CHAPTER 2
STUDY WORKS

1. Introduction

Mother-to-child = transmission (MTCT) is the leading source of human
immunodeficiency virus (HIV) infection in children. Transmission may occur during
pregnancy (in utero), labor and delivery (intrapartum) or after birth, through
breastfeeding. The risk of MTCT can be reduced to below 2% by interventions such
as antiretroviral (ARV) prophylaxis, elective cesarean delivery, and the complete
avoidance of breastfeeding [396; 222; 263].

Maternal neutralizing antibodies (NAbs) can cross the placental barrier into the
fetal bloodstream, reaching high levels in the fetus at the end of pregnancy and
protecting the infant against infection with numerous pathogens [119; 349].
Therefore the MTCT context allows to study the potential prophylactic effects of
antibodies in preventing HIV transmission. The studies of passive immunization with
human neutralizing monoclonal antibodies (HuMAbs) in the neonatal macaques
model have proven that antibodies could protect against MTCT of HIV-1 infection
[27; 166]. However, conflicting results have been obtained concerning the role of
maternal NAbs in the MTCT of HIV [357; 162; 227; 48]. The differences in the
results obtained may be due to differences in methodological approaches and in the
populations studied.

Several studies have demonstrated that HIV-1-infected mothers generally have a
heterogeneous viral population, whereas their infected infants have a more
homogeneous virus population [428; 357; 13; 301; 410]. This indicates the presence
of selective pressure resulting in the selection of a limited number of maternal viral
variants for establishment of a new infection in the infants. Maternal antibodies are
among the selective factors potentially responsible for this genetic bottleneck.
Indeed, several studies, including a previous study from our group, have shown that
non-transmitting mothers are more likely to have higher levels of NAbs, consistent
with a role of these antibodies in reducing MTCT of HIV [357; 227; 47; 156; 32].
Supporting this hypothesis, recent studies have clearly shown that variants from
infants are frequently resistant to neutralization by autologous maternal plasma,
suggesting transmission of maternal NAbs escape variants [111; 109; 410; 432].
However, infants have occasionally been found to be infected with a heterogeneous
population of multiple maternal variants [357; 301; 410; 111; 223; 338].
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It has been suggested that the timing of transmission is responsible for
differences in the diversity of the virus population in infants, with in utero
transmitters more likely to transmit single or multiple maternal variants and
intrapartum transmitters more likely to transmit minor HIV-1 variants [111]. The
existence of different selective pressures depending on the timing of transmission was
not confirmed in other studies [410; 109]. We believe that analyses of the role of
passively transferred antibodies should clearly separate cases of intrapartum
transmission from in utero transmission: only in cases of intrapartum transmission can
we be sure that exposure to the virus occurs in the presence of optimal levels of IgGs.

Understanding the role of NAbs and the molecular characteristics of the HIV-1
variants involved in MTCT are important for the development of effective HIV/AIDS
vaccine and passive immunization approaches to HIV-1. Indeed, MTCT of HIV is a
unique situation where babies are exposed to the virus in presence of passively
transferred antibodies.

This is why our studies focused on both the role of NAbs in MTCT of HIV-1 and
the molecular characteristics of viruses transmitted from mothers to their infants. We
restricted our analysis to HIV-1 CRF01 AE variants which belong to the predominant
HIV-1 clade in Thai population, with the hope that our work would benefit to the
development of strategies for prevention of HIV-1 infection, especially in Thailand.

2. Objectives of the entire study

The main purposes of the entire study were to define the role of maternal
NAbs in MTCT of HIV-1 and to characterize the HIV-1 envelope glycoproteins of
viruses preferentially transmitted in MTCT of HIV-1.

Specific aims were:

1. To determine the NADs titers against heterologous HIV-1 primary isolates
in transmitting and non-transmitting mothers, and to precise the molecular
characteristics of CRFO1 AE primary isolates that might be indicators of
protective antibodies.

2. To examine the molecular characteristics of HIV-1 envelope glycoproteins
of the viral variants from both mother and their children, considering the
timing of transmission (in utero or intrapartum), trying to identify specific
properties of transmitted viruses that might confer a selective advantage in
the MTCT context.
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3. Materials and methods, Results, Discussion

I. Maternal neutralizing antibodies against a CRF01_AE
primary isolate are associated with a low rate of

intrapartum HIV-1 transmission in Thailand

1. Background and specific aims

Maternal neutralizing antibodies (NAbs) could play a role in preventing HIV-1
transmission, particularly when the baby is exposed to the virus in the presence of
optimal levels of Abs. Several studies have shown that non-transmitting mothers had
more frequently detected and higher levels of NAbs responses than transmitting
mothers [357; 227; 47; 156; 32], and the viruses transmitted intrapartum are escape
variants resistant to maternal autologous NAbs [111; 410; 432]. In a previous study,
we hypothesized that broadly cross-neutralizing, heterologous NAbs would protect
babies against intrapartum HIV transmission [32]. We measured NADb titers against
primary isolates of various clades in sera from pregnant Thai women for whom the
time of transmission was known. We identified an association between higher titers
of NAbs against a CRFO1_AE primary isolate, MBA ,and lower rates of intrapartum
transmission (Figure 31). However, only one isolate per clade was used in this
previous study.

In the present study, we extended the analysis by using several CRFO1 AE
strains in a different Thai population selected on highly stringent criteria and
confirmed the association we previously observed. In addition, we have identified a
characteristic of the envelope glycoprotein of the MBA strain that might explain this
association, at least in part.
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Figure 31. Comparison of neutralizing antibody titers in transmitting (T) versus non-
transmitting (NT) mothers. (A) Antibodies to KON (CRF02 AGQG), FRO (B), GIL (F),
and MBA (CRF01_AE) strains. (B) Antibodies to MBA strain in non-transmitting
and transmitting mothers according to timing of transmission (in utero or
intrapartum). The mothers who transmitted the virus intrapartum had significantly
lower NAD titers to MBA, compared with non-transmitting mothers (Kruskal-Wallis
test, P = 0.008; CLR, P = 0.02), whereas there was no significant difference between
mothers who transmitted the virus in utero and those who did not (Kruskal-Wallis
test, P = 0.42; CLR, P = 0.53). For each distribution, the horizontal lines represent
the 25™, 50" (median), 75", and 90™ percentiles. (Figures from Barin et al. 2006 [32])

Specific aims were:

- to determine the NADb titers against heterologous primary isolates in
transmitting and non-transmitting mothers, in order to confirm and extend
previous findings.

- to characterize the molecular properties of HIV-1 strains that might be
indicators of protective antibodies.

2. Materials and methods
Study population and sample collection

Samples were obtained from HIV-I-infected pregnant women enrolled in a
clinical trial assessing various zidovudine (ZDV) treatment durations for the
prevention of MTCT in Thailand (Perinatal HIV Prevention Trial, PHPT-1), in which
infants were not breastfed [221]. The HIV-1 infection status of the infants was
determined by HIV-1 proviral DNA PCR as previously described [32; 221]. We
matched 45 transmitting mothers (cases) with samples available for this study to 45
non-transmitting mothers (controls) on baseline maternal viral load and duration of
maternal ZDV prophylaxis, the two main independent baseline factors associated with
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MTCT [185]. Table 2 displays the characteristics of these two groups. Of the 45
transmitting mothers, 14 mothers transmitted HIV-1 to their infants in utero and 29
mothers transmitted the virus intrapartum, and the timing of transmission was not
determined in two cases. Blood samples were collected at baseline, before the start of
ZDV prophylaxis, 4 to 11 weeks before delivery. Maternal viruses were subtyped, by
both V3 serotyping [32] and phylogenetic analysis of the genomic sequences obtained
after reverse transcriptase—polymerase chain reaction (RT-PCR) amplification of the
gp41 region of the viral RNA in the plasma, as previously described [52]. Samples
with discrepant results in V3 serotyping and genetic analysis were defined as
indeterminate. HIV-1 CRFO1 AE was identified in 80 (89%) of the 90 mothers and
subtype B was identified in four (4%). Six were indeterminate.

Table 2. Baseline characteristics of transmitting and non-transmitting mothers

Characteristics Non-transmitters Transmitters P value
(n =45) (n =45)

Median (range) Median (range)  Kruskal-Wallis test
Age (years) 26 (22-30) 25 (23-30) 0.61
CD4 cell count (per mm®) 352 (240-434) 320 (220-450) 0.96
Viral load (log10 4.38 (3.89-4.75) 4.41 (3.87-4.71) 0.97
copies/mL)
Duration of zidovudine 6 (4-11) 6 (4-11) 0.92
prophylaxis (weeks)
Hemoglobin level (g/dL) 10.6 (10.1-11.5) 10.4 (9.8-11.2) 0.23
Hematocrit (%) 32 (30-35) 32 (30-34) 0.33
Gestational age at sample 26 (22-26) 26 (21-26) 0.60
acquisition (weeks)
Sample acquisition to 14 (13-17) 14 (12-19) 0.98
delivery (weeks)

Heterologous primary isolates neutralization assay

Neutralization assays were carried out blind to the transmission status of the
mother-infant pairs. The heterologous primary isolates selected for this study
belonged to the two prevalent clades in Thailand (CRFO1 AE and B) and presented
various phenotypes (X4, RS, dual-tropic). There were three clade B strains, FRO
(X4), BIG (R5) and CHA (R5X4), and three CRFO1_AE strains, C1712 (X4), LEA
(RS5), MBA (R5X4). Virus stocks were prepared by a limited number of passages in
PHA-stimulated peripheral blood mononuclear cells (PBMC). The same stock of
each isolate was used for the entire study. The titers of NAbs against the six primary
isolates in each maternal serum sample were determined using the P4P cell assay, as
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previously described [32; 30]. P4P cells (CD4 CXCR4'CCR5" HeLa-derived cells
harboring the lacZ reporter gene) were cultivated in DMEM supplemented with 10%
FCS, 500 pg/ml G418, 100 pg/ml puromycin and 100 pg/ml antibiotics [74]. The
assay was performed in duplicate and the results were expressed as mean values. A
negative control was included in every series by use of a serum sample obtained from
an HIV-seronegative, healthy individual without any risk factors. A pool of serum
samples obtained from 10 untreated HIV-Il-infected individuals was used for a
positive control. The neutralization titer was defined as the reciprocal of the serum
dilution resulting in a 90% decrease in the number of infected cells two days after
infection with 100 TCIDs, (50% tissue culture infectious dose) when compared to the
negative control.

Amplification and cloning of HIV-1 env genes

Genomic RNA from C1712, LEA and MBA viruses was extracted from each
virus stock using the QIAamp® viral RNA Mini Kit (Qiagen, Hilden, Germany).
Full-length (gp160) env gene was amplified by nested RT-PCR using subtype
CRFO01 _AE env-specific primers. The outer primers pair was sensAEext (5’-
GGTTARTTVARAGAATAAGAGAAAGAG-3’) and asAEext (5°-
TRCTTTTTGACCAYTTGCYYCCCAT-3’), and the inner primers pair was
sensAEint (5’-AGAAGACAGTGGAAATGAGAGTGA-3’) and asAEint (5°-
ATDTTATRSCAAAGHCCTTTCDAAGCC-3). Reverse transcription (RT) and the
first round of PCR were carried out using the SuperScript™ One-Step RT-PCR for
Long Templates kit (Invitrogen, Carlsbad, CA) under the following conditions: one
RT of 30 minutes at 50°C, followed by the first round of PCR consisting in one cycle
of 2 minutes at 94°C, 35 cycles of 15 seconds at 94°C, 30 seconds at 50°C, 3 minutes
at 68°C, and an additional extension step of 10 minutes at 72°C. MBA env gene
amplification differed from that of the two other viruses by the number of cycles (40
cycles) and the annealing temperature (45°C). A 5ul aliquot of the products of the
first round of PCR was then used as template for the second round of amplification
under the same cycling conditions, using Platinum® PCR SuperMix High Fidelity
(Invitrogen). By this approach, PCR products of 2.6 kb were obtained for each virus.
They were cloned into pCR2.1 (TOPO TA cloning” Kit; Invitrogen), before being
excised by ECORI restriction and transferred into the ECORI site of the pCI expression
vector (Invitrogen).

Sequence analysis

PCR products and pCR2.1-env clones were sequenced, using a set of env-
specific internal primers, according to the Dye Terminator cycle sequencing protocol
(Applied Biosystems, Foster City, CA). Nucleotide sequences were assembled,
translated into amino acid sequences and aligned using the BioEdit package version
5.0.9 [158]. Potential N-linked glycosylation sites (PNGS) were identified by N-
GlycoSite (http://www.hiv.lanl.gov/content.hiv-db/GLY COSITE/glycosite.html)
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[441]. MBA, C1712 and LEA env sequences have been submitted to GenBank and
assigned accession numbers DQ518410 to DQ518412.

Construction of chimeric env genes

Two chimeric env genes, named V2LEA-envAV2MBA and V2MBA-
envAV2LEA, were constructed in pCR2.1 vector by inverting V2 domains of LEA
and MBA env genes using a domain exchange strategy as previously described [346]:
the donor V2 domains of LEA and MBA were amplified by PCR using specific
primers that anneal at both ends of V2 domains (Figure 32A). The primers pairs used
for these amplifications were: LEAV2S (5’-
TCTTTTAATATGACCACAGAACTAAAAGATAAG-3’) and LEAV2AS (5’-
ACAATTTATTAACCTATACTCACTATTATTACTACTTC-3") for LEA, and
MBAV2S (5’-ACTTTTAATACGACCACAGAACTAGGAGAT-3’) and MBV2AS
(5’-ACAATGTATTAATATATACTTACTATAGGTACTATTGTTTTTCCC-3”) for
MBA. The recipient env backbones (deleted of the V2 domain) within the pCR2.1
vector were amplified by PCR using specific primers that anneal to regions adjacent
to the V2 primers (Figure 32B). A 5’ phosphate group (Phos) was added to these
primers to allow ligation to the V2 amplicon. The primers pairs used for these
amplifications were: LEAEnvS (5°-Phos-
AATACTTCAGTCATTAAGCAGGCTTGTC-3’) and LEAEnvAS (5’-Phos-
ACAGTTTCTTACTTCATCTGTTATATTTCCTATTT-3") for LEA, and MBAEnvS
(5’-Phos-AATTCTTCAGTCATTAAGCAAGCATGTCC-3’) and MBAEnvAS (5°’-
Phos-GCAGTTTCTTACTGATTTTTCCATTTTTATTGTCTTAC-3") for MBA.

The PCR amplification conditions for the V2 domains were 1 cycle of 30
seconds at 98°C, followed by 35 cycles of 10 seconds at 98°C, 30 seconds at 57°C
and 30 seconds at 72°C, and a final extension step of 72°C for 10 minutes. The
amplification conditions for env backbones were the same except the extension time
at 72°C that was increased to 4 minutes. PHUSION High Fidelity DNA Polymerase
(New England Biolabs, Ipswich, MA) was used to generate blunt-ended PCR
amplicons. PCR amplicons were digested with Dpnl to remove contaminating
template DNA prior to ligation. Each donor V2 DNA fragment (V2 of LEA or MBA)
was ligated to its recipient env backbone (pCR2.1-envAV2MBA or pCR2.1-
envVAV2LEA, respectively), to produce two pCR2.1 constructs containing chimeric
env genes, V2LEA—-envAV2MBA and V2MBA-envAV2LEA (Figure 32C). After
transformation of E. coli DH5a by electroporation, individual bacterial colonies were
screened for the presence and the correct orientation of the V2 domain into the env
gene by enzymatic restriction analysis and sequencing of plasmid DNA. Correct
chimeric env genes were then extracted from pCR2.1 by ECORI restriction and
transferred into the ECORI site of the pCI expression vector (Invitrogen).
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Figure 32. Construction of the V2 chimeric Envs. (A) The donor V2 domains (MBA
and LEA) were amplified by PCR using specific primers that anneal at both ends of
the V2 domain. (B) The recipient env backbones within the pCR2.1 vector (pCR2.1-
envAV2MBA and pCR2.1-envAV2LEA) were amplified by PCR using specific
primers that anneal to regions adjacent to the V2 primers. A 5’ phosphate group was
added to these primers to allow ligation to the V2 amplicon. (C) The V2 domains and
recipient env backbones were blunt-end ligated to generate chimeric env genes in
pCR2.1 (pCR2.1-V2MBA-envAV2LEA and pCR2.1-V2LEA-envAV2MBA).

Production and titration of envelope (Env)-pseudotyped viruses

293-T cells were cultivated in DMEM supplemented with 10% fetal calf serum
(FCS) and 100 pg/ml antibiotics. TZM-bl cells (CD4'CXCR4 CCRS5" HeLa-derived
cells harboring the lacZ and luc reporter genes) were cultivated in DMEM
supplemented with 10% FCS, 25 mM HEPES and 50 pg/ml gentamycin [315; 419].
Env-pseudotyped viruses were generated by co-transfecting 3 x 10° 293T cells with
12 pg of each pCl-env plasmid and 8 png of pNL4.3.LUC.R'E" [91], using calcium
phosphate (Invitrogen). Briefly, at 18h after transfection, cells were washed and fresh
medium was added. Two days later, viral supernatants were harvested, centrifuged,
filtered (0,45 um), aliquoted and frozen (-80°C). After determination of p24 antigen
concentrations of viral stocks (INNOTEST® HIV Antigen mAb; Innogenetics,
Belgium), quadruplicated serial five-fold dilutions of supernatants were used to infect
TZM-bl cells in presence of 30 pg/mL DEAE-dextran. After 48 h, infection levels of
target cells were determined by measuring luciferase activity present in cell lysates,
using a quantitative luciferase assay (Bright-Glo luciferase assay; Promega) and a
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Centro LB 960 luminometer (Berthold Technologies). The dilution of supernatant in
which infection of target cells was observed in 50% of the wells (TCIDso) was
determined for each virus. Infection was considered as positive in wells producing
relative luminescence units (RLU) above 2.5-times background RLU.

Env-pseudotyped viruses neutralization assay

Pseudotyped viruses stocks were diluted to obtain 600 TCIDsy/mL in growth
medium. A volume of 25 pl corresponding to 15 TCIDsy was then incubated for 1h at
37°C with 75 pl of serial twofold dilutions of heat-inactivated serum in wells of 96-
well culture plates. The virus/serum mixture was then used to infect 10,000 TZM-bl
cells in presence of 30 pg/mL DEAE-dextran. After 48h, infection levels were
determined by measuring luciferase activity as described above. The assay was
performed in duplicate and the results were expressed as mean values. Neutralizing
antibody titers were defined as the reciprocal of the serum dilution required to reduce
RLU by 50%.

Statistical analysis

Categorical variables were compared using Fisher’s exact test and a conditional
logistic regression (CLR) model to take into account the matching of the two groups
on maternal baseline viral load and ZDV prophylaxis treatment duration. Continuous
variables were compared using the Wilcoxon matched-pairs signed-ranks test. We
used McNemar's chi-squared test for matched case-control data to compare the
proportions of patient sera able to neutralize each strain.

3. Results
Neutralizing activity of sera from mothers against six primary isolates

None of the 90 sera displayed no neutralizing activity, whereas 15 sera (17%)
showed neutralizing activity against the six strains. Although cross-clade NAbs were
detected in several sera, subtype-specific neutralizing antibodies predominated.
Seventy six (95%) of the sera of the 80 CRF01_ AE infected mothers neutralized at
least one strain of subtype CRF01 AE, but only 50 (63%) neutralized at least one
strain of subtype B. However, all CRFO1 AE strains were not equally neutralized.
The MBA strain was more resistant to neutralization than the other two CRFO1_AE
strains, LEA and C1712 (McNemar's test, P < 0.001 and P = 0.001, respectively):
only 57 of 90 sera (63%) were able to neutralize MBA versus 81 (90%) for LEA and
75 (83%) for C1712. In contrast, the three subtype B isolates, BIG, CHA and FRO
were similarly neutralized by 39 (43%), 35 (39%) and 38 (42%) of 90 sera,
respectively (McNemar's test not significant).



81

The percentage of mothers with detectable NAbs against each of the three
subtype B isolates and two of the CRFO1_ AE isolates (LEA and C1712) was not
significantly different in transmitting and non-transmitting mothers (Table 3). In
contrast, NAbs against MBA, the CRFOlI AE strain the most resistant to
neutralization, were detected in 34 of 45 non-transmitting mothers (76%), versus only
23 of 45 (51%) in transmitting mothers (Fisher’s exact test: P = 0.03; CLR: P = 0.02,
odds ratio 3.8; 95% confidence interval: 1.2 to 11.3) (Table 3). This difference
remained significant if the analysis was restricted to the 80 CRFO1_AE infected
mothers (CLR: P = 0.01, odds ratio 6.5; 95% confidence interval: 1.5 to 28.8).
Similarly, the distribution of titers against BIG, CHA, FRO, LEA and C1712 did not
differ significantly between transmitting and non-transmitting mothers, whereas
higher titers against MBA were observed in non-transmitting mothers (Wilcoxon
signed-rank, P = 0.01) (Figure 33A). This association remained significant when the
analysis was restricted to the CRFO1 _AE infected mothers (P = 0.009).

Neutralizing antibodies against MBA were undetectable in 15 of the 29 mothers
who transmitted the virus intrapartum (52%) versus only 7 of the 29 (24%) matched
controls (Fisher’s exact test, P = 0.06; CLR; P = 0.05), and were undetectable in six
(43%) of the 14 mothers who transmitted the virus in utero versus two of the 14
(14%) matched controls (Fisher’s exact test, P = 0.21; CLR, P = 1.00). Similarly, the
levels of neutralizing antibodies against MBA were significantly lower in mothers
who transmitted the virus intrapartum, compared to their matched controls (Wilcoxon
signed-rank, P = 0.03). In contrast they were not statistically different between
mothers who transmitted the virus in utero and their matched controls (Wilcoxon
signed-rank, P = 0.15) (Figure 33B).

Table 3. Comparison of detectable neutralizing antibodies against the 6 primary
isolates in transmitting and non-transmitting mothers

Presence of detectable Nontransmitters Transmitters P value
NAbs against: (n = 45) (n = 45)

n (%) n (%) Fisher’s CLR

exact test

BIG (B/R5) 22 (49) 17 (38) 0.40 0.30
CHA (B/R5X4) 18 (40) 17 (38) 1.00 0.84
FRO (B/X4) 20 (44) 18 (40) 0.83 0.67
LEA (CRF01_AE/RS) 41 (91) 40 (89) 1.00 0.74
MBA (CRFO01_AE/R5X4) 34 (76) 23 (51) 0.03 0.02

C1712 (CRFO1 AE/X4) 37 (82) 38 (84) 1.00 0.78
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Figure 33. Comparison of neutralizing antibody titers in transmitting (T) and non-
transmitting (NT) mothers. (A) Comparison of NAb titers against the six strains in
transmitting and non-transmitting mothers. Box plots show the distribution of
maternal antibody titers; for each distribution, the horizontal lines represent the lower
adjacent 25", median, 75", and upper adjacent percentiles. (B) Comparison of NAb
titers against the MBA strain in non-transmitting mothers and transmitting mothers
according to time of transmission (in utero or intrapartum).
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Molecular characteristics of the envelope glycoprotein of MBA

We tried to identify the molecular characteristics of the envelope glycoprotein of
MBA that might provide at least partial explanations for the association between
lower risk of MTCT and NAbs against this isolate. We focused on the three
CRFO1_AE strains. Alignments of the amino-acid Env sequences from the three
strains revealed one major difference between MBA and the other two strains (Figure
34). The MBA Env showed an unusually long V2 domain of 63 amino acids (23 and
25 amino acids longer than that of LEA and C1712, respectively) encoding 6 PNGS
(versus 2 PNGS in LEA and C1712). Using the HIV Blast program, searches of
homology between the MBA Env and sequences found in the HIV sequence database
(http://www .hiv.lanl.gov/content/index) showed that the V2 lengthening of MBA is
exceptional. A detailed analysis of the V2 domains of the 68 CRF01_AE strains
present in the web-alignment of the full spectrum of HIV sequences
(http://www .hiv.lanl.gov/content/sequence/NEWALIGN/align.html) contained in the
HIV sequence database in 2006, revealed that the longer V2 domain was composed of
53 amino acids (accession number U51188) and the more potentially glycosylated V2
domain encoded 5 PNGS (accession number AY444805). In addition to this major
particularity, 3 PNGS localized in the C2 constant domain, the V4 variable loop and
the membrane proximal external region (MPER) of gp41, respectively, as well as a
deletion of 7 amino-acids in the gp41 cytoplasmic tail, were observed in MBA but not
in LEA and C1712. Nevertheless, the three PNGS observed in MBA were not
specific of this strain. They were found in the envelope of the highly sensitive to
neutralization strain HxB2 (for the two PNGS in C2 and MPER) or in envelopes of
several other CRFO1 AE strains (for the two PGNS in V4 and MPER) (data not
shown).
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Figure 34. Locations of the sequence characteristics of the envelope glycoprotein of
MBA. The amino acid Env sequences of C1712, LEA and MBA were aligned using
the BioEdit package version 5.0.9 [158]. Only regions showing characteristics
specific to MBA are indicated. Amino acid numbering is based on MBA amino acid
Env sequence. Identical amino acids and insertions are indicated by dots or dashes,
respectively. PNGS (NXT or NXS) are highlighted in grey.
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This analysis led us to hypothesize that the unusual long V2 domain might
contribute to render MBA more resistant to neutralization than LEA and C1712. To
test this hypothesis, pseudotyped viruses expressing wild type Envs of MBA and LEA
and two chimeric Envs constructed by swapping the V2 domains (V2LEA-
EnvAV2MBA and V2MBA-EnvAV2LEA) were produced. The chimeric V2LEA-
EnvAV2MBA pseudotyped virus, expressing the V2 domain of LEA in an MBA Env
backbone, was not infectious. The neutralization profiles of the three other viruses,
i.e. MBA, LEA and V2MBA-EnvAV2LEA were compared, using 10 serum samples
of mothers selected among those that neutralized more efficiently LEA than MBA
(Figure 35). As shown on figure 35 and table 4, the V2 domain of MBA conferred to
LEA a higher level of resistance to neutralization by 6 of the 10 sera. Indeed, the
chimeric virus displayed profiles of neutralization by sera WT1064 and WT1382
similar to those of MBA, with a decrease in neutralization sensitivity of
approximately threefold when compared to LEA. The neutralization profiles of the
chimeric virus by sera WT0744, WT0769, WT0836 and WT1388 were intermediate
between those of LEA and MBA, with decreases in sensitivity ranging from 1.5- to
2.2-fold when compared to LEA. In contrast, the V2 region of MBA did not
influence the neutralization profile of the chimeric virus by sera WT0069, WT0665,
WTO0821 and WT1201. These results suggest that the V2 region of MBA certainly
contributes to the neutralization resistance of this strain, but that other determinants
might be involved.

Table 4. Neutralizing antibody titers of 10 serum samples against LEA, MBA and
V2MBA-EnvAV2LEA pseudotyped viruses. Results are expressed as the reciprocal
dilution that reduces the RLU by 50%.

Serum LEA MBA EIXIZAI\;IIIZBIITE A
WT1064 100 32.5 44.2
WT1382 95 30.5 28.1
WT0744 98.7 46.8 66.8
WTO0769 193.2 54.6 87
WT0836 146.1 38.1 89.8
WT1388 34 12.7 21.6
WT0069 981 572.9 1014.7
WTO0665 182.9 22.3 183.2
WTO0821 108.7 57.3 93.5

WTI1201 217.1 65.1 240.3
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Figure 35. Effect of the V2 domain of MBA on the neutralization of LEA.
Neutralization activities of 10 mothers sera were determined against viruses
pseudotyped with the parental Envs of LEA (crosses) and MBA (open squares), and
with the chimeric envelope V2ZMBAEnvAV2LEA (closed triangles). Percentages of
neutralization are plotted against the serum dilutions. The sera used are indicated at
the top of each panel.
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4. Discussion

We found an association between high titers of maternal NAbs against the MBA
strain — a primary isolate of the prevalent clade in Thailand — and a lower rate of
mother-to-child transmission of HIV, specifically for intrapartum transmission. These
findings confirm the results of a previous study of a random sample of 28 transmitting
and 62 non-transmitting mothers [32]. Therefore, we conclude that such antibodies
may be associated with a lower risk of MTCT. As intrapartum exposure to HIV
resembles natural challenge in the presence of preexisting antibodies, it might be
possible to identify correlates of protection useful for ongoing or future vaccine
studies. In this study, neutralizing activity was tested against six primary isolates of
different phenotypes. Three of these strains belong to the predominant clade in
Thailand, CRFO1 _AE. The other three belong to the less prevalent clade B. Among
CRFO01_AE strains, MBA showed the particularity to be more resistant to
neutralization than the two other strains. The three clade B strains were similarly
neutralized. No association between neutralizing antibodies and MTCT was found for
the three B strains and for two of the CRFO1 AE strains (LEA and C1712). In
contrast, the proportion of mothers who harbored NAbs against the MBA strain was
significantly higher for non-transmitting than for transmitting mothers, and NAb titers
against the MBA strain were significantly higher in non-transmitters than in
transmitters. Higher levels of NAbs against the MBA strain were associated
significantly with lower rates of intrapartum transmission, but not of in utero
transmission. This suggests that only NAbs able to neutralize strains with specific
properties, such as MBA, might be indicators for protection.

We therefore investigated the molecular characteristics of the envelope gene of
the MBA strain. We found that MBA showed an exceptionally long V2 domain of 63
amino acids including 6 PNGS. Several reports have shown that the VIV2 domain
strongly influences sensitivity to neutralization by masking neutralizing targets [346;
313; 350; 370; 429]. We therefore hypothesized that this unusual V2 domain might
contribute to render MBA more resistant to neutralization when compared to the other
two CRFO1_AE isolates, LEA and C1712. To test this hypothesis, we compared the
neutralization profiles of pseudotyped viruses expressing either wild type Envs of
MBA or LEA or a chimeric Env containing the V2 domain of MBA in a LEA Env
backbone. We found that the V2 region of MBA increased the resistance of LEA to
neutralization by 6 of the 10 tested sera, indicating that the unusual V2 domain
contributed certainly to the neutralization resistance of MBA, but was probably not
the only determinant involved. This observation would suggest that the antibodies
effective in reducing the risk of MTCT would be potent antibodies targeting either
epitopes exposed on the large V2 domain itself or, alternatively, distant epitopes
specifically exposed because of a particular conformation imposed by this large
heavily glycosylated structure. Interestingly, Pinter et al recently showed that the
V1V2 domain is a global regulator of sensitivity of primary isolates to neutralization
by antibodies commonly induced upon infection but not by exceptional antibodies
capable of neutralizing a broad range of primary isolates, like the human monoclonal
antibodies 2F5, 2G12 or b12 [313]. Further characterization of maternal antibodies
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with potent neutralizing activity against MBA and associated with a lower risk of
MTCT, may therefore allow the identification of key neutralization epitopes. Such
epitopes may constitute additional potential targets for the development of a
protective vaccine against HIV.

In conclusion, this study confirms that higher titers of maternal antibodies
against a CRFO1_AE primary isolate, MBA, are associated with a lower intrapartum
risk of HIV-1 transmission in Thailand, and confirms a major implication of the V2
domain of gpl20 in the neutralization process. The results suggest that certain
primary isolates might be indicative of a protective antibody response. Further
studies aiming to select strains indicative of neutralization/protection might facilitate
the identification of correlates of protection crucial for the development of protective
vaccines. Lessons from the MTCT model would be very useful in this respect.

5. Publications

These data have been submitted to the Journal of Infectious Diseases in August, 2008.

Samleerat T, Thenin S, Jourdain G, Ngo-Giang-Huong N, Moreau A,
Leechanachai P, Sirithadthamrong S, Surasaerneewongse V, Warachit B,
Hotrawarikarn S, Lallemant M, Barin F, and Braibant M. Maternal
neutralizing antibodies against a CRF01_AE primary isolate are associated
with a low rate of intrapartum HIV-1 transmission in Thailand.

This work was presented in part at the XVI International AIDS Conference, Toronto,
Canada, August 13-18, 2006 and at the AIDS Vaccine 2006 Conference, Amsterdam,
The Netherlands, August 29-September 1, 2006.
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Canada, August 13-18, 2006 (oral presentation-presenting author).

Samleerat T, Jourdain G, Braibant M, Ngo-Giang-Huong N, Lallemant M,
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The work presented at the XVI International AIDS Conference, Toronto, Canada was
remarked in the special report of Journal of Experimental Medicine, 2006; 203 (11):

2394-2403.
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II. Characteristics of human immunodeficiency virus type
1 (HIV-1) gp120 env sequences in mother-child pairs
infected with HIV-1 subtype CRF01_AE

1. Background and specific aims

HIV-1 can rapidly escape from autologous NAbs responses [16; 343; 420].
Evolution of both potential N-linked glycosylation sites (PNGS), which anchor a
“glycan shield” of carbohydrates to the envelope, and variable loops, may contribute
to escape from NAbs. Consistent with this hypothesis, recent studies of
heterosexually transmitted viruses identified soon after infection have suggested that
these early viruses have fewer PNGS and shorter variable loop sequences in the
envelope than later isolates, depending on subtype [107; 79; 132; 236], indicating that
smaller, less highly glycosylated Envs may be favored for transmission. As with
sexual transmission, a bottleneck occurs during MTCT. As reviewed above, previous
studies have demonstrated that HIV-1l-infected mothers generally have a
heterogeneous viral population, whereas their infected infants have a more
homogeneous virus population [428; 357; 13; 301; 410]. It was suggested that in
utero transmissions were associated more likely with single or multiple maternal
variants and intrapartum transmissions more likely with minor HIV-1 variants [111].
However, this was not confirmed in other studies [410; 109]. The most extensive
molecular studies published so far included a maximum of 12 to 14 mother-infant
pairs, were conducted in populations infected with different subtypes, and used
different molecular approaches (heteroduplex mobility assay and/or phylogenetic
analysis after sequencing [410; 109; 432]). In most studies in which the env gene was
sequenced, only portions of the gpl20 region were analyzed, with only one study
comparing the entire V1-to-V5 region of 78 clones from 12 pairs [432]. In contrast
with these previous studies, we investigated the molecular characteristics of the HIV-
1 variants involved in mother-to-child transmission by focusing on a homogeneous
population infected with CRFO1_ AE isolates in Thailand, analyzing entire gp120 env
sequences (353 clones) from 17 mother-child pairs for which the timing of
transmission was known.

Specific aim was to examine the molecular characteristics of HIV-1 envelope
glycoprotein of the virus isolates from mother and their children, considering timing
of transmission (in utero or intrapartum), looking for molecular characteristics that
might confer a selective advantage for MTCT.
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2. Materials and methods
Study population and sample collection

Samples were obtained from participants enrolled in a clinical trial for the
prevention of MTCT in Thailand (Perinatal HIV Prevention Trial, PHPT-1) [221].
The infants were not breastfed. Their HIV-1 infection status was determined by PCR-
based HIV-1 proviral DNA detection, using DNA extracted from peripheral blood
collected within 48 h of birth, at 6 weeks, and at 4 and 6 months of age. Infants were
considered to be uninfected if two PCR tests for HIV DNA were negative on two
separate occasions after one month of age. Infants were considered to be infected
with HIV if the test was positive on two separate occasions. We considered the infant
to have been infected in utero if the first test result, using blood collected within 48 h
of birth, was positive, and intrapartum if the first test result was negative but the
following test results were positive [56]. We randomly selected 24 HIV-1-infected
mother-child pairs for whom samples were available. We analyzed maternal
peripheral blood taken at the time of delivery and plasma from the infant taken at, or
as close as possible to the first time point at which HIV-1 DNA PCR was positive.
The median time of sampling for infant plasma samples was 44 days after delivery
(interquartile range, 39 to 49 days). The median plasma viral load (VL) in infants was
4.7 logjo (range, 2.2 — 5.1). We focused on viral sequences corresponding to the
proviral DNA present in the peripheral blood mononuclear cells (PBMCs) of the
mothers, rather than the RNA present in their plasma virions, to obtain more complete
information about the evolution of the viral population during infection. Furthermore,
the chemoprophylaxis administered to the mothers frequently decreased viral load to
levels too low for amplification of the entire gp120 env fragment from viral RNA. In
contrast, we focused on RNA corresponding to plasma virions from the infants, for
description of the genetic characteristics of the early viral population that was
successfully transmitted. All experiments were performed blind to the timing of
transmission.

Amplification and cloning of HIV-1 env genes

Genomic DNA was extracted from maternal peripheral blood, using the QlAamp
DNA Blood Midi Kit (Qiagen). Viral RNA was extracted from infant plasma samples
(280 ul), using the QIAamp Viral RNA Mini Kit (Qiagen), and cDNA was
synthesized from the entire extracted RNA with the SuperScript First-Strand
Synthesis System for RT-PCR (Invitrogen), using the specific primer AEalext (5°-
TTCTCTTTGCCYTGGTGGGTGCTA-3’). A 1.2 kb fragment of the V1-to-V5
region covering almost the entire HIV-1 env gpl120 gene (from upstream V1 to
downstream V5) was amplified by nested PCR (Platinum PCR SuperMix High
Fidelity; Invitrogen), using subtype-specific primers. The primers were based on an
alignment of sequences of CRFO1 AE isolates obtained from the HIV databases at
Los Alamos National Laboratory (https://hiv.]lanl.gov). The primers AEslext (5°-
TGGGTTACAGTTTATTATGGGG-3") and AEalext were used in the first round of
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amplification, and the primers AEslint (5°-
TGCCAAAGCATATGAGACAGARGYGCA-3’) and AEalint (5°-
TTCACTTCTCCAATTGTCCTTYATRTT-3’) were used in the second round.
Plasma virus-derived cDNA (2 pul corresponding to 10% of the 1* strand reaction) or
proviral DNA (lpg) was used as a template for the first-round PCR and were
amplified under the following conditions: heating at 94°C for 2 min, 35 cycles of 94°C
for 30 s, 50°C for 30 s, and 68°C for 90 s, and a final extension step of 72°C for 10
min. The first PCR product was purified with the NucleoSpin Extract 11 Kit
(Macherey-Nagel, Germany), to adjust the total volume of PCR product to 10 pl, for
use as a template for the second round of PCR, under the same cycling conditions.
PCR amplification were performed separately for each individual sample, to avoid
cross-subject contaminations. PCR products were obtained from both mother and
infant of 17 pairs. We therefore focused on these 17 pairs.

The 1.2 kb PCR products were gel purified with the NucleoSpin Extract II Kit
and inserted into the pCR2.1-TOPO TA cloning vector (Invitrogen, Carlsbad, CA).
Individual bacterial colonies were screened for the presence of inserted env gene
fragments by restriction enzyme analysis of the plasmid DNA.

Sequencing and genetic analysis

Eight to 15 positive clones were sequenced for each subject. HIV-1 env clones
were sequenced with the Big Dye Terminator V3.1 Cycle Sequencing kit (Applied
Biosystems), using six overlapping primers encompassing the entire gp120 sequence.
The sequencing products were analyzed on an ABI 3100 genetic analyzer (Applied
Biosystems).

Nucleotide sequences were assembled and translated into amino-acid sequences
with the BioEdit package [158]. Nucleotide and deduced amino-acid sequences were
aligned with Clustal W [394] and manually adjusted to optimize the alignment.
Sequences with premature stop codons were excluded. The amino-acid numbering
system used here was that of the HIV-1 CFRO1 AE consensus sequence obtained
from the HIV database (http://hiv.lanl.gov). The HIV-1 subtype references were
obtained from the HIV databases at Los Alamos National Laboratory and were used
to determine the HIV-1 subtype of all nucleotide sequences from the 17 mother-child
pairs. Neighbor-joining trees were constructed, using nucleotide sequences spanning
the V1-to-V5 region and MEGA version 3.1 [214]. Branching-order reliability was
assessed by bootstrap analysis with 1,000 replicates. Potential N-linked glycosylation
sites (PNGS) were identified with N-Glycosite (https://hiv.lanl.gov/content/hiv-
db/GLY COSITE/glycosite.html). Genetic distances were calculated with the Kimura
two-parameter method (transition-to-transversion ratio of 2.0) [198].

Statistical analysis

We used the Wilcoxon signed-rank test to compare the intra-patient genetic
distances between the mother and infant sequences, overall and according to the
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timing of transmission, and the Kruskall-Wallis test between in utero and intrapartum
cases of transmission among mothers or infants. To study the differences between
length and number of PNGS of the mothers’ and infants’ sequences, taking into
account their distribution in the mother and in the infant, we used a linear mixed-
effects model fit by maximum restricted likelihood, where mother-infant pairs were
considered as a random effect and the variable “mother or infant” as both a fixed and
a random effect.

In an exploratory analysis, we fitted an exact logistic regression model
conditional on the number of PNGS within pairs (Procedure Exlogistic, Stata 10) to
estimate for each position the ratio of the odds of the presence of a PNGS in infants’
clones to the odds of it in mothers’ clones, and rank the amino acid positions in the
gp120 accordingly. To take into account the multiple comparisons, we considered
only differences significant at P < 0.001.

Nucleotide sequence accession numbers

All sequences (353 V1-to-V5 env fragments) were deposited in GenBank under
accession numbers EU031053 to EU031405.

3. Results
Characteristics of the patients

Among the 17 pairs, six infants were considered to have been infected in utero
and 11 were considered to have been infected intrapartum.

Phylogenetic analysis of HIV-1 env sequences from mother-child pairs

We analyzed 353 envelope clones covering almost the entire gp120 region of the
env gene (175 clones from mothers and 178 clones from infants). All 353 V1-to-V5
sequences clustered with CRFO1_AE reference sequences, with a high bootstrap value
(data not shown), indicating that all cases were infected with viruses of the HIV-1
CRFO1 AE clade. A neighbor-joining tree constructed for the 353 V1-to-V5 env
nucleotide sequences from the 17 mother-child pairs showed that the sequences from
each pair formed a monophyletic group separated from those of the other mother-
child pairs, indicating an epidemiological link between each mother and her child and
an absence of cross-sample contamination (Figure 36). In addition, the inter-pair
genetic distance (median, 14.5%; IQR 12.8 to 16.3%) was significantly higher (P<
0.01) than the intra-pair genetic distance (median, 3.1%; IQR 2.1 to 5.8%; Figure 37),
indicating that env nucleotide sequences of the epidemiologically linked mother-child
pairs were more similar to each other than to those of epidemiologically unlinked
individuals.
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0939 0540

Figure 36. Unrooted neighbor-joining tree of the 353 HIV-1 env gp120 nucleotide
sequences from 17 mother-child pairs. Horizontal branch lengths are drawn to scale,
with the black bar representing 1% divergence. Bootstrap values are expressed as
percentages per 1,000 replicates for each branch. Each symbol represents a single env
sequence; squares, maternal sequences; circles, infant sequences. The symbols for
each mother-infant pair are indicated with a different color. The number of each pair
is indicated.
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Figure 37. Unrooted neighbor-joining trees of HIV-1 env gpl20 nucleotide
sequences for each mother-child pair. (A) Trees of 14 pairs with transmission of a
single maternal viral variant. (B) Trees of 3 pairs suggesting the transmission of
several maternal variants. Bootstrap values are expressed as percentages per 1,000
replicates. Only bootstrap values higher than 50% are indicated. Horizontal branch
lengths are drawn to scale, with the black bar representing 1% divergence. Each
symbol represents a single env sequence; empty squares, maternal sequence;  full
circles, infant sequence.

The median intra-patient genetic distance was 2.4% (IQR 1.6 to 3.6%) in the
mothers and 0.6% (IQR 0.6 to 0.8%) in the infants and this difference was significant
overall (P <0.001), as well as when the analysis was restricted to the cases of in utero
transmission (P = 0.05) or to the cases of intrapartum transmission (P <0.01) (Figure
38A). The distribution of intra-patient genetic distances was not significantly
different in mothers who transmitted the virus in utero and those who transmitted
intrapartum (2.5% and 2.4%, respectively; P = 0.92), or between infants infected in
utero and infants infected intrapartum (median values: 0.7% and 0.6%, respectively; P
=0.61) (Figure 38A).
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In fourteen pairs, sequences from the infants indicated the presence of a highly
restricted homogeneous viral population, clustering in a single branch of the tree
corresponding to a subcluster of the heterogeneous maternal viral population (Figure
37A). In the three remaining pairs, the viral env sequences obtained from the infants
and their respective mothers were intermingled (Figure 37B). However, in two of
these pairs, the intra-patient genetic distance was low in both mothers and infants
(0.8% and 0.7% for the mother and infant of pair 0357, respectively, and 0.9% and
0.8% for the mother and infant of pair 1526, respectively). In only one pair (0939)
was there clear evidence supporting the transmission of multiple divergent genetic
variants from mother to infant. The intra-patient genetic distance was 3.0% and 2.9%
in the mother and infant of this pair, respectively.

Lengths and potential N-linked glycosylation sites of the V1-to-V5 env sequences.

The median length of the V1-to-V5 env sequences from the mothers’ viruses was
339 amino acids (IQR 336 to 344), not significantly different in the infants (median,
337; IQR 336 to 343) (P = 0.64) in the whole group of 17 pairs or according to the
timing of transmission (Figure 38B). Similarly, we observed no difference when
individual variables or constant regions were compared separately (data not shown).

There was a median number of 22 PNGS in the V1-to-V5 region (Fig. 38C), not
significantly different between clones isolated from the mothers (IQR 21 to 24) and
those from the infants (IQR 22 to 23) (P = 0.83), overall as well as when the analysis
was restricted to the cases of in utero transmission (P = 0.40), and those of
intrapartum transmission (P = 0.31).
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Figure 38. Characteristics of the viral variants in mothers and infants in all pairs
(n=17), in cases of in utero transmission only (n=6), and in cases of intrapartum
transmission only (n=11).

(A) Nucleotide intra-patient genetic distances

(B) Median V1-to-V5 lengths, as numbers of amino acids, in mothers and
infants

(C) Median numbers of PNGS in mothers and infants,
P-value was calculated using a mixed-effects model (see Methods).

Median: horizontal bar in the box, 25" and 75™ percentiles: lower and upper hinges,
lower adjacent values: adjacent lines, outside value: points.
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The numbers of PNGS were similar for viruses from mothers and infants, but
some positions were highly conserved in all sequences, whereas others were more
variable. We therefore tried to map the conserved positions in maternal viruses and in
viruses from the infants (Figure 39). Eight PNGS, including N157 and N161 in the
V1-V2 junction, N197, N262, N276, and N289 in C2, N333 in C3, and N440 in C4,
were conserved in all viruses from mothers and infants, with a detection frequency of
at least 80%, suggesting an important role in the maintenance of viral integrity.
Conversely, a few PNGS were identified as signatures of isolates infecting a given
pair, because they were found in all the clones from both mother and infant. These
PNGS include for instance an additional site at the C-terminus of V1 in pair 779 and
N434 in C4 of pair 0357. In a few cases, PNGS were found at a high frequency in
unusual positions in a few infant variants only, and not in the corresponding maternal
viral population, suggesting that these PNGS might confer an advantage to the
transmitted virus. Examples of this situation are shown for pairs 1159 and 1224, in
which > 90 % of the infant sequences harbor an additional PNGS at N397 in V4, and
pairs 1005, 1110 and 1159, in which 100 % of the infant sequences harbor N454 in
V5. A few PNGS were conserved in almost all infant virus sequences, whereas they
were conserved, but present at a lower frequency in the maternal viruses. This was
particularly marked for the PNGS at N301. This PNGS was present in 93 to 100% of
clones from the infants of pairs 0858, 0978, 1021 and 1333, whereas it was totally
absent from all 12 clones from mother 0858, and was present in only 21%, 67% and
46% of clones from mothers 0978, 1021 and 1333, respectively. Another PNGS,
N384 in C3, displayed a similar pattern, except in pair 0938 in which it was found in
only 25% of the infant sequences. The logistic regression model showed that the risk
to find a PNGS was significantly higher (P<0.001) in the infant compared to the
mother at the following four positions: 301, 397, 454, and 384, sorted by decreasing
values of the odds ratio of the association. This suggests that the PNGS N301 and
N384, shared by many CRFO1 AE isolates, might confer a selective advantage on any
transmitted virus of this clade.
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Figure 39. Map of PNGS for each quasispecies present in either mother or infant. We recorded the positions of PNGS in the V1-to-V5
sequences from each of the 353 clones, with respect to the CRF01_AE consensus sequence. We then calculated the frequency of each
PNGS in the sequences of each mother or infant. PNGS were considered to be conserved at a given position if they were present in more
than 80% of the clones from a given individual The positions of the PNGS correspond to those of the consensus HIV-1 CRFO01 AE
obtained from the Los Alamos National Laboratory (http://hiv.lanl.gov). Additional PNGS found in our subjects are indicated with the
symbol (+). The frequency of PNGS at each position is presented as a percentage for each case. The mothers are indicated by an ID
number followed by MO, and the infants by an ID number followed by IN. Values greater than 80% are highlighted in black, values
between 50 and 79.9% are highlighted in gray, and those lower than 50% are highlighted in white.
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4. Discussion

We analyzed 353 sequences encompassing almost the entire gp120 env gene
from 17 mother-infant pairs infected with HIV-1 CRFO1 AE strains, to investigate
the characteristics of the envelope genes involved in the MTCT of HIV-1. Several
previous studies with similar aims have been carried out [428; 357; 301; 410; 109;
432; 111; 223; 338; 398], but our study is probably one of the most extensive and
homogeneous, due to the limited genetic diversity of the viruses circulating in
Thailand. ~ All the sets of sequences from infants clustered closely with the
corresponding maternal sequences, but could be distinguished from the maternal
sequences in 14 of the 17 pairs, suggesting a significant bottleneck at transmission. In
these 14 infants, viral sequences were highly homogeneous, with a much shorter
genetic distance than that of the viruses in the corresponding mothers. Multiple
variants were clearly shown to be transmitted from mother to infant in only one pair,
with similar large genetic distances between the infant and maternal variants.
Phylogenetic analysis of the variants from the env sequences from the mothers and
infants of the two remaining pairs showed these sequences to be intermingled.
However, there was a limited genetic distance between the maternal sequences,
suggesting that the evolution of the virus was restricted in these mothers. It is
therefore unclear whether these two cases can really be classified as multiple variant
transmission. We found no difference in genetic diversity between viruses present in
infants infected in utero and viruses present in infants infected intrapartum, though,
due to the small sample size, the power to detect such differences was only 25% in
mothers and 16% in infants. This result is consistent with the findings of some [410;
111; 338] but in not all [111] previous studies. Indeed, Dickover et al. suggested that
in utero transmitters were more likely to transmit multiple variants than intrapartum
transmitters [111]. Our results confirm the transmission of a genetically restricted
viral population during MTCT, with no difference as a function of the timing of
transmission.

Extensive diversity was observed in the mother envelope sequences whereas the
majority of infant samples showed limited viral diversity. We believe that this
difference was not due to re-sampling bias during the PCR steps, particularly because
there was a high plasma VL in most of the infants and we used the entire amount of
extracted RNA for reverse transcription. Therefore this suggests that there was no
limitation in number of viral templates during the 1* round of PCR. In addition, we
performed subsequent multiple independent PCRs for several of these infant samples,
that were pooled before cloning and sequencing. A similar limited viral diversity was
observed. Finally, additional studies performed on the contemporary infant PBMCs
showed that the same limited viral diversity was found in both PBMC samples and
plasma samples (data not shown).

Studies of viruses isolated in early infection are of prime importance because
these viruses correspond to variants capable of successfully establishing infection in
natural conditions. Descriptions of the characteristics of these early viruses are
particularly important for the development and rational design of efficient vaccines.
Recent studies have highlighted potential differences in the biology of sexual
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transmission between viral subtypes [107; 79; 132; 44]. Viruses of subtypes A and C
appear to pass through a genetic bottleneck during or shortly after heterosexual
transmission, leading to the selection of viruses with a compact and less glycosylated
gp120 [107; 79]. This property was not observed for sexually transmitted subtype B
viruses [79; 132]. Descriptions of the molecular properties of vertically transmitted
viruses in infants, at the time at which the first positive test result is obtained,
provides additional information because these viruses are successfully transmitted to
infants despite the presence of pre-existing passively transferred antibodies,
particularly if transmission occurs intrapartum or late in pregnancy [432]. They
therefore provide excellent examples of neutralization escape variants potentially able
to improve our understanding, for the benefit of future vaccine approaches. Based on
recent observations suggesting that sexually transmitted viruses have shorter gp120
proteins and fewer PNGS, we examined these sequence features in the gp120 genes of
our mother-child pairs. We observed no difference between the viruses of the
mothers and infants, in terms of both the length of the V1-to-V5 region and number of
PNGS (even if each variable loop was considered separately). These findings differ
slightly from those of the recent study by Wu et al., in which the V1-to-V5 lengths of
the envelope did not differ between infants and mothers, but fewer PNGS were found
in viruses from infants than in those from their mothers infected with viruses of
various subtypes, A, C, or C/D and D/A recombinants [432]. Although our study
focused on a non-breastfeeding group whereas that of Wu et al. looked at a
breastfeeding population, this discrepancy may be due also to differences in the
biology of different subtypes, and highlights the need to carry out such studies in
various continents, with viruses from diverse clades.

The numbers of PNGS were similar in the viruses from mothers and infants in
our study, but we nonetheless analyzed their location in gpl20. The dense
carbohydrate (glycan) array surrounding the HIV envelope protein is now known to
evolve continually during natural infection— a powerful adaptation for escape from
neutralizing antibodies and virus survival in the host [99; 355; 420]. We therefore
mapped the PNGS that were conserved or variable in all mother-infant pairs. The
most striking observation was the high degree of conservation of two PNGS in infant
viruses, at positions N301 in V3 and N384 in C3. These PNGS were significantly
less conserved in maternal viruses (P<0.001 in a logistic regression model). This
pattern suggests that these PNGS may be associated with a selective advantage, at
least for CRFOl AE viruses. This could be confirmed using, for example,
pseudotyped viruses, and investigating the possible association of these PNGS with
better fitness and/or more efficient escape from neutralization. The PNGS at position
N301 was present in 0 to 67% of the sequences from four mothers, whereas it was
detected in almost all the clones from the corresponding infants. Interestingly enough,
this N301 glycan site was also found in all maternally transmitted CRFO1 AE viruses
sequenced in an independent study in Thailand [384]. In addition, several in vitro
studies have shown that N301 is associated with both a decrease in the sensitivity of
HIV-1 to neutralization by CD4BS antibodies and modulation of the interaction of the
HIV-1 envelope with CD4 and chemokine receptors [199; 205; 247]. The removal of
carbohydrate at position 301 could involve rearrangements within either the same
monomer or the adjacent monomer. Koch et al. demonstrated that the deletion of



104

N301 had no direct effect on CD4BS Abs recognition in the context of monomeric
gp120, but it allowed a repositioning of the V1/V2 stem on the adjacent monomer or
some other element of gpl120, which became less effective at shielding the CD4
binding site [205].

In conclusion, we analyzed the molecular characteristics of transmitted HIV-1
viruses of the CRFO1_AE clade in MTCT. We also provide evidence that, despite the
presence of a complex viral population in the mother, only a restricted subset of
viruses is transmitted to the infant, regardless of whether transmission occurs in utero
or intrapartum. We did not find that more compact (shorter) gp120s or fewer PNGS
were characteristic of viruses transmitted from mother to infant, as suggested for at
least a few subtypes of sexually transmitted viruses. However, our data suggest that a
limited number of PNGS that appear to be conserved in all infant variants may confer
an advantage on the virus to be transmitted, probably allowing it to escape antibody-
mediated neutralization, as suggested by the most recent studies in the field of MTCT
[109; 432]. Functional studies are required to confirm these findings, but our results
nonetheless highlight the role of the “glycan shield” in HIV biology, and immune
escape in particular [409]. Dissection of the molecular characteristics of viruses
transmitted to infants in MTCT, in which exposure to the virus occurs in the presence
of passively transferred pre-existing antibodies, could provide key elements for the
prevention of HIV infection through vaccination or passive immunization.
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We analyzed the characteristics of the envelope genes of human immunodeficiency virus type 1 in 17 mother-
infant pairs infected with variants of the CRF01_AE clade. A total of 353 sequences covering almost the entire
glycoprotein (gp) 120 region were available for analysis. We found that, even if the virus population in the mother
was complex, only viruses of a restricted subset were transmitted to her infant, independently of whether trans-
mission occurred in utero or during the intrapartum period. We did not find that shorter gp120 regions or fewer
potential N-glycosylation sites (PNGS) were characteristic of viruses transmitted from mother to infant. However,
our data suggest that a limited number of PNGS that seem to be conserved in all variants in infants but are not
uniformly present in variants in mothers may confer an advantage for transmission of the virus, thereby high-
lighting the potentially important role of the “glycan shield.” This finding was particularly significant for the

PNGS at positions N301 and N384.

Mother-to-child transmission (MTCT) of HIV type 1
(HIV-1) can occur during pregnancy (in utero), during
labor and delivery (the intrapartum period), or after
birth (through breast-feeding) [1, 2]. The risk of MTCT
can be reduced to <<2% by use of such interventions as
antiretroviral prophylaxis, elective cesarean delivery,
and complete avoidance of breast-feeding [3-5].

HIV-1 evolves continually during the course of infec-
tion in an individual [6, 7]. Evolution within the host is
driven by continuous selection pressure resulting from
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host immune responses [8, 9]. The env gene is the HIV-1
gene with the highest rate of evolution, and the HIV-1
envelope glycoproteins—in particular, gpl120—are the
targets of neutralizing antibodies [10, 11].

Previous studies have demonstrated that HIV-1-in-
fected mothers generally have a heterogeneous virus
population, whereas their infected infants have a more
homogeneous virus population [12-16]. Maternal anti-
bodies are among the selective factors that are poten-
tially responsible for this genetic bottleneck. Indeed, sev-
eral studies have shown that mothers who do not
transmit HIV-1 are more likely to have higher levels of
neutralizing antibodies than are mothers who do trans-
mit HIV-1, a finding that is consistent with these anti-
bodies having a role in reducing MTCT [17-21]. Sup-
porting this hypothesis, recent studies have clearly
shown that variants in infants are frequently resistant to
neutralization by autologous maternal plasma (22, 23],
However, infants occasionally have been found to be in-
fected with a heterogeneous population of multiple ma-
ternal variants [13, 15, 16, 24-26]. It has been suggested
that the timing of transmission is responsible for differ-

868 « JID 2008:198 (15 September) « Samleerat et al.
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ences in the diversity of the virus population in infants, with in
utero transmitters more likely to transmit single or multiple ma-
ternal variants and with intrapartum transmitters more likely to
transmit minor HIV-1 variants [24]. However, the existence of
different selective pressures, depending on the timing of trans-
mission, was not confirmed in other studies [16, 22].

The most extensive molecular studies, which included a max-
imum of 12—-14 mother-infant pairs, were conducted in popula-
tions infected with different subtypes and involved the use of
different molecular approaches [16, 22, 23], In most studies in
which the env gene was sequenced, only portions of the gp120
region were analyzed, with only one study comparing the entire
V1-V5 region of 78 clones from 12 pairs [23].

We investigated the molecular characteristics of the HIV-1
variants involved in MTCT, by focusing on a homogeneous pop-
ulation infected with CRFO1_AE isolates in Thailand and by an-
alyzing entire gp120 env sequences (353 clones) from 17 mother-
infant pairs for whom the timing of transmission was known.
Because recent studies of heterosexually transmitted viruses
identified soon after infection have suggested that these viruses
have fewer potential N-linked glycosylation sites (PNGS) and
shorter variable loop sequences in the envelope than do trans-
mitted isolates identified later after infection, depending on sub-
type [27-30], we examined these sequence characteristics, to
look for molecular characteristics that might confer a selective
advantage for MTCT.

MATERIALS AND METHODS

Study population and sample collection.
tained from participants enrolled in a clinical trial for the pre-
vention of MTCT in Thailand [31]. The infants were not breast-
fed. The HIV-1 infection status of the infants was determined by

Samples were ob-

means of polymerase chain reaction (PCR)-based detection of
HIV-1 proviral DNA, with the use of DNA extracted from pe-
ripheral blood samples collected within 48 h of birth, at 6 weeks
after birth, and at 4 and 6 months of age. Infants were considered
to be uninfected if the results of 2 PCR assays for the detection of
HIV DNA were negative on 2 separate occasions after | month of
age. Infants were considered to be HIV infected if the test result
was positive on 2 separate occasions. We considered the infant to
have been infected in utero if the first test result, obtained for
blood collected within 48 h of birth, was positive, and to have
been infected in the intrapartum period if the first test result was
negative but subsequent test results were positive [32]. We ran-
domly selected 24 HIV-l-infected mother-infant pairs for
whom samples were available. We analyzed maternal peripheral
blood samples obtained from the mother at the time of delivery
and plasma samples obtained from the infant either at or as close
as possible to the first time point at which the HIV-1 DNA PCR
result was positive, The median time for obtaining plasma sam-

ples from infants was 44 days after delivery (interquartile range

[IQR], 3949 days after delivery). The median plasma viral load
in infants was 4.7 log,, copies (range, 2.2-5.1 log,; copies). We
focused on viral sequences corresponding to the proviral DNA
present in the peripheral blood mononuclear cells (PBMCs) of
the mothers, rather than the RNA present in their plasma viri-
ons, to obtain more-complete information about the evolution
of the virus population during infection. Furthermore, the che-
moprophylaxis administered to the mothers frequently de-
creased the viral load to levels too low to allow for amplification
of the entire gp120 env fragment from viral RNA. In contrast, we
focused on RNA corresponding to plasma virions from the in-
fants, for description of the genetic characteristics of the early
virus population that was successfully transmitted. All experi-
ments were performed with investigators blind to the timing of
transmission.

Amplification and cloning of HIV-1 env genes. Genomic
DNA was extracted from maternal peripheral blood by use of the
QIAamp DNA Blood Midi Kit (Qiagen). Viral RNA was ex-
tracted from infant plasma samples (280 pL) by use of the
QIAamp Viral RNA Mini Kit (Qiagen), and ¢cDNA was synthe-
sized from the entire extracted RNA with use of the SuperScript
First-Strand Synthesis System for reverse-transcriptase (RT)-
PCR (Invitrogen), with use of the specific primer AEalext (5'-
TTCTCTTTGCCYTGGTGGGTGCTA-3"). A 1.2-kb fragment
of the V1-V5 region covering almost the entire HIV-1 env gp120
gene (from upstream V1 to downstream V5) was amplified using
nested PCR (Platinum PCR SuperMix High Fidelity; Invitrogen)
with the use of subtype-specific primers. The primers AEslext
(5-TGGGTTACAGTTTATTATGGGG-3") and AFEalext were
used in the first round of amplification, and the primers AEslint
(5'-TGCCAAAGCATATGAGACAGARGYGCA-3') and AEalint
(3-TTCACTTCTCCAATTGTCCTTYATRTT-3") were used in
the second round. Plasma virus-derived cDNA (2 pL correspond-
ing to 10% of the first strand reaction) or proviral DNA (1 pg) was
used as a template for the first-round PCR and was amplified under
the following conditions: heating at 94°C for 2 min; 35 cycles at 94°C
for 30 s, at 50°C for 30 s, and at 68°C for 90 s; and a final extension
step at 72°C for 10 min. The first PCR product was purified using
the NucleoSpin Extract IT Kit (Macherey-Nagel), to adjust the total
volume of the PCR product to 10 pL for use as a template for the
second round of PCR, which was performed under the same cycling
conditions. PCR products were obtained from both the mother and
the infant in 17 pairs. We therefore focused our investigation on
these 17 pairs.

The 1.2-kb PCR products were gel purified using the NucleoSpin
Extract II Kitand were inserted into the pCR2.1-TOPO TA cloning
vector (Invitrogen). Individual bacterial colonies were screened for
the presence of inserted env gene fragments by means of restriction
enzyme analysis of the plasmid DNA.

Sequencing and genetic analysis.
clones were sequenced for each subject, by use of 6 overlapping

A total of 8—15 positive

primers encompassing the entire gpl20 sequence. Nucleotide
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sequences were assembled and translated into amino acid se-
quences with use of the BioEdit package [33]. Nucleotide and
deduced amino-acid sequences were aligned with the Clustal W
program [34] and were manually adjusted to optimize the align-
ment. Sequences with premature stop codons were excluded.
The HIV-1 subtype references were obtained from the HIV da-
tabases at Los Alamos National Laboratory [35] and were used to
determine the HIV-1 subtype of all sequences from the 17
mother-infant pairs. Neighbor-joining trees were constructed
using nucleotide sequences spanning the VI-V5 region and
MEGA software (version 3.1) [36]. Branching-order reliability
was assessed using bootstrap analysis with 1000 replicates. PNGS
were identified using N-GlycoSite [37]. Genetic distances were
calculated using the Kimura 2-parameter method (transition-
to-transversion ratio, 2.0) [38].

Statistical analysis. 'We used the Wilcoxon signed-rank test
to compare the intrapatient genetic distances between the
mother and infant sequences, both overall and according to the
timing of transmission, and we also used the Kruskal-Wallis test
to compare cases of in utero and intrapartum transmission
among mothers or infants. To study the differences between the
length and the number of PNGS of the mothers™ and infants’
sequences, taking into account their distribution in the mother
and in the infant, we used a linear mixed-effects madel fit by
maximum restricted likelihood, where mother-infant pairs were
considered to be a random effect and where the variable “mother
or infant” was cansidered to be both a fixed and a random effect.

In an exploratory analysis, we fitted an exact logistic regression
model conditional on the number of PNGS within pairs (Procedure
Exlogistic; Stata software [version 10; Stata]) to estimate, for each
position, the ratio of the odds of the presence of a PNGS in infants’
clones to the odds of a PNGS in mothers’ clones, as well as to rank
the amino acid positions in the gp120 accordingly. To take into
account the multiple comparisons, we considered only those differ-
ences that were significant at P = .001.

Nucleotide sequence accession numbers. All sequences
(353 V1-V5 env fragments) were deposited in GenBank (acces-
sion numbers EU031053-EU031405).

RESULTS

Characteristics of the patients.
were considered to have been infected in utero, and 11 were

Among the 17 pairs, 6 infants

considered to have been infected during the intrapartum period.

Phylogenetic analysis of HIV-1 env sequences from mother-
infant pairs. We analyzed 353 envelope clones (175 clones
from mothers and 178 clones from infants). All 353 V1-V5 se-
quences clustered with CRFD1_AE reference sequences, with a
high bootstrap value (data not shown), indicating that all cases
were infected with viruses of the HIV-1 CRF01_AE clade. The
neighbor-joining tree showed that the sequences from each pair
formed a monophyletic group that was separated from the se-
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Figure 1. Unrooted neighbor-joining tree of the 353 HIV-1 env gp120

nucleotide sequences from 17 mother-infant pairs. Horizontal branch
lengths are drawn to scale, with the black bar denoting 1% divergence.
Bootstrap values are expressed as percentages per 1000 replicates for
each branch. Each symbol denates a single env sequence; [], maternal
sequence; @, infant sequence. The symbols for each mother-infant pair
are presented in a different color. The number of each pair is indicated.

quences of the other mother-infant pairs, indicating an epide-
miological link between each mother and her infant and an ab-
sence of cross-sample contamination (figure 1). The interpair
genetic distance (median, 14.5%; IQR, 12.8%—16.3%) was sig-
nificantly higher (P < .01) than the intrapair genetic distance
(median, 3.1%; IQR, 2.1%-5.8%) (figure 2).

The median intrapatient genetic distance was 2.4% (IQR,
1.6%-3.6% ) in the mothers and 0.6% (IQR, 0.6%-0.8%) in the
infants, and this difference was significant overall (P < .001), as
well as when the analysis was restricted to cases of in utero trans-
mission (P = .05) or to cases of intrapartum transmission
(P < .01) (figure 3A). The distribution of intrapatient genetic
distances was not significantly different between mothers who
transmitted the virus in utero and those who transmitted the
virus during the intrapartum period (2.5% and 2.4%, respec-
tively) (P = .92) or between infants infected in utero and in-
fants infected during the intrapartum period (median values,
0.7% and 0.6%, respectively) (P = .61) (figure 3A).

In 14 pairs, sequences from the infants indicated the presence of
a highly restricted homogeneous virus population, clustering in a
single branch of the tree corresponding to a subcluster of the heter-
ogeneous maternal virus population (figure 2A}). In the 3 remaining
pairs, the viral env sequences obtained from the infants and their
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Figure 2. Unrooted neighbor-joining trees of HIV-1 env gp120 nucleotide sequences for each mother-infant pair. A, Trees of 14 pairs with
transmission of a single maternal viral variant. B, Trees of 3 pairs suggesting the transmission of several maternal variants. Bootstrap values are
expressed as percentages per 1000 replicates. Only bootstrap values =50% are indicated. Horizontal branch lengths are drawn to scale, with the black
bar denating 1% divergence. Each symbol denotes a single env sequence; [], maternal sequence; @, infant sequence.

respective mothers were intermingled (figure 2B). However, in 2 of
these pairs, the intrapatient genetic distance was low in both moth-
ers and infants (0.8% and 0.7% for the mother and the infant of pair
0357, respectively, and 0.9% and 0.8% for the mother and the infant
of pair 1526, respectively). In only one pair (pair 0939) was there
clear evidence supporting the transmission of multiple divergent
genetic variants from mother to infant. The intrapatient genetic
distance was 3.0% and 2.9% in the mother and the infant of this
pair, respectively.

Lengths and potential N-linked glycosylation sites of the
VI-V5 env sequences. The median length of the V1-V5 env
sequences from the mothers’ viruses was 339 amino acids (IQR,
336-344 amino acids), which was not significantly different

from the median length of the same sequences from the infants
(337 amino acids; IQR, 336343 amino acids) (P = .64) in the
whole group of 17 pairs or according to the timing of transmis-
sion (figure 3B). Similarly, we observed no difference when in-
dividual variables or constant regions were compared separately
(data not shown).

There was a median of 22 PNGS in the V1-V5 region (figure
3C), which was not significantly different between clones iso-
lated from the mothers (IQR, 21-24 PNGS) and those isolated
from the infants (IQR, 22-23 PNGS) (P = .83), both overall as
well as when the analysis was restricted to cases of in utero trans-
mission (P = .40) or to cases of intrapartum transmission
(P=.31).
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Figure 3. Characteristics of the viral variants in mothers and infants.
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The numbers of PNGS were similar for viruses from mothers
and infants, but some positions were highly conserved in all se-
quences, whereas others were more variable. We therefore tried
to map the conserved positions in viruses from the mothers and
in viruses from the infants (figure 4). Eight PNGS, including
N157 and N161 in the V1-V2 junction; N197, N262, N276, and
N289 in C2; N333 in C3; and N440 in C4 were conserved in all
viruses from mothers and infants, suggesting an important role
in the maintenance of viral integrity. Conversely, a few PNGS
were identified as signatures of isolates infecting a given pair,
because they were found in all the clones from both mother and
infant, These PNGS include, for instance, an additional site at
the C-terminus of V1 in pair 779 and N434 in C4 of pair 0357.

In a few instances, PNGS were found at a high frequency in
unusual positions in a few variants in infants only—not in the
corresponding virus population in mothers; this finding sug-
gests that these PNGS might confer an advantage to the trans-
mitted virus. Examples of this situation are shown for pairs 1159
and 1224, in which =90% of the infant sequences harbor an
additional PNGS at N397 in V4, and for pairs 1005, 1110, and
1159, in which 100% of the infant sequences harbor N454 in V5.

A few PNGS were conserved in almost all infant virus se-
quences, whereas they were conserved but were present at a
lower frequency in the maternal viruses. This was particularly
marked for the PNGS at N301. This PNGS was present in 93%—
100% of clones from the infants of pairs 0858, 0978, 1021, and
1333, whereas it was totally absent from all 12 clones from the
mother in pair 0858 and was present in only 21%, 67%, and 46%
of clones from mothers in pairs 0978, 1021, and 1333, respec-
tively. Another PNGS, N384 in C3, displayed a similar pattern,
except in pair 0938, in which it was found in only 25% of the
infant sequences. The logistic regression model showed that the
risk of finding a PNGS was significantly higher (P < .001) in the
infant than in the mother at the following 4 positions: 301, 397,
454, and 384, as sorted according to decreasing values of the
odds ratio of the association. This finding suggests that PNGS
N301 and N384, which are shared by many CRF01_AE isolates,
might confer a selective advantage on any transmitted virus of
this clade.

DISCUSSION

We analyzed 353 sequences encompassing almost the entire
gp120 env gene from 17 mother-infant pairs infected with HIV-1
CRFO1_AE strains, to investigate the characteristics of the enve-
lope genes involved in the MTCT of HIV-1. Several previous
studies with similar aims have been performed [12, 13, 15, 16,
22-26, 39], but our study is probably one of the most extensive
and homogeneous.

All the sets of sequences from infants clustered closely with the
corresponding maternal sequences, but they could be distin-
guished from the maternal sequences in 14 of the 17 pairs, sug-
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gesting a significant bottleneck at transmission. In these 14 in-
fants, viral sequences were highly homogeneous, with a genetic
distance much shorter than that of the viruses in the correspond-
ing mothers, Multiple variants were clearly shown to be trans-
mitted from mother to infant in only 1 pair, with similar large
genetic distances noted between the variants from the infant and
the variants from the mothers. Phylogenetic analysis of the env
sequences from the mothers and infants of the 2 remaining pairs
showed these sequences to be intermingled. However, there was
a limited genetic distance between the maternal sequences, sug-
gesting that evolution of the virus was restricted in these moth-
ers. It is therefore unclear whether these 2 cases can really be
classified as multiple variant transmission. We found no differ-
ence in genetic diversity between viruses present in infants in-
fected in utero and viruses present in infants infected during the
intrapartum period; however, because of the small sample size,
the power to detect such differences was only 25% in mothers
and 16% in infants. This result is consistent with the findings of
some [16, 24, 26] but not all [24] previous studies.

Extensive diversity was observed in the mother env sequences,
whereas the majority of infant samples showed limited viral di-
versity. We believe that this difference was not the cause of re-
sampling bias during the PCR steps, particularly because there
was a high plasma VL in most of the infants and because we used
the entire amount of extracted RNA for reverse transcription.
Therefore, this suggests that there was no limitation in the num-
ber of viral templates during the first round of PCR. In addition,
we performed multiple, subsequent, independent PCRs for sev-
eral of these infant samples, which were pooled before cloning
and sequencing. A similar limited viral diversity was observed.
Finally, additional studies performed on the contemporary in-
fant PBMCs showed that the same limited viral diversity was
found in both PBMC samples and plasma samples (data not
shown).

Studies of viruses isolated in early infection are of prime im-
portance, because these viruses correspond to variants capable of
successfully establishing infection in natural conditions, Recent
studies have highlighted potential differences in the biology of
sexual transmission between viral subtypes [27-29, 40]. Viruses
of subtypes A and C appear to pass through a genetic bottleneck
during or shortly after heterosexual transmission, leading to the
selection of viruses with a compact and less glycosylated gp120
[27, 28]. This molecular property was not observed for sexually
transmitted subtype B viruses [28, 29].

Descriptions of the molecular properties of vertically trans-
mitted viruses in infants provide additional information, be-
cause these viruses are successfully transmitted to infants despite
the presence of preexisting passively transferred antibodies, par-
ticularly if transmission occurs during the intrapartum period or
late in pregnancy [23]. They therefore provide excellent exam-
ples of neutralization escape variants that are potentially able to
improve our understanding, for the benefit of future vaccine

approaches. On the basis of recent observations suggesting that
sexually transmitted viruses have shorter gpl120 proteins and
fewer PNGS, we examined these sequence characteristics in the
gp120 genes of our mother-infant pairs. We observed no differ-
ence between the viruses of the mothers and infants, in terms of
both the length of the V1-V5 region and the number of PNGS.
These findings differ slightly from those of the recent study by
Whu et al. [23], in which the V1-V5 lengths of the envelope did
not differ between infants and mothers but in which fewer PNGS
were found in viruses from infants than in those from their
mothers, who were infected with viruses of various subtypes.
Although our study focused on a non-breast-feeding group,
whereas the study of Wu et al. [23] focused on a breast-feeding
population, this discrepancy may also be the result of differences
in the biology of different subtypes, and it highlights the need to
perform such studies in various continents, with the use of vi-
ruses from diverse clades.

The numbers of PNGS were similar in the viruses from moth-
ers and infants in our study, but we nonetheless analyzed their
location in gpl120. The dense carbohydrate (glycan) array sur-
rounding the HIV envelope protein is now known to evolve con-
tinually during natural infection—a powerful adaptation for es-
cape from neutralizing antibodies and for virus survival in the
host [41-43]. We therefore mapped the PNGS that were con-
served or variable in all mother-infant pairs. The most striking
observation was the high degree of conservation of 2 PNGS in
viruses in infants, at positions N301 in V3 and N384 in C3. These
PNGS were significantly less conserved in maternal viruses
(P < .001, by alogistic regression model). This pattern suggests
that these PNGS may be associated with a selective advantage, at
least for CRFO1_AE viruses. Interestingly enough, the N301 gly-
can site was also found in all maternally transmitted CRFOI_AE
viruses sequenced in an independent study in Thailand [44]. In
addition, several in vitro studies have shown that N301 is asso-
ciated with both a decrease in the sensitivity of HIV-1 to neutral-
ization by CD4BS antibodies and modulation of the interaction
of the HIV-1 envelope with CD4 and chemokine receptors [45—
47].

In conclusion, we analyzed the molecular characteristics of
transmitted HIV -1 viruses of the CRFO1_AE clade in MTCT. We
also provided evidence that, despite the presence of a complex
virus population in the mother, only a restricted subset of viruses
is transmitted to the infant, regardless of whether transmission
occurs in utero or in the intrapartum period. We did not find
that more-compact (i.e., shorter) gp120 regions or fewer PNGS
were characteristic of viruses transmitted from mother to infant,
as has been suggested for at least a few subtypes of sexually trans-
mitted viruses. However, our data suggest that a limited number
of PNGS that appear to be conserved in all infant variants may
confer an advantage on the virus to be transmitted, probably
allowing it to escape antibody-mediated neutralization, as sug-
gested by the most recent studies in the field of MTCT [22, 23].
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Functional studies are required to confirm these findings, but
our results nonetheless highlight the role of the “glycan shield”

in HIV biology [48]. Dissection of the molecular characteristics
of viruses transmitted to infants in MTCT, in which exposure to

the virus occurs in the presence of passively transferred preexist-

ing antibodies, could provide key elements for the prevention of

HIV infection through vaccination or passive immunization.
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III. Intrapatient Recombination between Human
Immunodeficiency Virus Type 1 Envelope Genes in

Mother-to-Child Transmission

1. Background and specific aims

We conducted the previous study to describe the molecular characteristics of the
HIV-1 variants involved in MTCT, based on sequencing of a large number of
envelope gene sequences from seventeen mother-child pairs [the study part 2; 353].
We found that the length of gp120 and number of potential N-linked glycosylation
sites (PNGS) were not characteristics of viruses transmitted from mother to infant,
unlike suggested for at least a few subtypes in the situation of sexual transmission [79;
107; 131; 236]. However, our data suggested that a limited number of PNGS that
appear to be conserved in all infant variants might confer an advantage on the virus to
be transmitted [the study part 2; 353]. A further in depth analysis of all the sequences
allowed us to identify two cases of transmission of intrapatient recombinants from the
mother to their infant. In this part of our study, we report these two cases that suggest
that recombination probably contributed to adaptation of HIV-1 to its environment to
be successfully transmitted from mothers to their infants. This is to our knowledge
the first description of the contributing role of HIV recombination in MTCT. In
addition, our data allow both to confirm, in natural in vivo conditions, a hot spot for
recombination in the C2 region of env, and to suggest another hot spot in the C3
region.

Specific aim was to identify the intrapatient recombination between HIV-1
envelope genes that may contribute to successfully transmit HIV-1 from mothers to
their infants.

2. Materials and methods
Patient material

We previously analyzed 353 envelope clones covering almost the entire gp120
region of the env gene (V1-to-V5) from 17 mother-child pairs infected with HIV-1
CRFO1_AE clade in Thailand [this study, part 2; 353]. Infants were not breastfed. In
that previous study, proviral DNA of mothers taken at the time of delivery and plasma
virus-derived cDNA of infants taken at, or as close as possible to the first time point
at which HIV-1 DNA PCR was positive, were used as templates for PCR
amplification of the HIV-1 env gene. Amino acid alignments of env clones and
comparison of intra-pair sequences pointed 2 pairs (# 1005 and 0779) among 17 in
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which either V1-V2 or V3 regions of env genes from the infant’s viruses were similar
to two distinct phylogenetic groups of maternal variants. This was suggestive of
potential intrapatient recombination. In order to identify those recombinations,
additional samples from both mothers and infants were taken at different time points,
depending of the availability of biological material (Table 5). In summary, peripheral
blood mononuclear cells (PBMCs) and plasma were available at delivery for each
mother. PBMCs were available at birth and plasma was available at day 47 for infant
1005. Based on positive detection of HIV DNA at birth, infant 1005 was considered
as infected in utero [56]. HIV DNA detection was negative at birth but positive at
day 124 for infant 0779, indicative of intra-partum infection [56]. Plasma and
PBMC:s from infant 0779 were available at day 124 and 224, respectively.

Table 5. Samples used during the present study.

ID Mother or | Date of | Date of first | Date  of | Time Source of | Nb of | HIV-1 RNA
pair Infant delivery/ HIV DNA | sampling | point sequences | clones .
. (log copies/
birth positive by A/ (days L
it PCR (d/myy) after L)
(d/m/y) (dimiy) birth)
1005 Mother 28/01/00 28/01/00 | 0 DNA 22 4.16
28/01/00 | 0 RNA 9
Infant 28/01/00 28/01/00 | 0 DNA 10 3.87
15/03/00 | 47 RNA 17 ND'
0779 Mother 4/06/99 4/06/99 0 DNA 21 345
4/06/99 0 RNA 9
Infant 6/10/99 6/10/99 124 RNA 11 5.01
14/01/00 | 224 DNA 10 ND"

*Not determined

d/m/y: day/month/year
Amplification, cloning and sequencing.

DNA was extracted from PBMCs using the QIAamp DNA Blood Midi kit
(Qiagen). HIV-1 RNA was extracted from 280 ul plasma using the QIAamp Viral
RNA Mini Kit (Qiagen) and cDNA was synthesized with the SuperScript First-Strand
Synthesis System for RT-PCR (Invitrogen), using random hexamers. A 1.2 kb
fragment of upstream V1 to downstream V5 was amplified by nested-PCR (Platinum
PCR SuperMix High Fidelity; Invitrogen) with subtype-specific primers AEslext,
AEalext, AEslint, and AEalint [this study, part 2; 353]. The PCR products were
cloned using the pCR2.1-TOPO TA cloning kit (Invitrogen) and sequenced with the
Big Dye Terminator V3.1 Cycle Sequencing kit (Applied Biosystems) and an ABI
3100 genetic analyzer (Applied Biosystems), using six overlapping primers
encompassing the entire gp120 sequence as described [this study, part 2; 353]. PCR
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amplifications were performed separately for each individual sample, to avoid cross
contaminations. For both maternal proviral DNA and infant viral RNA of each pair,
clones that were obtained and sequenced in the previous study were included in the
present analysis. However, a full series of extraction, amplification, and cloning was
performed again for the same samples in order to get an additional set of clones for
each of them. This allowed us to confirm the original findings in two sets or
independent experiments.

Phylogenetic analysis.

Nucleotide sequences were assembled and translated into amino acid sequences
with the BioEdit package [158], aligned with Clustal W [394] and manually adjusted
to optimize the alignment. Sequences with premature stop codon were excluded. A
total of 109 clones were analyzed. Neighbor-joining trees were constructed with
MEGA version 4 [387] with bootstrap analysis using 1,000 replicates.

Prediction of coreceptor usage.

The co-receptor usage of all clones was predicted based on V3 sequences using
various approaches: the 11/25 rule which is taking into account the key residues 11
and 25 and total net charge of V3 loop [105; 126], Geno2pheno [coreceptor] which is
the bioinformatics tool based on a support vector machines (SVM) [374], WebPSSM
which is a tool based on a position-specific scoring matrix (PSSM) [175], and R5/X4-
pred which is a tool based on a random forest (RF) [435]. In case of discrepancy, we
privileged the conclusion of the RF method because it was developed considering
non-B non-C viruses [143; 435].

Recombination analysis.

To identify recombinants, our data sets were split into three regions (V1-V2, V3,
and V4-V5) and the phylogenetic trees were constructed for each variable region for
each mother-child pair [269; 351]. A clone was considered a recombinant if it
clustered with different phylogenetic groups of sequences separated by significant
bootstrap values (= 90%) at least in two trees. Putative parental sequences were
identified as the sequences most similar to the recombinant in these trees. Then, we
performed a BootScan analysis to confirm these findings and to identify the
recombination breakpoints (Simplot; [240]). In order to facilitate the analysis, the
sequences derived from the PBMCs DNA were grouped according to the
phylogenetic analysis for each mother. Maternal proviral sequences were considered
as belonging to one group if they clustered together systematically in the three trees
obtained with the three variable regions by significant bootstrap values. There were
four and five groups of maternal proviral DNA sequences for pairs 1005 and 0779,
respectively. A consensus sequence, in which each amino-acid is that most frequently
present at a given position, was defined for sequences from the infants, sequences
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issued from the maternal plasma viral RNA, and for each of the groups of maternal
PBMCs sequences. Simplot software was then used to compare each clone from the
infant sequences or from the maternal viral RNA (the query sequence) with the
maternal consensus sequences of each group (the reference sequences). The analyses
were also done using the maternal consensus sequence of each group as the query and
the consensus sequences of the other maternal groups as the references. This allowed
us to identify the genetic organization of each viral population within each pair. In
addition, the recombinant and parental sequences were inspected manually.

Nucleotide sequence accession numbers.

All sequences were deposited in GenBank under accession numbers EU031392-
EU031405, EU031258-EU031279, and EU784739-EU784811.

3. Results

Phylogenetic analysis and prediction of co-receptor usage of viral populations in
two mother-infant pairs.

To investigate the relationship between the maternal and infant sequences, entire
gpl20 (V1-V5) sequences of 58 and 51 envelope clones of pair 1005 and 0779,
respectively, were analyzed. Figure 40A presents the phylogenetic tree for the two
mother-child pairs. The sequences from each mother-infant pair clustered together
with 100% bootstrap value, confirming the epidemiological link between each mother
and her child, and indicating the absence of cross-patient contamination. In both
pairs, the infant’s viral sequences were closely related to those present in the maternal
plasma at delivery. Only a few clones issued from the maternal PBMCs DNA
clustered with the maternal RNA sequences in each case (clones C07, C20, and C21
for pair 0779; clones C10, C14, C15, and C22 for pair 1005), whereas most of clones
derived from the maternal PBMCs DNA were highly diverse, probably representative
of archived older variants. The plasma viral RNA sequences of mother 0779 were
separated in two populations (7 and 2 clones, respectively) suggesting two groups of
viral variants circulating at time of delivery.

The co-receptor usage of all clones was predicted based on V3 sequences using
various approaches. The four prediction methods were in total agreement for more
than 90% of the clones. The results are shown in Figure 40 A-C. In pair 1005, most
of the infant sequences (21 of 27 clones) and all 9 maternal sequences issued from the
plasma RNA were predicted as RS, whereas the majority of maternal DNA sequences
(15 of 22 clones) were predicted as X4. Four clones issued from the maternal PBMCs
DNA (C10, C14, C15, C22) that clustered with the infant sequences and the maternal
viral RNA sequences (95% bootstrap value), were also predicted as R5. The opposite
was observed in pair 0779 in which the majority of infant sequences (15 of 21 clones)
were predicted as X4, whereas the majority of maternal DNA sequences (17 of 21
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clones) and all 9 maternal RNA sequences were predicted as R5. Three of 4 maternal
DNA clones (C07, C20 and C21) that were predicted as X4 clustered with the infant
sequences and the predominant population of variants present in the maternal plasma
(99% bootstrap value).
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Figure 40. Unrooted neighbor-joining trees of the 109 HIV-1 env gpl120 nucleotide sequences from the two mother-child pairs.
Phylogenetic trees were constructed from:

(A) the V1-V5 region (almost entire gp120 sequence) from pairs 1005 and 0779;
(B) the V1-V2, V3, and V4-V5 regions from pair 1005;
(C) the V1-V2, V3, and V4-V5 regions from pair 0779.

Horizontal branch lengths are drawn to scale, with the bar representing 1% divergence. Bootstrap values are indicated as percentages
per 1,000 replicates on branches. Each symbol represents a single env sequences. Open circles indicate plasma RNA-derived maternal
sequences, grey circles represent PBMCs DNA-derived maternal sequences, squares represent PBMCs DNA-derived infant sequences,
and triangles represent plasma RNA-derived infant sequence. Hatched symbols show clones predicted as X4 (see legend more precisely
in A). The numbered clones are those cited in the text.
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Evidence for intra-mother recombination and transmission to the infant.

To identify recombinants, our data sets were split into three regions (V1-V2, V3,
and V4-V5) and the phylogenetic trees were constructed for each variable region for
each mother-child pair (Figure 40, B and C). Since recombinants have acquired
genetic material from at least two sources, they should cluster with different groups of
sequences when trees are constructed from subsets of the data [269; 351]. Therefore,
a clone was considered a recombinant if it clustered with different phylogenetic
groups of sequences separated by significant bootstrap values (= 90%) at least in two
trees. This is exemplified in pair 1005 where the maternal DNA clones 03, 04, and
17, clustered with both the infant clones and the maternal clones issued from the
plasma viral RNA in the V3 tree, but not in the V1-V2 tree nor the V4-V5 tree (Figure
40B). Similarly, clone 12 of mother 0779 clustered with the infant clones in the V3
region whereas it was much more distantly related in the V1-V2 and V4-V5 trees
(Figure 40C). The infant sequences and all maternal RNA sequences (except two
clones, C09 and C27, for mother 0779) clustered in the same branch with high
bootstrap values in all trees for both pairs, providing additional proof of similarity
between infant viruses and the predominant variant present in the plasma of their
mothers. Taken together, these data suggested that the infant sequences and the
maternal plasma sequences were the results of recombination events between
envelope genes that were archived in the maternal PBMCs DNA.

We next performed a BootScan analysis to confirm these findings and to identify
the recombination breakpoints. Simplot software was used to compare each clone
from the infant sequences or from the maternal viral RNA (the query sequence) with
the maternal consensus sequences of each group (the reference sequences). The
analyses were also done using the maternal consensus sequence of each group as the
query and the consensus sequences of the other maternal groups as the references.
The results are presented in figure 41 (A and B) where both the BootScan analysis
using the infant viral RNA consensus sequence as the query, and the summary of the
genomic organization of each viral population are shown. The BootScan results
indicated the crossover points at the same positions at nucleotides 278, 463, and 750
for all clones of pair 1005, and at nucleotides 252, 347, and 738 for all clones of pair
0779. Therefore two breakpoints were located in the C2 region and one breakpoint
was located in the C3 region. Interestingly, the recombination breakpoint in C3
region was at the exactly same position for both pairs (nucleotide position 718 —
starting at T of the first codon TGC of V1 - of the CRFO1 AE consensus sequence
from the HIV database; http://hiv.lanl.gov) (Figure 42). In pair 1005, the mosaic
virus patterns of infant sequences, maternal RNA sequences and maternal DNA
sequences group 4, were similar whereas the patterns of each maternal DNA
sequences (groups 1 to 4) were different (Figures 41 A and 42A). Within the maternal
DNA sequences, the V1-V2 region was similar between groups 1 and 2, and groups 3
and 4; the V3 region was identical between groups 1 and 3, and groups 2 and 4; and
the V4-V5 was similar between groups 1 and 4, and groups 2 and 3 (Figure 42A).
This indicates that the recombination occurred within virus populations that have been
archived in the PBMCs, and that the maternal DNA sequences related to group 4
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might be representative of the contemporaneous maternal circulating population that
was transmitted to the infant. In pair 0779, the mosaic patterns of infant sequences,
maternal RNA sequences and maternal DNA sequences group 5, were similar
whereas the patterns of each group of maternal DNA sequences (groups 1 to 5) were
different (Figures 41B and 42B). The evidence for recombination was found within
maternal DNA sequences group 1, 3, 4, and 5. The V1-V2 region was identical
between groups 1 and 3, and groups 4 and 5; the V3 region was identical between
groups 1 and 4, and groups 3 and 5. The group 2 sequences had a more complex
composition, the V3 region being similar to groups 1 and 4 (Figure 42B). The
maternal DNA sequences of group 5 were closely related to both the infant viral
sequences and the predominant maternal circulating sequences; however their
predicted co-receptor usage was different (Figure 41B). Although this was only
prediction and therefore should be confirmed by phenotypic assays, this different
tropism might be due to two mutations, R/S and V/I at positions 11 and 30 of the V3
region, respectively. R11 and V30 were present in both the group 5 population of the
mother and the infant virus, but were replaced by S11 and I30 in the maternal plasma
viral population. It has been demonstrated clearly that substitutions at position 11 are
sufficient to switch coreceptor usage [104; 127].
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Figure 41. Schematic representation of the recombination analysis for pairs 1005 (A)
and 0779 (B). Left panel: representative BootScan analysis using the sequence of one
clone from the infants’ viral RNA as query and the maternal consensus sequences of
each group as references. Right panel: schematic representation of the recombinant
patterns derived from the BootScan analysis for each group of sequences. The
constant and variable regions of HIV-1 env gpl120 are shown at the bottom. The
colors presented in the left panel correspond to those in the right panel. The predicted

coreceptor usage (RS or X4) is indicated for each group of sequences. Mo (mother); D
(DNA).



127

Vi-va

-85 YR InCrTS aTRCAC VST

o LA EVRICS P TTe LD IS EAY ALF ¥ D0V e DRI - -
e s [

CONE. 1008 InR VTR DN IT AT QDI VRS
CONS. 1005. In.D

- CONS. 1005.He.R
CONE. 1008 oD grl ...
CONS_ 1005 Mo D gra . .
CONE. 1005, 8e.D .
COHE . 10605 . Ho. D

va

i8S . 1008, In.R
. In.D

COHS. 1005.In.R

INKTT IEQPRSECDLED
-1005.In.D [}

5. 1005 Mo D .

Vs
CONS, 1006.In.R TTLIPCRING ROAMYA PP SELANC LEN I TCTLLTRDGE A sl SNEETFRP
5. .

vi-v2

EVTLICTTASLING x T~ il ITTGHL TOE VRN CEFIVT TEL rORECI A LEY BLD 1 VTmieS ENS10is nay r 1 ncN TEU M) ACP LS FDR IRT HYCT
. [ e, - ! -

§5.0779.Ho.D.

RS.0775.In.R

. #.Im.0
CONS.0779.Mo.R

VR ¥CE TG TRWNE T LI VARBLEERF NI T L1 U

56D FE] TMERFNCRGEFF YN TTRLENNTY IRETMeGS ST AILPCR IRDTLNH

€083, 0779.46.0.481 ..2
CONE. 0TI Mo D qEd ...

CONS.0773.M8.D.g83 . .R...
CONS.0TT8.Ho.D.grd . R...
CONS.0779. Mo . DgesS . ...,

Figure 42. Alignment of HIV-1 env gp120 (V1-V5) amino acid consensus sequences
of each group for pairs 1005 (A) and 0779 (B). Uppercase letters indicate amino
acids conserved in 100% of sequences of each group. Lowercase letters indicate
amino acids conserved in more than 50% of sequences of each group. ‘X’ is any
amino acid. Dots represent identical amino acids. Dashes represent deletions. In.R.
corresponds to the consensus sequence of clones derived from the infants viral RNA.
In.D. corresponds to the consensus sequence of clones derived from the infants
PBMCs DNA. Mo.R. corresponds to the consensus sequence of clones derived from
the maternal viral RNA. Mo.D. corresponds to the consensus sequence of clones
derived from the maternal PBMCs DNA (for each group). The vertical dot lines show
the location of the recombinant breakpoints.
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4. Discussion

The study of a large number of HIV-1 env gene sequences from 17 mother-child
pairs infected with CRFO1 AE variants [this study, part 2; 353] led us to identify two
cases of intrapatient recombinations. Recombinants may be generated in vitro during
the process of PCR [324]. Several arguments make in vitro recombination an unlikely
explanation for the origin of the recombinants reported here. First, the same
recombinant profile was obtained in both mother and infant for each pair. Second, the
same recombinant was found in both the plasma viral RNA and the PBMCs proviral
DNA for each case, even when plasma and PBMCs were collected at different time
periods as it was the case for the infants. Third, the clones obtained from the
amplified proviral DNA from the mothers and those obtained from the amplified
plasma viral RNA from the infants were derived from two fully independent sets of
experiments performed at several months interval, including different extractions,
amplifications and clonings. The same recombinants were recovered in clones
derived from the two independent series. Taken together, these observations support
that the recombinant sequences originated in vivo.

To our knowledge, this is the first report showing that intrapatient
recombinations within the HIV-1 env gp120 gene that occur in mothers are involved
in transmission of HIV-1 to their children. This would suggest that, in these two
cases, the recombinant variants might have acquired a selective advantage that made
them adapted to MTCT. One could imagine that recombination might be implicated
in generation of viruses able to evade the passively transferred maternal neutralizing
antibodies, and/or able to interact more efficiently with the receptor or coreceptors at
the surface of target cells. Interestingly enough, the recombinant viruses transmitted
to the infants for both pairs harbored V1-V2 and V3 regions issued from different
parental sequences archived in the proviral DNA. This suggests that not only V1-V2
region nor V3 region alone, but both of them act additionally or synergistically to
provide a specific advantage in selection of the transmitted variant. This was
previously demonstrated for the coreceptor switching [69; 154; 253; 269; 302], and it
has been shown that the V1-V2 region and V3 region are important for inducing
neutralizing antibody responses [148; 280; 350; 429; 431; 438; 444]. The implication
of recombination events in MTCT was also suggested recently in a study performed
in Tanzanian women. That study indicated that viruses with intersubtype recombinant
LTRs were more likely to be transmitted through breastfeeding than viruses with non-
recombinant form of subtype A, C or D [208].

In both cases of our report, the transmitted virus was homogeneous, genetically
restricted, and closely related to the viral population that was prevalent in the maternal
plasma at delivery. The comparison of all the sequences and the results from the
BootScan analysis showed that the recombinations occurred between different
phylogenetic groups of sequences that were archived in the maternal DNA.
Interestingly, the recombinant breakpoints were located in both pairs in the C2 and C3
regions. The recombination in C2 is in agreement with previous data that identified
the C2 region as a hotspot for recombination [29; 135]. Surprisingly, the recombinant
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breakpoint in the C3 region was identical in both pairs, suggesting that this position is
also a hotspot for recombination, at least in the CRFO1 AE clade (Figure 42).

The two cases reported herein provide naturally occurring biological material
that may be very useful to document how the association of variable regions initially
present on different genomes, when associated following a recombination event, may
lead to an advantage in selective transmission of MTCT of HIV-1.

5. Publications

These data have been submitted to the Journal of Virology in August, 2008.
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