development before the establishment of allergic responses is thought to be most prefer-
able [68]. Cohort studies have shown lower levels of n—3 PUFA in the milk of mothers whose
infants showed symptoms of atopic illness before the age of 18 months [68].

Priming of the Immune System

A balance between tolerance and sensitization (priming) is necessary for the gut immune system to
discriminate between harmless antigens and those associated with pathogenic and nonpathogenic
microbes [67]. Antigen exposure via mother’s milk has been shown to prime the immune response of
the suckling pup against that antigen in rats [11]. Clinical trials have shown that breast-fed babies
have enhanced specific antibody titer to some, but not all vaccines [4, 5]. The ability to transfer vac-
cinations from mother to infant via her milk is of great interest because it could eliminate potential
problems associated with directly vaccinating the infant [76]. One possible explanation for the ability
to immunize infants with their mother’s milk has been attributed to the presence of anti-idiotypic
antibodies in their breast milk [4]. Anti-idiotypic antibodies are antibodies with specificity against
other autologous antibodies [10]. Therefore, anti-idiotypic antibodies, if present in breast milk, could
have the capability of priming the infant’s antibody response against the antigen the idiotype is
directed to [40].
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Anti-inflammatory Properties of Breast Milk

Inflammation is a necessary part of the immune response that helps protect the infant from infection.
The inflammatory response traps pathogens and signals the arrival of immune cells to destroy the
antigen. However, this process results in a great deal of adverse events on healthy tissue if it is not
controlled [1].

The immature human intestine overreacts to both indigenous (IL-1f) and exogenous
(Lipopolysaccharide-LPS) inflammatory stimuli to produce an excessive inflammatory (i.e., IL-8)
response [3]. In preterm infants, this excessive inflammatory response may contribute to the high
incidence of necrotizing enterocolitis. Furthermore, the immature human intestinal epithelium cannot
distinguish between pathogens and commensal colonizing bacteria, and reacts to both with an inflam-
matory response [77]. This immature inflammatory response has to be controlled in order to prevent
premature newborns from being in a chronic state of inflammation. Breast milk contains many protec-
tive anti-inflammatory components that prevent excessive inflammation until the infant can develop
its own mature anti-inflammatory mechanisms.

In a human intestinal model, colostral whey incubated with a human small intestinal xenograft not
only reduces the epithelial secretion of IL-8 (inflammatory response), but also downregulates the
luminal expression of TLR-4 expression, thereby reducing innate inflammation.

These studies indicate that breast milk protection from infection could be due in part to anti-
inflammatory components in the human milk that prevent inappropriate immune response of the infant
against nondeleterious antigens.

There have been very few experimental studies on the anti-inflammatory properties of human milk.
Neutrophils are the main immune cells involved in the inflammatory process and in vitro studies have
shown that human milk can limit the oxidative injury produced by them (reduced cytochrome ¢ and
consumed H,0,) [78].

The explanation for the prophylactic nature of human milk is not currently known. However, some
components of human milk have potential anti-inflammatory effects; these include cytokines (as well
as their receptors and antagonists), antioxidants, antiproteases, and fatty acids [79].

Cytokines

IL-10

IL-10 inhibits the production of pro-inflammatory cytokines, providing the necessary balance to
ensure that the inflammatory response is limited to destroying the pathogen and not healthy tissue. In
vivo evidence of the necessity of IL-10 as an anti-inflammatory cytokine is provided by genetically
altered mice that are not able to produce IL-10. These mice mount an immune response to the normal
microflora in their gut, but without the IL-10 to suppress the inflammation, they develop enterocolitis
(similar to ulcerative colitis and celiac disease in humans) [80]. This suggests that IL-10 in human
milk might help regulate aberrant immune responses in the infant.

TGF-B

TGF-p inhibits the production of inflammatory cytokines and promotes the healing of intestinal cells
damaged by injury or infection. A feeding trial examining the effectiveness of a diet with proteins
and supplemented with TGF-f in the management of pediatric Crohn’s disease provides the most
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convincing in vivo evidence of the anti-inflammatory properties of TGF- [81]. The enteral diet
containing high levels of TGF-B resulted in decreased mucosal IL-1 mRNA (pro-inflammatory
cytokine) and clinical remission in 79% of the children [81].

IL-1 Receptor Antagonist

The IL-1 receptor antagonist (IL-1ra) is present in human milk. IL-1ra limits inflammation by com-
peting with IL-1 (pro-inflammatory cytokine) for receptor binding. The reduced inflammatory
response in rats with colitis fed human milk compared to formula was similar to the inflammatory
response in rats fed infant formula supplemented with IL-1ra [82]. These results suggest that the
IL-1ra content of human milk contributes to its anti-inflammatory properties.

Antioxidants

Free radicals, or reactive oxygen species, are produced during the normal metabolic activity of cells.
These free radicals can damage cells by lipid peroxidation and alteration of protein and/or nucleic
acid structures leading to oxidative stress [83]. Antioxidants in both milk and formula prevent signifi-
cant lipid oxidation, breast milk suppresses oxidative DNA damage better than formula does. We have
yet to identify all of the compounds in human milk that have antioxidant properties; however, there
are several antioxidants in human milk that can scavenge free radicals and thereby limit the damage
caused by oxidative stress. These compounds include a-tocopherol, -carotene, cysteine, ascorbic
acid, catalase, and glutathione peroxidase. The ability of human milk to resist oxidative stress is
greater than formula [84]. In vitro studies have shown that human milk degrades the naturally occur-
ring hydrogen peroxide as well as that produced by neutrophils. This is possibly due to the catalase
content of human milk [79].

Lactoferrin has been shown to inhibit the production of proinflammatory cytokines (IL-6 and
TNF-a) as well as inflammatory mediators (nitric oxide, GMCSF [4]). The anti-inflammatory activity
of lactoferrin is generally attributed to its ability to search out free iron, which is a potent oxidizer.

Antiproteases

Inflammatory cells produce proteases, which allow the cells to enter the affected area. Some patho-
gens also produce proteases in order to enter the body. Human milk contains active protease inhibitors
(e.g., a-1-antitrypsin, a-1-antichymotrypsin, and elastase inhibitor) that can limit the ability of patho-
gens to gain entry into the body and limit the inflammation caused by the inflammatory response.

Long-Chain Polyunsaturated Fatty Acids

It is hypothesized that the effects of LCPUFA rn—3 fatty acids on immune function are mediated by
their ability to compete with the metabolism of the n—6 fatty AA [85]. AA can be metabolized into
the pro-inflammatory prostaglandin-E2 (PGE2) or leukotriene-B4 (LTB4) [86].

Prostaglandin E2 is one of the most important prostaglandins formed as it initiates the typical
symptoms associated with inflammation: pain, fever, and swelling [87]. The metabolism of AA to
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yield PGE2 and LTB4 can be inhibited by DHA, thereby decreasing the capacity of immune cells to
synthesize eicosanoids from AA. DHA will then give rise to PGE3 and LTBS5, which are considered
less biologically potent than the eicosanoids derived from AA. However, their activities have not yet
been fully investigated.

Others

Other substances in breast milk can also produce anti-inflammatory effects in the newborn intestine.
For example, lactoferrin can reduce the production of inflammatory cytokines in monocytes by inhib-
iting nuclear factor kappa light-chain enhancer of activated B cell (NFkB) activation.

Protection Against Infection

The adoption of exclusive breast-feeding for the first 6 months of life has been estimated to be the
single most effective preventive strategy for saving lives of young children in low-income settings,
with a potential estimated reduction of 13% in infant mortality rate [82]. A large part of this protective
effect can contribute to a dramatic reduction in infectious diseases incidence, as it has been observed
for decades [88-92].

Protection by breast-feeding against death, hospitalization, diarrheal diseases, and acute lower
respiratory tract infections (ALRI) is undisputed in children living in conditions of poor hygiene,
where mucosal pathogens are major killers in young children.

In developing nations, it has been demonstrated for many years that the risk of dying from diarrhea
is dramatically reduced in breast-fed children [7, 93-95]. For example, Scrimshaw and Taylor [96], in
the years 1955-1959, demonstrated that the infant mortality rate in villages from Punjab, India, was
950 per 1,000 live births in formula-fed babies compared with 120 in the breast-fed ones. In Rwanda,
case-fatality rates for diarrhea, pneumonia, and measles were significantly lower in breastfed, than in
completely weaned, hospitalized children, for all three diseases [92].

Additional data from developing countries have confirmed and extended these early observations
[97-106]. In communities with a high prevalence of malnutrition, such as rural Bangladesh, breast-
feeding may substantially enhance child survival up to 3 years of age [98]. Lack of breast-feeding is
an important risk factor for pneumonia and ALRI mortality in developing countries [101, 103-105].
In a population-based study of infant mortality in two urban areas of southern Brazil, the type of milk
in an infant’s diet was found to be an important risk factor for deaths from diarrheal and respiratory
infections [102]. Compared with infants who were breast-fed with no milk supplements, and after
adjusting for confounding variables, those completely weaned had 3.6 times the risk of death from
respiratory infections [102]. In a prospective observational study conducted in slum areas of Dhaka,
Bangladesh [103], partial or no breast-feeding was associated with a 2.23-fold higher risk of infant
deaths resulting from all causes and 2.40- and 3.94-fold higher risk of deaths attributable to ALRI and
diarrhea, respectively, when compared with exclusive breast-feeding. Betran et al. [104] have strongly
suggested that 5% of infant deaths from diarrheal disease and acute respiratory infections in Latin
America are preventable by exclusive breast-feeding among infants aged 0-3 months and partial
breast-feeding throughout the remainder of infancy. A strong association between delayed initiation
of breast-feeding and increased neonatal mortality has been shown in a large observational study in
rural Ghana [99, 100].

A beneficial effect of breast-feeding has also been demonstrated in the industrialized world.
Numerous careful studies in children from wealthy nations have now confirmed that breast-feeding
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protects against several common diseases such as diarrhea, acute otitis media (AOM), respiratory tract
infections, invasive Haemophilus influenzae type B infections, neonatal septicaemia, and necrotising
enterocolitis [6, 8, 107—109]. Chen and Rogan [110] have assessed the effect of breast-feeding on
postneonatal mortality in the USA using recent (1988) National Maternal and Infant Health Survey
data. Breast-feeding was associated with a statistically significant reduction in the risk for postneona-
tal death [104]. In a study of the epidemiology of middle ear disease in Massachusetts children,
absence of breast-feeding was a risk factor for AOM and/or recurrent AOM (together with male gen-
der, a sibling history of recurrent AOM, and early onset of otitis) [111].

In industrialized countries, breast-feeding has been shown to reduce the severity of lower respiratory
infection in the first 6 months of life and an inverse relation between the duration of ALRI symptoms
and the length of exclusive breast-feeding has been demonstrated [112]. In these countries, an effect is
seen principally among infants living in crowded conditions in lower socioeconomic strata [112].

In the Republic of Belarus, an experimental intervention (modeled on the Baby-Friendly Hospital
Initiative of WHO and UNICEF and emphasizing health care worker assistance with initiating and
maintaining breast-feeding and lactation and postnatal breast-feeding support) was shown to decrease
the risk of gastrointestinal tract infection in the first year of life [113]. In the UK, breastfeeding, par-
ticularly when exclusive and prolonged, protected against severe morbidity from diarrhea and ALRI
in a large cohort of healthy, singleton, term infants born from 2000 to 2002 [114]. In Alicante, Spain,
full breast-feeding was shown to lower the risk for hospital admission as a result of infections among
infants younger than 1 year [115].

Conclusion

Human milk is extraordinary complex in composition. Notably, its content evolves over time. In early
lactation phases, SIgA, SIgM, antiinflammatory factors and, most probably immunologically active
cells provided by breast milk are substituting for the relatively immature neonatal immune system.
Thereafter, breast milk continues to adapt remarkably to the infant ontogeny, to its immune protection
needs and to its nutritional requirements. In particular, breast-milk antibodies are targeted against
potentially deleterious infectious agents and antigens that are present in the maternal environment,
which are those likely to be encountered by the infant. In that sense, it is legitimate to consider the
maternal and the infant’s immune systems as a continuum, with the placenta and the mammary glands/
breast milk as interfaces, now known as the mother—offspring immune dyad [116].
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Chapter 10
B Lymphocyte-Derived Humoral Immune
Defenses in Breast Milk Transmission of the HIV-1*

Laurent Bélec and Athena P. Kourtis

Human Immunodeficiency Virus Postnatal Transmission Via Breast Milk

The UNAIDS estimated that more than 370,000 (230,000-510,000) children were infected by human
immunodeficiency virus (HIV) type 1 through mother-to-child transmission (MTCT) worldwide in
2009, with the majority (>90%) occurring in sub-Saharan Africa (a drop of 24% from 5 years earlier)
[1]. The majority of MTCT occurs during pregnancy and birth. In addition, postnatal transmission of
HIV from HIV-infected mother to her child through prolonged breastfeeding is well recognized, and
may account for one-third to half of new infant HIV infections worldwide [2—10]. While studies of
maternal or infant antiretroviral prophylaxis during the period of breastfeeding have shown substan-
tial potential for reduction of infant HIV infections [11-14], postnatal virus transmissions may con-
tinue to occur even in the setting of optimal antiretroviral prophylaxis. Therefore, development of
immunologic strategies to reduce HIV transmission via breast milk remains important to improving
survival of infants born to HIV-infected mothers in the developing world.

The seemingly low efficiency of breast milk transmission (less than 10% of infants born to HIV-
infected women and breastfed during the first 6 months of life become infected postnatally [15])
contrasts with the daily exposure to high amount of infectious viral particles, suggesting that anti-
infective factors in breastfeeding HIV-infected mothers as well as in HIV-exposed breastfed children
are involved [16]. Identifying these factors would provide important insights into the type of immune
responses required to protect against infant HIV acquisition. Human breast milk from HIV-infected
mothers contains high levels of HIV-specific IgG antibodies capable of HIV neutralization and anti-
body-dependent cell cytotoxicity (ADCC) [17]. In addition, recent advances from nonhuman primate
models of transmission of the simian immunodeficiency virus (SIV) point to the unique protective
role of autologous SIV-specific adaptive humoral immune response in breast milk as a major factor
for limiting breast milk SIV transmission [18]. Thus, as breast milk is a very rich source of antibodies,
the potential anti-HIV activity of breast milk could be mediated by adaptive humoral immune
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responses [19]. We herein focus on the humoral preimmune and immune parameters in breast milk
and in exposed children that modulate the transmission of HIV by breastfeeding, in a perspective of
protective vaccine development.

Low Efficiency of HIV Transmission Via Breastfeeding Contrasts
with High Quantity of Daily Ingested HIV Particles

Epidemiological studies have demonstrated a relatively low efficiency of HIV transmission via breast-
feeding. For example, in Malawi, breastfeeding carried an estimated risk of transmission of 0.7%/
month during age 1-5 months, 0.6%/month during age 6-11 months, and 0.3%/month during age
12—17 months [8]. Breastfeeding duration is clearly a major determinant of postnatal HIV transmission
[20, 21]. In a large pooled analysis of individual data from West and South African cohorts, the
18-month HIV postnatal transmission rate was 3.9% among infants breastfed for less than 6 months,
and 8.7% among children breastfed for more than 6 months [21]. It has been estimated that breastfeed-
ing-related risk ranges from 30 to 45% of all pediatric HIV infections at 24 months postdelivery [22].
In addition, MTCT of HIV through breastfeeding was estimated to be 4% during the first 6 months of
exclusive breastfeeding and close to 1% per additional month of breastfeeding thereafter [15, 23-25].

The overall probability of transmission via breastfeeding was estimated to be 0.00064/L of breast
milk ingested [26]. However, this estimate did not account for breast milk viral load, the intermittent
nature of virus RNA shedding in milk, and the intensity of breastfeeding [27]. By considering cumula-
tive exposure to breast milk cell-free HIV and the pattern of feeding (exclusive versus mixed or par-
tial), Neveu et al. [28] showed that postnatal acquisition of HIV is more strongly associated with
cumulative exposure to cell-free particles in breast milk than with feeding mode, and estimated the
probability of breast milk transmission at 0.0005/L of breast milk ingested. Thus, although relatively
low levels of HIV RNA are present in breast milk, consumption of 0.5-1.0 L of breast milk daily
provides continuous exposure to potentially infectious virus through the oral cavity and the gastroin-
testinal mucosa.

Finally, despite the infants’ daily exposure via their oral and gastrointestinal mucosae to high
amounts of cell-associated and cell-free HIV, estimated to be more than 700,000 viral particles per
day [29], HIV acquisition in exposed breastfed children occurs infrequently. The observation that the
majority of breastfed infants of HIV-infected mothers remain uninfected, even after many months of
breastfeeding, constitutes one of the major paradoxes of HIV transmission via breast-milk. The infre-
quent breast milk HIV transmission despite prolonged exposure suggests that anti-infective properties
of breast milk and natural and/or adaptive immunity to HIV in breastfed children could be involved
in protection.

HIV Postnatal Transmission Via Breast Milk Is Multifactorial

The mechanisms of HIV transmission through breastfeeding remain speculative [2, 16, 30-36].
Because of the dynamic nature of the relationship between the source of HIV reservoirs (breast milk)
and the potential target host (the maturing gastrointestinal tract of the young infant), multiple mecha-
nisms are likely to be operating. The current model for breast milk postnatal transmission of HIV
postulates the existence of several factors; in the mother (including the stage of maternal HIV disease,
the frequency and duration of breastfeeding, the maternal nutritional status, co-infection with
Herpetoviridae or other organisms, and the intake of antiretroviral treatment); in the breastfed child;
and possibly in the virus, resulting in a complex and multifactorial process [10, 37] (Table 10.1).
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Table 10.1 Factors associated with transmission of HIV through breastfeeding

Maternal

* Younger maternal age, lower parity

e Maternal seroconversion during lactation

e Clinical and/or immunological (CD4 cell count) disease progression

* RNA viral load in plasma

* RNA viral load in breast milk

e Local immune factors in breast milk

* Breast health (subclinical or clinical mastitis, abscess, cracked nipples)

* Maternal nutritional status

e Duration of breastfeeding

Infant

* Factors associated with the immune system

* Genetic factors (HLA concordance with mother, various single nucleotide polymorphisms)
e Pattern of infant feeding (exclusive breastfeeding versus mixed)

¢ Morbidity leading to less vigorous suckling, milk stasis and increased leakage of virus across milk ducts (oral thrush)

In the HIV-infected mother, cell-free and cell-associated HIV is found in breast milk [29, 38—41].
The virus could be originating in part from the systemic compartment and then be released into breast
milk. Alternatively, HIV could be produced by local replication in breast milk CD4+ T cells, mono-
cytes, and macrophages. Three major molecular form of the virus coexist in breast milk: cell-free viral
RNA; proviral DNA as cell-associated virus integrated in latent T cells; and intracellular RNA repre-
senting cell-associated virus in activated virus-producing T cells [41-47]. Latently infected CD4+ T
cells [48] and spontaneously activated CD4+ T cells [47] in breast milk may likely constitute the
major reservoirs of HIV production [49]. A remaining question relates to the nature of HIV reservoirs
in milk involved in transmission. Cell-associated and cell-free virus loads in milk both correlate with
the risk of infant HIV acquisition [39, 43, 50, 51]. While breast milk cellular reservoirs may play a
role in transmission [52], breast milk HIV RNA load appears to be a strong predictor of postnatal HIV
transmission [46]. Higher cumulative exposure to cell-free HIV RNA in breast milk is associated with
higher rates of postnatal infection in the infant, independent of maternal CD4+ T cell count and
plasma viral load [28]. The relative contribution of exposure to cell-free and cell-associated HIV, e.g.,
which pool of virus initiates infection in infant, remains, however, to be determined. Resting, latently
infected CD4+ T cells in breast milk might constitute a reservoir of virus responsible for the residual
breast milk transmission despite maternal highly active antiretroviral therapy [45, 47]. Breast milk
production of HIV is influenced by numerous mucosal and systemic modulatory factors. Mastitis,
linked to elevated sodium (Na+) levels in breast milk, breast tissue inflammation, and nipple lesions
have been associated with an increase in HIV RNA viral loads in breast milk, and have been linked to
elevated postnatal HIV transmission risk [39, 53-55].

As counterpart of the HIV infectiousness in breast milk, anti-infective properties of breast milk
against HIV reduce or control HIV production within the mammary reservoir itself, and/or reduce the
risk of transmucosal crossing of the virus in the breastfed infant. Firstly, in the HIV-infected mother,
anti-infective properties involve innate, preimmune, and immune defenses, including high levels of
HIV-specific humoral and cellular immunity, and may protect the breastfed child from further HIV
infection, acting as negative modulatory cofactors of breast milk transmission, but yet not well under-
stood. Secondly, in breastfed HIV-exposed children, modulary cofactors may include nonspecific sali-
vary soluble factors acting against HIV, the integrity of the epithelial cell layer of the oral and
gastrointestinal mucosae, the presence of concomitant infectious agents, as well as preimmune and
acquired HIV-specific defenses present at the level of exposed mucosal surfaces and/or in the systemic
compartment of the infant [16, 33, 56].
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The balance between infective and anti-infective breast milk factors generally “profits” the exposed
child, since successful acquisition of the virus, e.g., transmucosal crossing of HIV from mother’s milk
to child, is an infrequent event. The origin of the virus ingested (epithelial cells of mammary acini,
macrophages, or other sources) could determine the tropism and transmissibility. In case of a large
viral inoculum, the potentially protective mammary immunity directed to HIV could be insufficient to
protect against prolonged exposure. It is to be noted that the composition of breast milk varies consid-
erably over time, and the breast milk transmission cofactors may also change over time. It is also
likely that early transmission mechanisms are very different from those of later transmission.

Breast Milk B Cell-Derived Immunity to HIV in the Mother

Human Breast Milk Immune Cells

Breast milk contains a relatively large number of immune cells, including viable T and B lympho-
cytes, macrophages and other mononuclear cells, ranging from 10° to 10’/mL in colostrum and declin-
ing up to tenfold during the following 3 months of lactation [57—60]. The majority of lymphocytes in
breast milk are CD3+ T cells (83%) and express mucosal homing markers such as CD103 [16, 61],
indicating compartmentalization of T cells to the mammary gland. Breast milk CD4+ T and CD8+ T
cells present an overall profile of immune activation [16, 62]. T lymphocytes expressing the CD40
ligand, a molecule involved in B cell isotype switching, are higher in the colostrum compared to blood
of breastfeeding mothers [63]. B cells represent only 2% or less of the milk lymphocyte population
[16, 64].

Most breast milk B lymphocytes display the phenotypic hallmarks of activated cells with high
levels of CD38 expression and large size [65]. This is consistent with the lower expression of comple-
ment receptors observed on breast milk B cells, which might indicate that these cells are plasmablasts
and/or antibody-producing plasma cells [66]. IgG B lymphocytes attracted to mammary tissue cross
the mammary epithelium and enter milk secretions, producing IgG-secreting cells. In addition, IgA-
secreting cells come from the mucosa-associated lymphoid tissue (MALT). Indeed, the mammary
immune tissue is an effector site of the MALT, in which inductive sites comprise mucosa-associated
B cell follicles and larger lymphoid aggregates as the origin of cells trafficking to mucosal effector
sites [67]. Memory B cells and plasmablasts that colonize the mammary gland late in pregnancy origi-
nate from other mucosal areas where they have been exposed to antigens [67—69]. The integrated
immune response in the MALT implies that following antigen exposure at one mucosal inductive site
in the gastrointestinal or respiratory tracts, B cells migrate from MALT to colonize distant unexposed
mucosal effector sites such as the lactating mammary gland, for subsequent extravasation and termi-
nal plasma cell differentiation [69]. Specific homing receptors control this selective B cell migration
through interactions with tissue-specific vascular addressins [70]. Breast milk is enriched in activated
memory B cells that are distinct from those circulating in the blood and bear a particular profile of
mucosal adhesion molecules (04B7—/+, 04p1+, CD44+, CD62L-) [65], indicating that the homing
pattern of breast milk B cells is similar to that of gut-associated lymphoid tissue (GALT) B cells [71].
Whereas within the breast milk lymphocyte population, the proportion of IgA-secreting cells does not
exceed that of IgG-secreting cells [65], >90% of immunoglobulins secreted in breast milk are of the
IgA class [72].

The mammary gland produces high levels of immunoglobulins. Breast milk contains maternal
antibodies, with all basic forms of immunoglobulins IgG, IgM, IgA, IgD, and IgE present. The most
abundant is usually secretory IgA [73]. Breast milk IgG and IgM are tenfold less concentrated than
IgA [74].
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Natural Polyreactive Humoral Immunity

Polyreactive, natural antibodies, thought to be important in selection of the preimmune B cell reper-
toire and in development of immune tolerance, are detected in colostrum and in breast milk [75, 76].
Polyreactivity is defined as the ability of an antibody molecule to bind several structurally unrelated
antigens [77]. Natural antibodies are produced by B-1 cells, irrespective of any immunization proce-
dure, and thus belong to the innate immune system [78]. In healthy individuals, at least 20% of circu-
lating immunoglobulins are polyreactive. In contrast to antigen-primed antibodies, these low-affinity
antibodies are polyreactive and may recognize different unrelated epitopes and autoantigens [78—80].
Polyreactive antibodies have been proposed as a first line of defense against pathogens [81]. Indeed,
natural polyreactive antibodies have been demonstrated to synergize with the complement system in
the opsonization of viruses and bacteria, thus directing the pathogens to secondary lymphoid organs
and facilitating initiation of adaptive immune responses [82, 83].

The CCR5 chemokine receptor is the major coreceptor that is associated with mucosal transmis-
sion of CCR5-tropic HIV during postnatal transmission through breastfeeding [42]. Breast milk con-
tains high amounts of immunoglobulins, predominantly of the secretory IgA and to a lesser degree of
the IgG and secretory IgM isotypes that are produced in the absence of deliberate immunization and
independently of exposure to antigens. Most natural antibodies in the breast milk of healthy women
are self-reactive antibodies [75, 84]. Bouhlal et al. [76] demonstrated that breast milk of 66% and 83%
of HIV-seronegative and seropositive women, respectively, contains natural antibodies of the secre-
tory IgA and IgG isotypes directed against the CCRS5 coreceptor for R5-tropic strains of HIV. Although
the avidity differed, the amount of anti-CCRS antibodies did not significantly differ between breast
milk of HIV-seropositive and seronegative women. Purified anti-CCRS5 antibodies inhibited up to
75% of infection of macrophages and dendritic cells with HIVBaL. and HIVJR-CSF strains. These
observations provide evidence for a role of natural antibodies to CCRS in breast milk in possibly
controlling transmissibility of HIV through breastfeeding.

In addition, Requena et al. [85] recently demonstrated that human breast milk and normal human
polyclonal immunoglobulins purified from plasma [intravenous immunoglobulin (IVIg)] contain
functional natural IgA and IgG antibodies directed against the carbohydrate recognition domain
(CRD) of the dendritic cell-specific intercellular adhesion molecule-3-grabbing nonintegrin
(DC-SIGN) molecule, which is involved in the binding of HIV to dendritic cells. Anti-DC-SIGN
CRD peptide antibodies inhibited the attachment of virus to HeLLa DC-SIGN+ cells by up to 78% and
the attachment to immature monocyte-derived dendritic cells iMMDCs) by 20%. Both breast milk-
and IVIg-derived natural antibodies to the CRD peptide inhibited 60% of the transmission in trans of
HIVJRCSF, a CCR5-tropic strain, from iMDDCs to CD4+ T lymphocytes. The inhibitory effect of
natural breast milk antibodies on HIV may act in addition to the blocking of DC-SIGN-mediated
transfection of CD4+ T lymphocytes with HIV by bile salt-stimulated lipase from human milk
[67, 86]. Taken together, these observations suggest that the attachment of HIV to dendritic cells and
transmission in trans to autologous CD4+ T lymphocytes occur through two independent mecha-
nisms. These observations support a role for natural antibodies against DC-SIGN in the modulation
of postnatal HIV transmission through breastfeeding and in the natural host defense against HIV in
infected individuals [87].

Natural mucosal antibodies to CCR5 and to fat have been described in mucosal fluids [88].
Eslahpazir et al. [89] demonstrated that human cervicovaginal secretions also contain natural antibod-
ies (e.g., polyreactive antibodies) directed against CCRS5, capable to inhibit the infection of human
macrophages and dendritic cells with primary CCRS5-tropic HIV, and to limit the transfer of HIV from
dendritic cells to T cells in vitro. In addition, Mouquet et al. [90] demonstrated that most of the anti-
gp120 antibodies isolated from patients with high HIV-neutralizing titers are polyreactive. The authors
propose that polyreactivity is utilized as a mechanism to increase the functional affinity (avidity)
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of the antibodies for the viral spikes. Thus, the simultaneous engagement (heteroligation) of gp140
(by one arm of an IgG) and of another yet unidentified structure on the viral membrane (by the other
arm of the IgG) results in great improvement in binding avidity [90]. Finally, polyreactive HIV-
neutralizing antibodies utilize the advantage of polyreactivity mostly as a way to gain in antigen-
binding avidity, and may better tolerate the high mutability of HIV [91]. While all current HIV
vaccination strategies, based on a structure-assisted rational vaccine design, aim at eliciting highly
specific antibodies against sites that are vulnerable to neutralization, approaches to combat pro-
miscuous mutable viruses such as HIV should also exploit the potential of promiscuous adaptive
antibodies [91].

HIV-Specific Humoral Immune Response

Breast milk contains high levels of HIV-specific antibodies, mainly of the IgG isotype, but also of the
IgA, and to a lesser extent of the IgM classes. Although HIV-specific breast milk antibodies demon-
strate functional inhibitory properties against HIV in vitro, their role in vivo for limiting the transmis-
sion of the virus to the breastfed infant has never been clearly demonstrated.

Qualitative Detection of Antibodies Against HIV in Breast Milk

Antibodies against HIV have been detected in the breast milk of HIV-infected women [17, 35, 37,
92-97]. Belec et al. [93] in 1990 demonstrated the presence of HIV-specific antibody in breast milk
of HIV-infected lactating mothers, including antibodies of the IgA isotype in 11/15 samples tested.
There is now ample evidence that colostrum, as well as mature breast milk of HIV-infected women
contains secretory IgA, secretory IgM and IgG against HIV antigens, including the env-encoded sur-
face glycoproteins, and HIV gag and pol antigens [95]. Antibodies of the IgG class constitute the
predominant isotype of HIV-specific antibodies in breast milk detected in nearly all samples [93-95].
HIV-specific secretory IgA was detected in differing proportions of breast milk samples studied, from
23% of 15 days postpartum breast milk and 41% of 18 months postpartum milk in the study by Van
De Perre [94], to 59% of women in the study by Duprat et al. [98], and to all samples studied by
Becquart et al. [95]. The majority of secretory IgA reacted with only one HIV antigen, most fre-
quently p24 and gp160 [37]. Secretory IgM against gp160 was detected using specific ELISA assay
only in colostral samples by Becquart et al. [95], but in 41-78% of samples using Western blot by Van
De Perre et al. [94]. Recently, Fouda et al. [17] evaluated the HIV-specific humoral immune response
in milk and plasma of 41 HIV-infected lactating women. HIV env-specific IgG antibodies were
detected in the breast milk of all the women, whereas the seroprevalence of HIV env-specific IgA
antibodies was variable between HIV env antigens, ranging from 10 to 73%. Furthermore, milk IgG
responses directed against gp120 and gp140 were significantly higher than the milk HIV env-specific
IgA responses, despite the tenfold-higher total IgA than IgG content of breast milk. The concentra-
tions of anti-HIV gp120 IgG in milk and plasma were directly correlated (r=0.75; P<0.0001), yet the
response in milk was two logs lower than in plasma.

To summarize, the breast milk of women with established HIV infection has been found to contain
HIV-specific IgG with a wide spectrum of activity against HIV proteins, comparable to HIV-specific
IgG in serum. The spectrum of activity of HIV-specific secretory IgA in breast milk is directed against
only a limited number of viral proteins (env protein, gp 160, core proteins). The existence and spec-
trum of secretory IgM to HIV in breast milk remains controversial.
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Origin of Humoral Mucosal Immunity to HIV in Breast Milk

Antibodies in milk are either transferred from plasma by transudation or locally produced by plasma
cells that migrate to the mammary gland from other mucosal sites, in particular, the GALTSs [99]. HIV-
specific antibodies in breast milk are thus likely locally produced and also originating from plasma by
transudation.

Local production of HIV-specific antibodies has been demonstrated by in vitro enumeration of
anti-HIV-antibody-secreting cells [65], and by immunochemical studies [95]. Thus, the detection of
plasma cells secreting HIV-specific IgG and more rarely IgA (following polyclonal activation using
the CD40L ligation) can be detected in breast milk from HIV-infected mothers demonstrating the
existence of immunoglobulin-secreting B cells specific to HIV antigens in breast milk [65]. Local
HIV replication in the mammary gland leading to tissue-mediated selection of HIV variants might
contribute to local differentiation of B lymphocytes and orientate the antibody production.

Antibodies in breast milk are mainly in the form of secretory IgA, a dimeric antibody containing
the J chain peptide and the secretory component [69]. HIV-specific IgA antibodies in breast milk are
likely produced by IgA-secreting cells belonging to the MALT.

Local production of HIV-specific IgG has also been demonstrated by immunochemical studies
comparing the specific activities of HIV-specific IgG in paired sera and breast milk samples [95]. The
specificity of HIV-specific IgG antibodies in the breast milk may differ from that of HIV antibodies in
the serum of the same person [95], indicating compartmentalization of the IgG immune response
against certain HIV antigens [95, 98]. Significant differences were observed between the patterns of
IgG epitopic recognition against env-encoded surface HIV glycoproteins in paired colostrum and
serum samples, supporting the notion of a compartmentalized IgG-producing immune system within
the mammary gland [95].

By considering the close correlation in the magnitude of both neutralizing and antibody-dependent
cellular cytotoxicity (ADCC) IgG immune responses in breast milk and plasma, researchers [17]
hypothesized that the majority of the functional IgG antibodies in milk are derived from plasma.
Moreover, IgG purified from breast milk and plasma had similar neutralization potencies, further sup-
porting this hypothesis. In another study [95], anti-HIV IgG in the colostrum differed from serum IgG
in its ability to inhibit transcytosis of cell-associated HIV through a tight epithelial barrier in vitro.
These observations are consistent with the hypothesis of a functional compartmentalization of locally
generated IgG immune response to HIV within the mammary gland [95].

Impairment of Mucosal Humoral Immunity in HIV Infection:
The Mystery of the Predominance of HIV-Specific IgG Over IgA

HIV env-specific humoral response in milk is primarily of the IgG isotype. This is surprising consid-
ering that locally produced secretory IgA is the predominant immunoglobulin isotype in human colos-
trum and mature breast milk, as in most mucosal secretions [72]. This IgG predominance of anti-HIV
antibodies in breast milk mirrors the antibody response to HIV [95, 96]. Indeed, in both plasma and
breast milk, HIV-specific IgG predominate over HIV-specific antibodies of the IgA isotype [37].
These observations confirm and extend several previous studies, in which low levels of HIV-specific
antibodies of the IgA isotype were reported in other mucosal sites such as the genital tract, saliva,
tears, and duodenal fluid [100—109]. Plasma and mucosal HIV env-specific IgA antibody responses
directed against gp120 and gp41 may be detected in individuals during acute HIV infection, although
infrequently by comparison to IgM and IgG [108]. In contrast, in chronic HIV infection, the magni-
tude and frequency of HIV-specific IgA antibodies were low [108, 110].



146 L. Bélec and A.P. Kourtis

IgG to HIV A7

IsG A

Albumin A Lumen

Mucosa
11 /
A /

NF-o /
- Blood vessel
p12

Apoptosis g,

L

Sub-mucosa
TGF-f T

Plasmocyte

Y
000 — @
A IL-5
Pre-B . A A

HIV

[ Clonal proliferation [gG to HIV

> IgG to HIV

~ IgG to HIV IgG to HIV

Fig.10.1 Impaired mucosal humoral immunity during HIV infection. Increased levels of total IgG and monomeric IgA
(m-IgA) occur in mucosal secretions, whereas the total level of secretory IgA (S-IgA) decreases progressively. In addi-
tion, the level of HIV-specific IgG is increased, whereas the level of HIV-specific S-IgA is decreased. Increased level of
total IgG and m-IgA in mucosal secretions may be secondary to increased transudation of serum-borne immunoglobu-
lins due to alteration of the mucosal barrier. Decreased level of total S-IgA in mucosal secretions is due to progressive
decrease of IgA-secreting cells, likely secondary to the mucosal depletion in CD4 T lymphocytes, and “switch” T helper
lymphocytes (Tws). Clonal proliferation of plasmacytes producing HIV-specific IgG may be secondary to increased
production of mucosal TNF-o. and IL-6. Progressive decrease of mucosal plasmacytes producing HIV-specific IgA may
be due to the B superantigen activity of gp120, activating IgA-secreting B cells via its link with Ig V , followed by
subsequent apoptosis [125]

In animal models, low or absent IgA responses have also been described in HIV-infected chimpan-
zees [111] and SIV-infected macaques [112, 113]. Thus, HIV appears markedly different from other
viral and bacterial mucosal infections that stimulate vigorous albeit transient IgA [114, 115]. For
example, antibodies against rotavirus [116], and respiratory syncytial virus [117] in breast milk are
predominantly of the IgA isotype. Furthermore, mucosal immunization with a live influenza virus
vaccine and infections with hepatitis B, cytomegalovirus, Epstein—Barr, or varicella viruses stimulate
IgA responses shortly after immunization or acute infection, which, however, may not persist in the
chronic stage [118—121].

A mechanism involved in this selective suppression of HIV-specific responses of the IgA isotype
remains yet unclear. It may be fundamental to understanding how HIV is capable to be shed in body
fluids, e.g., to be produced by mucosal reservoirs despite the existence of mucosal immune responses.
Several hypotheses have been proposed.

The first hypothesis concerns a mucosal B cell dysregulation present in HIV 1 infection (Fig. 10.1).
The numbers of mucosal IgA (and IgG and IgM) immunoglobulin-secreting cells increase in the
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asymptomatic stage of infection, consistent with early polyclonal activation of mucosal B cells [122].
The polyclonal B cell activation progressively decreases with disease, leading to a decrease of IgA
immunoglobulin-secreting cells in the intestinal mucosa of patients with AIDS [123]. Additional
strong evidence supporting mucosal B cell dysregulation in HIV-infected persons is the decreased
proportion of IgA2 (relative to IgAl) immunoglobulin-secreting cells in intestinal tissues and fluids,
and restriction in these IgA antibodies to gpl20 and gpl60 and less often pl7 and p24 (compared with
IgG antibodies, which react to most HIV 1 antigens) [124]. Since IgA?2 is produced preferentially in
response to polysaccharide antigens, which are important determinants of intestinal bacterial patho-
gens, the dysregulation in IgA responses may play a role in predisposing HIV-infected persons to
certain bacterial pathogens, including Salmonella species and Shigella flexneri. Finally, HIV infection
may deplete B cells expressing Ig V,, gene products, such as the majority of IgA plasmacytes, via the
strong link between gp120 and Ig V,, [125]. The glycoprotein gp120 could thus act as a B superanti-
gen, activating IgA-secreting B cells via the link with Ig V., followed by apoptosis [125].

More recently, Xu et al. [126] have shown that HIV evades virus-specific IgA and IgG?2 responses
by shuttling negative factor (nef) from infected macrophages to mucosal and systemic B cells through
long-range intercellular conduits. As a result, B cell switching to IgA and IgG2 production is sup-
pressed by nef.

Alternatively, the extensive mucosal replication of HIV and a profound depletion of CD4+ T cells
involved in immunoglobulin-isotype switching and the generation of antibody diversity through
somatic hypermutation [127] during acute infection may alter the capacity to mount an IgA response
to new antigens.

The potential that IgA antibodies against HIV are not detectable due to the formation of HIV-IgA
immune complexes in blood and external secretions [128], or that tolerance is induced, see less
likely [129].

Secretory IgA as the dominant immunoglobulin isotype in most external secretions displays sev-
eral structurally and functionally advantageous features when compared to IgG and IgM [130]. The
lack of a vigorous or sustained IgA response to HIV may have particular implications for the develop-
ment of protective immunity, although the antigen presented in a vaccine may differ considerably
from the events during natural infection.

Functionality of HIV-Specific Humoral Immunity

Maternal antibodies transferred to the infant during breastfeeding are important for protection against
pathogens encountered during the first months of life. Although HIV env-specific antibodies are
detected in breast milk of infected mothers, their role in the prevention of infant HIV acquisition is
still unclear. The role of breast-milk HIV-specific antibodies in HIV transmission through breastfeed-
ing has been investigated by in vitro functional assays and by in vivo cohort studies of children
exposed to HIV via breastfeeding.

In Vitro Evaluation of Breast Milk HIV-Specific Antibodies

The function, rather than the magnitude or class, of the HIV-specific breast milk antibody response
may be the critical feature in protection against infant mucosal transmission.

The inhibitory properties towards viral transcytosis of secretory IgA and IgG antibodies purified
from breast milk have been assessed in an in vitro model of transcytosis of cell-associated HIV through
a tight monolayer of endometrial epithelial cells [37, 131, 132]. Such inhibitory activity was shown in
all breast milk samples of transmitting and nontransmitting mothers [37]. Interestingly, despite a
lower specific activity against gp160, purified secretory IgA from colostrum and breast milk exhibited
similar inhibitory activity against HIV transcytosis as purified IgG [132]. Secretory IgA is considered
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to be more efficient than IgG in immune exclusion at mucosal surfaces, because it exhibits a dimeric
structure with four antibody valencies.

Studies have reported an association between neutralization activity in maternal sera and protec-
tion against infant virus acquisition [133—135]. Furthermore, viruses that are resistant to neutraliza-
tion by maternal plasma have been associated with HIV transmission via breastfeeding [136]. In
addition, non-neutralizing antibodies, such as antibodies that mediate ADCC responses, may contrib-
ute to better clinical outcome and lower HIV/SIV load [137-139], and to protection of vaccinated
rhesus macaques against SHIV challenge [140]. Fouda et al. [17] recently investigated autologous and
heterologous virus neutralization and ADCC responses in the milk and plasma of 41 HIV-infected
lactating women. Heterologous virus neutralization and ADCC activity in milk were directly corre-
lated with that in the systemic compartment, but were two log units lower in magnitude. Autologous
neutralization was rarely detected in milk. Heterologous virus neutralization titers in milk correlated
with HIV gp120 env-binding IgG responses but not with IgA responses. These results suggest that
plasma-derived IgG antibodies mediate the majority of the low-level HIV neutralization and ADCC
activity in breast milk [17].

In Vivo Significance of Breast Milk HIV-Specific Antibodies

The in vivo significance of the presence of colostrum and breast milk anti-HIV antibodies is still
unclear. Locally produced IgG may differ from its serum counterpart by a stronger adaptation to
“mucosal” virus [35, 95], which could, in turn, confer protection to the infant from HIV transmission
through breastfeeding. Indeed, locally produced IgG in the colostrum was able to inhibit transcytosis
of HIV through a tight monolayer of epithelial cells in vitro [37]. However, no quantitative differences
in milk HIV-specific antibody responses of transmitting and nontransmitting mothers have been iden-
tified [37, 97, 98].

In a study in Kigali, Rwanda, the presence of HIV-specific secretory IgA and secretory IgM, but not
of IgG, in noncolostral breast milk was found to be associated with a decreased likelihood of HIV
transmission to the infant [92]. Low levels of HIV-specific IgM in breast milk collected at 18 months
were associated with a high risk of transmission of HIV [94]. More recently, Duprat et al. [98] found
no association of anti-HIV sIgA in breast milk and protection from transmission to the infant, in a study
of 63 mother—infant pairs. Bequart et al. [37] also found no association of mucosal humoral immunity
to HIV and protection from transmission to the infant. Finally, in Zambia, HIV-specific secretory IgA
was detected more often in breast milk of transmitting mothers (76.9%) than in breast milk of non-
transmitting mothers (46.9%). The authors concluded that HIV-specific secretory IgA in breast milk
did not appear to be a protective factor against HIV transmission among breastfed infants [97].

Whether HIV-specific neutralizing antibodies and ADCC activities of breast milk may be involved
in protection against postnatal infant HIV acquisition remains unknown.

Nonhuman Primate Models of Breast Milk Transmission of STV

Nonhuman primate models of breast milk transmission of the SIV or simian-human immunodefi-
ciency viruses (SHIV) provide new insights on understanding the role of virus-specific humoral
immunity in breast milk.

Passive Immunization Against SIV or SHIV Oral Challenge by Neutralizing Antibodies to HIV

The model of SHIV infection allows the evaluation of antiviral strategies that target the envelope
glycoproteins of the HIV in macaques. Systemic administration of broadly neutralizing HIV-specific
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antibody to neonatal monkeys protected the infants against oral challenge with SHIV, indicating that
passively transferred humoral immunity can protect infants from virus transmission through breast-
feeding [141-146]. Van Rompay et al. [141] described protection in six of six neonates orally chal-
lenged with STIVmac251 after the administration of SIV hyperimmune serum just after birth. Ruprecht
et al. [144, 145] showed protection of neonatal macaques from oral SHIV challenge after administra-
tion of monoclonal antibodies targeting neutralizing epitopes of the HIV envelope. This targeted
specificity was likely responsible for the protection observed. Taken together, these observations indi-
cate a potential role for neutralizing antibodies in preventing breast milk transmission of HIV. Passive
administration of antibodies to the infant may only be protective if the antibodies are broadly neutral-
izing and capable of targeting transmissible viral variants.

Breast Milk Antibodies to SIV

SIV infection of lactating rhesus monkeys provides an excellent model to characterize virus-specific
immune responses and virus evolution in milk, as the sequence of the virus inoculum, the timing of
the infection, and the virus-specific immunodominant responses are well defined in this model.
Furthermore, SIV-infected, lactating rhesus monkeys transmit the virus to their suckling infants via
breastfeeding [147]. The milk produced by hormone-induced, lactating monkeys has immunoglobulin
content and a lymphocyte phenotype similar to that produced by naturally lactating monkeys [148].

The SIV-macaque model provides a unique resource for deciphering the functional role of antibod-
ies in breast milk transmission of HIV. Thus, humoral immune responses were analyzed in the milk
and plasma of 14 female lactating rhesus macaques with suckling infants [149]. Total immunoglobu-
lin levels in plasma and milk were similar in all females and could not be correlated with transmission
to the infant. These females, however, had elevated milk IgG levels and decreased milk IgA levels, as
compared with levels in seronegative controls. Furthermore, SIV envelope-specific antibody levels in
milk and plasma were comparable in nontransmitting macaque females and those that transmitted
during the chronic stage of infection.

Further studies have shown that virus-specific antibody responses are of low magnitude in milk of
rhesus macaques, while robust virus-specific cellular immune responses are detected in the milk of
SIV-infected rhesus macaques [113, 148]. While the principal antibody isotype in milk is locally pro-
duced secretory IgA, and hormone-induced lactating monkeys have a slightly higher secretory IgA
content than naturally lactating monkeys [148], the SIV-specific humoral response in milk obtained
from rhesus monkeys is predominantly of the IgG isotype [113, 149]. These observations indicate a
specific impairment of the SIV envelope-specific IgA responses in breast milk [113]. In addition,
breast milk antibody may not be effective at neutralizing autologous virus at its in vivo concentration,
since inoculation virus-specific neutralizing antibody response could not be detected in breast milk
samples obtained from SIV-infected lactating rhesus monkeys by 1 year after infection [113]. The low
neutralizing potency of the locally produced or actively transported IgA response may be explained
by impairment of mucosal lymphocyte responses [113]. In addition, the evaluation of the SIV enve-
lope evolution of plasma and breast milk virus populations during chronic infection showed no differ-
ence in the number or location of acquired amino acid mutations in plasma and breast milk virus
variants, demonstrating no compartment-specific SIV envelope evolution in milk [113]. This finding
further supports the lack of a potent, functional SIV-specific antibody response in breast milk that
would be expected to drive compartment-specific neutralization escape. The SIV envelope of milk
virus is therefore likely to be under humoral immune pressure similar to that in plasma.

Finally, in the rhesus macaque model, as was observed in humans, no associations could be made
between SIV-specific antibody levels and isotypes and transmission via breastfeeding [149].

Further insights in immune factors modulating SIV breast milk transmission have recently
been reported from SIV-infected African Green monkeys [18]. These monkeys are naturally infected
with SIV in the wild and do not or only extremely rarely transmit the virus via breastfeeding [150],
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in contrast to the high rate of postnatal SIV transmission in rhesus macaques. These contrasting
transmission patterns provide a unique opportunity to study mechanisms that evolved to protect suck-
ling infants from SIV infection [18].

The first point to note is that the apparent lack of SIV transmission via breastfeeding in African
Green monkeys is not attributable to low-level virus exposure of the infants, as maternal milk virus
RNA load in nonpathogenic SIV infection of African Green monkeys is comparable to that of patho-
genic SIV infection in rhesus macaque [18]. Therefore, the breastfeeding infants of SIV-infected
African Green monkeys are a highly exposed, uninfected population, warranting evaluation of the
factors contributing to the impediment of virus transmission in this setting.

The second point is that a robust virus-specific CD8+ T lymphocyte response exists in the milk of
chronically SIV-infected African Green monkeys [18], similar to that described for milk of chroni-
cally SIV-infected rhesus macaques [148]. Since both the transmitting and nontransmitting species
display robust cellular immune responses in milk, these responses are not likely to be the ones to
confer the observed protection against infant SIV transmission in the natural hosts.

The third and most important point is the possible role of SIV-specific neutralizing antibodies in
breast milk to protect against SIV transmission in natural hosts. Thus, an autologous challenge virus-
specific neutralization response is detected in milk of SIV-infected African Green monkeys that is
comparable in magnitude to that in plasma [18]. In contrast, autologous challenge virus neutralization
is not detectable in milk of SIV-infected rhesus macaques. Interestingly, the neutralization activity is
only supported by the IgG fraction of milk of African Green monkeys [18]. The neutralization potency
of breast milk of SIV-infected African Green monkeys may be provided from plasma IgG transudate
(that predominantly contributes to the pool of milk IgG in primates), as well as from breast milk IgG-
producing B cells that contribute to a portion of the IgG found in milk [18]. The autologous neutraliza-
tion response detected in milk of chronically SI'V-infected African Green monkeys may thus constitute
a mechanism of the impedance of postnatal virus transmission in these natural hosts of SIV.

Taken together, the nonhuman primate models of SIV breast milk transmission: (1) deemphasize
the importance of the role of milk virus-specific cellular immune response against SIV breast milk
transmission, although virus-specific CD8+ T lymphocytes act on locally replicating virus in the
breast milk compartment, and may decrease the breast milk viral inoculum [151] and (2) emphasize
the protecting role of breast milk neutralizing humoral immunity against SIV, mainly of the IgG iso-
type. The possible protective role of milk non-neutralizing humoral immune response, such as ADCC,
recently described during acute and chronic STVmac251 infection of rhesus monkeys [152], should
also be investigated. These findings would have major implications for the design of vaccines to pre-
vent postnatal transmission of HIV.

Defenses in Children Exposed to HIV by Breastfeeding

The portal of entry of HIV and the factors that protect the infant from postnatal HIV transmission have
so far received relatively little attention, and few studies on this subject have been published. During
breastfeeding, HIV could theoretically be introduced into the gastrointestinal tract submucosa of the
infant by a breach in the integrity of the epithelial cell layer, or by concomitant infectious agents,
transport across M (microfold) cells in Peyer’s patches, or infection of epithelial cells lining the oral
cavity [153] or intestinal mucosa [33]. Finally, a virion that successfully traverses the infant gastroin-
testinal mucosal barrier must evade the infant innate and adaptive mucosal immune responses and
contact a CD4+ T target cell in order to establish a systemic infection.

The defenses that the child opposes to the penetration of the virus include a priori nonimmune
(nonspecific), preimmune, and immune defenses.
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Nonimmune defenses involve the integrity of the mucosal barrier, the nonimmune salivary
defenses, and the acidic gastric environment. In the presence of damaged oral mucosa—e.g., erosions,
and after abrasions and damage by chemical irritants —the risk of HIV transmission could be enhanced.
The saliva provides a hostile milieu to infection through a range of mechanisms [154], that include
physical factors, such as salivary hypotonicity, which is thought to disrupt HIV-infected cells and to
inactivate HIV in leucocytes [155, 156], as well as various substances with anti-HIV activity, includ-
ing mucins [157], soluble proteins such as agglutinin, mucins, lysozyme, lactoferrin [158], and secre-
tory leucocyte protease inhibitor (SLPI), and cytokines and chemokines [159-161]. SLPI could
prevent the transmucosal penetration of HIV by inhibiting infection of mononuclear cells that are
target cells for HIV in the mucosa [162]. Since gastric acid production in the neonate is reduced, more
virus, either cell-free or cell-associated, may reach the monostratified intestinal mucosa [163].
However, whatever the site of virus entry, the virus must remain viable and retain the ability to tra-
verse a mucosal barrier upon exposure to the infant saliva, the gastric environment, and/or the mucus-
covered intestinal tract.

Natural preimmune defenses to infection via breastfeeding in exposed children involve natural
killer cells and/or natural polyreactive antibodies to HIV at the level of exposed mucosal surfaces and/
or in the systemic compartment. The role of such preadaptive immunity in resistance against HIV is,
however, unknown.

Acquired mucosal resistance can involve principally HIV-specific CD8+ T cytotoxic immune
responses, and specific antibody production against HIV proteins.

Breastfeeding HIV-exposed uninfected infants frequently display HIV-specific IFN-y responses.
Thus, of more than 200 breastfeeding HIV-exposed uninfected infants, who were serially and pro-
spectively assessed for HLA-selected HIV peptide-specific cytotoxic T lymphocyte interferon (IFN)-y
responses by means of enzyme-linked immunospot (ELISpot) assays, almost half had HIV-specific
CTL IFN-vy responses despite the absence of HIV infection [164]. At any single time point, only
12-22% of infants had HIV-specific IFN-y responses. These observations suggest that, rather than
completely escaping viral exposure, many HIV-uninfected infants of HIV-infected mothers are
exposed to cell-associated HIV and elicit immune recognition of HIV-infected cells. HIV-infected
individuals harbor large populations of replication-incompetent virus [165]. Such viruses may elicit
cellular responses but be limited in their ability to cause productive infection. Sacha et al. [166] have
demonstrated rapid induction of CTL responses (within 2 h) that are capable of eliminating HIV-
infected cells before protein synthesis or productive infection ensue. An alternative explanation for
our observation is that infants had restricted viral replication in oropharyngeal or esophageal lym-
phoid tissue without systemic viral detection, similar to what has been observed in primate models
after low-dose lentiviral exposure [167]. In addition, greater early HIV-specific IFN-y responses were
associated with decreased HIV acquisition. The association between levels of HIV-specific IFN-y
responses and protection from breast milk HIV transmission lends some support for vaccine strategies
that include induction of cellular responses against HIV to prevent breast milk HIV transmission and
possibly to prevent transmission in other settings. The HLA B*18 haplotype may favor the cellular
immune response in children exposed to HIV by breastfeeding, and may protect breastfeeding infants
against both early and late HIV acquisition [168].

The majority of exposures to HIV in breastfed children is across oral mucosa, tonsillar tissue, and
gastrointestinal mucosa, which are immunocompetent tissues, belonging to the afferent branch of the
MALT [69]. Induction of mucosal immunity against HIV following prolonged exposure to infected
breast milk is an attractive hypothesis. In particular, infant immune responses to HIV in saliva may
provide protection against HIV acquisition [169]. Because secretory IgA is not transported actively
across the placenta, levels are generally low to absent at birth and increase with age, achieving adult
levels near 6-8 years [170]. In support of infant IgA responses are non-HIV studies demonstrating
pathogen-specific salivary IgA antibodies against toxoplasmosis and influenza virus in saliva from
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young infants [170]. More compelling data come from a recent pediatric HIV vaccine trial which
found that a small proportion of infants who had been vaccinated with a recombinant canarypox virus
(ALVAC) HIV vaccine developed salivary HIV-specific IgA in response to this immunization [171].
In a prospective cohort study, Farquhar et al. [172] explored whether HIV-exposed, uninfected infants
make immune responses in saliva after natural challenge with maternal breast milk and cervicovaginal
secretions containing HIV. Overall, only 8% of HIV-uninfected infants in the study tested positive for
HIV-specific salivary IgA at one time-point, and all infants with IgA responses remained uninfected
during 1 year of follow-up. Furthermore, infants were very young at the time of specimen collection;
all were under 6 months of age and median age was 1 month. These observations support the hypoth-
esis that HIV-specific humoral immunity can be generated in response to HIV exposure. While the
proportion of infants with positive assays was relatively low, these results also support that salivary
HIV-specific IgA can be elicited in infants by immunizing neonates. Taken together, these findings
provide some evidence that natural HIV exposure via the oral route can stimulate a humoral immune
response in infants younger than 6 months of age and this may enhance understanding of how children
are protected against mucosal exposure to HIV [172].

Unpublished observations from Sandrine Moussa (Pasteur Institute of Bangui, Central African
Republic) reported the presence of HIV-specific antibodies from stool of HIV-uninfected children
breastfed by their HIV-infected mothers. Purified stool antibodies of exposed children inhibited the
attachment of HIV to epithelial cells by up to 65%, and to macrophages by up to 35%, and the infec-
tion of mono-macrophages by 90% (S. Moussa, personal communication). These findings suggest
that the intestinal mucosa of children exposed to HIV by breastfeeding produce HIV-specific antibod-
ies harboring in vitro functional properties against HIV, and thus possibly protective in vivo.

Overall, the observations reporting that the HIV-specific cellular and humoral immune defenses
are activated in breastfed uninfected children are still few, and need to be complemented by further
studies. The confirmation that a child exposed to HIV through breastfeeding actually develops protec-
tive specific immunity against the acquisition of the virus could have major importance for the dem-
onstration of correlates of protection, and for the design of a prophylactic vaccine.

Humoral Immune Defenses as Vector of Protection
of the Exposed Child: A Synthesis

Nonspecific and Specific Modulatory Cofactors of HIV Transmission
Via Breastfeeding Are Numerous, Complex, and Intermingled

Breast milk from HIV-infected mothers contains both infective and anti-infective properties with
regards to HIV. The breast milk contains a high number of nonspecific as well as specific factors with
possible anti-HIV activity [16]. The general concept is that breast milk is a fabric to produce soluble
[37, 173-185], cellular [186—188], and humoral [65, 76, 92-95, 97, 98] immune components poten-
tially beneficial for the breastfed child. In addition, soluble factors present in breast milk, such as
hormones, cytokines, and erythropoietin, may maintain intestinal epithelial integrity in the breastfed
neonate, and thus prevent ingested milk-borne virus from penetrating into the infant [189, 190].
Similarly, natural or acquired, nonspecific as well as specific factors with possible anti-HIV activity,
are likely present in children exposed to HIV by breastfeeding.

All these nonspecific and specific modulatory factors are closely associated, vary over time,
depending on the lactation stage, and on the growth and maturity of the newborn. They probably act
in an integrated way. So there are significant methodological difficulties in demonstrating the contri-
bution of each factor in protection of the exposed child. In this context, the contribution of animal
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models is important. The recent demonstration in the African Green monkey model of the potent
inhibitory activity of SIV-specific neutralizing humoral immunity against virus transmission through
breastfeeding [18] reopens the debate on the potential role of virus-specific humoral immunity in
breast milk as a protective factor for exposed children.

Breastfeeding by infants of HIV-infected mothers provides an opportunity to assess the role played
by repeated HIV exposure in eliciting HIV-specific immunity and in defining whether immune
responses correlate with protection from infection. However, consideration of the many factors
involved in transmission of HIV through breast milk makes demonstration of correlates of protection
very difficult. The preliminary evidence showing systemic cytotoxic and mucosal (salivary and stool)
antibody responses against HIV in uninfected children exposed to HIV through breast milk [163, 172]
is encouraging.

Conclusions

Prevention of MTCT of HIV via breastfeeding remains a challenge in developing countries, despite
scaling up of antiretroviral treatment access. A number of postnatal virus transmissions will continue
to occur even in the setting of optimal antiretroviral prophylaxis. Furthermore, maternal and infant
antiretroviral drug toxicities, barriers to antiretroviral drug implementation, and the impact of the
development of antiretroviral-resistant virus strains during maternal or infant antiretroviral prophy-
laxis have not been fully evaluated. Therefore, development of immunologic strategies to reduce HIV
transmission via breast milk remains critical to improving HIV-free survival of infants born to HIV-
infected mothers in the developing world.

The understanding of the numerous modulatory cofactors of HIV transmission via breastfeeding
will certainly aid in the design of a protective vaccine, either to reduce or annulate the breast milk
infectiousness of the HIV-infected mother [191], or to bolster the preimmune and/or immune defenses
against HIV mucosal crossing in the breastfed HIV-exposed infant. Conceptually, the discovery in
human breast milk of switched memory B cells, plasmablasts, and plasma cells, likely originating
from the GALT and migrating to breast milk through the mammary tissue, provides the basis to con-
ceive mucosal protection for the newborn against transmission of milk-borne HIV [65]. Furthermore,
neutralizing SIV-specific antibodies in breast milk may likely protect against SIV transmission in
suckling infants of African Green monkeys [18], providing for the first time strong evidence for the
protective capabilities of neutralizing antibodies against transmucosal crossing of retroviruses. Finally,
the situation of breastfed children exposed to HIV via oral and intestinal exposure offers the unique
opportunity to evaluate correlates of protection involving innate, preimmune, and immune factors
against mucosal acquisition and control of HIV infection.
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Chapter 11
Cellular Immunity in Breast Milk: Implications
for Postnatal Transmission of HIV-1 to the Infant*

Steffanie Sabbaj, Chris C. Ibegbu, and Athena P. Kourtis

Breastfeeding accounts for up to 40% of all infant human immunodeficiency virus (HIV) type 1
infections in resource-limited settings, where prolonged breastfeeding is the only available and safe
infant feeding option [1, 2]. However, most breastfed infants remain uninfected even after prolonged
exposure to breast milk [3—5]. The factors in breast milk that protect the majority of breastfed infants
of HIV-infected mothers from infection remain largely undetermined. Breast milk contains a multi-
tude of immune parameters, including immunoglobulins, antimicrobial substances, pro-and anti-
inflammatory cytokines, and leukocytes [6]. Moreover, breast milk not only provides passive
protection, but also can directly modulate the immunological development of the infant [7, 8]. Cell-
mediated immunity in breast milk has not been as extensively studied as humoral immunity, described
in Chapter 10. There is, however, increasing interest in the role that lymphocytes, macrophages, and
other immune cell types play, both in innate and in adaptive breast milk immunity [3].

Transmission of HIV-1 to the breastfeeding infant is thought to occur via both cell-free and cell-
associated HIV [9, 10]. Increased levels of HIV-1 RNA in milk directly correlates with virus
transmission [10]; however, recent studies have suggested that cell-associated virus in milk may be a
more significant predictor of transmission to the infant during breastfeeding [6, 9, 10]. HIV-infected
cells in breast milk include both CD4+ lymphocytes and macrophages, and possibly also breast milk
epithelial cells [11]. Entry of HIV into the milk requires passage across mucosal surfaces and interac-
tion of HIV-infected cells with epithelial cells lining the epithelial barrier in the mammary gland.
In the infant, infected milk carries virus across the infant’s oral, nasopharyngeal, and/or gastrointestinal
tract. Contact between HIV-1-infected cells and epithelial cells are postulated to occur with binding
of HIV envelope glycoproteins to the epithelial receptor galactosyl ceramide and stabilization of the
interaction with integrin-dependent engagement [12]. There is increasing appreciation of the fact that

*The findings and conclusions in this chapter are those of the authors and do not necessarily represent the official views
of the Centers for Disease Control and Prevention.

S. Sabbaj, Ph.D. (B<)

Department of Medicine, University of Alabama at Birmingham,
908 20th Street South, CCB 334, Birmingham, AL 35294, USA
e-mail:sabbaj@uab.edu

C.C. Ibegbu, Ph.D.
Emory Vaccine Center, Emory University School of Medicine, Atlanta, GA, USA

A.P. Kourtis, M.D., Ph.D., M.P.H.
Division of Reproductive Health, NCCDPHP, Centers for Disease Control and Prevention,
4770 Buford Highway, NE, MSK34, Atlanta, GA 30341, USA

A.P. Kourtis and M. Bulterys (eds.), Human Immunodeficiency Virus type 1 (HIV-1) and Breastfeeding, 161
Advances in Experimental Medicine and Biology 743, DOI 10.1007/978-1-4614-2251-8 11,
© Springer Science+Business Media, LLC 2012



162 S. Sabbaj et al.

epithelial cells are not simply passive barriers but have reciprocal regulating interactions with innate
and adaptive immune factors against foreign antigens [13, 14]. Whether mammary epithelial cells
themselves support HIV replication remains controversial [14, 15].

In this chapter, we discuss what is currently known about cells of the immune system present in
breast milk, their phenotypes, activation status, chemokine expression, and their functional responses.
We review maternal HIV infection-induced changes in the phenotype and function of breast milk
cells, and discuss the role of these cells in modulating the risk of infant HIV infection.

Cellular Composition of Breast Milk

Breast milk, unlike most other secretions, contains a large number of lymphocytes, macrophages, and
other mononuclear cells (ranging from 10° to 10”/mL in colostrum and declining tenfold or more dur-
ing the subsequent 2-3 months of lactation) [14, 16-28] and reviewed in ref. [2]. Estimates of the
cellular composition of breast milk have varied according to the methodology used. Earlier studies
using sheep red-blood-cell rosetting and immunoglobulin-coated beads yielded different proportions
than more recent studies using flow cytometry [29]. Further complicating this issue are the dynamic
compositional changes that occur with different stages of lactation, as well as technical variability
introduced by factors such as the decreased adherence of breast milk macrophages [30] and the high
lipid content of breast milk. Storage conditions, time since expression, and temperature may also
affect measurements of the biological components of human milk [31].

Early studies suggested that the cell population of breast milk contains around 40-70% mac-
rophages, 20-50% polymorphonuclear cells, and 7-30% lymphocytes [29, 32, 33]. More recent stud-
ies indicate that neutrophils and macrophages comprise roughly 95% of breast milk cells and 4% of
lymphocytes [22, 34]. Various epithelial cells and their fragments are also seen later in lactation [14,
28]. The majority of CD4+ cells in the colostrum are CD14+ macrophages expressing chemokine
receptors, CXCR4 and CCRS, and DC-SIGN, a dendritic cell-specific receptor for HIV [35, 36].
Within the lymphocyte population, the distribution of cell types is as follows: CD3+ T cells, 83%, Y0
T cells, 11% [24, 34, 37], CD16+ NK cells, 3-4% [25, 37] and B cells, 6% or less [20, 34, 37, 38].
The presence of regulatory T cells in breast milk has not, to the best of our knowledge, been
evaluated.

Breast Milk Macrophages

The majority of cells in colostrum and breast milk are breast milk macrophages expressing dendritic
cell-specific intercellular adhesion molecule 3 (ICAM3) grabbing nonintegrin (DC-SIGN) [36].
Breast milk macrophages also express Toll-like receptor 3 (TLR3), in contrast with peripheral blood
monocytes [36]. The functional characteristics of breast milk macrophages seem to be distinct from
those of peripheral blood: breast milk macrophages spontaneously produce granulocyte—macrophage
colony stimulating factor (GM-CSF) and can differentiate into CD1+ dendritic cells in the presence of
exogenous interleukin 4 (IL-4) alone, in contrast with peripheral blood monocytes, which require
GM-CSF in addition to IL-4 [39]. Interleukin-4 stimulated breast milk macrophages are efficient in
stimulating T cells, but they also display enhanced expression of DC-SIGN, a dendritic cell-specific
receptor for HIV [35, 39]. These findings indicate that macrophages can have a dual role, both in
mediating immune responses, through stimulation of T cells, and in facilitating entry of HIV. This role
is particularly relevant in the case of mastitis, when local production of IL-4 may upregulate the
expression of DC-SIGN in breast milk macrophages, offering one mechanism to explain why mastitis
is linked with higher HIV load in breast milk and with greater risk of transmission of infection to the
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infant [39]. Other recent findings indicate that HIV virions captured by DC-SIGN may be more effi-
ciently transmitted to the gastrointestinal tract [35], suggesting a role in transmission to the infant.
IL-4-treated breast milk macrophages also displayed enhanced expression of TLR3 [36]. When TLR3
was stimulated with its specific ligand, DC-SIGN expression on breast milk macrophages was reduced
even in the IL-4-mediated enhanced state [36], suggesting that TLR3 signaling may offer a way to
reduce transmission of mother-to-child transmission (MTCT) of HIV via breast milk.

Breast Milk T Lymphocytes

The proportions of CD4+ and CD8+ T lymphocytes in breast milk are similar, unlike blood where
CD4 usually out number CDS8 two to one [21, 23, 34, 37, 40]. For example, in one study, it was
observed that the mean percentage of CD4+ T lymphocytes in the breast milk was 47% and that of
CD8+ T lymphocytes was 46%; this compared with mean percentages of 64% and 37%, respectively,
in the peripheral blood of the same women [21]. Expression of the lymph-node homing marker
CCR7 is lower in both CD4+ and CD8+ breast milk T cells, compared with peripheral blood [37, 40].
By contrast, expression of the intestinal homing marker CD103 is significantly higher in breast milk
CD4+ and CD8+ T cells, compared with peripheral blood [37, 40]. A large percentage of breast milk
T cells express other mucosal homing markers such as 04 integrin (CD49f), B7 integrin, and CCR9
[17, 40]. There is a marked preponderance of activated CD4+ and CD8+ T cells, as evidenced by the
high expression of the markers HLA-DR, CD25, CD45RO, and CCRS5 [17, 37, 40, 41]. Indeed,
expression of the activation marker HLA-DR on breast milk CD4+ T cells was almost tenfold as
high, and that on CD8+ T cells almost fivefold higher compared with peripheral blood in one study
[37]. Co-expression of CCRS and CXCR4 was observed in 26—73% of breast milk CD4+ T cells, in
contrast with peripheral blood, where such co-expression was seen in 1-20% of CD4+ T cells [37].
Breast milk CD4+ T cells also express the proliferation marker Ki67 at a higher percentage than in
peripheral blood (median of 2.6% vs. 1.2%, respectively) [37]. The phenotypic characteristics of
CDS8+ T lymphocytes in breast milk indicate that these cells are predominantly an antigen-experienced
but not terminally differentiated effector cell population [37, 40]. T lymphocytes expressing CD40
ligand, a molecule involved in B cell isotype switching, and CD26 and CD31, two adhesion/activation
molecules, were also seen in colostrum [16, 18]. Thus, given the increased proportion of CD8+ T cells
in breast milk, and their activated and “mucosal” phenotype, breast milk T cells are more similar to T
cells in other mucosal sites such as the gastrointestinal tract and vagina [42—48], supporting the notion
that breast milk lymphocytes migrate to the breast from distant mucosal sites such as the gastrointes-
tinal or genital tract.

Breast Milk B Lymphocytes

Breast milk B lymphocytes also display a phenotype that is different from that of peripheral blood.
They are predominantly class-switched memory B cells, with few IgD+ memory and naive B cells
[38]. They bear a unique profile of adhesion molecules (CD44+ CD62L", a,8.*", a,3,*), and a mucosal
homing profile similar to B cells located in gut-associated lymphoid tissue, suggesting that these cells
originate from the gut. In addition, breast milk contains higher percentages of activated CD38+ B cells,
large-size B cells, plasmablasts, and plasma cells compared with blood [38]. Milk B lymphocytes do
not express complement receptors [49], which is another indication that these cells are plasmablasts
and/or antibody-producing plasma cells. These findings suggest that a significant proportion of breast
milk B cells have undergone terminal plasma cell differentiation. Cells secreting immunoglobulin
spontaneously were observed in breast milk [38], predominantly IgG rather than IgA.
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As the mammary gland represents an effector site of the mucosal immune system, memory B cells
and plasmablasts that colonize the breast late in pregnancy likely originate from other mucosal areas
where they have been exposed to various antigens.

T and B Lymphocytes in the Breast Milk of HI'V-Infected Women

HIV infection depletes CD4 T cells in the gastrointestinal tract [47, 50, 51]; however, a study of breast
milk lymphocytes in HIV-infected women revealed a relative preservation of CD4+ T cells, despite
the fact that the peripheral blood CD4+ T cells were markedly decreased [37]. The proportion of
CCR5+CD4+ T cells was also preserved, compared with peripheral blood [37]. This finding concurs
with the preservation of CD4+ memory T lymphocytes in breast milk during acute simian immuno-
deficiency virus (SIV) infection in rhesus monkeys [52]. In addition, a study demonstrated that
HIV-infected women had a higher proportion of HLA-DR-expressing CD4+ T lymphocytes in their
breast milk, compared with uninfected women, consistent with the preservation of activated
CD4+ T cells [37]. By contrast, a different study reported a decrease in the CD4+ T cells in the breast
milk of HIV-infected women when compared to the breast milk of uninfected women [40]. The dif-
ferences in the results from these two studies could be due to differences in the cohorts. All HIV-
infected women enrolled in the study showing preservation of CD4+ T cells were on highly active
antiretroviral therapy (HAART), while the women enrolled in the study demonstrating a decrease in
CD4+ T cells were not all on HAART.

As discussed previously, co-expression of CCRS5 and CXCR4 was observed in breast milk
CD4+ T cells [37]. Since CCRS5 and CXCR4 are the major coreceptors required for HIV attachment
and entry [53, 54], it appears that breast milk T lymphocytes offer the optimal cell target for HIV
infection and transmission. In contrast with other mucosal sites, where a profound depletion of these
cells is observed very early in HIV (or SIV) infection [50, 55], there is no apparent loss of
CD4+ CCR5+ T cells in breast milk. Whether these CCR5+CD4+ T cells are resting cells that might
be resistant to HIV killing is not known. Indeed, a study indicated that resting CD4+ T cells represent
more than 90% of purified viable breast milk lymphocytes [56].

With regards to CD8+ T cell changes in breast milk during HIV infection, reports indicate that
these cells are also predominantly effector memory cells [37, 40] similar to CD8+ T cells from
breast milk from uninfected women. This same study showed a higher frequency of
CD8+CD57-CD45RO+ T cells (cells usually retaining their proliferative capacity and relatively
refractory to apoptosis [57]) from breast milk, whether infected or uninfected with HIV, when com-
pared to matched samples from PBMC. Together these data may imply enhanced functional compe-
tence of breast milk CD8+ T lymphocytes, which could be a factor responsible for the lower HIV load
in breast milk, compared with blood [58] and the relatively low transmission via this route.

Whether the presence of these activated CD4+ and CD8+ lymphocytes in the breast milk might
increase the risk of HIV transmission to the infant or help protect from mucosal infection is currently
uncertain and likely multifaceted. With regards to B lymphocytes in the breast milk of HIV-infected
women, anti-HIV-1 antibody secreting cells were found, most of them producing IgG [38].

T-Cell Function in Breast Milk

The presence of antigen-specific T cells in human breast milk was first described in 1968 [59], years
before the identification of the T-cell receptor [60—65]. In this first study, tetanus toxoid, diphtheria,
and purified protein derivative (PPD)-specific T cells were detected using *H-thymidine incorporation
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by radioautograph and visually counting silver grains as a measure of DNA synthesis. Since then,
T-cell responses to various pathogens including rubella, Escherichia coli, influenza, rotavirus, and
respiratory syncytial virus (RSV) have been detected in breast milk by lymphocyte proliferation
assays [26, 29, 33, 66-68]. In these studies, total T-cell responses were measured using mononuclear
cells isolated from breast milk, but the T-cell subset responsible for the reactivity was not defined.

With the emergence of the HIV epidemic in sub-Saharan Africa, where breastfeeding is responsi-
ble for a large proportion of neonatal HIV infection, and reports implicating peripheral blood CD8+
T cells in the control of HIV [69, 70] and correlating their activity with a slower course of disease
progression [71-75], interest arose in the role of CD8+ T cells and MTCT of HIV. Initial studies con-
centrated on demonstrating the presence of HIV-specific T-cell responses in breast milk. In these
studies using the IFN-y ELISPOT assay, it was demonstrated that the frequency of HIV-specific
responses in breast milk was increased when compared to peripheral blood [40, 76, 77]. Conversely,
the early studies using lymphocyte proliferation demonstrated that cells stimulated with either antigen
or phytohemagglutinin (PHA) were decreased in breast milk compared to blood [26, 27, 29, 66, 67,
78]. These differences may have to do with the fact that breast milk-derived T cells are highly acti-
vated and express low levels of CD45RA and CCR7 [34, 37, 40]. In assays such as the IFN-y ELISPOT
or tetramer staining where short culture or no culture of the T cells are used, these highly activated
cells are easily detected. However, in assays such as the lymphocyte proliferation assay, the cells
require extensive culture and it is likely that due to the hyperactivation of these cells, mitogenic and/
or antigenic stimulation led to apoptosis of the cells, resulting in what appeared as hyporesponsive-
ness. In studies of IFN-y ELISPOT after CD8+ T cell depletion, it was demonstrated that CD8+ T
cells mediated the HIV-specific responses detected [77]. These same investigators demonstrated that
these cells have cytolytic activity. They showed, using the *'Cr-release assay, that autologous B lym-
phoblastoid cell lines (BLCL) infected with vaccinia virus expressing HIV genes could be lysed with
these T cells. Furthermore, these cells bound class I MHC tetramers specific for optimized HIV-
peptides, conclusively demonstrating that this activity was CD8 T-cell-mediated [40, 77]. CD8+ T-cell
responses in breast milk have also been mapped to HLA-restricted epitopes, and the repertoire of the
specificity between breast milk and the peripheral blood is different suggesting different homing pat-
terns [77] or variant HIV-1 species [79]. This data has implications for compartmentalization of HIV
evolution and escape.

The immunologic benefits of breastfeeding for the infant conferred from antibodies in the milk are
well established. However, the benefit of CD8+ T cells in breast milk for the infant in preventing
MTCT of HIV remains to be elucidated. In humans, there is only one report demonstrating that immu-
nization of mother results in antigen-specific cells in breast milk that may play a role in protection of
the infant from infection. In this study, trafficking of rubella-specific T cells into breast milk after
systemic and intranasal immunization was demonstrated [80]. In order to begin to address the ques-
tion as to whether maternal immunization with an HIV vaccine that stimulates cell-mediated immu-
nity can protect breastfed infants from HIV-1 infection, animal models need to be established. For this
purpose, a group of investigators have established a hormone-induced lactation model in rhesus mon-
keys [81]. In these studies, they demonstrate that the composition of lymphocytes in hormonally
induced milk was similar to normal lactation. They also demonstrated that the frequency of CD8+
SIV-specific T cells in breast milk was at least twice as high as in blood, replicating the human data
[40, 76]. Finally, and most relevant to MTCT of HIV, they demonstrated that the appearance of SIV-
specific CD8+ T cells in breast milk was associated with a reduction in breast milk viral load, lending
direct evidence that breast milk-derived CD8+ T cells play a role in the local control of HIV found in
the breast milk compartment [52]. In these same studies, an increase in SIV-specific effector CD8+ T
cells in milk during acute infection was also demonstrated.

There are no direct data from vaccine studies in humans to demonstrate protection of a nursing
infant from infection due to T cells in breast milk. However, a report studying SIV systemic
vaccination (SIV DNA prime and live attenuated poxvirus vector expressing SIV mac239 gag-pol
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and envelope genes boost, followed by an Adenovirus serotype 5 vector containing matching
immunogens) of lactating rhesus monkeys found that vaccine-elicited CD8 T cells were present in
milk at similar or higher magnitude than in blood [82]. These studies have set the stage to study
MTCT of SIV in the context of vaccination that may lead to strategies that can prevent breast milk
transmission of HIV. HIV-specific CD4+ T cell responses have not been studied in the breast milk of
HIV-infected women.

These studies have opened the door for further examination of other T-cell subsets in breast milk
such as regulatory T (Tregs) and Th17 cells, as well as NK cells, and their role in transmission of HIV
from mother-to-child via breast milk and protection thereof. In addition, whether these cells are adop-
tively transferred to the infant via the gastrointestinal tract for protection against HIV and other patho-
gens or play other roles within the infant is yet to be determined.

Conclusions and Future Directions

As noted above, many of the phenotypic and functional characteristics of breast milk lymphocytes are
different than those in the peripheral blood. This compartmentalization may indicate selective homing
of certain cells to the mammary gland. There is evidence to indicate that expression of particular adhe-
sion molecules by epithelial cells in different tissues controls selective lymphocyte recruitment and
localization [83]. According to the entero-mammary axis hypothesis, breast milk lymphocytes have
homed to the breast from distant mucosal sites such as the genital or gastrointestinal tract, where they
may have encountered mucosal-tropic strains of HIV and thus have already been activated against
them. Direct labeling studies have shown that the mammary gland can draw from both circulating
pools of T cells, intestinal and peripheral [84-86]. These studies further our understanding of the
mechanisms underlying the dynamics of mucosal immune activation and lymphocyte recruitment and
homeostasis in the mammary gland. Moreover, the kinetics and function of virus-specific cellular
immunity in the breast milk, as well as the dynamic changes induced by HIV infection, are important
and have implications for the study of immune correlates of protection and for the development of
passive and active immunoprophylactic approaches to prevent transmission of HIV to the infant. The
importance of regulatory lymphocytes in inducing immune tolerance is just beginning to be appreci-
ated; their presence in breast milk and their role in modulating HIV infection in the infant needs to be
studied, along with the complex interplay between epithelial, innate, and adaptive immunity.
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Chapter 12
Antiretroviral Drugs During Breastfeeding
for the Prevention of Postnatal Transmission of HIV-1*

Athena P. Kourtis, Isabelle de Vincenzi, Denise J. Jamieson, and Marc Bulterys

The global pediatric human immunodeficiency virus (HIV) type 1 epidemic is fueled to a large extent
by postnatal transmission from mother to infant through breastfeeding. As many as 90% of the esti-
mated 430,000 new HIV infections in children less than 15 years of age in 2008 were due to mother-
to-child transmission (MTCT) [1]. MTCT can occur in utero, intrapartum, or postpartum through
breastfeeding; among children with known timing of infection, as much as 30-40% of MTCT of
HIV-1 is attributable to breastfeeding; this proportion may be even higher in settings where effective
interventions that decrease in utero and intrapartum transmission are being implemented [2—4].

The benefits of breastfeeding are well recognized and include providing the infant with optimal
nutrition, reducing infant morbidity and mortality due to diarrheal and lower respiratory infections,
protecting against common childhood infections, and promoting child spacing, which is associated
with higher maternal and child survival [5]. These benefits are particularly important in areas where the
water supply is unsafe and infant mortality high. In fact, promotion of breastfeeding has been one of the
World Health Organization’s (WHO) cornerstone approaches for enhancing infant survival [5, 6].

On the other hand, transmission of HIV through breastfeeding mitigates these benefits. Given the
risk of HIV transmission, the US Centers for Disease Control and Prevention (CDC) has recom-
mended since 1985 that HIV-1-infected women in the USA avoid breastfeeding [7]. As replacement
feeding is safe, affordable and culturally acceptable for women in the USA and other resource-rich
settings, postnatal MTCT of HIV-1 is nearly zero in such settings. For most HIV-1-infected mothers
in resource-limited settings, however, breastfeeding remains the only feasible option for infant feed-
ing, given the unsafe water and poor hygiene, cultural norms which stigmatize mothers who do not
breastfeed, and the prohibitive costs and lack of availability of infant formula. The WHO recommends
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that in resource-limited settings, HIV-1-infected women breastfeed their infants if safe formula
feeding is not possible [8]. This issue has presented HIV-infected mothers in resource-limited settings
with a difficult dilemma: how to balance the benefits of breastfeeding in reducing malnutrition as
well as infectious morbidity and mortality with the risk of transmitting HIV to the infant. This
dilemma is now substantially relieved given the realization (gleaned from observational data and
proven by recent clinical trials) that antiretroviral (ARV) drugs given to the mother or the infant
during breastfeeding can significantly reduce postnatal HIV transmission to the infant. In fact, this
realization has already resulted in a major paradigm shift in the WHO recommendations that advise,
for the first time in 2010, that ARV prophylaxis be used during the entire period of breastfeeding in
settings where replacement infant feeding is unsafe. This chapter summarizes the current state of the
art in ARV use to either mother or infant during breastfeeding as a measure to prevent postnatal
transmission of HIV.

Antiretroviral Drugs for the HIV-Infected Lactating Mother
Who Needs Treatment for Her Own Infection

The WHO now recommends that all pregnant, HIV-1-infected women with CD4 count <350 cells/mm’
receive antiretroviral therapy (ART) for their own health and that includes women who are breastfeed-
ing (WHO 2010). Data from the Zambia Exclusive Breastfeeding Study (ZEBS) showed that mothers
whose CD4 T-cell count was <350 cells/mm*®—approximately half of all mothers—accounted for
approximately 90% of maternal deaths and infant HIV infections [9].

Since 2007, results from cohorts of women with CD4+ T-cell counts <200-250/mm? have suggested
that maternal ARV reduced the risk of transmitting HIV-1 to the infant through breast milk [10-13].
In the postexposure prophylaxis of infants (PEPI) trial follow-up, it was shown that women who were
eligible for and received ARV treatment postpartum had a postnatal transmission rate significantly
lower than those eligible for treatment but untreated, and even those ineligible for treatment (CD4
>350 cells/mm?) (postnatal transmission rates of 1.8% vs. 10.6% vs. 3.7%, respectively) [14], under-
scoring the need for ARV treatment-eligible women to start such treatment as early as possible. In the
observational arm of the Mma Bana trial, women with CD4 <200 cells/mm?* were started on triple
NVP-based ARV at 26-34 weeks of gestation and continued through 6 months of breastfeeding;
the MTCT rate at 6 months was 0.6% with no postnatal infections [15]. In the observational part of
the Kesho Bora trial, where women with CD4 <200 mm® were started on triple-ARV at 34-36 weeks
of gestation, the MTCT rate at 6 months was 5.6%. The difference between the two studies is proba-
bly largely due to the earlier initiation of ART in Mma Bana than in Kesho Bora. The earlier the ART
initiation, the lower is the MTCT rate [16], probably due to a higher likelihood of achieving
undetectable viral load by the time of delivery.

The only controlled data in a breastfeeding population comparing the approach of triple-ARV vs.
a short prophylaxis regimen of zidovudine (ZDV) and single-dose nevirapine (NVP) among women
eligible for ART (the stratum of women with CD4+ T-cell counts of 200-350/mm?) come from the
Kesho Bora trial, where the MTCT risk reduction of triple-ARV in this subgroup of women was 48%
at 6 months (5.5% vs. 10.5%) [13].

Provision of ART treatment to women who need it for their own health is critical, not only for
preventing postnatal transmission of HIV, but also to decrease maternal mortality. Maternal mortality
is a strong predictor of infant mortality, whether the infant is HIV-infected or not [17].
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Antiretroviral Approaches for Prevention of MTCT of HIV-1 Through
Breastfeeding in Mothers Who Do Not Need Treatment for Their Own
Health (According to Current Guidelines)

For about 15 years, ARV regimens administered to the mother during pregnancy and delivery and to
the infant at birth have proven very effective in reducing in utero and intrapartum transmission of
HIV-1; this has included simplified short-course regimens in resource-limited settings [18-23].
Development of effective strategies to reduce postnatal transmission in breastfeeding populations has
comparatively lagged behind. Recently, however, several studies have shown that ARV prophylaxis
given either to the infant or to the mother during breastfeeding is highly effective in reducing breast-
feeding transmission of HIV-1 to infants [10—-12, 15, 24-27]. We discuss these two approaches below.
ARV drugs given to the breastfed infant provide preexposure and postexposure prophylaxis through
pharmacologically active ARV drug concentrations in the infant’s plasma before and after exposure to
the virus, whereas ARVs given to the lactating mother act though lowering the breast milk HIV load
and thus rendering the milk less infectious. The effect of maternal ART on the HIV-1 load in breast
milk has been reported in several recent studies from Africa. In Mozambique, ART in breastfeeding
women decreased cell-free HIV-1 RNA load in breast milk [28]. A study in Botswana among women
with CD4+ T-cell counts <200 cells/mm? showed that ART decreased HIV-1 RNA but had no apparent
effect on HIV-1 DNA load in breast milk [29]. A third study from Kenya similarly showed the
suppression of cell-free HIV-1 RNA in breast milk without suppression of HIV-1 DNA [30].

Infant ARV Prophylaxis

Results from an observational and several open-label randomized clinical trials that evaluated the use
of extended ARV prophylaxis among infants of breastfeeding, HIV-1-infected mothers, are now avail-
able [11, 24, 27, 31]. The Mitra study was an observational study in which daily lamivudine given to
the breastfeeding infant for up to 6 months resulted in a low cumulative HI'V-1-infection rate of 4.9%
at 6 months, with an HIV-1 infection risk of 1.2% between 6 weeks and 6 months [31]. The SIMBA
trial (this study has not been published to-date) was a randomized open-label study in Uganda and
Rwanda, where mothers were enrolled from 2001 to 2002, given short-course zidovudine and didanos-
ine from 36 weeks of gestation until 1 week postpartum, and were counseled to exclusively breastfeed
for 3—6 months. Infants were randomized to either NVP or 3TC during breastfeeding. The postnatal
HIV transmission rate was only 2% (http://www.mujhu.org/simba.html, accessed 3 November 2010).
The Six Week Extended-Dose Nevirapine (SWEN) trials, which evaluated the effectiveness of 6 weeks
of extended nevirapine given to breastfeeding infants, found a significant reduction in HIV-1 transmission
at 6 weeks, compared to the control arm, from 5.3 to 2.5% [24]. However, there was no statistically
significant difference of HI'V-1 transmission at 6 months between the two arms, suggesting that a longer
duration of prophylaxis would be required to protect the infant from ongoing breastfeeding transmis-
sion [24]. The PEPI trial in Malawi found that extended prophylaxis with either nevirapine or nevirap-
ine plus zidovudine through 14 weeks of infant age significantly reduced postnatal HIV-1 transmission
compared to the control arm of single-dose nevirapine and 1 week of zidovudine [11]. There were no
significant differences in the effectiveness of the extended prophylaxis arms in PEPI (transmission rate
at 9 months of 5.2% in the extended NVP vs. 6.4% in the dual prophylaxis group); however, the nevi-
rapine plus zidovudine regimen was associated with significantly more adverse events, primarily
neutropenia [11]. Finally, the recently completed Breastfeeding, Antiretrovirals, and Nutrition (BAN)
Study, also in Malawi, evaluated 6 months of extended nevirapine infant prophylaxis; the estimated risk
of HIV-1 transmission through breastfeeding at 28 weeks was 1.7%, compared with 5.7% for infants in
the control arm of single-dose nevirapine and 7 days of zidovudine and lamivudine [27].
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The results from the SWEN, PEPI, and BAN trials showed infant nevirapine prophylaxis to be a
safe and effective strategy in reducing breastfeeding transmission of HIV-1. However, infants who
continued to breastfeed after prophylaxis ended were at continued risk of becoming HIV-1-infected in
both the SWEN and PEPI studies. Combined, these results suggest greater protection with longer
duration of nevirapine prophylaxis; infants may indeed benefit from daily nevirapine throughout the
entire duration of breastfeeding. Nevirapine was found to be safe when used as prophylaxis in breastfed
infants, with the BAN study reporting a rash (possible sign of hypersensitivity) within a few weeks of
initiation in 1.9% of infants [11, 24, 27]. Extended infant nevirapine prophylaxis is a low-cost, single
daily regimen associated with little toxicity and feasible for many resource-limited settings [32].
There is, however, concern that failure of such prophylaxis will result in an increased rate of nevirap-
ine resistance in the HIV-1-infected infant, thereby reducing future treatment options for the infant
[33]. Indeed, 92% of infants who became HIV-1-infected during the first 6 weeks of life (period of
NVP prophylaxis) in the SWEN study had NVP resistance; the risk, however, was much lower (15%)
for infants who became infected after prophylaxis had stopped [24, 34].

An additional infant prophylaxis study, PROMISE-PEP (peri-exposure prophylaxis), began
enrollment in December 2009. The PROMISE-PEP study is a multisite, double-blinded, randomized
clinical trial comparing twice daily lopinavir—ritonavir to twice daily lamivudine. Both regimens will
be administered to the infant from day 7 through 4 weeks after cessation of breastfeeding with a
maximum duration of 50 weeks of prophylaxis [35].

Maternal ARV Prophylaxis

Mothers with CD4+ T-cell counts higher than 350 cells/mm? and without clinical signs of advanced
HIV disease or active tuberculosis do not need ARV therapy for their own health according to the
current WHO guidelines [36]. For these mothers, ARV prophylaxis is an approach to prevent postna-
tal transmission of HIV-1 to the infant. Results are now available from several randomized clinical
trials, proving that maternal ARVs are an effective prophylactic strategy to reduce postnatal HIV-1
transmission [26, 27]. Furthermore, both observational and randomized studies have shown that when
ARV prophylaxis is started during the antenatal period, very low rates of postnatal HIV-1 transmis-
sion are achievable at 6 months [10, 12, 15, 25, 26, 37]. For example, in the Mitra Plus study, an
observational study in which most women with CD4+ T-cell counts >200/mm? started triple-ARV
prophylaxis at 34 weeks of gestation and continued through breastfeeding, the risk of infant HIV-1
infection between 6 weeks and 6 months was just 1.0%; and between 6 weeks and 18 months it was
2.1% [10]. The AMATA study was a nonrandomized study of women who received NNRTI-based
combination ARV after the second trimester of gestation, and then offered the choice of breastfeeding
for 6 months with continued ARV or formula feeding. A very low rate of HIV transmission was noted
at 9 months of age (1.3%), with a breastfeeding transmission rate of 0.5% [37]. The Kisumu
Breastfeeding Study (KiBS) was a prospective noncontrolled study in Kenya in which women received
HAART from 34 weeks of pregnancy until 6 months of breastfeeding. A low postnatal HIV
transmission rate of 2.6% was achieved in this unpublished study [25].

Results from randomized clinical trials are now also available. The BAN study showed a 50%
reduction in postnatal transmission in women who received HAART starting after delivery and con-
tinued through 6 months of breastfeeding (2.9% postnatal transmission by 6 months of age vs. 5.7%
in the control arm that received siNVP and 1 week of zidovudine/lamivudine) [27]. The Kesho Bora
study conducted in several African countries showed a significant benefit of maternal ARV during
breastfeeding in preventing postnatal transmission of HIV among women with CD4+ T-cell counts of
200-500/mm® (cumulative rates of 4.9 vs. 8.4% transmission rate at 6 months, a 43% reduction
compared with AZT/sdNVP; the postnatal transmission rate was reduced by 47%, from 5.9 to 3.1%) [26].
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In children HIV-1-uninfected at age 2 weeks, the risk of (postnatal) transmission was reduced by
about half both in BAN and Kesho Bora. However, the overall risk reduction at age 28 weeks was
greater in Kesho Bora than in BAN (42 vs. 25%) due to the earlier start of maternal triple-ARV
prophylaxis in Kesho Bora (28-36 weeks of gestation) than in BAN (after delivery). Of all PMTCT
studies conducted in breastfeeding populations, the Mma Bana trial which initiated ARV between 26
and 34 weeks of gestation in women with CD4+ T-cell counts >200 cells/mm? had the lowest rate of
infant HIV-1 infection at 6 months, with a cumulative infant transmission rate of just 1% [15]. Taken
together, these results suggest that maternal prophylaxis may need to start antenatally —early enough
to reach undetectable viral load during the period most at risk (last weeks of pregnancy and delivery) —
in order to achieve maximal virologic suppression in the mother and maximal reduction of prepartum,
intrapartum, and postnatal HIV-1 transmission to the infant.

While maternal ARV prophylaxis is effective in reducing postnatal HIV-1 transmission, this benefit
needs to be considered along with any harm or discomfort the regimen may pose to the mother. Such
considerations include maternal toxicities, ARV interruption at the end of breastfeeding, and poor adher-
ence that may increase the mother’s risk of developing resistance and limit her future treatment options
[38]. (This issue is further addressed in Chapter 6) Evidence from the trials so far indicates that maternal
ARV prophylaxis during pregnancy and breastfeeding is well tolerated [15, 27]. Also, failure of such
prophylaxis has the potential for transmission of a resistant virus, limiting the infant’s future treatment
options as well —indeed 67% of infants infected postnatally in the KiBS trial had drug-resistant virus
[25, 38]. Some ARV agents enter breast milk—zidovudine appears to be present at levels similar or
slightly lower than those in maternal plasma, nevirapine levels are about 70% those in maternal plasma,
3TC appears to concentrate in breast milk at levels 3-5 times those of maternal plasma, while protease
inhibitors seem to have very limited penetration [39]. Breastfed infants may thus be ingesting subthera-
peutic levels of ARV present in breast milk, leading to the potential for the development of resistance.
Other prophylactic ARV regimens in the nursing HIV-1-infected mothers, including tenofovir, tenofovir/
emtricitabine, efavirenz, and lopinavir/ritonavir combinations, will be evaluated for their safety and
efficacy in a number of ongoing and planned trials [34, 40, 41] (Table 12.1).

Lessons Learned from the Recent Clinical Trials:
Input into WHO Guidelines

The WHO recommendations have undergone many revisions over the years as scientific knowledge
has evolved and clinical trial results have increasingly become available in this rapidly evolving field.
In November 2009, WHO revised the breastfeeding and MTCT prevention guidelines for HIV-1-
infected mothers in resource-limited settings once again, based on the most recent evidence men-
tioned above [42]. The new guidelines recommend that women who received a 3-drug ARV regimen
during pregnancy should continue this regimen through breastfeeding and for 1 week after all expo-
sure of the infant to breast milk has ended. If a woman received only zidovudine or did not receive
any ARV, daily nevirapine is recommended for her child from birth until 1 week after the end of
breastfeeding.

WHO further recommended that national health authorities should decide whether they will counsel
HIV-1-infected mothers either to avoid all breastfeeding or to breastfeed and receive either maternal or
infant prophylaxis taking into account the probability of HIV-free survival associated with BF and
replacement feeding for the average infant in a given setting [42]. If breastfeeding is recommended,
then the HIV-1-infected mothers should exclusively breastfeed their infants for the first 6 months of
life, introducing appropriate complementary foods thereafter, and continue breastfeeding for the first
12 months. Breastfeeding should only be stopped once a nutritionally adequate and safe diet without
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breast milk can be provided. Enabling breastfeeding in the presence of ARV interventions to continue
to 12 months avoids many of the challenges associated with stopping breastfeeding and with providing
a safe and adequate diet without breast milk to the infant between 6 and 12 months of age. HIV-1-
infected mothers who decide to stop breastfeeding at any time should stop gradually within 1 month.

In infants and young children known to be HIV-1-infected, mothers are strongly encouraged to
exclusively breastfeed for the first 6 months of life and continue breastfeeding as per the recommen-
dations for the general population, that is up to 2 years.

In a randomized controlled trial in Zambia in which infants of HI'V-1-infected breastfeeding moth-
ers either stopped all breastfeeding at 4 months of age or continued to breastfeed, mortality at 24 months
was 55% among those infants who were already HIV-1-infected and were randomized to continued
breastfeeding, compared with 74% among those HIV-1-infected who stopped breastfeeding early [43].
In a study in Botswana that randomized HIV-1-exposed infants to either breast milk or infant formula,
among infants who were already HIV-1-infected, mortality at 6 months of age was 7.5% in those who
breastfed, compared with 33% in those randomized to receive infant formula [44].

Lessons Learned from the BAN and Kesho Bora Trials:
The Investigators’ Perspective

The Mitra and Mitra Plus observational studies of infant prophylaxis and maternal prophylaxis,
respectively, had similar rates of postnatal transmission at 6 months [10, 31]. However, the studies
were observational and were conducted sequentially at the same site. The BAN study is the only
randomized controlled trial to date to have both a maternal and an infant prophylaxis arm, each of
which was compared with the control arm. Although the study was not powered to directly compare
the two interventions, there was a suggestion that HIV-1-free survival at 28 weeks may be greater with
infant, compared with maternal prophylaxis (p=0.07) but efficacy of maternal prophylaxis should be
maximized by initiating it antenatally as now recommended [27]. A more direct comparison of the
two approaches is planned [40] (Table 12.1). While effective maternal and infant ARV prophylactic
strategies are now available to reduce postnatal HIV-1 transmission through breastfeeding, more
research is needed to determine the optimal method that balances benefits and risks for mothers and
infants and is feasible for a particular resource-limited setting. In addition to the ARV interventions,
BAN also evaluated the effect of a high-energy, micronutrient-fortified supplement given to breast-
feeding mothers for prevention of maternal depletion. As breastfeeding guidance evolves, the effect
of breastfeeding on maternal health also needs to be considered, and innovative strategies to ensure
and promote maternal health need to be developed. In the Kesho Bora study, the preventive efficacy
was much greater for women with CD4 <350 cells/mm?® than in those with CD4 >350 cells/mm°.
Among women with CD4 >500/mm?® (who received the ZDV/sdNVP regimen), the postnatal
transmission rate was 0 between 6 weeks and 6 months. These results emphasize the importance of
providing early ART to all women with CD4 <350/mm?* with the potential to prevent up to 90% of
MTCT while preserving the health of the mothers.

The 4.9% MTCT rate obtained at 6 months in Kesho Bora is higher than the Mma Bana rate (below
2%). Mma Bana achieved maternal viral load at delivery <400 copies/mL in >90% of women com-
pared to 70% in Kesho Bora. Of note, the viral load at enrollment was lower and the duration of ARV
prophylaxis before delivery longer in Mma Bana than in Kesho Bora. Obtaining an undetectable viral
load by the time of delivery and during breastfeeding is clearly the goal of maternal ARV prophylaxis.
At least 8 weeks of prophylaxis were needed before undetectable viral load was achieved in >75% of
women in Kesho Bora.

A summary of ongoing and planned studies on maternal or infant ARV prophylaxis during breast-
feeding is shown in Fig. 12.1.
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Maternal B_re_as_tfeed_ing ARV Infant preas_tfqedir_lg ARV

A A
HIV-1 4.4%*
Postnatal
Transmission B e Ty SR
Rate (%) 2.6%* 2.9% 3.1% 2.2%%

MITRA Plus AMATA KiBS Mma Bana BAN Kesho MITRA BAN SWEN PEPI
Bora
From 34wk 286wk 34wk 26wk IP 28wk 3TC NVP NVP NVP
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Fig. 12.1 Summary of the results of studies that used antiretroviral prophylaxis to the mother or to the infant during
breastfeeding to prevent HIV-1 transmission via breastfeeding. Results are shown as postnatal transmission rate of
HIV-1 from 1-6 weeks until 6-7 months of infant age. ARV antiretroviral, /P intrapartum, BF breastfeeding, mo month,
wk week, asterisk a published study

Questions for the Future

As the most recent guidance from WHO highlights, ARV drugs in the mother or infant should be used
throughout breastfeeding to reduce postnatal transmission of HIV-1 to the infant in resource-limited
settings; breastfeeding should be completely avoided in resource-rich settings where safe infant feed-
ing alternatives exist. However, several questions remain for the future. The distinction between
resource-poor and resource-rich settings is not always clear-cut. For example, in many poor countries,
there is a section of the population which may be able to provide safe replacement feeding; therefore,
national recommendations will have to be nuanced. The safety for mothers and infants and the efficacy
of other, newer ARV drugs or drugs of newer ARV classes during breastfeeding needs to be tested.
Resistance development as a result of the new, prolonged prophylactic regimens during breastfeeding
needs to be assessed for mothers and for infants who become infected despite prophylaxis. The safety
of stopping ARV prophylaxis for the mothers after delivery and cessation of breastfeeding in light of
their HIV disease progression and future treatment needs has to be evaluated. Whether maternal, vs.
infant, prophylaxis is preferable for different settings needs careful cost/benefit assessment. Ways to
improve adherence and monitor toxicities of the ARV regimens during pregnancy and breastfeeding
will be important in translating research results into real-world effectiveness. Another important issue
is the implementation of these findings in the particular settings. As countries scale up national
programs, how the new components of recommended perinatal prevention fit into the context will be
critical. For example, when ART regimens for adults are chosen, are considerations for safety during
pregnancy taken into account? Also, as more adults are treated at earlier stages of disease, will infant
prophylaxis still be an option, or will countries focus exclusively on maternal prophylaxis? Finally,
whether breastfeeding with ARV prophylaxis is an acceptable strategy in resource-rich settings for the
HIV-1-infected women with undetectable viral load in the plasma who strongly wish to breastfeed their
infants has not been evaluated; a formal assessment of its risk/benefit ratio may deserve more study.
Linking HIV-1 prevention, care, and treatment services with family planning, prenatal and child health
services, and building the health infrastructure required to implement MTCT prevention programs with
prolonged ARV prophylactic regimens remains a critical need for resource-limited settings.
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Chapter 13
Immune Approaches for the Prevention of Breast
Milk Transmission of HIV-1

Barbara Lohman-Payne, Jennifer Slyker, and Sarah L. Rowland-Jones

Introduction

Mother-to-child transmission (MTCT) of HIV-1 infection remains a significant cause of new HIV-1
infections, despite the increasing implementation of prevention strategies using antiretroviral therapy
(ART) and the resulting decline in infections across the developing world. In 2009, the UNAIDS
global report estimated 370,000 children under the age of 15 years were newly infected with HIV-1
(refer UNAIDS Report on the global AIDS epidemic, 2010 http://www.unaids.org/globalreport/
Global_report.htm), most of whom acquired the infection from their mothers in low- and middle-
income countries. Even with substantial progress, challenges remain for poor countries in providing
comprehensive screening programs for pregnant women and implementing the full range of preven-
tion services for those identified as HIV-1-infected. Although antiretroviral regimens and risk reduc-
tion counseling have been successfully used for pregnant women and their infants in many parts of the
developing world, full implementation of these programs remains a challenge in many countries,
especially where antenatal clinical attendance and HIV-1 screening is not yet widespread. In addition,
potential toxicities of and development of drug resistance to ART in both mother and child are
concerns. Therefore, the development of a safe effective immunoprophylaxis regimen begun at birth
and continuing during breastfeeding, perhaps alongside neonatal chemoprophylaxis, remains an area
of active research interest. An ideal pediatric vaccine for prevention of MTCT (PMTCT) would com-
bine the immediacy of passive immunization designed to protect the infant during the first vulnerable

B. Lohman-Payne (<)
Department of Pediatrics and Child Health, University of Nairobi, Nairobi, Kenya 00202

Departments of Medicine, University of Washington, Seattle, WA 98104, USA

Departments of Global Health, University of Washington, Seattle, WA 98104, USA
e-mail: blpayne@iconnect.co.ke

J. Slyker
Departments of Global Health, University of Washington, Seattle, WA 98104, USA

S.L. Rowland-Jones (1)

Nuffield Department of Medicine, John Radcliffe Hospital,
Oxford OX3 9DS, UK

e-mail: sarah.rowland-jones @nmd.ox.ac.uk

A.P. Kourtis and M. Bulterys (eds.), Human Immunodeficiency Virus type 1 (HIV-1) and Breastfeeding, 185
Advances in Experimental Medicine and Biology 743, DOI 10.1007/978-1-4614-2251-8_13,
© Springer Science+Business Media, LLC 2012


http://www.unaids.org/globalreport/Global_report.htm
http://www.unaids.org/globalreport/Global_report.htm

186 B. Lohman-Payne et al.

weeks of life with the durability of active immunization to protect against the repeated low-dose
homologous virus exposure delivered multiple times a day via breastfeeding.

In the absence of maternal ART, up to one half of all MTCT occurs through breast milk [1, 2]. In
the first month of life, it can be challenging to define the route of infection as early breast milk trans-
mission as opposed to late in utero or intrapartum transmission. After 1 month of age, the route of
transmission is clearly breast milk and risk of transmission remains relatively constant throughout the
duration of breastfeeding [2]. Increased risks of breast milk transmission are associated with
longer duration of breastfeeding [2] and high levels of HIV-1 in breast milk [3, 4].

Infants who acquire perinatal infection, particularly in developing countries, experience unusu-
ally rapid disease progression compared to that of adults, and mortality rates as high as 20-52% have
been reported in the first 2 years of life [5, 6]. A key factor contributing to the rapid disease progres-
sion observed in infants may be the persistently high levels of HIV-1 viremia observed throughout
the first year of life, with the “set-point” viral load (VL) rarely falling more than 1 log below the peak
VL [7, 8]. However, there are some data to suggest that breast milk infection is associated with a
better clinical outcome than in utero or intrapartum transmission. Both the peak VL and viral set-
point are reported to be higher in babies infected at birth or in the first few weeks of life (early
infection) than in those infected after 3 months of age (late infection) [7, 9]. These factors are associ-
ated with increased risk of disease progression and death in early infant HIV-1 infection [10]. Overall,
after adjusting for length of infection, the risk of progression to AIDS and death is at least twofold
higher for infants infected early compared with those infected through breast milk [11-13]. The most
likely explanation for this is the relative immaturity of the infant immune system at birth, which is
dominated by regulatory T-cell (Treg) [14, 15] and Th2 responses [16—18]. Following birth, there is
a shift toward Thl responses as the immune system switches from one predominantly adapted to
tolerance of self and maternal antigens to a system better able to mount effective innate and acquired
responses to external pathogens such as HIV-1 [19]. It is plausible that infants infected through
breastfeeding may be more likely to become long-term survivors than those infected early, but there
have been no natural history cohort studies assessing disease progression beyond 5 years to address
this issue.

It is likely that co-infections acquired by babies in the developing world may play a role in rapid
disease progression, such as human cytomegalovirus (CMV), which infects most West African chil-
dren in the first year of life [20] and is associated with high VL in HIV-1 co-infected infants [21].
Co-infections may also contribute to the likelihood of transmission. Therefore, it is important to
investigate and define the potential role of co-infections in breast milk transmission of HIV-1 so that
these may be modified in preventive strategies.

Breast Milk Transmission of HIV-1: An Immunological Perspective

Mother-to-child transmission of HIV-1 is surprisingly inefficient: in the absence of treatment, 55-80%
of HIV-1 exposed infants remain HIV-1 uninfected [22, 23]. This is striking when considering the large
volumes (hundreds of liters) of HIV-1-contaminated milk ingested by infants breastfed by untreated
HIV-1 uninfected mothers [24]. Why does such a large proportion of HIV-1-exposed uninfected
children resist infection? Breast milk may confer protection from transmission through immunologic
mechanisms. Oral exposure to HIV-1 has been reported to result in both systemic cellular and antibody
immune responses detectable in ~13—28% of uninfected partners within HI'V-1 discordant couple pairs
[25, 26]. We have recently found that HIV-1 specific interferon-gamma (IFN-y) secreting cells are
present in the breast milk of the majority of HIV-1 infected mothers and confer a 70% reduction in
the likelihood of early breast milk transmission, indicating that maternal HIV-1 specific immunity may
protect against breast milk transmission (Lohman-Payne et al., manuscript submitted).
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There are also some data that suggest that uninfected infants exposed to HIV in utero, at delivery
or postnatally, can develop HIV-1-specific T-cell responses [27-30], which suggests that there has
been sufficient exposure to replicating virus to prime such a response. Although the detection of an
HIV-specific response in the absence of persistent infection does not necessarily imply that T-cell
immunity contributes to protection, resistance to postnatal HIV-1 transmission through breast milk
was shown to correlate with the magnitude of the HIV-1-specific T-cell response in a prospective
study in Nairobi, Kenya [24]. This finding provides some encouragement that enhancing the immune
responses to HIV-1 through immunotherapeutic strategies in uninfected infants could confer protec-
tion against breast milk infection.

What are the consequences of later transmission for the infected infant? As previously mentioned,
epidemiological studies suggest that the risk of disease progression to AIDS or death by the age of
12 months is halved in children infected later in infancy, compared to those who acquire infection
before 1 month of age [6, 11-13]. This is consistent with the clinical experience of congenital infec-
tion with pathogens such as CMYV, Toxoplasma gondii, and rubella, where disease is much more
severe when infants are infected in utero.

During the first year of life, the infant immune system undergoes a transition from a predominantly
regulated [14, 15], Th2 biased system [16—18], designed to maintain fetal life in the intrauterine envi-
ronment, toward a more adult-like immune system, capable of mounting successful immune responses
against a range of pathogens encountered in early life [19]. The precise timings of these changes in
human infancy have not been well defined and much of the data come from studies comparing the
phenotype and function of immune cells in cord blood with those in adult samples. Cord blood T cells
have lower basal expression of CD3 and adhesion molecules, defects in cytokine production and CD8+
T-cell activity [31], while monocytes and dendritic cells (DC) express lower levels of costimulatory
molecules, have altered differentiation pathways and reduced cytokine/chemokine production [32, 33].
Nevertheless, neonates generally develop immune responses to vaccines given at birth, including cell-
mediated responses to several acute viral infections [34]. Bacilli Calmette-Guerin (BCG) vaccination,
which is widely given at birth throughout the developing world as part of the Extended Program of
Immunization (EPI), elicits a Thl-type response in newborns of similar magnitude to that achieved
later in life [35]. Moreover, BCG itself can act as an adjuvant for other vaccines [36]. Pre- and postna-
tal exposure to environmental microbial products that activate innate immunity might accelerate this
maturation, diminishing Th2 and/or enhancing Th1 cell polarization, and this could be incorporated
into adjuvant design. Both natural and inducible CD4+CD25+ Treg numbers are increased in infancy
and are thought to be required for maintaining peripheral T-cell tolerance through inhibition of Thl
cell immunity [37-39]. It is intriguing to note that the cord blood of HIV-1 exposed uninfected infants
contains large of populations of Treg cells and depletion of these cells ex vivo leads to an increased
frequency of detection of IFN-y secreting HIV-1 specific CD8+ T cells [38], consistent with Treg
downregulation of antigen-specific cellular responses in cord blood. Exposure to foreign antigens,
both allo-antigens [15] and antigens from Plasmodium falciparum present in placental malaria [40],
promotes the development of regulatory T-cell populations at birth: this may mean that the infant
exposed to HIV-1 and other pathogens in utero is less able to mount an efficient response to infections
encountered in early life. Alternatively, perhaps depending on the timing of exposure, prenatal expo-
sure might also promote Th1 responses in a similar manner to BCG given at birth [35].

The B-cell compartment is also affected in newborns, with responses to vaccines characterized by
lower antibody levels, restricted diversity of antibody repertoire, and lower levels of IgG2 isotype as
compared with responses induced in adults [41]. The implications of these deficiencies in pediatric
vaccine development may include a requirement for enhanced stimulation of antigen-presenting cells
with increased avidity of CD3/T-cell receptor (TCR) and co-stimulation molecule interactions to
ensure immune activation.

There is a dearth of studies looking at the immune response and clinical course of infants infected
through breast milk compared to those with early infection. We have shown that infants infected after
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the first month of life develop HIV-1-specific CD8+ T-cell IFN-y responses more rapidly than infants
infected early in life and the emergence of the response coincides with a decline in VL [42]; however,
the overall magnitude of the response did not differ between early and late infection groups. Viral and
host factors associated with the improved clinical outcome of breast milk infected infants have not
been defined.

Co-infections and Breast Milk HIV-1 Transmission

HIV-1 infected infants in sub-Saharan Africa have poorer control over VLs and a higher risk of
mortality compared to infants in Europe and the USA (~20—40 vs. ~10-20% mortality, respectively)
[5, 7, 43-45]. Co-infections during infancy are thought to explain a large proportion of these cohort
differences. In addition to causing significant morbidity as opportunistic infections, co-infections
have the potential to increase both the risk of vertical HIV-1 transmission and infant HIV-1 progres-
sion. CMV [46-48], herpes simplex virus type-2 (HSV-2) [49, 50], and malaria [51, 52] may acceler-
ate HIV-1 disease progression by causing transient or sustained elevations in HIV-1 VL. Since breast
milk HIV-1 load is closely correlated with systemic VL, any infection that raises maternal HIV-1 VL
could potentially affect the risk of breast milk transmission. Despite these associations, there have
been few prospective studies examining the role co-infections play in breast milk transmission and
downstream infant disease progression. CMV, which causes persistent asymptomatic infection in a
large proportion of healthy adults, has been the most intensively studied co-infection in HIV-1.
Longitudinal cohort studies conducted in West and East Africa suggest more than 80% of children
may acquire CMV during their first year of life, regardless of HIV-1 status [20, 21]. Maternal CMV
reactivation was associated with a fourfold increased risk of mortality in HIV-infected infants inde-
pendent of maternal immunosuppression [53]. Among HIV-1 infected infants, co-infection with CMV
is associated with higher peak CMV VLs, prolonged detection of CMV in the plasma [21], and a
greater than twofold increased risk of mortality [47]. In co-infected women, there is a strong correla-
tion between HIV-1 and CMV loads in both the blood and breast milk [21, 53, 54]. It is yet unclear
whether a cause-and-effect relationship links these two pathogens; CMV could potentially act as a
co-factor to increase HIV-1 replication directly (reviewed in ref. [55]) or indirectly by increasing cel-
lular activation of breast milk lymphocytes. Further studies are needed to understand better the long-
term effects of other highly prevalent persistent viral infections acquired during infancy, particularly
those that are associated with the development of malignancies after years of HIV-1 infection, such as
Epstein—Barr virus (EBV), human herpesvirus-8 (HHV-8), and hepatitis B virus.

Vaccine Strategies to Prevent Breast Milk Transmission of HI'V-1

HIV-1 Vaccine Studies in Adults

Three large-scale human efficacy studies have been completed to date and, although not designed to
evaluate mother-to-child transmission, they provide an immunologic foundation for future studies
to include breast milk transmission. The first trial, from Vaxgen, employed an envelope subunit pro-
tein construct with the aim of inducing a protective antibody response, but a large phase III clinical
trial showed no evidence of efficacy [56]. A move toward testing T-cell-inducing vaccines led to the
phase 2b STEP trial (tested in high-risk volunteers) of a replication-defective adenovirus type 5 (Ad5)-
based recombinant vaccine produced by Merck that appeared to be the most immunogenic available
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construct in human studies. This study was terminated prematurely, as study subjects were neither
protected from HIV-1 infection nor experienced reduced VL when infection occurred [57, 58].
However, progressive improvements in the constructs used to elicit T-cell responses have provided
some encouragement in the macaque model. For example, a heterologous rAd26 prime/rAdS boost
vaccine regimen expressing SIV Gag elicited broader and stronger cellular immune responses than
had been seen with the homologous rAd5 regimen, which led to significantly lower set-point VLs as
well as decreased AIDS-related mortality compared with control animals following challenge with a
pathogenic simian immunodeficiency virus strain (SIVmac251) [59]. More recently, a novel approach
using rhesus CMV constructs induced effector-memory T cells at mucosal sites that correlated with
protection from infection in 4 of 12 macaques repeatedly challenged with the highly pathogenic
SIVmac239 strain [60]. Further encouragement to the HIV vaccine field came from the results of the
rv144 phase III efficacy trial of a combination of canary pox priming and HIV envelope protein boost
tested in a low-risk population in Thailand [61]. Although the incidence of new infections was low in
this study, meaning that significant efficacy was only seen in one of the three analyses (the modified
intention-to-treat analysis), the vaccine appeared to confer 31% protection against infection, the first
indication of efficacy in any human study. The mechanisms of protection are not yet known, but
are unlikely to include either neutralizing antibodies or CTL, which are rarely induced by this vaccine
approach.

Mucosal Vaccines

Mucosal immunization has been demonstrated to induce mucosal responses, and as the first sites of
SIV and recombinant simian-human immunodeficiency virus (SHIV) infection in neonatal rhesus
macaques are mucosal surfaces [62], similar tissues are likely to be exposed in MTCT of HIV-1 [63].
Both intrapartum and breast milk HIV-1 transmission are likely to be acquired through the oral route,
and therefore HIV-1 specific immunity present at this site is most relevant to preventing breast milk
transmission. Many cellular and cytokine properties of the neonatal oral and intestinal tissues
are known to differ from the adult: these could either represent protective or susceptibility
factors and include the levels of y3 T cells, NK cells, macrophages, DC, IgG, IgA and secretory IgA
levels, and levels of cytokines such as TNF-a and IFN-y [64].

Mucosal vaccines developed for PMTCT of HIV-1 could exploit the common mucosa-associated
lymphoid tissue to explore oral or nasal delivery. Oral delivery, although attractive for neonates, has
challenges such as induction of tolerance, limitations in the choice of safe effective adjuvants, require-
ment for large doses of antigen, and the need for antigen stability in the gut. This last concern has been
addressed through the development of lipid vesicles or polymeric nanoparticles that act as immunos-
timulants while preserving immunogens from intestinal enzymes. So far only a limited number of
orally administered vaccines against HIV have been tested in humans. An attenuated canarypox vec-
tor (vCP 205) and Salmonella vaccine vector (CKS257) vaccine platforms were both reportedly well
tolerated in humans but with less than expected mucosal immunogenicity [65, 66]. As opposed to oral
vaccine delivery, the main advantage of nasally administered vaccine is the requirement for smaller
doses of antigen. Several vaccine formulations have been tested in adults including peptides, DNA,
and live bacterial and viral vectors [64]. Mucosal vaccine development against HIV-1 appears to
require the deployment of stronger adjuvants, the use of which may be associated with safety con-
cerns in young children.

In summary, a pediatric vaccine to prevent HIV infection would rapidly induce both antibody and
cellular responses detectable at mucosal surfaces that would remain at effective levels during the dura-
tion of breastfeeding. A greater understanding of the most important inductive and effector sites in the
newborn would guide research to address such questions as to whether systemic immunization can
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induce sufficient mucosal immunity, if oral or nasal vaccines can be effective, and if appropriate
adjuvants can be developed for an effective vaccine development strategy for use in HIV-1-exposed
infants.

SIV and SHIV Models for Vaccine Strategies for PMTCT
of HIV Infection—Active and Passive Inmunization

Animal models, especially the rhesus macaque/SIV-SHIV model, have been used to address areas
of uncertainty in pediatric vaccine design, including the most appropriate vaccine, the timing of
immunizations, and the duration of vaccine elicited responses. The SIV models for vertical transmis-
sion of HIV-1 and for neonatal vaccine development were validated in the 1990s and many important
proof-of-concepts have been demonstrated including protection of newborn macaques from oral
SIV/SHIV challenge through maternal vaccination and through administration of passive hyper-
immune serum (SIVIG/HIVIG) or neutralizing monoclonal antibodies at birth [67-71].The mecha-
nism of protection from infection could include antibody binding alone, classic viral neutralization,
or NK cell-mediated antibody dependent cellular cytotoxicity. But will passive immunization to
prevent MTCT of HIV-1 work? There are many challenges to this approach, particularly the compo-
sition of the antibody cocktail, which would need to be effective against more than one HIV clade
and circulating recombinant forms, and the scale-up delivery logistics are daunting. Alternatively,
boosting of maternal antibody levels by vaccination represents an important strategy to augment pas-
sive immunity during the infant’s early months of life, until the infant can be actively immunized.
However, the role of maternal antibody in reducing the effectiveness of immune responses in the
newborn, especially T-cell responses, is a concern. This may be addressed in the results of a phase
IIT randomized clinical trial that was completed in Uganda in 2006 (http://www.mujhu.org/hivi-
glob2.html). The trial was designed to compare the standard single-dose mother/infant nevirapine
regimen for PMTCT with the addition of HIV immune globulin (HIVIGLOB) or a second arm of
extended infant NVP dosing compared with the standard single-dose NVP regimen alone without
HIVIGLOB and enrolled 722 mothers with 204 in the HIVIGLOB arm. The data from the HIVIGLOB
arm were pooled with other data from Johns Hopkins trials in Ethiopia and India, and results are not
yet available.

Live attenuated vaccines have the advantage of prolonged antigen delivery and stimulation of both
innate and adaptive immunity. Modified vaccinia virus Ankara (MVA) and canarypox viral vectors
(ALVAC) have been tested in the rhesus macaque/SIV-SHIV models in advance of human trials.
MVA expressing SIV gag, pol, and env or expressing SIVmaclAll was used to immunize infant
macaques at birth and at 3 weeks of age [72]. The infants were challenged at 4 weeks of age with
uncloned STVmac251, using a multiple low-dose challenge model to deliver virus three times a day
over 5 days to mimic breast milk exposure. Although the immunization regimen was unable to prevent
infection, immunized infants mounted antibody responses and had improved clinical outcome com-
pared to controls. An attenuated recombinant canary pox vector expressing SIV gag, pol, and env
(ALVAC-SIV) was used to immunize infant macaques at birth, 2 and 3 weeks of age, followed by
repeated oral low-dose challenge [73]. In this experiment, significantly fewer immunized infants were
infected (6/16) compared to the unimmunized controls (14/16), demonstrating that neonatal immuni-
zation provided partial protection from infection. Finally, a topical DNA vaccine containing HIV-1
gag and env (DermaVir) represents an immunization strategy that targets lymph node DC. Rhesus
macaques immunized with DermaVir generated HIV-1 specific Thl and Th2 cytokines and antigen-
specific memory T cells, while serum antibody levels were boosted after p27/gp140 protein boosting.
Following mucosal challenge, none of the animals were protected from infection; however 4/5
immunized monkeys had reduced peak and set-point viremia [74].
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Pediatric Clinical Trials of HIV Vaccines

The most recently reported clinical trials of live attenuated vaccine constructs tested as PACTG 326
part 1 and part 2 include the ALVAC constructs vCP205 and ALVAC-HIV vCP1452. Immunization
of neonates was well tolerated and induced lymphoproliferative and/or cytotoxic T-cell responses in
vaccines: ~40% of infants immunized with ALVAC vCP205 and 75% of infants immunized with
ALVAC vCP1452 [75]. An MVA-vectored vaccine is also currently under evaluation in an open ran-
domized phase I/II study evaluating safety and immunogenicity of a candidate HIV-1 vaccine, MVA.
HIVA, administered to healthy infants born to HIV-1 infected mothers in Nairobi, Kenya. This active
study aims to enroll 72 HIV-1 uninfected infants by the end of 2010, with infants in follow-up for
18 months. Infants will be randomized to receive MVA.HIVA or to remain unvaccinated. The design
of the study will allow for multiple secondary aims for comparison of immunogenicity to other
national immunization program vaccines in the MVA.HIVA vaccinated or unvaccinated infants
(Tomas Hanke, personal communication).

Concerns Regarding Infant Vaccine Development

Many key questions regarding the development of a successful adult HIV-1 vaccine are equally valid
for a neonatal immune-based intervention for PMTCT. However, pediatric vaccine development also
faces a series of unique concerns. These include, but are not limited to, regulatory/ethical issues appli-
cable to vulnerable populations, physiologic constraints of blood volumes that may limit the degree
of safety and immunogenicity testing, existing immunization schedules and potential vaccine
interference, and simultaneous exposure to both vaccine and pathogen in the presence of maternal
antibodies and the developing neonatal immune system.

Currently, infants are immunized worldwide against an array of infections delivered over the first
2 years of life, including BCG, polio, hepatitis B, diphtheria, pertussis, tetanus, pneumococcus, and
Hemophilus influenza b (Hib). Investigations into the sequence of exposure to murine viruses have
demonstrated that the magnitude and specificity of the immune response elicited by the most recent
infection are modified by the host’s history of previous infections [76]. In newborn mice and humans,
Mycobacterium bovis BCG immunization induces a potent immune response and this response has
been shown to alter immunity to unrelated vaccines [77]. Also, individual components of multiva-
lent vaccines may induce responses that differ when given individually or in combination (reviewed
in ref. [78]). Therefore, the timing of introduction of new vaccines into the existing Expanded
Program of Immunizations has the potential to modify responses to both previous and subsequent
vaccines.

Vaccine constructs and adjuvants may also react differently in infants, although thus far, recom-
binant HIV-1 gp120 delivered either in alum or MF59, and recombinant canarypox vectored vac-
cines for HIV have proven safe in pediatric populations (PACTG 230, 326, and HPTN 027), while
the testing of adjuvant CRM, , for use in multivalent pediatric vaccines has shown to improve
immunogenicity of certain vaccines [79]. Live attenuated SIV vaccines tested in neonatal macaques
have also proved safe, with the rare exception of a multiply deleted STVmac239 that when admin-
istered to neonates, showed unexpected pathogenicity not initially observed in adults. Pathogenesis
in adults was later documented in ~25% of vaccinated adults after a median of ~3 years of
infection [80].

These concerns can be addressed readily through investment in the use of animal models, of con-
tinued testing in adults, and of basic research into underlying mechanisms of neonatal immune regula-
tion, maternal antibody interference, and vaccine interference.
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Conclusions and Future Directions

Although the HIV vaccine field still has some way to go before an effective vaccine to prevent
infection becomes available, the special issues of mother-to-child transmission and infant immuni-
zation deserve further study. We have highlighted the approaches tested to date, as well as high-
lighting the potentially modifiable infectious co-factors that can facilitate transmission of HIV-1
from mother to child in the developing world and commenting on some of the issues that will need
to be considered in the development of a pediatric HIV vaccine. Even if deployment of strategies to
prevent mother-to-child transmission of HIV-1 becomes universal, a scenario that currently seems
some distance away in resource-poor settings, it is very likely that a prophylactic HIV vaccine
will ultimately need to be given as part of the EPI. Therefore, a better understanding of infant
immune responses to candidate vaccine antigens and adjuvants is an important area for future
investigation.
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Chapter 14

Non-antiretroviral Approaches to Prevention of Breast
Milk Transmission of HIV-1: Exclusive Breastfeeding,
Early Weaning, Treatment of Expressed Breast Milk

Jennifer S. Read

Introduction

Identification of risk factors for breast milk transmission of HIV-1 has led to the development of
interventions to prevent such transmission [1]. Mixed feeding of an infant, i.e., provision of other
fluids and/or solids to the infant in addition to breast milk, has been associated with an increased risk
of mother-to-child transmission of HIV-1 [2, 3]. Therefore, exclusive breastfeeding of the infant has
been emphasized, not only for the benefits such feeding provides to infants in general [4—7], but also
specifically to prevent mother-to-child transmission of HIV-1 [8]. The longer the duration of exposure
to breast milk from an HIV-1-infected woman, the greater the transmission of HIV-1 to the infant [9].
Although complete avoidance of breastfeeding has been shown to be efficacious in preventing breast
milk transmission of HIV-1 [10], such an intervention is not feasible in many settings. Therefore, the
concept of early weaning from breastfeeding was developed, and this intervention has been evaluated
[11]. The higher the maternal HIV-1 RNA concentration (viral load), including viral load in breast
milk, the greater the HIV-1 transmission to the infant [12—15]. Treatment of expressed breast milk
with microbicidal agents or with heat to decrease breast milk viral load, and thus decrease mother-to-
child transmission of HIV-1, has been assessed [16, 17]. This chapter reviews these three approaches
to the prevention of breast milk transmission of HIV-1: exclusive breastfeeding, early weaning, and
treatment of expressed breast milk.

Exclusive Breastfeeding

In the general population, exclusive breastfeeding during the first few months of life is associated with
less morbidity and mortality as compared to mixed feeding, i.e., feeding the infant other liquids and/
or solids in addition to breast milk [4—7]. Initial studies of feeding modality among children of HIV-
I-infected women suggested, but did not definitively demonstrate, a lower risk of mother-to-child
transmission of HIV-1 with exclusive breastfeeding compared to mixed feeding [2, 18, 19]. In a study
of 168 breastfed infants of HIV-1-infected women in Sdo Paulo State, Brazil, breastfed infants who
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ingested other fluids were at higher risk, albeit not statistically significantly, of acquisition of HIV-1
infection [other milk: adjusted odds ratio=1.7 (95% CI: 0.6—4.7); tea or fruit juice: adjusted odds
ratio=1.7 (95% CI: 0.5-5.7)] [18]. In an analysis of 551 HIV-1-infected women and their infants
enrolled in a randomized clinical trial of vitamin A supplementation in South Africa, the cumulative
probability of HIV-1 infection at 3 months of age for three groups was assessed: 157 formula fed
infants who were never breastfed, 276 infants with mixed feeding, and 118 infants exclusively breast-
fed for 3 months or more [2]. Exclusive or mixed breastfeeding was defined as without or with water,
other fluids, or food. At 3 months, the estimated proportion of infants with HI'V-1 infection was lower
for infants exclusively breastfed for 3 months (14.6%; 95% CI=7.1-21.4%) than for those who had
mixed feeding before 3 months (24.1%; 95% CI=19.0-29.2%) (p=0.03). In analyses adjusted for
maternal CD4/CDS ratio, syphilis, and preterm birth, the hazard ratio for exclusive breastfeeding
compared to that for mixed feeding was 0.52 (0.28-0.98).

Subsequently, additional studies were undertaken to assess if and how exclusive breastfeeding was
protective against mother-to-child transmission of HIV-1. The ZVITAMBO Study Group [3] evalu-
ated infant feeding modality and HIV-1 transmission among HIV-1-infected women and their infants
enrolled in a vitamin A supplementation trial in Zimbabwe. Infant feeding modality was categorized
according to maternal report. Exclusive breastfeeding was defined as infant consumption of only
breast milk and no other liquids or solids except prescribed medications and vitamins at three time
points (6 weeks, 3 months, and 6 months), or at two of the three time points if the nonbreast milk item
consumed at the third time point was a nonmilk liquid. Predominant breastfeeding was defined as
infant consumption of predominantly breast milk, but nonmilk liquids (e.g., water, juice, tea, cooking
oil) also were consumed at all three time points (or, if consumed at two of the three time points, with
exclusive breastfeeding reported at the third time point). Mixed breastfeeding was defined as infant
consumption, at one or more time points, of breast milk and either non-human milk (e.g., infant for-
mula or cow’s milk), or of solid or semisolid food, or of both. Of 2,060 infants of HIV-1-infected
women with negative HIV-1 DNA PCR results at 6 weeks of age and complete feeding information,
early mixed breastfeeding was associated with an increased risk of mother-to-child transmission com-
pared to exclusive breastfeeding: at 6 months [hazard ratio (HR)=4.03 (95% CI: 0.98, 16.61); p=0.05],
at 12 months [HR=3.79 (95% CI: 1.40, 10.29); p=0.009], and at 18 months [HR=2.60; 1.21, 5.55);
p=0.02]. The hazard ratios for predominant breastfeeding were consistently elevated compared to the
reference category of exclusive breastfeeding at each time point, but statistical significance was not
demonstrated. Later, in an intervention cohort study conducted in South Africa [8], 1,405 infants born
to HIV-1-infected women were evaluated. In this study, breastfed infants who received solids at any
time after birth were significantly more likely to become HIV-1-infected by 6 months of age than
exclusively breastfed infants [HR=10.87 (95% CI: 1.51-78.00); p=0.02]. Finally, in a prospective
cohort study in Zambia [20], part of a randomized trial of early weaning [11], associations between
infant feeding modalities and HIV-1 transmission were assessed. A total of 958 HIV-1-infected women
and their infants were enrolled, and all of the women were encouraged to exclusively breastfeed for
4 months. HIV-1 transmission before 4 months was significantly lower among infants who were
exclusively breastfed than among infants who were not (p=0.004). The relative hazard of nonexclu-
sive breastfeeding was 3.48 (95% CI: 1.71-7.08). Importantly, there were no significant differences in
the severity of HIV-1 disease between those mothers who did or did not exclusively breastfeed, and
the relative hazard of nonexclusive breastfeeding remained significant [2.68 (95% CI: 1.28-5.62)]
after adjustment for maternal CD4 count, maternal plasma viral load, and other variables.

The association of exclusive breastfeeding and a decreased risk of mother-to-child transmission of
HIV-1 seems counterintuitive, since exclusively breastfed infants ingest a greater amount of HIV-1-
infected breast milk [21]. Mechanisms that have been proposed for the association of mixed feeding
and an increased risk of infant HIV-1 infection include (1) mixed feeding damages the intestinal
mucosa, thus facilitating HIV-1 infection of the infant through increased permeability or intestinal
immune activation; and (2) infant feeding modalities other than exclusive breastfeeding lead to
subclinical mastitis, which in turn is associated with increased breast milk viral load, leading to an
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increased risk of HIV-1 infection of the infant [22]. However, investigation of the first hypothesis has
so far yielded no evidence that mixed feeding damages the intestinal mucosa; among 272 infants of
HIV-1-infected South African women, results of a lactulose/mannitol dual sugar test did not demon-
strate increased intestinal permeability among infants with mixed feeding relative to exclusively
breastfed infants, and urinary neopterin (an indicator of immune system activation) excretion was not
associated with infant feeding modality [23]. Similarly, evaluation of the second hypothesis indicated
mixed breastfeeding was not associated with mastitis or elevations of breast milk viral load [24]. In
the absence of proven biological mechanisms for a causal relationship between infant feeding modal-
ity and mother-to-child transmission of HIV-1, it has been proposed that HIV-1-infected women who
are relatively healthier, and thus at decreased risk of transmitting HI'V-1 infection to their children, are
more likely to exclusively breastfeed their infants than HIV-1-infected women with more advanced
disease [25, 26]. However, mothers who exclusively breastfed their children did not appear to be
healthier than mothers who provided mixed breastfeeding to their children in different studies [20,
24]. Thus, differences in maternal HIV-1 disease severity between those mothers who did or did not
exclusively breastfeed their infants do not seem to explain the association of exclusive breastfeeding
with a lower risk of transmission.

Early Weaning

A longer duration of breastfeeding is associated with a greater risk of mother-to-child transmission of
HIV-1 [9, 10]. In an individual patient data meta-analysis of data regarding over 4,000 children of
HIV-1-infected women with negative HIV-1 diagnostic assays at 4 weeks of age, the risk of breast
milk transmission of HIV-1 was generally constant throughout breastfeeding [9]. The cumulative
probability of HIV-1 infection increased with a longer duration of breastfeeding, at a rate of approxi-
mately 0.5% transmissions/month of breastfeeding between 1 and 18 months of age [9]. Similarly, in
the randomized clinical trial of breastfeeding and formula feeding with over 400 mother—child pairs
included in the analysis, the cumulative probability of HIV-1 infection increased as the duration of
breastfeeding increased, from birth until follow-up ended at 24 months of age [10]. Complete avoid-
ance of breastfeeding, although efficacious in preventing mother-to-child transmission of HIV-1 [10],
is not feasible in many parts of the world. Therefore, early weaning from breastfeeding was consid-
ered as an intervention that would allow a child to experience the benefits of breastfeeding while limit-
ing exposure to HIV-1-infected breast milk.

The Zambia Exclusive Breastfeeding Study (ZEBS) was an unblinded, randomized clinical trial
conducted in Lusaka, Zambia, among HIV-1-infected women to determine whether exclusive breast-
feeding for 4 months, followed by abrupt weaning, would decrease mother-to-child transmission of
HIV-1 and mortality during the first 24 months after birth as compared to the standard practice of
continuing breastfeeding for a longer period of time [11]. HIV-1-infected women were recruited from
antenatal clinics in Lusaka where voluntary HIV-1 counseling and testing along with single-dose nevi-
rapine prophylaxis [27] were offered. Between May 2001 and September 2004, 1,435 HIV-1-infected
pregnant women at less than 38 weeks’ gestation were recruited. Enrolled women who were still breast-
feeding their infants at 1 month after delivery (n=958) were randomized. Those randomized to the
intervention arm were encouraged to exclusively breastfeed for 4 months, and then to wean as rapidly
as possible. A 3-month supply of infant formula and fortified weaning cereal were provided. Women
randomized to the control group were encouraged to exclusively breastfeed for 6 months, and subse-
quently introduce complementary foods gradually. Complementary foods were not provided. The dura-
tion of breastfeeding in the control group was according to each woman’s own choice. The median
durations of breastfeeding were 5 months (intervention arm) and 16 months (control arm). There
was no significant difference in the rate of HIV-1-free survival of the children to 24 months according
to randomization arm (68.4% intervention arm and 64% control arm; p=0.13). Among children
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who were HIV-1-uninfected and still being breastfed at 4 months of age, there was no significant
difference in HIV-1-free survival at 24 months (83.9% intervention arm and 80.7% control arm,;
p=0.27). However, children who were HIV-1-infected by 4 months of age were more likely to die by
24 months if their mothers were randomized to the intervention arm (73.6%) compared to the control
arm (54.8%) (p=0.007). Therefore, early, abrupt weaning by HI'V-1-infected women did not improve the
rate of HIV-1-free survival among their children, and was detrimental to HIV-1-infected children [11].

An important feature of the intervention arm of this trial was that early weaning, when utilized, was
encouraged to be performed abruptly, or as rapidly as possible. Women were provided counseling and
other support and instruction prior to, during, and after weaning to try to ensure the safest transition
from exclusive breastfeeding to replacement feeding, and to avoid prolongation of mixed feeding.
However, abrupt weaning is associated with mastitis and elevations in HIV-1 RNA concentration
(viral load) in breast milk [28], and it is possible that more gradual weaning from breast milk could
reduce the risk of transmission of HIV-1.

A later analysis of data from the trial was undertaken to examine the relationship between early
weaning and HIV-1-free survival according to the severity of maternal HIV-1 disease [29]. Early
weaning was harmful and continued breastfeeding resulted in better outcomes among children of
women with less severe HIV-1 disease during pregnancy. However, for children of women with more
severe HIV-1 disease during pregnancy (who were eligible for antiretroviral therapy, but did not
receive it), early weaning was associated with better outcomes.

Associations between actual breastfeeding duration and mortality among HIV-1-exposed but
uninfected children of women enrolled in the ZEBS trial were examined recently [30]. Among 749
uninfected children, 9.4% died by 12 months of age and 13.6% died by 24 months of age. Compared
to weaning at ages over 18 months, weaning at earlier ages was associated with elevated risks of mor-
tality among uninfected children: weaning at 0—3 months of age (HR =3.59), at 4-5 months (HR =2.03),
at 611 months (HR=3.54), and at 12—-18 months (HR =4.22). Maternal CD4+ count was a signifi-
cant effect modifier, and the risk of mortality associated with weaning was greater among children of
mothers with higher CD4+ cell counts.

Although limiting the duration of exposure to breast milk from an HI'V-1-infected woman decreases
the risk of transmission of HIV-1 to the infant, multiple studies in addition to ZEBS have shown an
association between complete avoidance of breastfeeding or early weaning from breast milk and
infant morbidity and mortality due to gastroenteritis [31-39]. In light of data regarding the risks asso-
ciated with early weaning, this intervention has not been investigated further as an intervention to
prevent mother-to-child transmission of HIV-1 and, in fact, is no longer recommended by the World
Health Organization [40].

Microbicide/Heat Treatment of Expressed Breast Milk

A higher breast milk viral load is associated with a higher risk of mother-to-child transmission of
HIV-1 [12-15]. Therefore, treatment of expressed breast milk with microbicidal agents or heat has
been proposed as an intervention to decrease breast milk viral load and thus decrease the risk of trans-
mission of HIV-1 through breast milk.

Alkyl sulfates, such as sodium dodecyl sulfate (SDS), are microbicides with activity against HIV-1
at low concentrations that are inexpensive, with little or no toxicity [41]. Inactivation of HIV-1 in breast
milk with 0.1% SDS has been reported [42]. However, results of subsequent research (specifically, clini-
cal studies of this intervention to prevent breast milk transmission of HI'V-1) have not been reported.

Studies of heat treatment of breast milk to prevent HIV-1 transmission were initiated after an early
study involving 17 breast milk samples from four HIV-1-infected women, in which simply allowing
the milk to remain at room temperature for 6 hours in an attempt to inactivate HIV-1 was ineffective;
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six of seven samples (86%) had positive HIV-1 DNA assays [43]. However, none of eight breast milk
samples subjected to boiling had positive HIV-1 DNA assay results [43].

Heat treatment methods can be divided into two groups: direct heat treatment of breast milk and
indirect heat treatment in hot water baths. Different methods of direct heat treatment of breast milk of
HIV-1-infected women have been considered. Holder pasteurization (62°C for 30 min) is routinely
practiced by milk banks worldwide to eradicate pathogens, including HIV-1, from breast milk sam-
ples. The advantages of this type of direct heat treatment are that both cell-free and cell-associated
HIV-1 are undetectable after treatment, and lysozyme activity is conserved, but the disadvantages are
that IgA concentrations are reduced by 20% and there is complete loss of IgM and most of lactoferrin
[44]. Alternatively, with direct heat treatment of only 56°C for 30 min, immunoglobulins (IgA and
IgM) and iron-binding proteins are conserved [45], but cell-associated HIV-1 remains detectable [44].
A third approach of direct heat treatment has been described which involves solar-powered pasteuri-
zation at 60°C for 30 min [46], but this approach is expensive, the extent of loss of nutritional compo-
nents is unclear, and it involves a large machine which would be obvious to the community in which
the HIV-1-infected woman and her infant live.

Indirect heat treatment of breast milk, by heating expressed breast milk in hot water baths, has been
evaluated in several studies. In early studies, “Pretoria pasteurization,” involving heat transfer from
450 mL of water heated to the boiling point in an aluminum pan to a smaller volume of milk in a glass
jar placed into the water, maintained milk at a temperature of 56—-62.5°C for 12—15 min [47]. In a
study of 26 samples from known HIV-1-infected women and 25 samples from HIV-1-uninfected
women or women of unknown HIV-1 status, there was no evidence of viral replication in breast milk
samples that had undergone Pretoria pasteurization [48]. Finally, evaluation of 58 breast milk samples
showed that Pretoria pasteurization killed pathogenic and commensal bacteria in hand-expressed
breast milk, and expressed breast milk that had undergone this procedure was maintained without
refrigeration for up to 12 hours with a minimal likelihood of bacterial contamination [49].

Subsequently, “flash heat” treatment of breast milk samples was evaluated. This procedure entails
manually expressing 75—150 mL of breast milk into sterile jars. Then, 50 mL of expressed breast milk
is placed in a glass jar heated in a 450-mL water jacket in an aluminum pan until water boils. Following
this, the expressed breast milk is removed [50]. A pilot study evaluating the viral, nutritional, and
bacterial safety of flash-heated and Pretoria-pasteurized breast milk (n=5 samples) suggested flash
heating may be superior to Pretoria pasteurization in terms of viral neutralization, although both
methods retain nutrients and destroy bacterial contamination [50]. In a subsequent study of flash heat-
ing of breast milk [17], 98 breast milk samples were collected from 84 HIV-1-infected women in
South Africa and divided into two groups: unheated control and flash heating. At baseline, detectable
HIV-1 was found in breast milk samples from 26/84 mothers (31%). Thirty breast milk samples with
detectable viral load were subjected to flash heating, and subsequently none had a detectable viral
load. More recently, multiple viral assays (including reverse transcriptase and peripheral blood mono-
nuclear cell neutralization assays) were utilized to assess inactivation of HIV-1 in five flash-heated
breast milk samples [51]. Flash heating inactivated a high titer of cell-free and cell-associated HIV-1,
and 99.7% of cells were killed (suggesting that transmission of HIV-1 through latently infected lym-
phocytes would not occur).

Later studies evaluated the effect of flash heating on vitamin content, immunoglobulin concentra-
tions, and antimicrobial activity in breast milk. First, expressed breast milk from 50 HIV-1-infected
women in South Africa was assayed for vitamin content (vitamins A, C, B,, B ¢ By and folate) [52].
Vitamin B, was decreased to 59%, and vitamin B, was decreased to 96%, of that in unheated milk.
Three vitamins were increased significantly (vitamin B ,, vitamin C, and folate), and vitamin A was
not significantly affected by flash heat. Next, breast milk samples from 50 HIV-1-infected women in
South Africa underwent flash heating and then were assayed for immunoglobin concentrations [53].
Flash heating resulted in significantly decreased total IgA and IgG concentrations (decreased by 20
and 33%, respectively). However, IgA and IgG binding to influenza viruses increased by 13 and 15%,
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respectively. Finally, 50 breast milk samples from HIV-1-infected women in South Africa were
divided into two aliquots, “spiked” with Staphylococcus aureus and Escherichia coli, and then sub-
jected to flash heating or no heat [54]. The bacteriostatic activity of breast milk was unaffected (no
difference in the rate of growth of either organism according to heat treatment). However, mean anti-
bacterial activity of lactoferrin and lysozyme was decreased by 11.1 and 56.6%, respectively by flash
heat treatment. Only 80% of heated lactoferrin survived digestion, compared to 100% of lactoferrin
in unheated breast milk (p <0.0001). But, there was no significant difference between pre- and posthe-
ated digested breast milk samples (p=0.12), indicating heating did not affect the amount of lysozyme
that survives digestion.

Although concerns have been raised regarding the practicality of interventions to prevent breast
milk transmission of HIV-1 that involve treating expressed breast milk, qualitative data from Zimbabwe
support the acceptability of heat treatment [55]. In this study [55], and in another, unpublished study
(Caroline Chantry, personal communication, 31 March 2011), potential obstacles including time
constraints as well as social and cultural stigma appeared to be overcome by its perceived affordability
and the potential to prevent transmission. Further studies are required to more definitively address
logistical issues related to treatment of expressed breast milk.

Summary

Based on these data regarding exclusive breastfeeding, early weaning, and treatment of expressed
breast milk, the World Health Organization recently updated their guidelines on HIV-1 and infant
feeding [40]. Thus, HIV-1-infected women whose infants are HIV-1-uninfected or of unknown HIV-1
infection status should exclusively breastfeed their infants for the first 6 months of life, and continue
breastfeeding for the first 12 months of life with concomitant antiretroviral prophylaxis. Breastfeeding
should only stop once nutritionally adequate and safe infant dietary intake is assured. Abrupt weaning
from breast milk should be avoided; HIV-1-infected women who decide to stop breastfeeding should
stop gradually within 1 month. Expressed, heat-treated breast milk could be used on an interim basis
in certain circumstances: when a low birth weight or ill newborn is unable to breastfeed, when the
mother has mastitis or is otherwise not well and is temporarily unable to breastfeed, or when the
mother needs assistance in stopping breastfeeding. HIV-1-infected women with HIV-1-infected
infants or young children should exclusively breastfeed for the first 6 months of life and continue
breastfeeding up to 2 years or more.

Future research is required to address important issues regarding exclusive breastfeeding and
treatment of expressed breast milk. Specifically, the biological mechanism underlying the observed
association between exclusive breastfeeding and a lower risk of mother-to-child transmission of HIV-1
remains to be elucidated. In addition, operational research regarding the optimal strategies to increase
the proportion of women who initiate and continue exclusive breastfeeding is still needed. Finally, a
large-scale clinical trial to evaluate the efficacy of flash heat treatment of breast milk on infant health
outcomes is planned.
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Chapter 15
Breast Milk Micronutrients and Mother-to-Child
Transmission of HIV-1

Monal R. Shroff and Eduardo Villamor

Introduction

According to the World Health Organization/United Nations Programme on HIV/AIDS [1], there
were 370,000 new cases of HIV infection among children in 2009. This is in addition to the estimated
2.5 million children already infected with HIV worldwide. Ninety percent of pediatric HIV infections
are contracted from the mother. Mother-to-child transmission (MTCT) of HIV occurs during preg-
nancy, at delivery, or through breastfeeding in about 20—45% of babies born to HIV-infected mothers,
in the absence of interventions. Because the availability of antiretroviral prophylaxis to prevent peri-
natal MTCT is expanding [2, 3], the number of infections through breastfeeding is increasing and
their prevention remains a major challenge [2].

In resource-poor countries, where replacement feeding may not be affordable, feasible, acceptable,
safe, or sustainable, HIV-positive women are recommended to exclusively breastfeed their infants
during the first 6 months of life [4]. If national authorities support breastfeeding and antiretroviral
therapy, breastfeeding can be extended until at least 12 months of age [4]. Not all children born to
HIV-infected mothers become infected during breastfeeding, despite the fact that the HIV virus is
excreted in milk. Thus, host characteristics and factors that are present in breast milk must play a
protective effect against transmission. Breast milk contains important micronutrients with the poten-
tial to modulate immune responses of the mother and infant, and affect the risk of transmission through
several pathways. In this review, we describe epidemiological and biological evidence available on the
relation between breast milk micronutrients and MTCT of HIV through breastfeeding.
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Breast Milk Micronutrients and MTCT

Vitamin A/B-Carotene

Vitamin A deficiency is still highly prevalent among women of reproductive age worldwide. In devel-
oping countries, the prevalence of vitamin A deficiency is estimated at 15% among pregnant women
[5]. Among HIV-infected persons, low serum vitamin A levels are commonplace [6-10] and have
been associated with HIV disease progression and mortality [11-13].

Vitamin A is essential for the proliferation and differentiation of immune cells, mainly lympho-
cytes [14], and for the maintenance of mucosal surfaces, especially in the gastrointestinal tract. Due
to the immunological functions of vitamin A and the fact that supplemental vitamin A can be trans-
ferred from mother to infant through breastfeeding [15], it was suggested that improved vitamin A
status in the mother could reduce MTCT through improved maternal immune competence [16].

An early observational study among 338 HIV-infected women from Malawi showed an inverse
association between serum vitamin A levels during pregnancy and mother-to-child HIV transmission
during the first year postpartum [17]. In this study, the highest rate of transmission (32.4%) occurred
among women with vitamin A levels <0.70 pumol/L, whereas the lowest (7.2%) was observed in
women with vitamin A levels >1.40 umol/L. Additional studies conducted in the USA among non-
breastfeeding HIV-infected women and their offspring offered conflicting results [18-20]. Greenberg
et al. showed that lower maternal serum vitamin A levels (<0.70 pmol/L) were associated with a five-
fold higher risk of perinatal MTCT. However, Burger et al. and Burns et al. did not find associations
between low levels of serum vitamin A during late pregnancy and the risk of early MTCT of HIV-1.

The main limitation of observational studies is the role of potential confounding variables on the
association between maternal vitamin A concentrations and risk of MTCT. Also the association could
not be deemed causal because serum retinol levels are not necessarily representative of vitamin A
status, especially in HIV-infected women. Because retinol binding protein is sensitive to the acute
phase response, low serum retinol could be the result of advanced maternal HIV disease stage, rather
than the cause. Despite their limitations, findings from these observational studies motivated the plan-
ning of randomized clinical trials to ascertain whether vitamin A supplementation could play a causal
role in the prevention of MTCT. Two randomized trials conducted in South Africa [21] and Malawi
[22] examined the effect of administering preformed vitamin A supplements to pregnant HIV-infected
mothers. In the South Africa study, the vitamin supplement was given to 728 women during the third
trimester of pregnancy and consisted of 5,000 IU retinyl palmitate and 30 mg 3-carotene per day, plus
200,000 IU retinyl palmitate at delivery. Babies were followed for 15 months. In the Malawi study,
697 women received a daily dose of 10,000 IU vitamin A from 18 to 28 weeks’ gestation until deliv-
ery and children were followed for HIV infection during a 24-month period. Vitamin A supplements
did not have significant effects on MTCT of HIV in these studies: RR=0.98 (95% CI: 0.73, 1.31) in
South Africa and RR=0.84 (95% CI: 0.64, 1.11) in Malawi. In a randomized placebo-controlled trial
conducted in Tanzania [23], researchers assigned 1,078 HIV-infected women between 12 and
27 weeks’ gestation, to one of four treatment groups: a daily oral dose of 5,000 IU preformed vitamin
A and 30 mg of B-carotene; multivitamins (B-complex, C, E) excluding vitamin A/B-carotene; multi-
vitamins in combination with vitamin A and [-carotene; or placebo. Supplements were administered
during pregnancy and continued throughout the first 2 years postpartum. In this two-by-two factorial
design study, vitamin A/B-carotene supplementation unexpectedly increased the risk of MTCT by age
24 months (RR=1.35; 95% CI: 1.10-21.65).

Several reasons could explain differences in the outcome of these studies. In the South Africa and
Malawi trials, supplementation was given during the antenatal period only, whereas in Tanzania,
supplementation was continued throughout the breastfeeding period. Also, the composition and dos-
age of the supplements differed among the three studies as noted before. Further, the occurrence of
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HIV infection in the infant was assessed at 3 months in South Africa, whereas in the Malawi and
Tanzania studies HIV infection was assessed throughout the first 24 months. In another trial con-
ducted in Zimbabwe, 14,110 mother—infant pairs were enrolled within 96 h of birth. Mothers and/or
infants received a single vitamin A dose in a two-by-two factorial manner: 400,000 IU for the mother
and 50,000 IU for the infant. Most of the participants initiated breastfeeding. Vitamin A supplementa-
tion given to either the mother or the infant, but not both, increased the risk of HIV infection or death
by 2 years of age among infants who were uninfected at 6 weeks postpartum [24].

The unexpected finding of increased MTCT due to maternal vitamin A supplementation prompted
a search for potential explanations. Increased viral shedding in breast milk [15, 25] and subclinical
mastitis [26, 27] are well-known risk factors for MTCT. Thus, these mechanisms might mediate the
effects of vitamin A on MTCT. An observational study in Kenya showed an association between low
vitamin A status in HIV-infected women and higher detectable HIV-1 DNA in breast milk, especially
in those with CD4 cell counts of <400/mm?® [28]. However, observational studies are subject to con-
founding, reverse causality, and other biases. Villamor et al. [29] examined the effect of vitamin A and
[B-carotene supplementation on HIV shedding in breast milk through the first 2 years postpartum in
the context of the Tanzania trial. Women who received vitamin A and B-carotene supplementation had
higher cell-free HIV load in breast milk at or after 6 months postpartum, compared with women who
did not receive these supplements. Because vitamin A and -carotene were administered together, it
was not possible to determine the effects of each nutrient separately. Nevertheless, breast milk con-
centrations of B-carotene, but not those of retinol, were positively related to HIV shedding. Biological
explanations for these findings are speculative. High dose 3-carotene supplementation has been related
to other adverse health outcomes including cancer [30, 31], possibly due to the prooxidant activity of
[B-carotene at high concentrations, and could be in part responsible for the adverse effects observed on
MTCT. However, an effect of preformed vitamin A cannot be ruled out in light of the results from the
Zimbabwe trial. Retinoids may increase expression of the chemokine (C-C) receptor 5 (CCRS), a co-
receptor for HIV in target cells [32]. It is unclear whether this mechanism may be at play in breast
milk macrophages or in mucosal cells of the infant gut.

The same group [33] examined the effect of vitamin A and -carotene supplementation on sub-
clinical mastitis which was defined as a ratio of the sodium to potassium (Na:K) concentration in
breast milk >0.6 [34]. Among women who received vitamin A and B-carotene supplements, there was
a 45% increase in the risk of severe subclinical mastitis, defined as a Na:K ratio >1. Increased inci-
dence of mastitis could contribute to explain the unexpected rise in HIV MTCT due to vitamin A and
[B-carotene supplementation. In summary, evidence to date does not support a beneficial effect of
vitamin A supplementation to prevent MTCT of HIV.

Vitamins B, C, and E

HIV-infected persons may experience profound deficiencies of water and fat-soluble vitamins. Low
dietary intake or serum levels of vitamins B, C, and E have been associated with disease progression
and mortality among HIV-infected people in observational studies [12, 35]. Some clinical trials indi-
cate beneficial effects of supplementation with these vitamins on HIV disease progression [36]. These
benefits might be mediated through enhancement of the immune function [37, 38]. For example, vita-
min B6 is involved in proliferation of lymphocytes and T-cell-mediated natural killer cell function
[38]. Low vitamin B12 levels are associated with impaired neutrophil function and CD4 cell count
decline in HIV disease [39]. Vitamin C is a potent antioxidant that protects against oxidative damage
caused by reactive oxygen species produced during phagocytosis. Vitamin E deficiency is associated
with impaired cell-mediated immunity, neutrophil phagocytosis, and decreased lymphocyte prolifera-
tion in human and animal studies [40]. Vitamin E supplementation to AIDS-infected mice increases
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IL-2 production and natural killer cell cytotoxicity, and reduces production of inflammatory cytokines
such as tumor necrosis factor (TNF)-a and IL-6 [41].

The immune modulating properties of these vitamins suggest that they could offer benefits against
MTCT. The efficacy of supplementation with vitamins B, C, and E on MTCT was tested in a random-
ized trial conducted in Tanzania [23]. In this study, 1,078 HIV-infected women were recruited when
they were 12-27 weeks’ gestation and randomly assigned to receive a daily oral dose of multivitamins
with or without vitamin A/B-carotene in a two-by-two factorial manner. The multivitamins consisted
of vitamins B-complex, C, and E, administered at several multiples of the recommended dietary
allowance. Transmission through breastfeeding was defined as infection after 6 weeks of age among
infants who were not known to be infected at 6 weeks. Multivitamins excluding vitamin A/B-carotene
resulted in a nonstatistically significant reduction in transmission of HIV through breastfeeding, and
reduced mortality among the infants who were not infected at 6 weeks of age. Among women with
low lymphocyte counts or low hemoglobin at baseline, multivitamins significantly reduced breast-
feeding transmission of HIV by 63% and 52%, respectively. Similarly, among low birth weight babies,
multivitamins significantly decreased the risk of breastfeeding transmission by 73%. In women with
low lymphocytes, serum retinol, or serum vitamin E concentrations, multivitamins significantly
decreased the risk of infant death by 24 months. This study suggests that supplementation with vita-
mins B, C, and E could offer benefits against MTCT in immunologically or nutritionally compro-
mised HIV-infected women.

Vitamin D

Vitamin D deficiency has been associated with a number of adverse health outcomes including bone
pathology, some cancers, and infections [42, 43]. Low vitamin D levels are common in HIV-infected
adults and adolescents [44—46], but the consequences of vitamin D deficiency on HIV-related out-
comes remain poorly understood. In an observational study of 884 HIV-infected pregnant women who
participated in the Tanzania trial of vitamins [46], serum levels of vitamin D at gestational weeks
20-27 were inversely associated with the babies’ risk of dying or being HIV-infected at birth
(RR=1.49; 95% CI: 1.07-2.09). Also, the risk of HIV infection by 6 weeks of age increased by 50%
(RR=1.50; 95% CI: 1.02-2.20) in children born to mothers with low vitamin D levels at baseline,
compared to mothers with higher levels. Among children who were uninfected at 6 weeks, maternal
vitamin D deficiency was associated with a twofold higher risk of MTCT through breastfeeding.

Several mechanisms could explain the potential effect of vitamin D on MTCT of HIV. Vitamin D
is a strong immune modulator and regulates activation of several immune cell lines by binding to
vitamin D receptors that are abundantly present on these cells [47, 48]. Specifically, vitamin D
increases the phagocytic capacity of macrophages and the number of natural killer cells and CDS§
lymphocytes; it also contributes to activation of effector cells during inflammation [49-51]. A ran-
domized trial of vitamin D supplementation to HIV-infected women and/or their babies would be
warranted to determine the effectiveness of this intervention in preventing MTCT of HIV and other
adverse outcomes.

Zinc

Zinc deficiency affects approximately one-third of the global population [52]. Among HIV-infected
women the prevalence of zinc deficiency can be as high as 76% [53]. The importance of zinc in the
prevention of diarrheal and respiratory morbidity in children has been widely investigated [54, 55];
however, less is known on the potential role of zinc in the prevention of breastfeeding MTCT of HIV.



15 Breast Milk Micronutrients and Mother-to-Child Transmission of HIV-1 209

Several mechanisms could support protective effects of zinc on MTCT. Zinc is involved in the
maintenance of cell-mediated immunity and in the regeneration of CD4 T cells [56]. It may also
inhibit the production of proinflammatory cytokines, including TNF-o, which have been implicated
in the pathophysiology of HIV infection [57]. Zinc contributes to maintaining gut integrity and innate
immunity on gastrointestinal epithelia, which can be compromised during HIV infection [58]. Zinc is
part of the copper-zinc superoxide dismutase enzyme, which is important for protection against over-
production of free radicals seen during early stage of infection [59]. On the other hand, zinc is part of
the HIV nucleocapsid protein, which is fundamental for viral assembly and infectivity [60]. Thus,
HIV-1 could be characterized as a zinc-dependent virus.

Low serum levels or low dietary zinc intake were associated with accelerated HIV disease progres-
sion [61] and mortality [35, 62, 63] in some observational cohort studies. In others, however, positive
associations were reported between zinc status and adverse HIV-related outcomes [12, 35]. Although
zinc supplementation trials have been conducted among nonpregnant adults [64, 65] and in children
[66], the potential effects of zinc supplementation on MTCT of HIV have only been examined in one
trial [67]. Four hundred HIV-infected women were recruited between 12 and 27 weeks of gestation in
Dar es Salaam, Tanzania. They were randomized to receive oral daily zinc supplements (25 mg) or
placebo from the time of recruitment till 6 weeks postpartum. The authors found no effect of zinc
supplementation on early mother-to-child HIV transmission. It is uncertain whether zinc could have
an effect on breastfeeding MTCT since follow-up ended at 6 weeks postpartum.

Considering the protective effects of zinc supplements against diarrhea and immunological failure
among HIV-infected persons suggested by previous trials [65, 66], a potential effect on MTCT cannot
be discounted. Whether this effect exists would need to be examined in the context of antiretroviral
prophylaxis against MTCT of HIV.

Selenium

Selenium deficiency is prevalent among HIV-infected persons and has been associated with progres-
sion of HIV disease and mortality [68, 69]. Low selenium levels have been reported among HIV-
infected pregnant women [53, 70]. In children infected with HIV, low levels of selenium are related to
increased risk of mortality [71].

In an observational study among 670 Tanzanian women, low selenium serum levels at weeks 20-27
of gestation were related to HIV transmission through the intrapartum route (RR=2.51; 95% CI:
1.19-5.30) [70]. In a study of 318 women from Kenya [72], serum selenium levels were inversely
related to vaginal HIV-1 shedding. This finding could contribute to explain the association with intra-
partum MTCT observed in Tanzania.

The effect of selenium supplementation on MTCT has not been examined in randomized trials.
However, one trial reported the effect of selenium supplementation to HIV-infected women on infant
mortality in Tanzania [73]. In this study, 915 HIV-infected pregnant women between 12 and 27 weeks’
gestation were assigned to receive a daily oral dose of 200 pg selenium or placebo from the time of
recruitment to 6 months postpartum. Selenium supplementation reduced the risk of child mortality
after 6 weeks by 57% (RR=0.43; 95% CI: 0.19-0.99). In another randomized, placebo-controlled
trial from Kenya [74], 400 HIV-1-infected nonpregnant women were supplemented for 6 weeks with
micronutrients including selenium (B-complex vitamins, vitamin C, E, and 200 pg of selenium).
There was a statistically significant, twofold increase in vaginal shedding of HIV-infected cells in the
supplementation group compared to placebo. While these results suggested higher infectivity in
women assigned to the micronutrients group, it is not possible to attribute this effect to selenium. In
summary, selenium supplementation to HIV-infected pregnant women may decrease early infant mor-
tality but it is unknown whether this effect could be mediated through decreased MTCT.
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Conclusion

Human breast milk is a rich source of micronutrients that have strong immune modulating properties
and anti-infective potential. Some of these nutrients could modify the risk of MTCT of HIV through
breastfeeding. Evidence from randomized trials indicates that maternal supplementation with high
dose vitamin A and B-carotene may increase the risk of MTCT of HIV and cannot be safely recom-
mended. On the other hand, supplementation with vitamins B-complex, C, and E may be protective
against MTCT in HIV-infected women who are nutritionally or immunologically compromised. The
role of other micronutrients on the risk of MTCT through breastfeeding has not been evaluated in
clinical trials; however, observational studies suggest that vitamin D could be protective. Possible
benefits from zinc and selenium cannot be ruled out, but current available evidence is insufficient to
recommend routine supplementation with these nutrients. Some other breast milk factors that are
potentially amenable to modification through supplementation have been recently identified as modu-
lators of the risk of MTCT of HIV. These include complex oligosaccharides that carry the Lewis
antigen glycan [75], long chain n—6 polyunsaturated fatty acids [76], and erythropoietin [77]. The
efficacy of these factors in preventing MTCT is still to be tested in randomized clinical trials. In the
meanwhile, additional efforts are required to increase the availability of prophylactic antiretroviral
regimens to prevent MTCT in the areas most hardly hit by the HIV epidemic. Whether micronutrient
supplementation could offer additional benefits when administered together with antiretroviral pro-
phylaxis or treatment is an important research question that is currently under evaluation in random-
ized clinical trials.
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Chapter 16

Historical Perspective of African-Based Research
on HIV-1 Transmission Through Breastfeeding:
The Malawi Experience

Taha E. Taha

Introduction

Transmission of HIV-1 from the mother to the infant postnatally through breastfeeding remains an
important concern in sub-Saharan Africa where breastfeeding is widely practiced. African women
continue to breastfeed despite the risk of transmitting HIV to their infants for several reasons [1]:
(a) breastfeeding is encouraged by family members and has been culturally adopted by generations of
postpartum women; (b) not breastfeeding raises suspicion in the community about the HIV status of
the woman and could potentially lead to discrimination; (c) breastfeeding is the most important nutri-
tional source for the growing child; (d) breastfeeding is readily available and convenient for the mother
to provide the infant whenever needed; and (e) in several African settings, substitutes of breast milk
are either expensive or not safe to use due to lack of safe water to prepare these substitutes and vehi-
cles for feeding the infant can easily become contaminated. Additionally, strong global evidence
exists showing that breastfeeding protects against diarrheal and upper respiratory diseases of the
infant [2—4]. Biologically, breast milk is known to contain several well-documented protective factors
[5-7]. In a pooled analysis of data from multiple countries, the protective effects of breastfeeding
were greatest during early infancy and declined with increasing age: the risk of death associated with
infectious diseases among infants not breastfed compared to breastfed was 5.8 times higher during the
first month, 4.1 times higher during 2-3 months, 2.6 times higher during 4-5 months, 1.8 times higher
during 6-8 months, and 1.4 times higher during 9—11 months of age [8].

The 2010 report of the World Health Organization [9] showed encouraging trends of declining
numbers of children born with HIV. Nonetheless, approximately 370,000 (range: 230,000-510,000)
children were newly infected with HIV in 2009. Most of these infections occurred in Africa where
HIV prevalence among women of reproductive age remains high (the UNAIDS report estimated that
1.8 million adults and children were newly infected with HIV and 1.3 million AIDS-related deaths
occurred among adults and children in 2009). In some countries such as South Africa, even the rates
of HIV acquisition (incidence) remain high (=9 per 100 person-years [pys] in S. Africa and
=4 per 100 pys in Malawi [10, 11]). The recent successes of declines in mother-to-child transmission
(MTCT) of HIV are the result of combination of factors including spread of antiretroviral coverage
primarily for prophylaxis and also for treatment. This achievement, however, conceals some major
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historical attempts started in the early days of the HIV epidemic and through the mid-nineties to
understand the magnitude of the HIV epidemic among women and children and to initiate preventive
activities.

In this chapter, we provide a historical account of the research experience of a single African
research site that systematically studied MTCT of HIV. This research site, the Johns Hopkins Research
Project in Blantyre, Malawi, has been conducting research on MTCT of HIV since 1989 to this date
to document rates of transmission of HIV, investigating the various risk factors associated with MTCT
of HIV and conducting interventions to reduce transmission. Evaluation of this approximately
20 years of continuous research on MTCT of HIV is a unique opportunity to link the past and the
present and explore future directions. This is an illustrative example of several on-going research col-
laborations at multiple sites in Africa, including Malawi (Lilongwe), South Africa, Kenya, Uganda,
Tanzania, Zimbabwe, Rwanda, Ivory Coast, Ethiopia as well as other sites. These research sites
provided important data that contributed to better understanding of perinatal transmission of HIV, the
role of breastfeeding, and the effect of innovative interventions to decrease MTCT of HIV in sub-
Saharan Africa.

The Johns Hopkins University Research Project, in collaboration with local institutions and com-
munities in Blantyre, Malawi, started research on MTCT of HIV in 1989. The goal of this research
project was to investigate and understand the magnitude of MTCT of HIV-1 in a breastfeeding com-
munity. In this report, we review the rates of MTCT of HIV since the early days of HIV research in
Africa, examine risk factors associated with postnatal HIV transmission, and comment on the inter-
ventions that have been developed and implemented to decrease transmission of HIV from mother to
infant primarily through breastfeeding. These research endeavors progressed over the years from
observational studies to complex interventions and are still continuing. Review of these historical
events will assist in documenting the progresses that have been made and their policy implications.

Malawi and the Johns Hopkins Research Project in Blantyre

Malawi, a southern African country with a population of approximately 12 million, is bordered by
Mozambique, Tanzania, and Zambia. This landlocked country has 20% of its surface area covered
by Lake Malawi. The capital is Lilongwe in the Central Region. Blantyre in the southern region of
Malawi is a large commercial center and is the site of the Johns Hopkins Research Project at the
Queen Elizabeth Central Hospital (QECH; Fig. 16.1). About 80% of the population of Malawi lives
in rural areas engaged in subsistence farming. According to the Malawi Demographic and Health
Survey, the infant and under-five child mortality rates (per 1,000 live birth) have been substantially
declining during the past 20 years. For example, infant mortality rates per 1,000 live births were 135
in 1992, 104 in 2000, and 66 in 2010; and under-five child mortality rates per 1,000 live birth were
234 in 1992, 189 in 2000, and 112 in 2010 [12].

AIDS was first detected in Malawi in 1985 and currently the national HIV prevalence is estimated
at 14% in adults (15—49 years old), with 900,000 adults and children living with HIV/AIDS [13]. The
predominant virus is HIV-1, more than 95% subtype C. Figures 16.2 and 16.3 show HIV-1 prevalence
and incidence among women of reproductive age in Malawi. The most recent prevalence estimate
obtained among antenatal women attending QECH in Blantyre during the period 2004-2006 is 22%
[14]. These data suggest that HIV prevalence has leveled off, and probably showing a trend of decline.
However, based on longitudinal hospital-based research studies conducted by the Johns Hopkins
University Research Project, HIV incidence during the period 1990-2009 has remained stable among
women of reproductive age (see Fig. 16.3; an additional recent estimate of HIV incidence obtained in
2008 among women of reproductive age is 4.0 [95% CI 2.3-9.4] per 100 woman-years [11]). This has
important implications regarding the potential for MTCT of HIV in Malawi.
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Fig. 16.1 The Johns Hopkins Research Project clinical research site in Blantyre, Malawi
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Fig. 16.2 HIV-1 prevalence among antenatal and intrapartum women, Blantyre, Malawi

An important strength of the Johns Hopkins Research Project is its collaboration with local partners.
This has allowed access and enrollment of large sample sizes from a single research site for both
observational and clinical trial studies. The findings from these studies are likely to be representative
of the urban and suburban populations of Malawi. Through extensive, long-term research support,
including clinical, laboratory, pharmacy, and community programs, the site has been able to build
infrastructure, train investigators and other technical staff, and locally create an environment
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Fig. 16.3 HIV-1 incidence among antenatal and postnatal women, Blantyre and Lilongwe, Malawi

Table 16.1 Mother-to-child transmission of HIV studies conducted at the Johns Hopkins Research Project in Blantyre,

Malawi, 1989-2009

# Screened [#

Study name and objective Year enrolled] References Funding source
ICAR: Determine the HIV 1989-1992 6,603 (1,366 [16, 24] NIH/NIAID
prevalence, incidence, rates of mothers)
MTCT and risk factors
PAVE: Study rates and risk factors 1993-1994 2,471 (1,100 [15,16,24,25,27, NIH/NIAID
associated with MTCT mothers) 36]
WASH: Effect of washing the birth 1994-1995 6,964 (6,964 [31, 32, 60-63] NIH/NCI
canal to prevent MTCT of HIV women)
and other infections
MCH: Determine the effect of prenatal  1995-1998 3,949 (985 [33, 36, 64-70] NIH/NICHD
vitamin A supplementation on women)
MTCT of HIV and birth outcomes
PAVE2 (HIVNET): Study of HIV 1995-1997 853 (853 babies) [35, 71, 72] NIH/NIAID/
transmission through breastfeeding HIVNET
Study the epidemiology and microbi- 1999-2002 1,000 (800 [37, 38, 73, 74] NIH/NICHD
ology of mastitis and its associa- mothers)
tion with MTCT
HPTN 024: Determine the efficacy of ~ 1998-2002 3,100 (500 [40, 75-89] NIH/NIAID/HPTN
chorioamnionitis antibiotics women)
treatment in reducing MTCT of
HIV and birth outcomes
NVAZ: Determine the effect of short 20002003 2,650 (2,650 [41,42,50-52,66, NIH/Fogarty/Doris
antiviral regimen prophylaxis of women) 90-100] Duke Charitable
AZT and NVP on MTCT of HIV Foundation
PEPI: Extended infant antiretroviral 2004-2009 34,000 (3,300 [44, 48, 49, 101] CDC

prophylaxis to reduce breast milk
transmission of HIV

mother—
infant pairs)

conducive to conduct of research. These research activities provided an opportunity to collaborate

with investigators from other institutions in the USA and regionally within Africa.

The MTCT of HIV studies conducted in Blantyre, Malawi by the Johns Hopkins University
Research Project and its collaborators are summarized in Table 16.1. These studies were approved and
monitored by appropriate institutional review boards in the country and in the USA. In addition to
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Fig. 16.4 Rates of mother-to-child transmission of HIV, Blantyre, Malawi, 1990-2009. ICAR: International
Collaborative AIDS Research [15], WASH: Birth Canal Washing study [31], MCH: Vitamin A Antenatal Supplementation
Study [36], HPTNO024: Antibiotic treatment of Chorioamnionitis Study [40], NVAZ: Postexposure Prophylaxis with
Nevirapine and Zidovudine Study [42], PEPI: Postexposure Prophylaxis of Infant Study [48], PEPI*: Postexposure
Prophylaxis of Infant substudy —sub-study [49]

independent international monitors, the clinical trials conducted at the site were also monitored by
appropriate Data and Safety Monitoring Committees. All investigators, clinicians, coordinators, man-
agers, and nursing/laboratory staff have been trained and certified in Human Subjects Protection
(HSP), and Good Clinical Practice/Good Laboratory Practice (GCP/GLP). The research site has an
active community education program to keep the community well informed of on-going research and
to solicit input in research activities. The research project provides routine clinical care including
treatment for sexually transmitted infections, anemia, malaria and antiretroviral prophylaxis and treat-
ment. Referral for specialized clinical care is also provided by project clinicians and nurses.

Figure 16.4 summarizes the trends of MTCT of HIV during the period 1989-2009 based on
research studies conducted by the Johns Hopkins University Research Project in Blantyre, Malawi.
As shown in this figure, the rates of MTCT of HIV substantially declined from approximately 35% in
1990 to low rates in recent years. These studies are summarized below to discuss the main objectives,
study design, and main findings. These experiences are discussed under four time periods signifying
some important progresses in MTCT of HIV research in Blantyre, Malawi: (1) 1989-1994; (2) 1994—
1999; (3) 2000-2003; and (4) 2004-2009.

1989-1994: The Early Days of the HIV Epidemic in Malawi

Two major observational studies, the International Collaborative AIDS Research [ICAR] and
Preparation for AIDS Vaccine Evaluation [PAVE] studies were initiated in Blantyre, Malawi in 1989
and 1993, respectively. These two studies were conventional cohort studies and in conjunction with
other similar studies in selected countries in Africa provided most of the knowledge and data about
transmission of HIV through breastfeeding in the African setting. Both ICAR and PAVE screened
women for HIV infection during pregnancy and enrolled HIV positive and a sample of HIV-
negative women at the time of delivery. Mothers and their children were followed postnatally for
2-3 years. These longitudinal studies provided the best estimates of rate of MTCT of HIV and
allowed for investigation of risk factors associated with transmission [15-17]. Additionally, these
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studies assessed the impact of HIV on the health and survival of children and their mothers [18].
Despite their rigor in following mothers and infants, however, these studies suffered a major
technological limitation: laboratory testing to confirm infant HIV infection using PCR (as commonly
practiced today at the African sites) was not yet available and the investigators were entirely depen-
dent on serology to document infant HIV infection. This approach requires following children to more
than 12 months of age for maternal antibodies to disappear before performing HIV testing using sero-
logical tests (ELISA and Western blot). During this critical period of follow-up, infants may die or be
lost to follow-up. In settings where infant/child mortality is high as in sub-Saharan Africa, this was a
major challenge.

Measuring rates of transmission at or after 12 months also does not allow for estimation of perina-
tal HIV transmission. Due to this limitation, a team of investigators (the Ghent Working Group)
developed a method to estimate the overall MTCT of HIV in these settings, taking into account the
proportion of children HIV seropositive and survival probabilities at 12 months [19]. Based on this
method, the overall rate of MTCT of HIV in the ICAR study in Blantyre, Malawi was estimated as
35.1% [15]; Fig. 16.4. At this time, it was not possible to determine how much of this transmission
was in utero, intrapartum or postnatally through breastfeeding. In subsequent years, it became appar-
ent that this estimate was consistent with other estimates from sub-Saharan Africa which showed that
transmission could be as high as 45% in breastfeeding populations [20]. It was not until a randomized
breastfeeding versus formula feeding clinical trial was conducted in Nairobi, Kenya (1992-1998),
and the results became available in 2000, that it was confirmed that 44% of the MTCT of HIV is
attributed to breastfeeding [21].

The ICAR and PAVE studies in Blantyre, Malawi, showed additional findings on the association of
some important risk factors with MTCT of HIV. At this time, not even the ACTG 076 results were
available from the USA and other developed countries showing that prophylaxis of the mother and
infant with zidovudine (AZT) can reduce perinatal transmission by 76% [22]. Therefore, the idea of
any antiretroviral-based intervention was some years away. Data from the ICAR study in Malawi
showed that women with low levels of serum vitamin A were more likely to transmit HIV to their
infants [23]. Data from the US also suggested that most of the MTCT of HIV occurs late during preg-
nancy and during the delivery process. Data from both ICAR and PAVE also showed strong associa-
tions with sexually transmitted infections (STIs) and HIV infection—both transmission and acquisition
[16]. The importance of other genital tract infections such as bacterial vaginosis (BV) was also
observed in these observational studies from Malawi [24-26].

In the early and mid-nineties when the adverse social, clinical, and economic impact of HIV among
adults started to mount and it became clear that HIV infection is reversing some of the earlier major
gains achieved in child survival in the African setting, investigators and policy makers started to seri-
ously consider potential interventions to prevent HIV transmission. This debate benefited from the
results of two important interventions (one from Africa and the other from the USA): the Mwanza
study results from Tanzania showing that a community-based treatment of STIs can reduce hetero-
sexual transmission [27] and an antiretroviral (ARV)-based intervention in the USA showing perinatal
transmission can be reduced by the use of AZT prophylaxis to mother and infant [22]. The team of
investigators working in Malawi, guided by available data locally and internationally, considered
several interventions.

1994-1999: The Nonantiretroviral Interventions Era
to Reduce MTCT of HIV in Malawi

The PACTG 076 regimen was determined to be too expensive and complex to implement in the
African setting. Therefore, interventions (if successful in reducing MTCT of HIV) that can be easily
implemented in resource-constrained settings and that can be sustained were a priority. The investigators
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in Blantyre, Malawi, initiated three innovative interventions. The main features of these interventions
were their simplicity and low cost—their efficacy was yet to be determined. The interventions imple-
mented in Blantyre to reduce MTCT were (1) cleaning the birth canal with an antiseptic solution (the
WASH study); (2) supplementing antenatal women with vitamin A (MCH study); and (3) antibiotic
treatment of chorioamionitis (HPTN 024 study). At this time, none of the interventions conducted in
Africa, with the exception of the trial conducted in Kenya that later determined the rate of HIV trans-
mission associated with breastfeeding, specifically targeted the breastfeeding mode of MTCT of HIV.
Women continued to breastfeed and the WHO recommendations regarding exclusive breastfeeding
were not issued until 2000 [28]. Table 16.2 and Fig. 16.6 show the frequency of breastfeeding among
Malawian women who participated in studies conducted at the Johns Hopkins Research Project site
in Blantyre, Malawi, 1989-2009. During the period 1989—1997, >90% of the woman still breastfed
when the infant was 1-year old.

The WASH Study (1994-1995): Cleansing the Birth Canal with an Antiseptic Solution

In the early nineties, several reports confirmed that >50% of the perinatal transmission of HIV occurs
around the time of delivery. Other studies also suggested that transmission of HIV among twins could
vary by birth order—the first twin being more likely to be HIV infected than the second [29, 30].
Other studies targeting perinatal infections with Group B Streptococcus also suggested that
cleansing the birth canal with chlorhexidine, a broad spectrum antiseptic, could reduce the frequency
of several pathogens. These findings provided adequate biological and safety data to consider a clini-
cal trial using a chlorhexidine vaginal wash to assess the efficacy of this simple intervention in reduc-
ing transmission of HIV and other perinatal infections. A secondary outcome of this trial was to assess
the efficacy of chlorhexinde wash in reducing other perinatal infections associated with maternal and
infant sepsis. A large clinical trial was conducted in a single hospital in Blantyre (the QECH) among
approximately 7,000 mother/infant pairs. The HIV infection status of infants of 3,327 control women
(conventional delivery procedures with no vaginal wash) was compared with that of 3,637 infants of
intervention-delivered women (received vaginal wash). The infants’ HIV status was determined by
PCR conducted on samples collected at 6 and 12 weeks of age. The intervention consisted of manual
cleansing of the birth canal with a cotton pad soaked in 0.25% chlorhexidine performed on admission
in labor and every 4 h until delivery. The newborn was also cleansed (wiped) with chlorhexidine. No
adverse reactions to the intervention procedure were seen. Overall, 30% of the women enrolled in this
study were HIV infected. Among 982 vaginal vertex singleton deliveries to HIV-infected women, 269
(27%) infants were infected. The intervention had no significant impact on HIV transmission rates
(27% in the intervention arm and 28% in the control arm; Fig. 16.4). However, there were statistically
significant reductions in HIV transmission when membranes were ruptured more than 4 h before
delivery (transmission of 25% in the intervention arm compared to that of 39% in the control arm,
p=0.02) [31]. Despite its simplicity and low cost (chlorhexidine wash costs=5 cents), this interven-
tion was not effective in reducing perinatal transmission of HIV.

Although cleansing the birth canal with an antiseptic did not reduce MTCT of HIV, further analyses
of the WASH study data showed substantial benefits to the infant and the mother. The WASH study trial
was designed to allow for 2 months of no intervention, followed by 3 months of the intervention, and
finally 1 month of no intervention. This design allowed comparison of several outcomes before and
after the intervention during the 6 months of the study. Among infants born during the intervention
phase of the trial, there were statistically significant reductions in the overall rate of neonatal admissions
16.9% versus 19.3% (634/3,743 vs. 661/3,417, p<0.01), admissions for neonatal sepsis (7.8 vs. 17.9
per 1,000 live births, p <0.0002), overall neonatal mortality (28.6 vs. 36.9 per 1,000 live births, p <0.06),
and mortality due to infectious causes (2.4 vs. 7.3 per 1,000 live births, p<0.005). Among mothers
receiving the intervention, there were significant reductions in rates of admissions related to postpartum
problems (29.4 vs. 40.2 per 1,000 deliveries, p<0.02), rates of admissions due to postpartum sepsis
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(1.7 vs. 5.1 per 1,000 deliveries, p=0.02), and duration of hospitalization (p=0.008) [32]. These data
showed cleansing of the birth canal with chlorhexidine can reduce early neonatal and maternal postpar-
tum infectious problems. Due to its safety, simplicity, and low cost, the procedure was suggested to be
implemented as standard care in these settings to lower infant and maternal morbidity and mortality.

The MCH Study (1995-1997): Vitamin A Antenatal Supplementation Study

An important objective of the ICAR cohort study conducted in the late eighties and early nineties
was to determine risk factors for transmission of HIV from mother to her child. As part of ICAR we
assessed serum vitamin A in 338 HIV-infected women. MTCT of HIV (based on HIV serological
tests) was 21.9% among mothers whose infants survived to 12 months of age. Mean vitamin A
concentration (Wmol/L) in 74 mothers who transmitted HIV to their infants was lower than that in 264
mothers who did not transmit HIV to their infants (0.86 vs. 1.07, p<0.0001). There was a clear
gradient of increased MTCT when HIV positive mothers were divided into four groups: those with
vitamin A concentrations of less than 0.70, between 0.70 and 1.05, between 1.05 and 1.40, and greater
than or equal to 1.40. The MTCT rates for each group were 32.4%, 26.2%, 16.0%, and 7.2%, respec-
tively (p<0.0001). Maternal CD4 cell count, CD4%, and CD4/CD8 ratio were also associated with
increased MTCT of HIV. Based on the results of this study that suggested maternal vitamin A defi-
ciency is strongly associated with MTCT of HIV, a phase three trial of vitamin A antenatal supple-
mentation was started in Malawi in 1995. In the MCH trial, 697 women were enrolled and received
iron and folate during pregnancy. Half of the enrolled women were randomly assigned antenatally to
receive daily 10,000 IU of vitamin A. Despite improvements in pregnancy outcomes, especially higher
infant birth weight, the intervention did not reduce MTCT of HIV; the rate of MTCT of HIV was
=27% in both study arms [23, 33]; Fig. 16.4.

PAVE2-HIVNET Study (1995-1997): HIV Transmission Through Breastfeeding

In the mid-nineties, as better diagnostic technology (primarily PCR) became available in the African
setting, studies to more precisely estimate transmission associated with breastfeeding became possible.
In an observational study, a subgroup of HIV uninfected infants from the WASH study were followed
longitudinally to determine rate of breastfeeding HIV transmission of HIV. A total of 672 infants, HIV-
negative at birth, were enrolled (all women did not receive antiretroviral drugs during or after preg-
nancy). Forty-seven children became HIV infected while breastfeeding and none after breastfeeding
had stopped. The cumulative infection rate while breastfeeding, from month 1 to the end of months 5,
11, 17, and 23, was 3.5%, 7.0%, 8.9%, and 10.3%, respectively. Incidence per month was 0.7% during
age 1-5 months, 0.6% during age 6—11 months, and 0.3% during age 12—17 months (p=0.01 for
trend). These data suggested that the risk of MTCT of HIV through breastfeeding is highest in the early
months of breastfeeding. This trend was later observed in other studies conducted in Kenya and S.
Africa [21, 34, 35].

The Epidemiology and Microbiology of Mastitis and Its Association
with MTCT (1999-2002)

A risk factor that consistently showed importance in the MTCT of HIV studies in Malawi was
inflammation of breast tissue (mastitis) [36]. In these studies, mastitis was assessed by elevated
breast milk sodium concentration. Subclinical mastitis is associated with increased breast milk
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viral load. In an observational study of postpartum women, antibiotic treatment (oral amoxicillin/
clavulanic acid) for subclinical mastitis was assessed. Seventy-five HIV-infected women were fol-
lowed from 1 to 24 weeks. Breast milk RNA load and sodium concentration were measured and
additionally, microbiological assessments were performed. Antibiotic treatment was associated with
statistically significant decrease in subclinical mastitis. However, breast milk HIV load remained
elevated suggesting that resumption of breastfeeding following treatment of inflammation of the
breast may still increase transmission of HI'V from the mother to the infant [37]. To assess microbio-
logical factors associated with subclinical mastitis (assessed by breast milk leucocyte counts), 250
HIV-infected women were followed from 2 weeks to 12 months postpartum. Overall, 27% of the
women had at least one episode of subclinical mastitis. Staphylococcus aureus was isolated in 30%
of women with subclinical mastitis. This study showed that subclinical mastitis is prevalent among
breastfeeding women [38].

2000-2003: The NVP Era—Short Postexposure Prophylaxis
Trials in Malawi

In 1999 the results of the landmark study, HIVNET 012, were published. HIVNET 012 was a phase
2 clinical trial conducted in Uganda. In this trial, oral single-dose nevirapine (NVP), a NNRT inhibi-
tor, was given to the mother at onset of labor (200 mg tablet) and to the infant within 72 h of birth
(2 mg per kg syrup). This short course of prophylaxis reduced transmission of HIV from mother to
infant by 47% [39]. The results of the HIVNET 012 were quickly adopted as the standard of care by
researchers involved in PMTCT of HIV. This was also the decision taken by the Malawi investigators
when considering the conduct of a trial that straddled this transitional period—the HPTN 024 study.

The HPTN 024 Study (1998-2003): Efficacy of Antibiotics to Reduce MTCT of HIV

Another nonantiretroviral intervention study conducted in Blantyre, Malawi, was the HPTN 024. This
trial was based on the premise that several organisms associated with genital tract infections (espe-
cially the group of organisms associated with bacterial vaginosis) were associated with inflammation
of the placenta and the fetal membranes. It was hypothesized that these inflammatory processes could
be associated with transmission of HIV during pregnancy and intrapartum. Therefore, antibiotic treat-
ment was expected to prevent these infections and reduce MTCT of HIV. HIV-infected women were
randomized at 2024 weeks gestation to receive either antibiotics (metronidazole plus erythromycin
antenatally and metronidazole plus ampicillin intrapartum) or placebo. Maternal study procedures
were performed at 20-24, 26-30, and 36 weeks antenatally, and at labor/delivery. All women and
infants also received the HIVNET 012 prophylactic regimen. The primary efficacy endpoint was
overall infant HIV infection. There were no differences in the proportion of infants HIV infected at
birth (7.1% with intervention and 8.3% with placebo, p=0.41). Likewise, there were no statistically
significant differences at 4—6 weeks in overall risk of MTCT of HIV (16.2% in antibiotic arm and
15.8% in placebo arm, p=0.89; Fig. 16.4) or HIV-1-free survival (79.4% in each study arm at
4-6 weeks). Postrandomization, the proportion of women with bacterial vaginosis was significantly
lower in the antibiotic arm compared to placebo arm (23.8% vs. 39.7%; p<0.001), but the there were
no differences in the frequency of histological chorioamnionitis (36.9% in antibiotic arm vs. 39.7% in
placebo arm; p=0.30). This simple antibiotic regimen antenatally and intrapartum did not reduce the
risk of MTCT of HIV [40]. The reduction in rates of MTCT from earlier studies was most likely due
to the addition of NVP prophylaxis as in HIVNET 012.
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The NVAZ Studies (2000-2003): Short Postexposure Prophylaxis
of Newborns to Reduce MTCT of HIV

Two simultaneously randomized clinical trials were conducted in Blantyre, Malawi, during the period
2000-2003. These were known as the NVAZ studies, an acronym of the two drugs that have been used
in these trials: NVP and AZT (zidovudine or ZDV). In NVAZ, one trial was conducted among women
who presented late for delivery [“late presenters] at the QECH with unknown HIV status and another
trial was conducted simultaneously among women who presented early for delivery [“early present-
ers”] at QECH. For the late presenters, it was not possible to pretest counsel, perform HIV test, and
post-test counsel these women before delivery; these were women in advance labor and anticipated to
deliver within 2—4 h from time of admission. Therefore to establish their HIV status these women were
counseled, consented, and tested for HIV after delivery. HIV testing was done on cord blood collected
at time of delivery. For early presenters, there was adequate time to counsel and test for HIV prior to
delivery (anticipated to deliver after 4 h or more from time of admission). A major difference between
late and early presenters was that late presenting mothers did not receive the single-dose oral NVP at
onset of labor (the intrapartum component of the HIVNET 012 regimen) because their HIV status was
not known prior to delivery. The early presenting women did receive intrapartum NVP because their
HIV status was established prior to delivery. We describe below the two NVAZ interventions.

NVAZ Late Presenters: NVP/ZDV Only to the Infant: Will Postexposure Prophylaxis Work?

In this trial, 1,119 infants born to late presenting women were randomly assigned to receive either
NVP alone or NVP plus ZDV (see Fig. 16.5 for study design). Both drugs were given immediately
after birth: NVP single-dose (2 mg/kg weight) and ZDV dosing twice daily for 1 week (4 mg/kg
weight). Infant HIV infection was determined using PCR at birth and at 6—8 weeks. Primary outcome
was HIV infection in infants at 6-8 weeks in those not infected at birth. The overall rate of MTCT
of HIV at 6-8 weeks was 15.3% in 484 infants who received NVP/ZDV and 20.9% in 468 infants
who received NVP only (p=0.03). At 6-8 weeks, in infants who were HIV negative at birth, 34
(7.7%) infants who had NVP/ZDV and 51 (12.1%) who received NVP only were infected (p =0-03)—a
protective efficacy of 36%. These results remained significant after controlling for maternal viral
load and other baseline factors [41]. This trial showed that postexposure prophylaxis of the infant
alone using NVP single-dose and 1 week of ZDV can offer protection against HIV infection to
infants where pregnant women missed opportunities to be counseled during pregnancy and present
to the health facilities for delivery with unknown HIV infection status. The findings of this study
assisted WHO and others to formulate guidelines for prevention of MTCT of HIV in Africa and
elsewhere.

NVAZ Early Presenters— Adding ZDV to the HIVNET 012 Regimen: Will It Increase Efficacy?

The main objective of the NVAZ trial conducted in early presenting women was to determine the rate
of MTCT of HIV when either the HIVNET 012 NVP to infant and mother regimen was given or
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Fig. 16.5 NVAZ study late presenters study design randomized, open label phase III clinical



16 Historical Perspective of African-Based Researc