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Abstract

Introduction: Transmission through breastfeeding remains important for mother-to-child transmission (MTCT) in resource-
limited settings. We quantify the relationship between cell-free (RNA) and cell-associated (DNA) shedding of HIV-1 virus in
breastmilk and the risk of postnatal HIV-1 transmission in the first 6 months postpartum.

Materials and Methods: Thirty-six HIV-positive mothers who transmitted HIV-1 by breastfeeding were matched to 36 non-
transmitting HIV-1 infected mothers in a case-control study nested in a cohort of HIV-infected women. RNA and DNA were
quantified in the same breastmilk sample taken at 6 weeks and 6 months. Cox regression analysis assessed the association
between cell-free and cell-associated virus levels and risk of postnatal HIV-1 transmission.

Results: There were higher median levels of cell-free than cell-associated HIV-1 virus (per ml) in breastmilk at 6 weeks and 6
months. Multivariably, adjusting for antenatal CD4 count and maternal plasma viral load, at 6 weeks, each 10-fold increase in
cell-free or cell-associated levels (per ml) was significantly associated with HIV-1 transmission but stronger for cell-associated
than cell-free levels [2.47 (95% Cl 1.33-4.59) vs. aHR 1.52 (95% Cl, 1.17-1.96), respectively]. At 6 months, cell-free and cell-
associated levels (per ml) in breastmilk remained significantly associated with HIV-1 transmission but was stronger for cell-
free than cell-associated levels [aHR 2.53 (95% Cl 1.64-3.92) vs. 1.73 (95% Cl 0.94-3.19), respectively].

Conclusions: The findings suggest that cell-associated virus level (per ml) is more important for early postpartum HIV-1
transmission (at 6 weeks) than cell-free virus. As cell-associated virus levels have been consistently detected in breastmilk
despite antiretroviral therapy, this highlights a potential challenge for resource-limited settings to achieve the UNAIDS goal
for 2015 of eliminating vertical transmission. More studies would further knowledge on mechanisms of HIV-1 transmission
and help develop more effective drugs during lactation.
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Introduction

Globally, in 2010, an estimated 2.7 million people became
infected with human immunodeficiency virus (HIV); 1.9 million
(70%) of new infections occurred in sub-Saharan Africa (SSA) [1].
An estimated 390,000 (340,000-450,000) new infections occurred
in children, 90% of these in SSA, mainly through mother-to-child
transmission (MTCT) [1]. MTCT can occur before, during and
after delivery, with postnatal transmission through breastfeeding
which accounts for one-third to one-half of MTCT remaining an
unresolved issue [2]. With maternal antiretroviral therapy (ART),
the risk of MTCT can be substantially reduced [3-5]. However,
ART is not always available in resource-limited settings with high
HIV prevalence, where breastfeeding is the norm for infant
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survival, and where the provision of ART to the mother or the
infant for up to one year of breastfeeding as per the current WHO
guidelines [6] poses a challenge. Therefore, postnatal transmission
of HIV-1 through breastfeeding is likely to remain an issue for the
foreseeable future in resource-limited settings.

Although factors associated with MTCT have been quantified
[7-10], the mechanisms underlying postnatal transmission remain
poorly understood, in particular the relative roles of cell-free
(RNA) and cell-associated (DNA) HIV-1 in breastmilk trans-
mission. High levels of cell-free virus in maternal plasma and
breastmilk are associated with a high risk of HIV-1 transmission
during breastfeeding [11-16]. Similarly, an association has been
observed with cell-associated virus in breastmilk, suggesting both
cell-free and cell-associated are involved in breastmilk HIV-1
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transmission [11,17,18]. We previously showed that cumulative
exposure to RNA particles in breastmilk significantly increased the
risk of HIV-1 acquisition postnatally independently from maternal
antenatal CD4 cell count, plasma HIV-1 load, child sex and
duration of breastfeeding [19]. Recent studies observe that while
ART leads to undetectable levels of cell-free HIV-1 virus, cell-
associated virus levels are still detected in breastmilk [20,21].
Additionally, there are suggestions that cell-free and cell-associated
virus vary in their prediction of HIV-1 transmission at early and
late lactation stages [18]. If studies confirm such variations in
HIV-1 transmission, and cell-associated virus levels are barely
affected by maternal ART, this could account for the residual
HIV-1 transmission during lactation.

This study examines the prevalence of, and quantifies the
relationship between, cell-free and cell-associated shedding of
HIV-1 virus in breastmilk and the risk of postnatal HIV-1
transmission, in both right and left breasts over the first 6 months
postpartum.

Materials and Methods

Study Population

HIV-infected and HIV-uninfected women were enrolled in an
intervention cohort study, between August 2001 and September
2004 [22,23], to investigate whether breastfeeding in a high HIV
prevalence, poor rural setting in South Africa could be made safe
in terms of both HIV-1 transmission and infant morbidity and
mortality. Weekly home visits documented infant feeding and
morbidity while clinic follow-up of the infants and mothers were
scheduled monthly between 6 weeks and 9 months. Ten milliliters
of breastmilk were collected from each breast for HIV-infected
and uninfected breastfeeding mothers at each scheduled clinic
visit. Samples were transported and maintained at 4 degrees
Celsius overnight and stored long-term as whole breastmilk at
minus 80 degrees Celsius until testing.

A dried blood spot for each infant was collected at each visit and
stored at minus 20 degrees Celsius. HIV-1 RNA quantification
was performed using the Nuclisens HIV-1 QT assay (Organon
Teknika, Boxtel, Netherlands) and Nuclisens Easy(Q) HIV-1 assay
(Biomerieux, Boxtel, Netherlands) with a sensitivity of 80 copies
HIV-1 RNA per ml of blood (equivalent to 1600 copies HIV-1
RNA per 50 pl dried blood spot) [24]. Rates of MTCT of HIV-1
during breastfeeding have been described previously [23].
Children were considered infected through breastfeeding if they
had a negative HIV polymerase chain reaction (PCR) assay at 6
weeks of age and a positive PCR at any time thereafter. Single-
dose nevirapine (sdNVP) for use during labour/delivery was
provided for all HIV-infected women and to their newborns; ART
for treatment or as MTCT prophylaxis from early in pregnancy or
during the postnatal period was not available in the public health
setting at the time of this study. Maternal viral load and CD4
count were collected antenatally. The project was approved by the
Biomedical Ethics Review Committee (BREC) at the University of
KwaZulu-Natal South Africa.

Study Design

A case-control study was nested in this intervention cohort [22].
The primary study identified 42 babies who had acquired HIV
infection postnatally (as diagnosed by PCR conversion) [23]. Our
study includes 36 postnatally infected children who had both cell-
free and cell-associated data on samples at 6 weeks and 6 months,
and who were matched to controls. Cases and controls were
matched (in a 1:1 ratio) on infant age at breastmilk sampling with
a maximum allowance of 2 weeks of the sample date of the case to
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reduce potential bias of varying concentrations of breastmilk RNA
and DNA over time [25]. Cases were mothers who transmitted
HIV-1 to their infants through breastmilk between 6 and 28 weeks
postpartum while controls were non-transmitting HIV-1 infected
mothers. Transmission was estimated to have occurred at the
midpoint between an infant’s last HIV negative PCR test and first
positive result. Infants were included if they had at least one cell-
free and one cell-associated breastmilk sample available close to
the estimated time of transmission (ETT). Breastmilk samples from
both breasts, for postnatal transmitters and controls had DNA
quantified twice (at 6 weeks and 6 months) and RNA at multiple
time points before 6 months. Thirty-six transmitting mothers had
85 samples tested for HIV-1 RNA and DNA in both left and right
breast; 36 control mothers had 81 samples. This study differs from
the previous study which investigated the association between
postnatal HIV acquisition at 6-28 weeks and cumulative cell-free
HIV exposure (i.e. the overall amount of cell-free viral particles
ingested by the infant during breastfeeding, upto infection or
equivalent age of control) [19]. The volume of milk ingested per
day was estimated by pattern of feeding and the probability of
transmission estimated per liter of breastmilk ingested. However,
that study did not access the influence of cell-associated virus
integrated in latent T cells on postnatal transmission. In contrast,
the current study presents the association between cell-free and
cell-associated shedding of HIV-1 virus in breastmilk and postnatal
HIV-1 transmission.

Quantification of HIV-1 Cell-free and Cell-associated Virus

Cell-free HIV-1 quantification on breastmilk samples was
performed as described previously [19]. Cell-associated HIV-1
quantification on whole breastmilk samples was performed using
the Generic HIV DNA Cell assay (Biocentric, Bandol, France).
Breastmilk samples were thawed at room temperature and vortex
mixed. A maximum of 1.5 ml (range 0.5—1.5 ml) of breastmilk was
aliquoted into a 2 ml microtube, centrifuged at 2000 g for 15 min
and the lactoserum-lipid layer was removed to a 1.5 ml microtube.
The lactoserum-lipid fraction was stored at —80°C. The
remaining breastmilk pellet was used in the HIV DNA real time
PCR (qPCR) assay. RNA was isolated from 500 UL of lactoserum
with use of the magnetic particle-based ASPS method (Abbott),
and HIV load was quantified using the Generic HIV Charge
Virale assay (Biocentric, Bandol, France) on the MJ MiniOpticon
quantitative PCR detection platform (Biorad), with a sensitivity of
375 copies per mL of lactoserum [26]. This method enabled
accurate assessment of cell-free viral load entrapped by lipids [27].
The Qiagen DNA Mini Kit was used to isolate total DNA from
the dry breastmilk pellet according to the manufacturer’s
instructions. Total DNA concentration was measured with the
Nanodrop instrument using 1 pl of sample. Samples with a DNA
concentration of <50 ng/pl were tested neat. For samples with
a DNA concentration of >50 ng/ul an appropriate dilution of up
to 1:10 was performed. The total reaction volume was 50 pl with
a 20 pul sample input volume, according to manufacturer’s
instructions.

The human GAPDH housekeeping gene (Primer_F : 5'-
AAGGTCGGAGTCAACGGATT-3";  Primer R R:  5'-
CTCCTGGAAGATGGTGATGG-3") was quantified by real-
time PCR using SybrGreen to verify the integrity of the extracted
DNA, to determine the presence or absence of inhibitors/
contaminants, and to act as a reference gene for quantitative
analysis [28-30]. Quantifying the host gene GAPDH provided an
estimate of the number of cells per PCR, allowing expression of
the number of copies of HIV per 10° cells in our sample despite
not having a cell count.
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Statistical Analysis

The analyses included transmitters and controls with both cell-
free and cell-associated results available from the same breastmilk
sample at 6 weeks and 6 months. When the 6 months results were
more than 4 weeks after transmission, the RNA result closest to the
transmission was used (RNA was quantified at multiple time
points) while the average between the two DNA results was
calculated, otherwise the result at 6 months was used. Breastmilk
HIV-1 RNA viral load levels below the lower detectable limit (375
copies/ml) were assigned a value at the midpoint between this and
zero (187.5 copies/ml) [31,32]. Breastmilk HIV-1 DNA samples
below the lower detectable limit were normalized for the amount
of cells used to isolate the DNA (based on the GAPDH
measurement which is different for each cell) [33]. No breastmilk
samples were excluded because of low cell counts as all samples
had DNA values above zero. Cell-free and cell-associated virus
levels were analyzed on a decimal logarithmic scale to base-10
[11,18]. Counts of DNA quantified per million cells were
converted to concentrations of DNA per milliliter by multiplying
by 0.08x10° at 6 weeks and 0.05 x10° at 6 months breastmilk cells
per milliliter, as suggested in previous studies [11,34].

Chi-square test assessed differences in categorical variables
while Wilcoxon rank-sum test was used for non-parametric
analysis of continuous variables. Spearman rank correlation
estimated correlation between continuous variables. Cox re-
gression models, pooling multiple measurements from the left
and right breastmilk samples, assessed the association between
breastmilk cell-free and cell-associated virus levels and risk of
postnatal HIV-1 transmission. Observation time was taken from 6
weeks of age (last negative HIV PCR assay) to the estimated time
of HIV-1 infection or end of observation (6 months of age),
whichever came first. Multivariable models included maternal
antenatal CD4 cell count and plasma RNA [18], and were
stratified by time (6 weeks and 6 months) because there are more
infected cells in early than mature breastmilk [11]. The model
adjusting for both antenatal CD4 count and viral load represented
the best fit of the data using BIC and was thus retained as the final
model. Data were analysed using Stata Version 11.2 (2009
StataCorp, College Station, Texas, USA).

Results

A total of 166 HIV-1 RNA and DNA samples were included in
this analysis from 72 mothers (36 in each of transmitters and
controls); 81% predominantly breastfed (infants mainly received
breastmilk plus water or water-based drinks but no other milk or
food based fluid) for the first 6 months. 13.9% (5 of 36) of
transmitting mothers had RNA and DNA below lower detectable
limit in the last available breastmilk sample before transmission
occurred. Transmitting mothers were more likely to have lower
antenatal CD4 cell counts (p<<0.001) and higher plasma viral load
(p<<0.001) than controls (Table 1). The median time to trans-
mission in the cases was 85 (IQR 66-114) days (Figure 1).

Across all samples tested, cell-free virus was above detectable
limit in 76.5% (65/85) of breastmilk samples in the 36
transmitters and in 55.6% (44/81) in controls (p =0.004); at 6
weeks and 6 months, prevalence was 79.1% and 73.8% in
transmitters and 60.9% and 50.0% 1in controls, respectively.
Overall, cell-associated virus was above detectable limit in
76.5% (65/85) of breastmilk samples in transmitters and in
45.7% (37/81) in controls (p<<0.001); at 6 weeks and 6 months,
prevalence was 76.7% and 76.5% in transmitters and 46.3%
and 45.0% in controls, respectively. The detection levels of cell-
free and cell-associated virus were similar in right and left
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breast; 43.8% and 56.9% (p=0.092), respectively, for cell-free
virus and 67.5% and 55.8% (p=0.122), respectively, for cell-
associated virus.

HIV-1 RNA and DNA Loads in Breastmilk

Cell-free virus levels ranged from below detection to a maximum
of 1,590,000 copies per ml at 6 weeks and 6 months; cell-
associated virus levels ranged from below detection to a maximum
of 137,441 copies per ml. Median log)y cell-free values per
milliliter were higher than cell-associated values per milliliter (2.8
vs. 2.3 at 6 weeks; p<0.001 and 2.7 vs. 2.4 at 6 months; p<<0.001,
respectively). Transmitting mothers had significantly higher log;
values of cell-free (median: 3.6 vs. 2.7; p<<0.001 at 6 weeks and 3.5
vs. 2.3; p<0.001 at 6 months) and cell-associated per milliliter
(median: 2.7 vs. 2.1; p<0.001 at 6 weeks and 2.6 vs. 2.2; p<0.001
at 6 months) values than controls (Figure 2).

The breastmilk cell-free and cell-associated levels were similar
between breasts at both time points in the first 6 months
postpartum (Figure 3). Overall, cell-free virus per milliliter and
cell-associated virus levels per million cells were significantly
positively correlated (r=0.34, p<<0.001); these correlation was
maintained at 6 weeks (r=0.37, p<0.001) and at 6 months
(r=0.32, p<0.001). Similarly, a positive correlation was obtained
between cell-free virus per milliliter and cell-associated virus per
milliliter (r=0.33, p<0.001); these correlation was also maintained
at 6 weeks (r=0.38, p<<0.001) and at 6 months (r=0.32,
p<<0.001). Breastmilk cell-free virus levels were positively corre-
lated with antenatal maternal plasma viral load (overall RNA:
r=0.46, p<0.001; at 6 weeks r=10.46, p<<0.001 and at 6 months
r=0.47, p<0.001) and negatively with maternal CD4 cell count
(RNA: r= —0.44, p<<0.001; at 6 weeks r= —0.43, p<<0.001 and at
6 months r= —0.46, p<0.001). Similarly, breastmilk cell-associat-
ed virus levels per milliliter were positively correlated with
antenatal maternal plasma viral load (overall DNA: r=0.30,
p<<0.001; at 6 weeks r=0.35, p<0.001 and at 6 months r=0.26,
p<0.001) and negatively with maternal CD4 cell count (DNA:
r=—0.33, p<0.001; at 6 weeks r=—0.37, p<0.001 and at 6
months 7= —0.29, p<<0.001). Log;, cell-free and cell-associated
virus levels in breastmilk were significantly higher in mothers with
antenatal CD4 count below 500 compared to those with at least
500 cells per mm”® (median: 3.2 vs. 2.7, p<0.001 for cell-free and
3.7 vs. 3.3, p<0.001 for cell-associated virus levels).

Correlation with HIV-1 Transmission

In univariate Cox analysis, each 10-fold increase in the average
(between 6 weeks and 6 months) cell-free and cell-associated levels
was associated with a significant 2- and a 4-fold increase in
breastmilk transmission (HR 2.18 (95% confidence interval (CI)
1.66-2.87) and 4.18 (95% CI 2.24-7.79) respectively). Multi-
variably, adjusting for antenatal CD4 count and maternal plasma
viral load, each 10-fold increase in cell-free or cell-associated levels
was significantly associated with an approximate 2-fold increase in
breastmilk transmission [adjusted hazard ratio (aHR) 1.96 (95%
confidence interval (CI), 1.17-1.96) and 2.57 (95% CI 1.26-5.28)
respectively].

A Cox regression model was fitted for the HIV-1 RNA and
DNA breastmilk samples collected at both 6 weeks and 6 months
to control for potential variation in levels over time [11]. The
trend suggested that at 6 weeks, HIV-1 DNA levels in breastmilk
were more important for HIV-1 transmission than RNA (aHR
1.98 vs. 1.16, both P>0.05). Conversely, at 6 months, RNA levels
were more important than DNA (@HR 1.99 vs. 1.21, both
p>0.05). However, statistical power was lost, possibly due to
collinearity between the 6 weeks and 6 months HIV-1 RNA and
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Figure 1. Kaplan-Meier curve showing transmission probabilities after 6 weeks of age.

doi:10.1371/journal.pone.0051493.g001

DNA results. Therefore, we stratified the analysis by timing of the
sample at 6 weeks and 6 months.

In univariate analyses, at 6 weeks, each 10-fold increase in
breastmilk cell-free or cell-associated levels per ml was associated
with significantly increased hazard of postnatal HIV-1 trans-
mission [HR 1.63 and 3.38, respectively] (Table 2). Multivariably,

DNA was more important for HIV-1 transmission than RNA
[aHR 2.47 vs. 1.52].

At 6 months, each 10-fold increase in breastmilk cell-free or cell-
associated levels per ml was univariately associated with an almost
3-fold significantly increased hazard of postnatal HIV-1 trans-
mission (Table 2). However, multivariably, the association was
stronger for RNA than DNA levels [aHR 2.53 vs. 1.73].

Table 1. Baseline characteristics of Infants and HIV-positive mothers transmitting HIV-1 through breastmilk and their controls.

Infant or Maternal characteristic Cases (n=36) Controls (n=36) P
Age (years), median (IQR) 25.5 (22.2-28.2) 27.3 (21.1-29.9) 0.502
Antenatal CD4 count cells/uL, median (IQR) 337 (198-540) 524 (369-697) <0.001
Antenatal viral load log,, copies/mL, median (IQR) 4.5 (4.2-5.0) 4.0 (3.5-4.6) <0.001
Water source

Non-piped 13 (36.1) 11 (30.6) 0.714
Piped 23 (63.9) 25 (69.4)

Enrollment clinic

Rural 16 (44.4) 14 (38.9) 0.764
Peri-urban 11 (30.6) 12 (33.3)

Urban 9 (25.0) 10 (27.8)

Maternal education

None 2 (5.6) 5(13.9)

Some primary 12 (33.3) 14 (38.9)

Secondary and above 22 (61.1) 17 (47.2) 0.226
Birth weight (grams), median (IQR) 3200 (2800-3400) 3100 (2800-3500) 0.572
Birth head circumference, median (IQR) 34.8 (33.5-36.4) 35.0 (33.6-36.0) 0.828

doi:10.1371/journal.pone.0051493.t001
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Chi-square test assessed differences in categorical variables while Wilcoxon rank-sum test was used for non-parametric analysis of continuous variables.
Abbreviations: Cases, HIV-1 infected postnatal transmitters; Controls, non-transmitting HIV-1 infected mothers.
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Discussion

We examined the prevalence of detectable RNA and DNA and
levels of cell-free and cell-associated HIV-1 and associated risk of
postnatal transmission at 6 weeks and 6 months in a case-control
study nested in a cohort of HIV-infected mothers in KwaZulu-
Natal. We showed higher median levels of cell-free than cell-
associated HIV-1 virus per milliliter in breastmilk at 6 weeks and 6

Log10 (RNA or DNA)
4 6

2

months, with similar levels between breasts. Both cell-free and cell-
associated virus levels in breastmilk were significantly associated
with HIV-1 transmission, with a suggestion that cell-associated
virus levels per milliliter may be more strongly associated with
transmission than cell-free virus levels per milliliter at 6 weeks and
less so at 6 months.

The prevalence of detectable HIV-1 cell-free virus in all
breastmilk samples was comparable to that in previous African

ﬁ ﬁ.} I% .

Left breast Right breast
6 weeks

Left breast
6 months
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] RNAperml

[ DNAperml

Figure 3. Distribution of log10 cell-free and cell-associated values (per ml) by breast and infant age.

doi:10.1371/journal.pone.0051493.9g003
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Table 2. Risk factors for HIV-1 transmission through breastfeeding.

First sample taken at 6 weeks

Second sample close to ETT (or at 6 months)

Univariable analysis

Multivariable analysis

Univariable analysis Multivariable analysis

additional log;o copies/ml)

Variable HR (95% CI) P aHR (95% CI) P HR (95% ClI) P aHR (95% ClI) P
RNA load (for each additional 1.63 (1.33-1.98) <0.001 1.52 (1.17-1.96) 0.002 2.65 (1.87-3.76) <0.001 2.53 (1.64-3.92) <0.001
logso copies/ml)

DNA load (for each additional 3.38 (1.92-5.93) <0.001 2.47 (1.33-4.59) 0.004 2.72 (1.55-4.77) <0.001 1.73 (0.94-3.19) 0.077
logso copies/ml)

Antenatal CD4 count (for each 0.91 (0.79-1.04) 0.173 1.09 (0.97-1.22) 0.147 0.91 (0.79-1.04) 0.173 1.09 (0.96-1.24) 0.200
additional 100 cell/uL)

Antenatal viral load (for each 2.11 (1.30-3.43) 0.002 1.39 (0.79-2.45) 0.252 2.11 (1.30-3.43) 0.002 1.09 (0.60-1.97) 0.777

doi:10.1371/journal.pone.0051493.t002

studies [12,18,31] as was that of cell-associated virus [35,36].
Among the HIV-1 transmitting mothers, the prevalence of cell-
associated virus in our study was similar to a Ugandan study at 6
weeks postpartum (77% vs. 80%, respectively) [37]. Our study
showed no statistically significant difference between breasts in the
levels of HIV-1 cell-free and cell-associated virus, and confirms
a strong correlation of HIV-1 cell-free and cell-associated virus in
breastmilk [19,38]. This would suggest that breastmilk samples can
be collected from either breast in future studies investigating HIV-
1 shedding in breastmilk. Our study also confirms a positive
correlation between breastmilk HIV-1 RNA and DNA and
maternal antenatal plasma viral load and a negative correlation
with maternal antenatal CD4 cell count [11,12].

Previous studies have suggested that cell-associated virus levels
in breastmilk decline over time [35,36] whereas cell-free virus
levels increases [39]. Overall, we show a marginally declining
trend in both cell-free and cell-associated virus levels in breastmilk
starting at 6 weeks postpartum [12,36], although mothers
transmitting HIV-1 had significantly higher levels of cell-free
and cell-associated virus over time, as seen elsewhere [11].

Breastmilk cell-free and cell-associated levels (per ml) were
significantly associated with postnatal HIV-1 transmission both
univariately and multivariately. The overall adjusted model
showed a 2-fold increased risk of HIV-1 transmission through
breastmilk with each 10-fold increase in RNA or DNA levels as
previously reported [12,18,19]. This is in line with results from
a study in Nairobi which reported a significant association between
the infected breastmilk cells and the risk of HIV-1 transmission
during or after delivery [11]. Unlike our study, almost two-thirds
of the first breastmilk samples in that study were collected less than
10 days after birth. Additionally, we show that at 6 weeks, DNA
was more strongly associated with postnatal HIV-1 transmission
than RNA while at 6 months, RNA was more strongly associated
than DNA; few studies have compared RNA and DNA levels and
the risk of postnatal HIV-1 transmission in the same population in
early postpartum. Our results suggest that breastmilk cell-
assocliated levels decrease earlier than noted in previous studies
investigating HIV-1 transmission 9 months post-delivery [18,40].
Future studies investigating cell-associated virus levels - especially
distinguishing latently non-producing infected cells from activated
producing cells - and HIV-1 transmission during lactation should
be designed to focus on early life.

The current prevention of mother-to-child transmission
(PMTCT) guidelines in South Africa recommend zidovudine
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Estimated by Cox regression with adjustment on the other factors reported in the table.
Abbreviations: HR, hazard ratio; Cl, confidence interval; aHR, adjusted hazard ratio; ETT estimated time of transmission.

(AZT) from 14 weeks of pregnancy, sdNVP and 3-hourly AZT
intrapartum, and a single dose of tenofovir and emtracitabine
postpartum, for women not eligible for lifelong ART. Their infants
receive daily NVP for 6 weeks and then for up to one year during
breastfeeding. Women with CD4 below 350 are eligible for
lifelong ART and their infants get 6 weeks daily NVP only [41].
However, during the study period, only sdNVP was available for
HIV infected women during labour/delivery and for their
newborns immediately postnatally [42]. Previous studies suggest
that sdNVP may reduce early postnatal HIV-1 transmission [43],
as the drug has a long half-life and can be found in maternal
plasma and breastmilk up to 3 weeks postpartum [44], and may
reduce cell-free virus levels in the early postpartum period [45].
NVP also has a good penetration in anatomic compartments
leading to reduced levels of HIV-1 plasma viral loads [46]. In our
study, the estimated risk of HIV-1 transmission associated with
RNA relate to samples taken at 6 weeks after perinatal sdNVP
exposure, while the 6 months samples are in the absence of ART,
which may partly explain the higher risk of transmission associated
with RNA at 6 months. In our primary study, without ART, the
HIV-1 transmission rate was 14.1% at 6 weeks and 19.5% at 6
months in exclusively breastfed infants [23]. In the recent clinical
trials, where HIV-infected pregnant women took triple-ARV
regimen from about 28 weeks in pregnancy (or after delivery) to 6
months postpartum, HIV transmission ranged from 3.3%-4.2% at
6 weeks and from 1.1%-8.2% at 6 months [47-51]. These findings
suggest that giving breastfeeding women a triple-ARV regimen is
safe and feasible to reduce MTCT in resource-limited settings.

However, there are suggestions that the effect of ART is
different on cell-free and cell-associated virus in breastmilk [20].
Results from two separate clinical trials comparing HIV-1 cell-free
and cell-associated virus in breastmilk suggest that triple-ARV
regimen during pregnancy or after delivery suppressed cell-free
but not cell-associated HIV-1 loads in breastmilk [33,52]. The
undetectable HIV-1 RNA in both plasma and breastmilk has been
interpreted as reflecting the cessation of viral replication within
maternal lymphoid tissues [53] and in the mammary gland [54].
As cell-associated HIV-1 virus in breastmilk is associated with
HIV-1 transmission through breastfeeding [11,18], their detection
in breastmilk of untreated as well as those receiving antiretroviral
therapy might be responsible for a residual breastmilk transmission
with maternal ART.

Opportunistic infections such as congenital cytomegalovirus
during pregnancy or delivery, mastitis and breast abscess have
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been found to be associated with the risk of HIV transmission
intrapartum or postpartum [16,55]. However, in our study, serious
breast health problems were rare and there were no significant
differences between HIV-infected and uninfected women [56].

The strengths of our study include the large number of
breastmilk samples in the first six months postpartum and the
concurrent measurement of cell-free and cell-associated virus in
the right and left breasts. These findings, from a study conducted
before ART was available in public health programmes in South
Africa, increase understanding of the mechanisms of postnatal
transmission, important for optimizing delivery of interventions in
the current period.

In summary, cell-associated virus load in breastmilk is a stronger
predictor of the risk of early postnatal HIV-1 infection than cell-
free virus loads, independent of antenatal CD4 cell count and
plasma viral loads. In contrast, cell-free virus load is a stronger
predictor of later postnatal HIV-1 transmission. In contemporary
breastfeeding populations with access to antiretroviral prophylaxis
and ART, the residual HIV-1 transmission risk especially in the
early postpartum period is partly explained by the persistence of
cell-associated virus in breastmilk, and highlights a potential

References

1. UNAIDS (2011) Global Report: UNAIDS report on the global AIDS epidemic.
WHO library Cataloguing-in-Publication Data. 2011. Geneva, UNAIDS.

2. Newell ML (2003) Antenatal and perinatal strategies to prevent mother-to-child
transmission of HIV infection. Trans R Soc Trop Med Hyg 97: 22-24.

3. Cooper ER, Charurat M, Mofenson L, Hanson IC, Pitt J, et al. (2002)
Combination antiretroviral strategies for the treatment of pregnant HIV-1-
infected women and prevention of perinatal HIV-1 transmission. J Acquir
Immune Defic Syndr 29: 484-494.

4. European Collaborative Study (2005) Mother-to-child transmission of HIV
infection in the era of highly active antiretroviral therapy. Clin Infect Dis 40:
458-465.

5. Townsend CL, Cortina-Borja M, Peckham CS, de Ruiter A, Lyall H, et al.
(2008) Low rates of mother-to-child transmission of HIV following effective
pregnancy interventions in the United Kingdom and Ireland, 2000-2006. AIDS
22: 973-981.

6. WHO Antiretroviral drugs for treating pregnant women and preventing HIV
infections in infants: recommendations for a public health approach. WHO
Library Cataloguing-in-Publications Data. 2010.

7. European Collaborative Study (1992) Risk factors for mother-to-child trans-
mission of HIV-1. Lancet 339: 1007-1012.

8. Gupta A, Bhosale R, Kinikar A, Gupte N, Bharadwaj R, et al. (2011) Maternal
tuberculosis: a risk factor for mother-to-child transmission of human immuno-
deficiency virus. J Infect Dis 203: 358-363.

9. Ayouba A, Nerrienet E, Menu E, Lobe MM, Thonnon J, et al. (2003) Mother-
to-child transmission of human immunodeficiency virus type 1 in relation to the
season in Yaounde, Cameroon. Am ] Trop Med Hyg 69: 447-449.

10. Mmiro FA, Aizire J, Mwatha AK, Eshleman SH, Donnell D, et al. (2009)
Predictors of early and late mother-to-child transmission of HIV in
a breastfeeding population: HIV Network for Prevention Trials 012 experience,
Kampala, Uganda. J Acquir Immune Defic Syndr 52: 32-39.

11. Rousseau CM, Nduati RW, Richardson BA, John-Stewart GC, Mbori-Ngacha
DA, et al. (2004) Association of levels of HIV-1-infected breast milk cells and risk
of mother-to-child transmission. J Infect Dis 190: 1880-1888.

12. Pillay K, Coutsoudis A, York D, Kuhn L, Coovadia HM (2000) Cell-free virus in
breast milk of HIV-1-seropositive women. J Acquir Immune Defic Syndr 24:
330-336.

13. Richardson BA, John-Stewart GC, Hughes JP, Nduati R, Mbori-Ngacha D, et
al. (2003) Breast-milk infectivity in human immunodeficiency virus type 1-
infected mothers. J Infect Dis 187: 736-740.

14. Semba RD, Kumwenda N, Hoover DR, Taha TE, Quinn TC, et al. (1999)
Human immunodeficiency virus load in breast milk, mastitis, and mother-to-
child transmission of human immunodeficiency virus type 1. J Infect Dis 180:
93-98.

15. Rousseau CM, Nduati RW, Richardson BA, Steele MS, John-Stewart GC, et al.
(2003) Longitudinal analysis of human immunodeficiency virus type 1 RNA in
breast milk and of its relationship to infant infection and maternal disease.
J Infect Dis 187: 741-747.

16. John GC, Nduati RW, Mbori-Ngacha DA, Richardson BA, Panteleeff D, et al.
(2001) Correlates of mother-to-child human immunodeficiency virus type 1
(HIV-1) transmission: association with maternal plasma HIV-1 RNA load,
genital HIV-1 DNA shedding, and breast infections. J Infect Dis 183: 206-212.

17. Van de Perre P (1999) Mother-to-child transmission of HIV-1: the ‘all mucosal’
hypothesis as a predominant mechanism of transmission. AIDS 13: 1133-1138.

PLOS ONE | www.plosone.org

HIV-1 Transmission through Breastfeeding

challenge of resource-limited settings to achieve the current
UNAIDS goal for 2015 of eliminating new vertical transmission
[57]. More studies are therefore needed to further knowledge on
the mechanism of HIV-1 transmission during lactation and to help
develop more effective drugs for use in resource-limited popula-
tions where avoidance of breastfeeding is almost impossible.

Acknowledgments

We would like to thank the women and children who participated in the
VTS; the VIS staff for their dedication to this project; Africa Centre
laboratory staff and Colin Newell for assisting in data management. We
also acknowledge the other VT'S investigators: Hoosen M Coovadia, Nigel
C Rollins and Anna Coutsoudis.

Author Contributions

Conceived and designed the experiments: MLN RMB PVP. Performed the
experiments: JN JV SD. Analyzed the data: JN CT MLN. Contributed
reagents/materials/analysis tools: JN JV SD PVP RMB CT MLN. Wrote
the paper: JN. Supervised day-to-day running of the study: RMB. Provided
oversight in lab procedures and quantifications: PVP RMB MLN.
Provided oversight in statistical data analysis and interpretation: C'T" MLN.

18. Koulinska IN, Villamor E, Chaplin B, Msamanga G, Fawzi W, et al. (2006)
Transmission of cell-free and cell-associated HIV-1 through breast-feeding.
J Acquir Immune Defic Syndr 41: 93-99.

19. Neveu D, Viljoen J, Bland RM, Nagot N, Danaviah S, et al. (2011) Cumulative
exposure to cell-free HIV in breast milk, rather than feeding pattern per se,
identifies postnatally infected infants. Clin Infect Dis 52: 819-825.

20. Slyker JA, Chung MH, Lehman DA, Kiarie J, Kinuthia J, et al. (2012) Incidence
and correlates of HIV-1 RNA detection in the breast milk of women receiving
HAART for the prevention of HIV-1 transmission. PLoS One 7: €29777.

21. Valea D, Tuaillon E, Al Tabaa Y, Rouet F, Rubbo PA, et al. (2011) CD4+ T
cells spontaneously producing human immunodeficiency virus type I in breast
milk from women with or without antiretroviral drugs. Retrovirology 8: 34.

22. Bland R, Coovadia H, Coutsoudis A, Rollins N, Newell M (2010) Cohort profile:
mamanengane or the Africa centre vertical transmission study. Int J Epidemiol
39: 351-360.

23. Coovadia HM, Rollins NC, Bland RM, Little K, Coutsoudis A, et al. (2007)
Mother-to-child transmission of HIV-1 infection during exclusive breastfeeding
in the first 6 months of life: an intervention cohort study. Lancet 369: 1107
1116.

24. Cassol S, Gill MJ, Pilon R, Cormier M, Voigt RF, et al. (1997) Quantification of
human immunodeficiency virus type 1 RNA from dried plasma spots collected
on filter paper. J Clin Microbiol 35: 2795-2801.

25. Willumsen JF, Newell ML, Filteau SM, Coutsoudis A, Dwarika S, et al. (2001)
Variation in breastmilk HIV-1 viral load in left and right breasts during the first
3 months of lactation. AIDS 15: 1896-1898.

26. Rouet F, Chaix ML, Nerrienet E, Ngo-Giang-Huong N, Plantier JC, et al.
(2007) Impact of HIV-1 genetic diversity on plasma HIV-1 RNA Quantification:
usefulness of the Agence Nationale de Recherches sur le SIDA second-
generation long terminal repeat-based real-time reverse transcriptase polymerase
chain reaction test. J Acquir Immune Defic Syndr 45: 380-388.

27. Ghosh MK, Kuhn L, West J, Semrau K, Decker D, et al. (2003) Quantitation of
human immunodeficiency virus type 1 in breast milk. J Clin Microbiol 41: 2465—
2470.

28. Chege D, Chai Y, Huibner S, McKinnon L, Wachihi C, et al. (2010) Evaluation
of a quantitative real-time PCR assay to measure HIV-specific mucosal CD8+ T
cell responses in the cervix. PLoS One 5: e13077.

29. Tasker S, Peters IR, Mumford AD, Day M]J, Gruffydd-Jones 1], et al. (2010)
Investigation of human haemotropic Mycoplasma infections using a novel
generic haemoplasma qPCR assay on blood samples and blood smears. ] Med
Microbiol 59: 1285-1292.

30. Houzet L, Paillart JC, Smagulova F, Maurel S, Morichaud Z, et al. (2007) HIV
controls the selective packaging of genomic, spliced viral and cellular RNAs into
virions through different mechanisms. Nucleic Acids Res 35: 2695-2704.

31. Gantt S, Carlsson J, Shetty AK, Seidel KD, Qin X, et al. (2008)
Cytomegalovirus and Epstein-Barr virus in breast milk are associated with
HIV-1 shedding but not with mastitis. AIDS 22: 1453-1460.

32. Chung MH, Kiarie JN, Richardson BA, Lehman DA, Overbaugh J, et al. (2008)
Highly active antiretroviral therapy versus zidovudine/nevirapine effects on
early breast milk HIV type-1 Rna: a phase II randomized clinical trial. Antivir
Ther 13: 799-807.

33. Lehman DA, Chung MH, John-Stewart GC, Richardson BA, Kiarie J, et al.
(2008) HIV-1 persists in breast milk cells despite antiretroviral treatment to
prevent mother-to-child transmission. AIDS 22: 1475-1485.

December 2012 | Volume 7 | Issue 12 | 51493



34.

36.

38.

39.

40.

41.

42.

43.

44,

46.

Goldman AS, Garza C, Nichols BL, Goldblum RM (1982) Immunologic factors
in human milk during the first year of lactation. J Pediatr 100: 563-567.

. Ruff AJ, Coberly J, Halsey NA, Boulos R, Desormeaux J, et al. (1994)

Prevalence of HIV-1 DNA and p24 antigen in breast milk and correlation with
maternal factors. J Acquir Immune Defic Syndr 7: 68-73.

Van de Perre P, Simonon A, Hitimana DG, Dabis F, Msellati P, et al. (1993)
Infective and anti-infective properties of breastmilk from HIV-1-infected
women. Lancet 341: 914-918.

. Guay LA, Hom DL, Mmiro F, Piwowar EM, Kabengera S, et al. (1996)

Detection of human immunodeficiency virus type 1 (HIV-1) DNA and p24
antigen in breast milk of HIV-l-infected Ugandan women and vertical
transmission. Pediatrics 98: 438-444.

Semrau K, Ghosh M, Kankasa C, Sinkala M, Kasonde P, et al. (2008) Temporal
and lateral dynamics of HIV shedding and elevated sodium in breast milk
among HIV-positive mothers during the first 4 months of breast-feeding.
J Acquir Immune Defic Syndr 47: 320-328.

Lewis P, Nduati R, Kreiss JK, John GC, Richardson BA, et al. (1998) Cell-free
human immunodeficiency virus type 1 in breast milk. J Infect Dis 177: 34-39.
Nduati RW, John GC, Richardson BA, Overbaugh J, Welch M, et al. (1995)
Human immunodeficiency virus type l-infected cells in breast milk: association
with immunosuppression and vitamin A deficiency. J Infect Dis 172: 1461-1468.
Department of Health (2010) Clinical guidelines: PMTCT (Prevention of
Mother-to-Child Transmission). Pretoria, South African Naional AIDS Council.
KwaZulu Natal Provincial Deaprtment of Health Protocol for the phased
implementation of a comprehensive package of care for the revention of mother
to child transmission of HIV in KwaZuluNatal. Version 4ed. 2003.

Chung MH, Kiarie JN, Richardson BA, Lehman DA, Overbaugh J, et al. (2007)
Independent effects of nevirapine prophylaxis and HIV-1 RNA suppression in
breast milk on early perinatal HIV-1 transmission. J Acquir Immune Defic
Syndr 46: 472-478.

Bennetto-Hood C, Aldrovandi GM, King JR, Woodman K, Ashouri N, et al.
(2007) Persistence of nevirapine in breast milk after discontinuation of treatment.
Clin Infect Dis 45: 391-394.

. Chung MH, Kiarie JN, Richardson BA, Lehman DA, Overbaugh J, et al. (2005)

Breast milk HIV-1 suppression and decreased transmission: a randomized trial
comparing HIVNET 012 nevirapine versus short-course zidovudine. AIDS 19:
1415-1422.

Antinori A, Perno CF, Giancola ML, Forbici F, Ippolito G, et al. (2005) Efficacy
of cerebrospinal fluid (CSF)-penetrating antiretroviral drugs against HIV in the

PLOS ONE | www.plosone.org

47.

48.

49.

50.

52.

53.

54.

56.

HIV-1 Transmission through Breastfeeding

neurological compartment: different patterns of phenotypic resistance in CSF
and plasma. Clin Infect Dis 41: 1787-1793.

Thomas TK, Masaba R, Borkowf CB, Ndivo R, Zeh C, et al. (2011) Triple-
antiretroviral prophylaxis to prevent mother-to-child HIV transmission through
breastfeeding-the Kisumu Breastfeeding Study, Kenya: a clinical trial. PLoS
Med 8: €1001015.

de Vincenzi I (2011) Triple antiretroviral compared with zidovudine and single-
dose nevirapine prophylaxis during pregnancy and breastfeeding for prevention
of mother-to-child transmission of HIV-1 (Kesho Bora study): a randomised
controlled trial. Lancet Infect Dis 11: 171-180.

Kilewo C, Karlsson K, Ngarina M, Massawe A, Lyamuya E, et al. (2009)
Prevention of mother-to-child transmission of HIV-1 through breastfeeding by
treating mothers with triple antiretroviral therapy in Dar es Salaam, Tanzania:
the Mitra Plus study. J Acquir Immune Defic Syndr 52: 406-416.

Chasela CS, Hudgens MG, Jamieson DJ, Kayira D, Hosseinipour MC, et al.
(2010) Maternal or infant antiretroviral drugs to reduce HIV-1 transmission.
N Engl ] Med 362: 2271-2281.

Shapiro RL, Hughes MD, Ogwu A, Kitch D, Lockman S, et al. (2010)
Antiretroviral regimens in pregnancy and breast-feeding in Botswana.
N Engl ] Med 362: 2282-2294.

Shapiro RL, Ndung’u T, Lockman S, Smeaton LM, Thior I, et al. (2005) Highly
active antiretroviral therapy started during pregnancy or postpartum suppresses
HIV-1 RNA, but not DNA, in breast milk. J Infect Dis 192: 713-719.
John-Stewart G, Mbori-Ngacha D, Ekpini R, Janoff EN, Nkengasong J, et al.
(2004) Breast-feeding and Transmission of HIV-1. J Acquir Immune Defic
Syndr 35: 196-202.

Becquart P, Chomont N, Roques P, Ayouba A, Kazatchkine MD, et al. (2002)
Compartmentalization of HIV-1 between breast milk and blood of HIV-infected
mothers. Virology 300: 109-117.

. Khamduang W, Jourdain G, Sirirungsi W, Layangool P, Kanjanavanit S, et al.

(2011) The interrelated transmission of HIV-1 and cytomegalovirus during
gestation and delivery in the offspring of HIV-infected mothers. J Acquir
Immune Defic Syndr 58: 188-192.

Bland RM, Becquet R, Rollins NC, Coutsoudis A, Coovadia HM, et al. (2007)
Breast health problems are rare in both HIV-infected and HIV-uninfected
women who receive counseling and support for breast-feeding in South Africa.

Clin Infect Dis 45: 1502—1510.

. UNAIDS (2010) Getting to Zero: 2011-2015 strategy Joint United Nations

Programme on HIV/AIDS. WHO library Cataloguing-in-Publication Data.
2010. Geneva, UNAIDS.

December 2012 | Volume 7 | Issue 12 | 51493



