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Administration of combination antiretroviral therapy to human immunodeficiency virus type 1 (HIV-1)–infected
pregnant women significantly reduces vertical transmission. In contrast, maternal co-opportunistic infection
with primary or reactivated cytomegalovirus (CMV) or other pathogens may facilitate in utero transmission
of HIV-1 by activation of cord blood mononuclear cells (CBMCs). Here we examine the targets and mechanisms
that affect fetal susceptibility to HIV-1 in utero. Using flow cytometry, we demonstrate that the fraction of
CD4+CD45RO+ and CD4+CCR5+ CBMCs is minimal, which may account for the low level of in utero HIV-1
transmission. Unstimulated CD4+ CBMCs that lack CCR5/CD45RO showed reduced levels of HIV-1 infection.
However, upon in vitro stimulation with CMV, CBMCs undergo increased proliferation to upregulate the frac-
tion of T central memory cells and expression of CCR5, which enhances susceptibility to HIV-1 infection in
vitro. These data suggest that activation induced by CMV in vivo may alter CCR5 expression in CD4+ T central
memory cells to promote in utero transmission of HIV-1.
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Despite effective administration of combination antire-
troviral therapy to human immunodeficiency virus type
1 (HIV-1)–infected pregnant women, mother-to-child
transmission (MTCT) of HIV-1 remains a significant
global public health concern. Several copathogens that
pose threats to the developing fetus during gestation,
such as cytomegalovirus (CMV), malaria parasites,
and Mycobacterium tuberculosis, may also facilitate in
utero transmission of HIV-1 and contribute to the
high incidence of MTCT within specific populations

[1–3]. These pathogens can promote transmission
through increases in proviral load, immune activation,
local inflammation, and maternal stimulation of fetal
CD4+cells to increase cellular susceptibility to HIV-1
infection.

CMV, a highly prevalent beta herpesvirus, infects
>90% and 50%–80% of reproductive-age women in de-
veloping and developed countries, respectively. HIV-1–
infected infants who acquire CMV infection in the first
18 months of life have a significantly higher rate of dis-
ease progression than those infected with HIV-1 alone
[4, 5]. Studies have shown that CMV induces increases
in T-cell activation in peripheral blood mononuclear
cells (PBMCs) from HIV-1–infected infants [6] and
memory cell differentiation [7]. Strong associations be-
tween in utero CMV infection and a higher incidence of
MTCT of HIV-1 have been documented [8, 9]; however,
the mechanisms that increase neonatal HIV-1 transmis-
sion remain unknown. Several in vitro studies demon-
strate increased viral transcription and replication in
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phytohemagglutinin (PHA)/interleukin 2 (IL-2)–activated cord
blood mononuclear cells (CBMCs), compared with adult
PBMCs. However, these conditions do not mimic the in utero
environment, which is normally immunoquiescent and associ-
ated with a low risk of HIV-1 transmission (7%) in vivo.

In contrast, immune activation may facilitate HIV-1 infection
following in utero exposure to CMV antigens. Increased T-cell
activation may be associated with CCR5 expression and sus-
ceptibility of CBMCs to HIV-1. The goal of the current study
is to examine the targets and mechanisms that affect fetal sus-
ceptibility to HIV-1 in utero. We demonstrate that the fraction
of CD4+CCR5+ and CD4+CD45RO+ T cells in cord blood is
significantly lower, compared with adult PBMCs, which may re-
flect that the low level of in utero HIV-1 transmission is due to a
lack of target cells. However, upon in vitro stimulation with
CMV antigens or PHA/IL-2, CBMCs undergo increased prolif-
eration and upregulate the fraction of T central memory (TCM)
cells and expression of CCR5 among CD4+ T cells. This upre-
gulation of CCR5 was more pronounced in TCM cells, compared
with naive CD4+ CBMCs. Unstimulated CD4+ CBMCs that lack
CCR5 and CD45RO showed reduced levels of HIV-1 infection
and replication in vitro, compared with PBMCs. However,
priming CBMCs with CMV antigens influenced the prolifera-
tion and activation of CCR5+ TCM cells, rendering these more
susceptible to HIV-1 infection in vitro.

METHODS

Ethics Statement
With written informed consent, umbilical cord blood speci-
mens were collected from 15 women (age, >18 years) seroneg-
ative for HIV-1, CMV, and hepatitis B virus following cesarean
section without labor (gestation, >37 weeks) at Emory Midtown
Hospital (Atlanta, GA). Approval of the study was granted from
the Emory University Institutional Review Board (IRB). Periph-
eral blood specimens were obtained from healthy adult volun-
teer donors according to a protocol approved by the Emory
University IRB.

Isolation and Stimulation of Mononuclear Cells
CBMCs and PBMCs were separated from heparinized whole-
blood samples by density gradient centrifugation on Ficoll-
Hypaque (Sigma Chemical Co., St. Louis, MO) and maintained
in Roswell Park Memorial Institute (RPMI) medium supple-
mented with 10% fetal bovine serum, 1 mM L-glutamine, and
1% pen/strep (Mediatech, Manassas, VA). CBMCs and PBMCs
were stimulated with PHA (5 µg/mL) and IL-2 (5%) in the com-
plete medium. CD4+ T cells were purified from isolated mono-
nuclear cells by negative selection, using the CD4 isolation kit
(Miltenyi Biotec, Auburn, CA) according to the manufacturer’s
protocol, yielding an average purity of ≥96%. To isolate macro-
phages, monocytes were then enriched from PBMCs by use of

the MACS Monocyte Isolation Kit II and MACS LS Columns
(Miltenyi), yielding an average purity of 98%. Monocytes were
suspended in RPMI medium containing pen/strep (1%), gluta-
mine (1%), and heat-inactivated normal human serum (10%;
Mediatech); seeded into 24-well plates; and cultivated for 7 ad-
ditional days to promote full differentiation into macrophages.

HIV-1 Infection of PBMCs and CBMCs
PBMCs and CBMCs were infected at 0.5 50% tissue culture
infective doses (TCID50) per cell for 4 hours at 37°C with HIV-
1BaL. The TCID50 values were calculated according to the method
of Reed and Muench [2]. The HIV-1BaL strain is R5 trophic and
was initially isolated from infant lung tissue [10]. To monitor viral
production, cell supernatants were collected at various days after
infection. Viral replication was measured using enzyme-linked
immunosorbent assay to detect p24 released into the supernatant
(Advanced BioScience Laboratories, Rockville, MD).

Real-Time Polymerase Chain Reaction (PCR)
Messenger RNA (mRNA) was extracted using the RNAeasy kit
(Qiagen, Valencia, CA). The complementary DNA was tran-
scribed using QuantiTect RT kit (Qiagen). The primer sequenc-
es were as follows: env, forward primer 5′-GGGGACCAGGGA
GAGCATT-3′ and reverse primer 5′-TGGGTCCCCTCCTGA
GGA-3′; gag, forward primer 5′-ACATCAAGCAGCCATGC
AAAT-3′ and reverse primer 5′-ATCTGGCCTGGTGCAATA
GG-3′); cxcr4 forward primer 5′-TGACTCCATGAAGGAA
CCCTG-3′ and reverse primer 5′-CTTGGCCTCTGACTGTT
GGTG-3′; ccr5, forward primer 5′-AATAATTGCAGTAGCT
CTAACAGG-3′ and reverse primer 5′-TTGAGTCCGTGTCA
CAAGCCC-3′; and β-actin forward primer 5′-GGCCCAGT
CCTCTCCCAAGTCCAC-3′ and reverse primer 5′-GGT
AAGCCCTGGCTGCCTCCACC-3′. Real-time PCR was per-
formed using SYBR Green (Qiagen). All reactions were run in
triplicate, using the Applied Biosystems Prism 7500 Sequence
Detection System. Delta threshold cycle (Ct) values from the
calibrator and experimental groups were measured by subtract-
ing the Ct value of the target from that of the housekeeping
transcript, β-actin.

Flow Cytometry
Staining for flow cytometry studies was performed using mono-
clonal antibodies that are cross-reactive with PBMCs and
CBMCs. One million cells were labeled with the following an-
tibodies: anti-CD3 (A700), anti-CD4 (PerCp-Cy5.5), anti-CD8
(PE-Cy7), anti-CD45RO (APC), anti-CD27 (PE), anti-Ki67
(V450), anti-CD38 (PE-Cy5), anti-HLADR (APC-H7),
CXCR4 (PE-Cy5), and anti-CCR5 (PE-CF594; BD Biosciences,
CA).Detectionof intracellularHIV-1capsidp24antigenwasper-
formed using KC57 monoclonal antibody (Coulter, Barcelona,
Spain). Samples were processed on a BD LSR II flow cytometer,
and analysis of the data was performed using FlowJo software
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(Tree Star). Cell frequencies were calculated as the percentage of
cells with a fluorescence intensity greater than that of the fluo-
rescence minus one (FMO) gate.

CMV Infection and Coculture Experiments
Human MRC-5 fetal lung fibroblasts (American Type Culture
Collection [ATCC], Rockville, MD) were seeded in a T-25 flask
and infected with human CMV strain AD169 (ATCC) at a mul-
tiplicity of infection (MOI) of 0.1. Macrophages were left un-
treated or incubated with CMV (MOI, 1). For coculture
experiments, CMV-infected macrophages or uninfected macro-
phages were cultured with CBMCs or purified CD4+ cells in 24-
well culture dishes for up to 6 days.

Statistical Analysis
Parametric data were analyzed by using Student t test (2-tailed)
to assess whether the mean values for 2 normally distributed
groups differed significantly. All nonparametric data were ana-
lyzed using the Mann–Whitney U Test. All error bars represent
the standard error (±SE).

RESULTS

Unstimulated CBMCs Have Reduced Ability to Replicate HIV-1
Several studies have demonstrated increased HIV-1 replication in
PHA/IL-2–activated CBMCs, compared with adult PBMCs, but
conditions in these studies do not mimic the in utero environ-
ment, which is typically an immunoquiescent milieu. To deter-
mine the ability of fetal blood to replicate HIV-1, we compared
viral replication in unstimulated CBMCs to that in PHA/IL-2–
stimulated cells, using HIV-1BaL at a TCID50 of 0.5 per cell.
p24 was detected over time in supernatant fluid, compared
with their stimulated counterparts. Mean production of p24 an-
tigen in unstimulated cells was greatly reduced, compared with
that detected in PHA/IL-2–stimulated CBMCs cultured in paral-
lel at the same TCID50 (Figure 1A). To further account for the
reduced ability of unstimulated CBMCs to replicate HIV-1, we
monitored viral gene transcription 6 days after infection, using
real-time PCR. We found that unstimulated CBMCs showed
mean fold-decreases (±SE) of 4.7 ± 0.6 in gag mRNA (average
Ct values) and 24 ± 4.3 in env mRNA, compared with PHA/
IL-2–stimulated cells (Figure 1B). In contrast, stimulation had
minimal effects on viral transcription in adult PBMCs. Com-
bined, these results demonstrate that stimulated CBMCs have a
markedly increased sensitivity to HIV-1 infection, while unsti-
mulated CBMCs limit viral replication of HIV-1BaL in vitro.

CBMCs Have a Lower Fraction of CD45RO+ Memory
T Cells, Compared With PBMCs
Previous studies have noted a paucity of CD4+ T cells with a
memory phenotype in infants and children. In neonates, we in-
vestigated this further by first comparing the percentage of
naive (TN), TCM, and effector memory (TEM) subsets among

CD3+CD4+ T cells in cord blood samples derived from
HIV-1–uninfected newborns and peripheral blood samples
from HIV-1–uninfected healthy adults. Cell surface markers
were used to divide the CD3+CD4+ T-cell populations into
memory (CD45RA−CD45RO+), TN (CD45RO−CD27+), TCM

(CD45RO+CD27+), and TEM (CD45RO+CD27−) subsets, as
previously described [11–13]. The majority of cord blood lym-
phocytes have a naive phenotype and express minimal levels of
CD45RO (Figure 2A). We also noted a significantly lower frac-
tion of both memory subsets in CD4+ CBMCs, compared with
PBMCs (Figure 2B). These findings may reflect relatively limit-
ed exposure to foreign antigens in utero in uncomplicated preg-
nancies [14] and corroborate previous data demonstrating a
paucity of T cells with the memory phenotype in infants and
children [15].

Figure 1. Unstimulated cord blood mononuclear cells (CBMCs) have re-
duced ability to replicate human immunodeficiency virus type 1 (HIV-1). Un-
stimulated and phytohemagglutinin/interleukin 2–stimulated CBMCs
infected by HIV-1BaL in vitro showed differences in HIV-1 replication over
time. A, HIV-1 replication was measured in the cell supernatants by detec-
tion of HIV-1 p24 viral antigen, using enzyme-linked immunosorbent assay.
Data shown are expressed as the mean ± standard error (SE) of triplicate
samples from 8 cord blood and 8 adult blood donors. B, Six days after HIV-
1BaL infection, messenger RNA levels of unstimulated and stimulated
CBMC or peripheral blood mononuclear cells (PBMCs) were measured by
real-time polymerase chain reaction to determine the relative expression of
gag and env. Data shown are expressed as the mean ± SE of triplicate sam-
ples from 8 cord blood and 8 adult blood donors. *P < .001, compared with
unstimulated CBMCs at the corresponding time point.
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In Vitro Stimulation Upregulates the Fraction
of TCM Cells in CD3+CD4+ CBMCs
To investigate how in vitro activation affects the fraction of
memory cells in CBMCs, we assessed the percentage of TN

and TCM in cells that were stimulated with the mitogens
PHA/IL-2. We found that the percentage of TCM cells was sig-
nificantly upregulated in CBMCs and PBMCs (Figure 2B). No
differences were noted in the TEM fraction of the CBMCs, while
stimulation induced a significant decrease of the TEM cells in
adult PBMCs. In cord blood, the TCM fraction was significantly
upregulated in PHA/IL-2–stimulated cells (P < .0001), com-
pared with unstimulated CBMCs (Figure 2C).

CCR5 Expression Upon In Vitro Stimulation and Proliferation Is
Increased in CD3+CD4+ CBMCs to Levels Similar to Those for
Adult PBMCs
Next, we measured the fraction of CD4+CCR5+ and CD4+

CXCR4+ T cells in CBMCs and PBMCs that were stimulated

with PHA/IL-2 for 6 days. Over time, CD4+ T cells from cord
and adult blood proliferated and became activated to a similar
extent after stimulation, as determined by the expression of
Ki67 (Figure 3A), a cellular marker for proliferation, and the ac-
tivation marker CD38 (Figure 6A). In addition, CD4+CXCR4+

T cells were equivalent in CBMCs and PBMCs before and after
stimulation (Figure 3B). In contrast, the fraction of CD4+ T cells
expressing CCR5 was significantly lower in the CBMCs at base-
line, compared with the PBMCs (P < .0001). Following stimula-
tion with PHA/IL-2, the fraction of cord blood CD4+CCR5+

T cells increased such that, by day 4, CCR5 levels were signifi-
cantly elevated, compared with the unstimulated cells
(P < .0001), and that, by day 6, CCR5 levels were similar to
those noted in stimulated adult PBMCs (Figure 3B and 3C).
To determine whether this low level of CCR5 expression by
CBMCs at baseline and following in vitro stimulation was asso-
ciated with an increase in CCR5 transcription, we assessed
CCR5 and CXCR4 mRNA expression in purified CD4+

Figure 2. Cord blood mononuclear cells (CBMCs) have a lower fraction of CD45RO+ memory T (TM) cells, compared with peripheral blood mononuclear
cells (PBMCs). A, The fractions of naive T (TN) cells (N; CD45RA

+CD45RO−) and TM cells (M; CD45RA−CD45RO+) were determined in cord blood samples
derived from human immunodeficiency virus type 1 (HIV-1)–uninfected newborns and peripheral blood samples from HIV-1–uninfected healthy adults. Data
shown are dot plots of 1 representative donor of 12 cord blood and 8 adult blood donors. B, Representative dot plots show TN cell (N; CD45RO−CD27+),
T central memory (TCM) cell (CM; D45RO+CD27+), and T effector memory (TEM) cell (EM; CD45RO+CD27−) subsets among CD3+CD4+ T cells in unstimulated
cells or following 4 days of phytohemagglutinin (PHA)/interleukin 2 (IL-2) stimulation of CBMCs and PBMCs. Data shown are dot plots of 1 representative
donor of 12 cord blood and 8 adult blood donors. C, TN, TCM, and TEM fractions of CD3+CD4+ CBMCs or PBMCs without mitogen stimulation or following
4 days of in vitro stimulation with PHA/IL-2. Lines represent median values for each condition. Each data point represents the mean of triplicate samples
from 12 cord blood and 8 adult blood donors. Statistical analyses were performed to compare stimulated cells (▴) to unstimulated cells (•) in each subset.
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T cells obtained from cord and adult blood specimens 24 hours
after stimulation with PHA/IL-2. Following treatment, we
found that stimulated CBMCs showed a mean fold-increase
(±SE) of 9.25 ± 1.9 in CCR5 mRNA expression (average Ct val-
ues) and a mean fold-decrease of 0.15 in CXCR4 mRNA expres-
sion. In contrast, PBMCs showed an increase in mRNA
expression of both chemokine receptors. These results suggest
that CCR5 expression may be upregulated in neonates in re-
sponse to stimuli, which could increase susceptibility to HIV-1.

CCR5 Is Upregulated in Activated Cord Blood TCM Cells, Which
Greatly Increases Their Susceptibility to HIV-1 Infection
Recent studies have demonstrated that regulation of CCR5 ex-
pression on CD4+ TCM cells and protection of these cells from
direct virus infection are key factors that favor the lack of pro-
gression to AIDS in sooty mangabeys [16]. The low fraction of
TCM and CD4+CCR5+ T cells may account for the low rate of

MTCT of HIV-1 in utero (7%). To determine the effect of stim-
ulation on CCR5 expression of CD4+ TCM cells, we assessed the
fraction of CCR5+ cells in CD4+ TN and TCM cells in cord blood.
Whereas CD4+ TN cells from unstimulated and stimulated
groups showed similar kinetics of CCR5 expression (Figure 4A),
only CD4+ TCM cells consistently upregulated CCR5, which was
significantly higher in the stimulated cells, compared with the
unstimulated cells (P < .001). To confirm whether increased
CCR5 expression is related to an increase in HIV-1 susceptibil-
ity, we infected CBMCs and measured the fraction of p24+/
CCR5+ in CD4+ T cells or p24+ cells within the CD4+ TN and
TCM subsets on day four after infection. Double staining for p24
and CCR5 following stimulation showed preferential infection
of CD4+CCR5+ T cells (Figure 4B). We also found that the frac-
tion of p24+ cells was greater in the TCM subset, compared with
the naive cells, following stimulation (Figure 4C). Collectively,
these findings indicate that stimulation of cord blood T cells

Figure 3. CCR5 expression upon in vitro stimulation and proliferation is increased in CD3+CD4+ cord blood mononuclear cells (CBMCs) to levels similar to
those in adult peripheral blood mononuclear cells (PBMCs). A, Fractions of CD4+Ki67+ cells were determined in CBMCs and PBMCs over time following in
vitro stimulation with phytohemagglutinin (PHA)/interleukin 2 (IL-2). Data shown are expressed as the mean ± standard error (SE) of 12 cord blood and 8
adult blood samples. B, The fraction of CD4+CCR5+ and CD4+CXCR4+ after stimulation with PHA/IL-2 in CBMCs and PBMCs. Data shown are expressed as
the mean ± SE of 12 cord blood and 8 adult blood samples. C, Representative dot plots showing the fraction of CD4+CCR5+ T cells after in vitro simulation
with PHA/IL-2 in CBMCs. Data shown are dot plots of 1 representative donor of 12. D, Unstimulated and stimulated purified CD4+ CBMC and PBMC mes-
senger RNA levels were measured after 24 hours by real-time polymerase chain reaction to determine the relative expression of CCR5 and CXCR4. Data
shown are expressed as the mean ± SE of triplicate samples from 6 donors. *P < .001, compared with PBMCs (A and B) or unstimulated cells (D) at the
corresponding time point.
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leads to upregulation of CCR5 in TCM cells, which greatly in-
creases their susceptibility to HIV-1.

CBMCs Primed With CMV Upregulate CCR5
Expression on TCM CD4+ Cells
Next we determined how CMV affects CCR5 expression of
CD4+ T cells isolated from cord and adult blood specimens.
Cells were cocultured with CMV-infected adult macrophages
for 4 days in the absence of other mitogenic stimulation. Treat-
ment of CBMCs with CMV antigens resulted in a moderate
increase of CD4+ proliferation in both cord and adult cells,
but a dramatic increase in the TCM population was noted,
compared with control CBMCs cocultured with uninfected
macrophages (increase, approximately 8-fold; Figure 5A). In ad-
dition, the TCM subset in the CMV-experienced CBMCs ex-
pressed high percentages of CCR5 after in vitro stimulation.
Unlike the PHA/IL-2 group, CMV treatment appears to upre-
gulate CCR5 expression on both naive and memory subsets
(Figure 5B).

Expression of Activation Markers on TCM CBMCs
May Correlate With HIV-1 Susceptibility
We further examined the role of CMV priming on immune ac-
tivation by evaluating whether TN and TCM from CMV-primed
and/or PHA/IL-2–treated CBMCs showed increased activation
as measured by CD38 and HLA-DR expression. We found that
the control groups maintained consistently lower levels of CD38
in both groups. In contrast, stimulation with CMV and PHA/
IL-2 induced upregulation of CD38+ cells in TN and TCM sub-
sets. Coexpression of CD38 and HLA-DR was lower for the TN

cells, compared with control, and was slightly increased in the
TCM subset (Figure 6A). Taken together, these findings indicate
that CBMCs become activated following stimulation of CMV
antigen.

To investigate whether CMV priming is associated with
greater susceptibility to HIV-1 infection, we compared viral
replication in purified CD4+ CBMCs cocultured with CMV-
infected macrophages, uninfected macrophages, or PHA/IL-2,
using HIV-1BaL at a TCID50 of 0.5 per cell. p24 fluid was

Figure 4. CCR5 is upregulated in activated cord blood T central memory (TCM) cells, which greatly increases their susceptibility to human immunode-
ficiency virus type 1 (HIV-1) infection. A, The fractions of CD4+ naive T (TN) cells and TCM cord blood mononuclear cells (CBMCs) that express CCR5 were
determined over time after in vitro mitogen activation with phytohemagglutinin (PHA)/interleukin 2 (IL-2). Data shown are expressed as the mean ± standard
error of samples from 12 individual donors. B, Flow cytometry dot plots showing p24 and CCR5 double staining in a representative PHA/IL-2–stimulated cord
blood sample 4 days after infection with HIV-1BaL. Data shown are dot plots of 1 representative donor of 8. C, Representative histograms show p24 ex-
pression in TN and TCM CBMCs 4 days after infection with HIV-1BaL. Unstimulated cells are represented with a dashed lined, and stimulated cells are
represented with a solid line. Relative cell number is on the y-axis, and fluorescence intensity is on the x-axis. Data shown are dot plots of 1 representative
donor of 8. *P < .001, compared with unstimulated CBMCs at the corresponding time point.
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detected in supernatant over time. Mean production of p24
antigen in CBMCs cocultured with CMV-infected macrophages
was significantly elevated over time, compared with production
in control CBMCs cultured in parallel (Figure 6B). Interestingly,
the replication kinetics of CBMCs primed with CMV was more
robust than that for the PHA-IL-2–treated cells. In addition,
we monitored viral gene transcription 6 days after infection,
using real-time PCR. We found that CMV antigen–experienced
cells exhibited mean fold-increases (±SE) of 607.57 ± 125.63
in gag mRNA (average Ct values) and 421.4 ± 117.75in
env mRNA, compared with unstimulated cells (Figure 6C).
Collectively, these results demonstrate that priming CBMCs
with CMV may render these cells more susceptible to HIV-1
infection in vitro.

DISCUSSION

The risk of in utero transmission is <7%. Therefore, even in the
absence of virologic suppression with maternal antiretroviral
therapy, >90% of HIV-1–exposed newborns are naturally

protected from infection in utero. In addition, cases of transient
HIV-1 infection in infants, defined as detection of HIV-1 in 1 or
more peripheral blood specimen from an exposed infant fol-
lowed by no detection of HIV-1 in a subsequent specimen,
have been reported [17–19]. These observations suggest that
the developing fetus and neonate may restrict establishment of
lentiviral infection and viral latency in resting CD4+CD45RO+

memory cells, which may reflect a lack of antigenic exposure in
utero and during infancy. In peripheral blood, CD4+CD45RO+

memory cells were found to be major in vivo targets of infection
by R5-trophic HIV-1 [20, 21]. Here we showed a paucity of
memory cells in CBMCs and reduced expression of CCR5. Fur-
thermore, in vitro studies show that CD4+ T cells from cord
blood must be activated prior to infection with HIV-1. This sug-
gests that the neonatal immune system is immunoquiescent and
that a reduced number of target cells may limit vertical trans-
mission of HIV-1.

Neonates have higher rates of morbidity and mortality from
infectious diseases than adults, owing to their increased sus-
ceptibility to infection and their increased risk of disease pro-
gression. This intrinsic susceptibility to pathogens has been

Figure 5. Cord blood mononuclear cells (CBMCs) primed with cytomegalovirus (CMV) upregulate CCR5 expression on CD4+ T central memory (TCM) cells.
A, Naive T (TN) cell (N; CD45RO

−CD27+) and TCM cell (CM; CD45RO+CD27+) subsets were analyzed among CD3+CD4+ CBMCs cocultured for 4 days with
CMV-infected macrophages, uninfected macrophages (control), or phytohemagglutinin (PHA)/interleukin 2 (IL-2). Data shown are dot plots of 1 represen-
tative donor of 8. B, The fraction of CD4+ TN and TCM CBMCs that express CCR5 was determined over time after coculture with CMV-infected macrophages
(▴), uninfected macrophages (control; •), or PHA/IL-2 (X). Data shown are expressed as the mean ± standard error of samples from 8 individual donors.
*P < .001, compared with control CBMCs at the corresponding time point.
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related to the immaturity of the neonatal immune system. Sev-
eral studies have shown that neonatal T cells have reduced pro-
liferative capacity in response to stimulation and limited
cytotoxic activity [22]. However, in the presence of strong cos-
timulatory signals, neonatal CD4+ and CD8+ T cells capable of
adult-level responses have been reported [23–25]. A potential
mechanism of fetal activation leading to increased viral suscept-
ibility is by upregulation of CCR5, thereby facilitating viral
entry [26]. Preferential R5 virus replication in memory cells
was associated with higher CCR5 expression than in naive
cells. Here we showed that stimulation of CBMCs with PHA/
IL-2 induced a dramatic increase in CCR5 expression, particu-
larly in CD4+ TCM CBMCs. In addition, stimulated CD4+

CBMCs showed high levels of viral replication, while HIV-1
replication was relatively restricted in unstimulated CD4+

CBMCs. Lack of CCR5 expression in cord blood CD4+ cells
in vivo appears to be protective for neonates; however, induc-
tion of this receptor by appropriate stimuli may render fetal

lymphocytes more susceptible to HIV-1 infection and could po-
tentially facilitate transmission in utero.

Previous studies have shown that cord blood T cells can re-
spond to endogenous antigens, minor histocompatibility anti-
gens that are disparate between mother and fetus, and viral
antigens if the mother is seropositive or vaccinated [27–29].
Therefore, antigens in the maternal environment may prime
fetal cells transplacentally to elicit antigen-specific T-cell re-
sponses. Maternal infections with potential pathogens such as
CMV, malaria parasites, and M. tuberculosis may influence
the risk of MTCT of HIV-1. Previous studies documented
that CBMCs from 50% of malaria-sensitized Kenyan infants
were capable of being productively infected with HIV-1 in
vitro without prior exogenous stimulation [1]. Other studies
demonstrated that maternal tuberculosis is associated with
increased immune activation and HIV-1 replication in infant
T cells [3]. Initial reports dating back to 1989 demonstrated cor-
relations between CMV infection and rapid progression to

Figure 6. Expression of activation markers on T central memory (TCM) cord blood mononuclear cells (CBMCs) may correlate with human immunodefi-
ciency virus type 1 (HIV-1) susceptibility. A, The fraction of CD4+ naive T (TN) cells and TCM CBMCs that express CD38 with or without HLA-DR was de-
termined on day 4 after coculture with cytomegalovirus (CMV)–infected macrophages, uninfected macrophages (control), or phytohemagglutinin (PHA)/
interleukin 2 (IL-2). Data shown are expressed as the mean ± standard error (SE) of samples from 8 individual donors. Purified CD4+ CBMCs were infected
by HIV-1BaL after coculture with CMV-infected macrophages, uninfected macrophages (control), or PHA/IL-2. B, HIV-1 replication was measured in the cell
supernatants over time by detection of HIV-1 p24 viral antigen, using enzyme-linked immunosorbent assay. Data shown are expressed as the mean ± SE of
samples from 8 individual donors. C, Messenger RNA levels were measured 6 days after infection by real-time PCR to determine the relative expression of
env and gag. Data shown are expressed as the mean ± SE of samples from 8 individual donors. *P < .001, compared with control CBMCs at the correspond-
ing time point.
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AIDS [30]. More recently, a strong association has been noted
between maternal HIV-1 and congenital CMV infection in pop-
ulations in sub-Saharan Africa where the seroprevalence of
HIV-1 and CMV are high [9]. In addition, congenital and post-
natal CMV acquisition are independent correlates of vertical
transmission of HIV-1 [31]. Despite the immaturity of the neo-
natal immune system, fetuses infected in utero with CMV devel-
op a mature and functional CD8+ T-cell response, similar to
that detected in adults [23, 32]. During the acute phase of infec-
tion, these differentiated cells have a central memory pheno-
type. Several studies that noted preponderant CD8+ T-cell
responses in antigen-primed cord blood also detected CMV-
specific CD4+ responses in CBMCs from congenitally infected
newborns.

The goal of the current study was to examine the targets and
mechanisms that affect fetal susceptibility to HIV-1 in utero.We
developed an in vitro model to examine how naive cord blood
T cells might respond to CMV antigens through allopriming
with CMV-infected macrophages. Macrophages have been shown
to play an important role in initiating primary T-cell responses
and are involved in the regulation of CMV latency and reactiva-
tion [33, 34].We found that stimulation with CMV antigens led
to an approximately 10-fold increase in TCM cells. These cells
showed evidence of T-cell activation, along with steady increases
in CCR5 expression over time. Activated T lymphocytes with in-
creased CCR5 expression are strongly implicated in HIV-1 acqui-
sition and disease progression [35, 36]. Other studies have noted
that stimulated CD4+CD45RO+ CBMCs showed increased HIV-
1 replication and gene expression, compared with adult PBMCs
[37]. CD3+CD4+ CBMCs are the only cellular compartment that
HIV-1BaL enters, and while TCM cells are capable of sustaining
detectable viral replication following exposure, naive CD4+

T cells do not exhibit similar characteristics [11]. Interestingly,
even though CD45RO+ T cells are minimal in neonates and
infants, in cases where MTCT of HIV-1 has occurred, the major-
ity of HIV-1–infected CD4+ T cells in infants and children are
of the CD45RO+ phenotype [38]. Furthermore, recent studies
have demonstrated that infected memory T cells that survive
the apoptotic effects of the virus may return to a resting state
and serve as a latent reservoir of HIV-1 in vivo [39]. In this re-
gard, novel studies have reported that when R5-tropic HIV-1
abortively infects nonpermissive, quiescent CD4+ T cells from
lymphoid tissue, these cells die by pyroptosis, an intensely in-
flammatory form of programmed cell death [40, 41]. This was
shown to be particularly prominent within the CD4+CCR5+

T cells, and the chronic inflammation may stimulate proliferation
of memory CD4+ T cells. Pyroptosis has not been defined in
HIV-1–infected fetal/neonatal CD4+ T cells and warrants further
investigation.

Maintaining low or negligible fractions of CD4+CD45RO+

CCR5+ T cells by the fetus and infant may serve as an important
mechanism of protection and account for the reduced rates of

MTCT observed in utero. However, infants born to mothers co-
infected with CMVmay be primed by viral antigens so that sub-
sequent activation and upregulation of CCR5 in TCM CBMCs
could increase the risk of vertical transmission of HIV-1. Un-
derstanding host factors that increase HIV-1 susceptibility is es-
sential to devise novel therapies for viral eradication.
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