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Elucidation of maternal immune correlates of protection against con-
genital cytomegalovirus (CMV) is necessary to inform future vaccine
design. Here, we present a novel rhesus macaque model of placental
rhesus CMV (rhCMV) transmission and use it to dissect determinants of
protection against congenital transmission following primary maternal
rhCMV infection. In this model, asymptomatic intrauterine infection
was observed following i.v. rhCMV inoculation during the early second
trimester in two of three rhCMV-seronegative pregnant females. In
contrast, fetal loss or infant CMV-associated sequelae occurred in
four rhCMV-seronegative pregnant macaques that were CD4* T-cell
depleted at the time of inoculation. Animals that received the CD4*
T-cell-depleting antibody also exhibited higher plasma and amniotic
fluid viral loads, dampened virus-specific CD8* T-cell responses, and
delayed production of autologous neutralizing antibodies compared
with immunocompetent monkeys. Thus, maternal CD4" T-cell immu-
nity during primary rhCMV infection is important for controlling
maternal viremia and inducing protective immune responses that
prevent severe CMV-associated fetal disease.

congenital cytomegalovirus | rhesus model | T-cell immunity | neutralizing
antibody | rhesus CMV

Human congenital cytomegalovirus (CMV) infection occurs
in 0.7% of all pregnancies (1) and is a major cause of permanent
sensorineural and neurocognitive disabilities in infants worldwide.
The rate of congenital CMV transmission is as high as 50% among
women who acquire primary CMV infection during pregnancy,
compared with less than 2% in women with chronic infection (2).
Furthermore, congenital CMV transmission following primary ma-
ternal infection causes the most severe fetal outcomes including
microcephaly, intracranial cyst formation, seizures, and intrauterine
growth restriction (3).

Although evident, the protective immune correlates of pre-
conceptual immunity have not been determined. Currently, the guinea
pig animal model is used to study protective immune responses
against congenital CMV infection, as it is the only other species
known to be susceptible to placental transmission of its species-specific
CMV (4). Despite having limited sequence homology to human CMV
(HCMV) (5), guinea pig CMV (GPCMV) crosses the placental
barrier at a similar rate following acute maternal infection and es-
tablishes fetal infection with comparable CMV-associated sequelae
(6). Several vaccine strategies including live-attenuated virus (7, 8),
passive immunization of antibodies specific for glycoprotein B (gB)
and the gH/gL complex (9, 10), and recombinant gB subunit immu-
nization (11) have proven to be effective at reducing the rate of
congenital GPCMV infection and preventing fetal demise. In human
clinical trials, gB immunization was only 50% effective in reducing
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postpartum maternal virus acquisition (12) and passive immunization
with CMV hyperimmune globulin of women with primary CMV
infection within 6 wk of presumed acquisition did not achieve a
significant reduction in the rate of fetal infection compared with
placebo controls (13). These findings address the need for a relevant
large-animal model with a more closely related CMV genome and
wider availability of tools to assess the maternal immune system.
Nonhuman primate models are widely used in the preclinical
evaluation of vaccine candidates, as they are anatomically, physio-
logically, and immunologically similar to humans. Furthermore, their
widespread use has led to the development of an extensive set of
immunological tools that allow rigorous probing and characterization
of vaccine-elicited immune responses. Rhesus macaques, a common
nonhuman primate animal model, have previously been used to study
CMV pathogenesis in the setting of primary and secondary infection
(14-16). Rhesus CMV (thCMYV), which has greater sequence and
structural homology to HCMV than GPCMV (17-19), results in
asymptomatic infection and establishment of a persistent and lifelong
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infection, similar to that in humans.. Importantly, previous studies
have shown that thCMYV inoculated intraperitoneally or intracranially
into the developing fetus can induce neurological defects similar to
those observed in congenitally infected human infants (20, 21).
However, because of the high rate of thCMYV seroprevalence among
animals of reproductive age (22) and repeated exposure to thCMV
within breeding colonies where thCMYV is endemic (23), there have
been no previous reports of fetal or neonatal macaques exhibiting
sequelae consistent with congenital thCMYV infection.

Here, to our knowledge, we report the first nonhuman primate
model of congenital CMV transmission using rhCMV-seronegative
rhesus monkeys. In this model, CD4* T-cell-depleted or immu-
nocompetent thCMV-seronegative monkeys were inoculated with
a defined mixture of thCMYV strains in the early second trimester of
pregnancy. Following detection of placental thCMV transmission,
fetuses were observed for signs of rhCMV-associated sequelae, and
the maternal immune responses between mothers with severely
affected fetuses and asymptomatic or noninfected infants were
evaluated to identify potential immune correlates of protection
against congenital CMV disease in nonhuman primates.

Results

Rhesus Macaque Model of Congenital rhCMV Transmission. Two groups of
rhCMV-seronegative (thCMVsn) pregnant rhesus macaques (n = 3
each) were iv. inoculated with a high-titer mixture of rhCMV
strains, including the fibroblast-passaged 180.92 (24) and limited
fibroblast-passaged, epithelial cell-tropic UCD52 and UCDS59 (25)
viruses in a 2:1:1 ratio during week 8 of a 24-wk gestation (Fig. S1).
To maximize the likelihood of successful in utero thCMV trans-
mission, the first group of thCMVsn dams (group 1) was treated
iv. with a recombinant rhesus anti-CD4* T-cell-depleting anti-
body (CD4R1) 1 wk before thCMYV infection, as reduced CD4*
T-cell counts are associated with increased susceptibility to CMV
infection in humans and monkeys (26-28). The second group of
rhCMVsn dams (group 2) remained immunocompetent. To con-
trol for the effect of maternal CD4" T-cell depletion alone on fetal
outcome, three thCMV-seropositive (thCMVsp) pregnant females
(group 3) were treated with the CD4" T-cell-depleting antibody at
the same gestational time point as group 1 but were not challenged
with thCMV.

The inoculum chosen for this study included multiple rhCMV
virus stocks with differential cell tropism to enhance the probability
of transplacental transmission. However, a fourth rhCMVsn animal
(274-98) included in group 1 was inoculated with rhCMV 180.92
only, which itself is a mixture of thCMYV variants that either encode
a full-length genome or a partially deleted ULb’ region, resulting in
elimination of several immune-modulatory proteins but retaining an
intact UL128-UL131 region encoding surface proteins important
for in vivo replication (29). The dosage of the inoculum [1-2 x 10°
50% tissue culture infective dose (TCIDs)/strain], consistent with
previous hCMYV challenge experiments (2 x 10° to 2 x 10° TCIDs)

(29, 30), was administered i.v. based on studies conducted by
Barry and colleagues (25) that have shown variable kinetics and
magnitude of viremia following s.c. inoculation. Intravenous in-
oculation was expected to achieve localization of hCMYV progeny
at the maternal-fetal interface with consistent kinetics. In addi-
tion, it was important to establish a proof-of-principle that hCMV
was indeed capable of transplacental transmission. Subsequent
studies will refine routes of maternal inoculation to better recapit-
ulate maternal HCMV exposure and subsequent fetal infection.

Efficiency of the maternal CD4* T-cell antibody depletion was
determined by flow cytometry of peripheral blood CD4* T cells
(Fig. S2). Within 1 wk of CD4" T-cell-depleting antibody treatment,
we observed a complete loss of circulating CD4* T cells in group 1
and group 3 dams (Fig. S34). Peripheral blood CD4" T cells were
detected again after 1-2 wks but persisted at low levels throughout
the duration of pregnancy. In contrast, the number of CD4* T cells
in group 2 animals remained unchanged during acute and chronic
rthCMV infection. As expected, there was a reciprocal increase in
CDS8* T cells in group 1 and 3 macaques (Fig. S3B), and an expan-
sion in peripheral effector memory CD4* and CD8* T cells in all
rhCMV-infected animals following acute infection (Fig. S3 C and D).

Quantitative real-time PCR (QPCR) was used to assess maternal
plasma viremia in thCMVsn CD4" T-cell-depleted and immuno-
competent females following thCMYV inoculation. In all dams, peak
viremia occurred between 3 and 5 wks postinfection, reaching a
mean peak titer of 2.87 x 10° DNA copies per mL (range: 1.76 x
10° to 7.5 x 10°) in group 1 females (Fig. 1 A-D). This was ap-
proximately one-half log higher than that of group 2 females (mean,
6.85 x 10° DNA copies per mL; range, 6.79 x 10* to 9.31 x 10°)
(Fig. 1 E-G).

Diagnosis and Outcome of Congenital rhCMV Infection. Detection of
CMV DNA in amniotic fluid (AF) by PCR is the gold standard
for diagnosing congenital CMV transmission in humans. Using
amniocentesis and AF QPCR, we observed a 100% (four of
four) transmission rate in CD4* T-cell-depleted group 1 animals
(Fig. 1 A-D) and a 66% (two of three) transmission rate in im-
munocompetent group 2 animals (Fig. 1 E-G), defined by having
at least two of six AF PCR replicate wells positive for detectable
rhCMV DNA following inoculation. The mean virus load in the
AF of group 1 dams ranged from 24 to 580 thCMV DNA copies
per mL and appeared as early as 1 or 2 wks postinfection, yet
appeared slightly later (2 or 4 wks postinfection) and was lower
magnitude (16-71 copies per mL) in group 2 dams, potentially
attributable in part to the higher viral loads in the plasma of dams
lacking peripheral CD4* T cells. In contrast, animals in group 3
chronically infected with thCMYV that were depleted of CD4™ T cells,
had little to no detectable plasma viremia during pregnancy, and AF
rhCMV DNA was only detected in a single PCR replicate from
animal 234-07 at week 9 of gestation. This rare and inconsistent virus
detection was not considered to be confirmatory of congenital
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survival of fetuses following maternal rhCMV inoculation
or CD4* T-cell depletion.
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Fig. 2. rhCMV detection in placental tissue and potential CMV-associated
sequelae in congenitally rhCMV-infected live-born infants. (A) Hematoxylin-eosin
staining of placenta tissue from all CD4" T-cell-depleted group 1 females that
experienced fetal loss (369-09, 174-97, and 274-98) and from 273-98, an immu-
nocompetent group 2 dam with an asymptomatic, congenitally infected infant.
DS, decidual stroma; FV, fetal villi. (B) Immunohistochemical staining of rhCMV-IE1
protein in placental tissue from two of the group 1 females. (C) Fetal sonogram of
the live-born infant from group 1 revealed a liver calcification at week 20 of
gestation, indicated by the white arrow. (D) Absolute neutrophil counts from the
infant(s) born to group 1, group 2, and group 3 dams are displayed as red, blue,
and black lines, respectively. Dashed lines signify infants with intrauterine rhCMV
infection. The lower limit of normal neutrophil counts for rhesus infants, aged
7-30 d, is marked by the black dotted line.

rhCMYV transmission. Importantly, three of the four group 1 females
experienced spontaneous abortion at week 3 postinfection, whereas
all group 2 dams carried fetuses to term (Fig. 1H). This high rate of
fetal loss was not caused by CD4* T-cell depletion alone, as the
control group 3 females all delivered full-term infants. Comparison of
placental tissue from CD4* T-cell-depleted females that underwent
spontaneous abortion to that of immunocompetent animals with
asymptomatic infants showed no evidence of pathology that would
indicate poor placental health as a cause of fetal loss (Fig. 24).

Of note, euthanasia was required for two of the four group 1
dams around the time of peak maternal viremia (Fig. 1 C and D).
Necropsy of dam 174-97 demonstrated a massive small bowel
intussusception but lacked evidence of thCMYV enteritis or other
obvious causal condition, making it unclear whether loss of the
fetus, which occurred days before maternal death, was a result of
poor maternal health or congenital thCMV infection. Necropsy
of dam 274-98 revealed widespread thCMYV dissemination, viral
myocarditis, and congestive heart failure. Although the timing of
fetal loss in this instance also preceded maternal death, we
cannot exclude the possibility that the spontaneous abortion was
a consequence of poor maternal health related to thCMV dissemi-
nation. Still, the fetal loss, combined with detectable rhCMYV in AF,
suggest an important role for maternal CD4" T cells in protection
against both severe maternal disease and fetal outcome during pri-
mary maternal thCMYV infection.

To investigate the extent of intrauterine rhCMYV infection, we
performed immunohistochemical staining for the hCMYV immediate
early protein 1 (IEI) on available placental and aborted fetal tissue
of group 1 dams (Fig. 2B). thCMV-IE! was visible in the decidual
stroma and villous trophoblasts in two of the three placentas. Ad-
ditionally, sonography of the rhCMV-exposed fetuses was conducted
in utero to identify early signs of congenital thCMYV infection char-
acteristic of infected human fetuses, including microcephaly, in-
tracranial or intrahepatic calcifications, and intrauterine growth
restriction. Fetal sonography of the single live-born infant from group
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1 (175-13) revealed an intrahepatic calcification at week 20 of ges-
tation (Fig. 2C). No additional signs of thCMYV infection were pre-
sent in this or other hCMV-exposed fetuses (Fig. S4 4 and B).

Another method used to diagnose congenital CMV infection
in human infants is the detection of CMV DNA in urine or saliva
within the first weeks of life (31). We performed QPCR on
available infant urine and saliva samples collected between 1 and
3 wks of life, and also on aborted fetal tissue and placenta from
group 1 females (Table S1). rhCMV DNA was present in the
placenta of all three spontaneous abortions and in all aborted
fetal tissue. The three live-born infants born to rhCMVsn fe-
males with hCMV DNA in the AF also had detectable thCMV
DNA in saliva between weeks 1 and 3 of life. Interestingly, the
saliva viral load in the single live-born infant of the group 1 dams
(175-13) was ~1.5 orders of magnitude higher than other asymp-
tomatic, rhCMV-infected infants, suggesting a higher virus burden
in this infant. hCMV was not detected in the urine or saliva of
infants 267-13 and 19-14, born to the hCMVsp group 3 dams, one
of whom had detectable rhCMV DNA in the AF. However, saliva
from another infant in this group (42-14) had low-level virus de-
tectable in the first week of life, in addition to 1 of 12 PCR-positive
replicates in the urine at week 3 of life and very low thCMV DNA
copies in the placenta tissue in 4 of 12 PCR replicates. These results
suggest the possibility that congenital rhCMV infection can occur
in naturally seropositive animals in the setting of CD4* T-cell
depletion, an important finding for the assessment of maternal
immune responses and congenital transmission during virus
reactivation or reinfection.

Following birth, rhesus infants were also assessed for hematologic
abnormalities, such as thrombocytopenia and neutropenia, which
are characteristic of congenital CMV infection in humans (32).
Infant 175-13, with the high saliva virus load and identified liver
lesion, also displayed neutrophil counts below the normal level for
juvenile monkeys at the time of birth and throughout 28 wks of life
(Fig. 2D). One uninfected infant (58-14) born to a group 2 female
displayed low levels of all hematopoietic cell types, yet no other
major hematologic abnormalities were observed in the thCMV-
exposed infants at birth (Fig. S4C).

Identification of the Congenitally Transmitted/Founder Virus. Recent
deep-sequence analysis revealed that, despite high CMV intrahost
genetic variability in adults, human congenital CMV infection ap-
pears to result from a limited number of transmitted/founder
variants (33). We sought to identify which of the three thCMV
strains included in our inoculum replicated most efficiently in
maternal plasma of group 1 animals and which strain(s) crossed the
placental barrier to result in congenital thCMYV infection. We
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performed single-genome amplification (SGA) and sequence
analysis of the thCMV ULI28 exon 1 region, which had sufficient
nucleotide variability to distinguish between the three viral stocks
(Fig. S5A). Between 90% and 100% of plasma variants had se-
quence homology with thCMV UCDS52, whereas the remaining
plasma variants were identified as thCMV UCDS59 (Fig. S5B). To
confirm our findings, we performed deep-sequencing analysis on
two of the three maternal plasma samples. In our analysis, we
identified 20 regions across the genome, 100-280 bp in length, for
which there were five or more reads and that included at least two
single nucleotide polymorphisms (SNPs) that could be used to
distinguish between thCMV 180.92, UCDS52, and UCD59 (Fig.
SSE). Similar to SGA, deep sequencing revealed UCD52 as the
dominant strain in the plasma of animal 369-09 in all 20 genes
examined. However, data from the second animal, 174-97, indicate
plasma variants to be a mixed population of UCD52 and UCD59
variants as exactly one-half of the gene loci examined (10 of 20)
were either UCD52 or UCD59 dominant. This discrepancy is likely
a result of limited depth of genome coverage obtained by non-
specific deep-sequence analysis as many of the genes were almost
equally represented by both thCMV UCDS52 and UCDS59 variants,
or alternatively may be due to the increased sensitivity of this assay.
The absence of thCMV 180.92 by SGA, and limited detection by
deep sequencing in each of these monkeys is not surprising as only
5% of the variants within this fibroblast-adapted stock encode a full-
length genome whereas the remaining 95% lack a portion of the
ULVb’ region encoding numerous immune-modulatory genes that are
important for in vivo replication (29). Accordingly, the group 1 dam
(274-98) that was infected with thCMV 180.92, but not UCD52 or
UCD59, had only thCMV 180.92 sequences detected in maternal
plasma, of which 86% of the circulating virus encoded the full-length
genome (Fig. S5 C and D). We also performed SGA on DNA
extracted from the AF of all three group 1 dams that received a
swarm of rhCMV strains which revealed the presence of only
rhCMV UCDS52 (Fig. S5B). These findings suggest that con-
genital thCMYV infection in rhesus monkeys may result from a
restricted number of transmitted viruses, or alternatively that
epithelial-tropic UCDS52 may have a fitness advantage for systemic
and intrauterine virus replication that should be further explored.

Maternal rhCMV-Specific Cellular Immunity. One mechanism by
which depletion of CD4™ T cells could have impacted fetal outcome
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‘Week of gestation

14 16 18 the pentameric complex (F) in plasma from group 1 (red)
and group 2 (blue) females. The limit of detection as in-
dicated by the lower dotted lines is the average of week
0 time points plus 2 SD. The mean IgG antibody ECsy titer
from six chronically infected animals is represented by the
upper dotted line. (G and H) Neutralizing activity of
maternal group 1 (red) and group 2 (blue) plasma
against rhCMV 180.92 in rhesus fibroblasts and rhCMV
UCD52 in monkey epithelium. Dotted lines indicate
the mean neutralizing antibody titers of three chroni-
cally infected rhesus monkeys.

following acute thCMYV infection, is through its effect on both the
cellular and humoral arms of adaptive immunity. CD4* T cells are
important for generation of the pathogen-specific memory CD8*
T cells, yet the role of maternal CD8* T-cell function in congenital
CMV transmission is unknown. To determine whether maternal
CD8" T-cell function is correlated with protection against severe
congenital thCMV disease in rhesus monkeys, we compared the
CD8" T-cell TNFa, IFNy, and IL-2 intracellular cytokine response
to a pool of overlapping rhCMV-phosphoprotein 65 (pp65) and IE1
peptides in group 1 and group 2 dams (Fig. S6). At 3 wk post-
infection, concurrent with the timing of fetal loss, only low levels of
rthCMV pp65-specific CD8" T-cell responses were observed in ei-
ther group (Fig. 3). In contrast, IEI-specific responses were present
and generally higher magnitude in group 2 compared with group 1
dams, with TNFa-secreting cells being the most abundant (Fig. 3).
The observed differences in CD8* T-cell cytokine production raise
the possibility that the absence of maternal CD4™ T cells in group 1
females may have caused a blunting effect, albeit modest, on the
early thCMV-specific CD8" T-cell response, which could contrib-
ute to the adverse pregnancy outcomes following primary thCMV
infection. Unlike the rhCMV-specific CD8* T-cell responses,
rhCMV-specific CD4" T-cell responses of both CD4* T-cell-
depleted and nondepleted seronegative dams were mostly unde-
tectable during acute infection (Fig. S7).

Maternal rhCMV-Specific Humoral Immunity. Previous studies have
indicated that, although virus-specific antibody production in
pregnant women with primary CMV infection does not differ
between transmitting and nontransmitting females, the presence
of high-avidity CMV-specific IgG responses is associated with
reduced risk of congenital HCMV transmission (34). Thus, we
measured both the kinetics of maternal rhCMV-specific IgM and
IgG antibody responses (Fig. 4 A and B) and IgG avidity (Fig.
4C) in the group 1 and group 2 dams. Peak rhCMV-specific IgM
antibody responses appeared by week 2 postinfection in most
animals, but were 0.5-1 log lower in group 1 females (Fig. 44).
The kinetics of the acute maternal rhCMV-specific IgG responses
were more variable between and within study groups than the IgM
responses; however, similar magnitude peak titers were reached by
week 3 postinfection in all dams (Fig. 4B). The IgG avidity index
was also similar in both CD4* T-cell-depleted and nondepleted
dams at weeks 3 (P = 0.857) and 12 postinfection (P = 0.8), yet
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were lower than that of chronically rhCMV-infected monkeys at
both time points (P = 0.03, P = 0.056; Fig. 4C).

Preexisting CMV-neutralizing antibodies, particularly those
directed against the gH/gL/UL128-131 pentameric glycoprotein
complex (gH/gL-PC), in the sera of naturally seropositive women
are hypothesized to contribute to the partial protection against
congenital HCMV transmission (35). In our study, all group 2
dams had detectable gB and gH/gL-PC specific antibody responses
by week 3 postinfection, and two of the three group 2 dams, in-
cluding the single nontransmitter, also had antibodies specific for
the gH/gL complex as early as 2 wks postinfection (Fig. 4 D-F). In
contrast, these responses were not present in group 1 dams at 2 or
3 wks postinfection. Of the two surviving CD4" T-cell-depleted
group 1 females, gB binding antibodies did not appear until 5-8 wks
postinfection (Fig. 4D), and only one group 1 dam developed an-
tibodies to the gH/gl-PC over the course of pregnancy, emerging at
week 5 postinfection (Fig. 4F). We next determined the neutralizing
capacity of antibodies in maternal plasma at early time points after
rhCMYV inoculation in both fibroblast and epithelial cell lines using
the autologous challenge virus strains thCMV 180.92 and UCD52,
respectively. Neutralizing responses detected in both fibroblasts and
epithelial cells developed more rapidly and were higher magnitude
in group 2 dams than group 1 dams at week 3 postinfection (Fig. 4
G and H). The results from these studies suggest that mater-
nal production of thCMV-neutralizing antibodies against gB and
gH/gL-PC within the first 3 wks following thCMV inoculation is
impacted by the presence or absence of maternal CD4* T-cell
immunity and could play a significant role in fetal outcome fol-
lowing thCMYV infection independent of maternal health.

Discussion

To our knowledge, our study is the first to report intrauterine CMV
transmission in a nonhuman primate animal model. In this model,
congenital thCMV transmission was observed in CD4* T-cell-
depleted and immunocompetent, hCMVsn dams following i.v.
rthCMV inoculation during the early second trimester of pregnancy.
As in humans, congenital hCMV infection was diagnosed via the
detection of viral DNA in AF, and confirmed by detection of virus in
aborted tissue or infant saliva and urine collected within the first few
weeks of life.

In our study, the rate of congenital hCMV transmission was
66% (two of three) among immunocompetent dams. Although the
two infected infants in this group showed no congenital hCMV-
associated sequelae, only a small percentage (10-15%) of con-
genitally infected human newborns display clinical signs of HCMV
infection at birth (1). The thCMYV transmission rate in rhCMVsn,
CD4* T-cell-depleted dams was 100% and resulted in a high rate
(three of four) of spontaneous abortion and a single live-born in-
fant with detectable sequelae of infection. Although congenital
CMV is a known cause of fetal loss in humans (36) and is fre-
quently found in the tissues of stillborn fetuses (37), two of the four
CD4* T-cell-depleted dams required euthanasia shortly after the
discovery of fetal loss introducing the confounding factor of poor
maternal health contributing to adverse fetal outcome. Poor CD4*
T-cell immunity in many clinical settings is strongly associated with
enhanced susceptibility to CMV infection (26-28), which was true
for both pregnant dams and their fetuses in this study. However, it
is evident from our study that congenital hCMYV transmission can
occur in immunocompetent dams following primary maternal
rhCMV infection. To avoid the confounding effect of maternal
health in this model, future experiments could minimize the viral
titer used or exclude CD4* T-cell depletion. Also included in our
model was a group of CD4" T-cell-depleted, naturally rhCMVsp
dams. Among this group, a single infant had detectable virus in saliva
during the first week of life yet had undetectable viral DNA in AF.
Further investigation into whether congenital thCMV transmission
can occur in thCMVsp dams will be critical, as approximately one-
half of all congenital HCMV infections in developed regions are a
result of secondary maternal infection.

It is evident from our study that CD4* T cells modulate maternal
immune responses during acute infection and may be important
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determinants of fetal outcome. During acute infection, CD4* T-cell
cytokine production and the interaction between CD4* T cells
and antigen-presenting cells stimulate proliferation of the cytotoxic
CD8* T-cell population, which in turn eliminates virus-infected
cells. Impaired CD4" T-cell functionality in primary human and
rhesus CMV infection are associated with higher viral loads and
prolonged virus excretion (15, 38, 39). Thus, as expected, CD4*
T-cell-depleted dams exhibited higher plasma virus loads than
immunocompetent dams, which could have directly contributed to
increased rates of placental transmission. Despite having more
replication, the CD8" T-cell response to thCMV-specific proteins
was dampened in CD4" T-cell-depleted dams at 3 wks post-
infection when fetal loss was observed, most notably TNFa pro-
duction. In humans, pregnancy outcome is largely dependent on the
balance of cytokines, particularly TNFa, which is expressed in al-
most every cell type found at the fetal-maternal interface (40). High
levels of TNFa have been directly linked to fetal loss (41), but this
cytokine is also required for the recruitment of macrophages that
participate in maintaining pregnancy (40). Thus, it may be of in-
terest to investigate the role of virus-specific CD8" T-cell cytokine
production and function in thCMV placental transmission, or to
more closely examine these responses during severe and asymp-
tomatic congenital hCMV infection.

Antibody production and maturation following acute thCMV in-
fection are also dependent on CD4" T-cell help. We did not, however,
observe notable differences in the levels of thCMV-reactive IgM
and IgG antibodies or in IgG antibody avidity between CD4" T-cell-
depleted and immunocompetent dams. Instead, we observed reduced
rthCMV glycoprotein-specific antibody responses to both gB and the
pentameric complex, and a delay in antibody neutralization function in
fibroblast and epithelial cells at 2 and 3 wks postinfection in animals
that received the CD4* T-cell-depleting antibody. Although our
findings are supportive of previous studies that implicate a correlation
between weakly neutralizing antibodies and enhanced rates of con-
genital HCMV transmission (42), it remains to be determined
whether delivery of strongly neutralizing thCMV antibodies are suf-
ficient for protection against thCMV transmission and disease, and
which glycoprotein complex(es) should be targeted. However, recent
analysis of HCMV transmitting and nontransmitting women identified
an association between the presence of neutralizing antibodies against
the pentamer complex and reduced congenital infection (35). This,
together with our findings that viruses encoding the full-length ULb’
region, which includes UL128-UL131 genes required for epithelial cell
entry, replicated most efficiently in vivo and were the only viruses
detected in AF stresses the importance of exploring passive immuni-
zation as a strategy for maternal vaccination and highlights the need to
determine whether viruses lacking the pentameric complex can es-
tablish fetal infection.

The current guinea pig model of congenital CMV infection is a
mainstay in the field, with the distinct advantage that these small
animals are more high-throughput and less resource-heavy than large-
animal models. Furthermore, the structural resemblance of the guinea
pig placenta to that of humans and longer gestational period com-
pared with other rodent models contribute to its value as a suitable
model to test novel vaccine and therapeutic strategies (43). However,
preclinical vaccine studies that have shown significant reduction in the
rate of congenital infection and pup mortality in guinea pigs have not
often predicted the outcome of human trials, a likely reflection of the
evolutionary differences of both the species and the species-specific
CMV (7-10). Our development of a rhesus monkey model of con-
genital CMV transmission that is more physiologically similar to hu-
mans in reproductive and placental biology (44) and uses a more
genetically related CMV to that of humans than small-animal models
(17, 18) provides the field with a highly relevant tool that may better
predict preclinical efficacy of vaccine candidates. In addition, given the
availability of vast resources to evaluate the rhesus immune response,
the rhesus monkey congenital CMV model may allow more rigorous
analysis of the maternal immune correlates of protection against
congenital CMV infection, including the role of cell-mediated im-
munity that could inform a protective vaccine.
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Materials and Methods

Animals and Procedures. The animal protocol was approved by the Harvard
Medical School Area Standing Committee on Animals and the Duke Uni-
versity Medical Center Institutional Animal Care and Use Committee. Harvard
Medical School has an approved Animal Welfare Assurance on file with the
Office for Laboratory Animal Welfare (Assurance number A3431-01). Indian
rhesus macaques were housed at the New England Primate Research Center
and maintained in accordance with institutional and federal guidelines for the
care and use of laboratory animals (45). Paired mating, pregnancy screening,
sample collection, experimental CD4" T-cell depletion, and rhCMV inocula-
tion were performed as described in S/ Materials and Methods.

Diagnosis of Congenital rhCMV Infection and Genomic Analysis. Congenital rhCMV
infection was diagnosed following the detection of rhCMV DNA in maternal AF
by QPCR and was further confirmed by immunohistochemistry staining of
placental tissue using an anti-rhCMV IE1 polyclonal rabbit sera and assessment of
virus load in fetal tissue or infant saliva and urine specimens by QPCR. Details for
each diagnostic assay are provided in S/ Materials and Methods. SGA and deep-
sequence analysis were used to determine the dominant rhCMV strain
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replicating in maternal plasma and AF samples. Primer sets, conditions, and the
method of analysis are outlined in SI Materials and Methods.

Humoral and Cellular Immune Analysis. Maternal antibody kinetics, avidity, and
specificity were measured using whole virion or MVA ELISAs and are further de-
scribed in S/ Materials and Methods. Neutralization ECs,, titers obtained from telo-
RFs and MKEs were calculated using the method of Reed and Muench following
manual counting of rhCMV-infected cells stained with a fluorescently labeled
rhCMV IE1 monodonal antibody. Cell maintenance and assay conditions are
reported in S/ Materials and Methods. Characterization of maternal peripheral CD4*
and CD8* T cells was performed by FLOW cytometry using the fluorescently labeled
monoclonal antibodies listed in Table S2. Gating strategies for each population are
outlined in Fig. S2. Additional gates used to analyze CD4* and CD8" intracellular
cytokine T-cell responses are reported in Fig. S7. Detailed protocols are available in S/
Materials and Methods.
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