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Abstract

Cytomegalovirus (CMV) is the most common congenital infection and cause of birth defects

worldwide. Primary CMV infection during pregnancy leads to a higher frequency of congeni-

tal CMV (cCMV) than maternal re-infection, suggesting that maternal immunity confers par-

tial protection. However, poorly understood immune correlates of protection against

placental transmission contributes to the current lack of an approved vaccine to prevent

cCMV. In this study, we characterized the kinetics of maternal plasma rhesus CMV

(RhCMV) viral load (VL) and RhCMV-specific antibody binding and functional responses in

a group of 12 immunocompetent dams with acute, primary RhCMV infection. We defined

cCMV transmission as RhCMV detection in amniotic fluid (AF) by qPCR. We then leveraged

a large group of past and current primary RhCMV infection studies in late-first/early-second

trimester RhCMV-seronegative rhesus macaque dams, including immunocompetent (n =

15), CD4+ T cell-depleted with (n = 6) and without (n = 6) RhCMV-specific polyclonal IgG

infusion before infection to evaluate differences between RhCMV AF-positive and AF-nega-

tive dams. During the first 3 weeks after infection, the magnitude of RhCMV VL in maternal

plasma was higher in AF-positive dams in the combined cohort, while RhCMV glycoprotein

B (gB)- and pentamer-specific binding IgG responses were lower magnitude compared to

AF-negative dams. However, these observed differences were driven by the CD4+ T cell-
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depleted dams, as there were no differences in plasma VL or antibody responses between

immunocompetent AF-positive vs AF-negative dams. Overall, these results suggest that

levels of neither maternal plasma viremia nor humoral responses are associated with cCMV

following primary maternal infection in healthy individuals. We speculate that other factors

related to innate immunity are more important in this context as antibody responses to acute

infection likely develop too late to influence vertical transmission. Yet, pre-existing CMV gly-

coprotein-specific and neutralizing IgG may provide protection against cCMV following pri-

mary maternal CMV infection even in high-risk, immunocompromised settings.

Author summary

Cytomegalovirus (CMV) is the most common infectious cause of birth defects globally,

but we still do not have licensed medical interventions to prevent vertical transmission of

CMV. We utilized a non-human primate model of primary CMV infection during preg-

nancy to study virological and humoral factors that influence congenital infection. Unex-

pectedly, we found that the levels of virus in maternal plasma were not predictive of virus

transmission to the amniotic fluid (AF) in immunocompetent dams. In contrast, CD4+ T

cell depleted pregnant rhesus macaques with virus detected in AF had higher plasma viral

loads than dams not showing placental transmission. Virus-specific antibody binding,

neutralizing, and Fc-mediated antibody effector antibody responses were not different in

immunocompetent animals with and without virus detectable in AF, but passively infused

neutralizing antibodies and antibodies binding to key glycoproteins were higher in CD4+

T cell-depleted dams who did not transmit the virus compared to those that did. Our data

suggests that the natural development of virus-specific antibody responses is too slow to

prevent congenital transmission following maternal infection, highlighting the need for

the development of vaccines that confer protective levels of immunity to CMV-naïve

mothers that can prevent primary infection and/or congenital transmission to their

infants during pregnancy.

Introduction

Cytomegalovirus (CMV) is the most common congenital infection and the leading non-

genetic cause of hearing loss in pediatric populations [1,2]. Placental transmission following

primary human CMV (HCMV) infection is much more common (30–40%) than after non-

primary infection (3–4%), suggesting that the maternal immune system is effective in reducing

the risk of vertical CMV transmission [3]. Furthermore, the biological factors contributing to

or determining the likelihood of experiencing a congenital infection to the fetus in a subpopu-

lation of CMV naïve women who contract a primary infection during pregnancy without hav-

ing pre-existing CMV specific immunity remain poorly defined. Identification of immune

responses that can naturally protect against congenital CMV (cCMV) would be enormously

valuable for the rational design of an effective vaccine to prevent vertical CMV transmission.

The objective of this study was to identify maternal humoral immune responses associated

with vertical CMV transmission in the high-risk setting of primary maternal infection, as a

strategy to guide vaccine development. The study of primary CMV infection faces several

logistical hurdles. First, primary CMV infection is difficult to detect in humans because CMV

infection is typically asymptomatic or exceedingly mild in healthy individuals, including
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during pregnancy [4]. This diagnostic dilemma makes human studies of early immune

responses to infection challenging. Unfortunately, HCMV cannot be used to infect any animal

model commonly used in the laboratory to study virus pathogenesis as all examined CMV spe-

cies exhibit a high degree of species-specificity and can hence only productively replicate in the

host species they have co-evolved with [5,6]. Moreover, not all animal CMVs cross the pla-

centa, which may be a result of differences in placental biology or viral characteristics, further

limiting animal models for the study of cCMV and placental CMV transmission [7,8]. Non-

human primates (NHPs) bear the closest resemblance to humans in terms of anatomy and

physiology of pregnancy, and immune responses to viral infection [9,10,11,12]. Furthermore,

the continuous immunological arms race between CMVs and their host species has resulted in

an ongoing, mutual virus/host co-adaptation reflected in the congruence of NHP and

NHP-CMV phylogenetic trees and strict species specificity [13]. Hence, NHP CMVs represent

the closest relatives to HCMV as they share the most recent common ancestor, and conserva-

tion of coding ORFs and gene families, viral immune evasion strategies and viral pathogenesis

has been demonstrated [14]. Thus, we have developed a rhesus macaque model of primary,

maternal CMV infection during the early stages of pregnancy, at the intersection of the first

and second trimesters of gestation. In this model, congenital transmission occurs in a fraction

of immunocompetent pregnant animals (dams) and universally in CD4+ T cell depleted dams

without additional intervention [15], which has proven useful in defining the immunological

and virological determinants of cCMV transmission [16].

We hypothesized that high magnitude maternal viremia is associated with vertical RhCMV

transmission, particularly in this setting of primary maternal infection where no pre-existing

immunity exists. We reasoned that increased virus circulation in the maternal blood should

result in a greater viral load (VL) at the maternal-fetal interface, increasing the likelihood of

placental infection and congenital transmission. This idea has recently been supported by

mathematical modeling of vertical CMV transmission [17]. Furthermore, we hypothesized

that maternal virus-specific functional antibody responses such as neutralization, antibody

dependent cellular cytotoxicity (ADCC), and antibody dependent cellular phagocytosis

(ADCP) are important for controlling viral replication and preventing vertical transmission,

as cell-to-cell spread is a key mechanism for CMV dissemination [18], meaning that antibody

functions that target both cell-free and cell-associated virus may be needed for adequate

control.

We leveraged multiple RhCMV-seronegative, pregnant NHP groups that were challenged

with RhCMV at the end of the first/early second trimester of pregnancy from prior and cur-

rent studies modeling vertical CMV transmission: a cohort of 15 total immunocompetent

dams (3 dams from a historical study and 12 dams from a current study), 6 dams that received

a single dose of CD4 T cell-depleting antibody 1 week prior to infection, and 6 total dams that

were CD4+ T cell depleted (CD4-depleted) 1 week prior to infection and received a polyclonal

RhCMV-specific IgG infusion just prior to infection to model pre-existing antibody [15,16].

We began by characterizing the antibody responses in a novel cohort of 12 immunocompetent,

acutely RhCMV-infected dams, including ADCP and ADCC functions, which had not been

previously measured in the context of RhCMV infection. Many of these responses have been

previously reported for the historical cohorts, and available plasma samples from these studies

were re-analyzed for recently developed functional antibody assays. Subsequent analysis of

these responses and maternal VL revealed no significant differences in the magnitude of these

variables in immunocompetent dams that did or did not have detectable virus in amniotic

fluid (AF), but RhCMV glycoprotein-specific binding responses and neutralizing antibody

responses were higher magnitude in CD4-depleted animals that received passive IgG infusion

and did not have viral DNA detectable in AF compared to those that did.
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Results

RhCMV vertical transmission confirmed in 5/12 immunocompetent dams

following primary RhCMV infection during pregnancy by detection of

virus in AF

We challenged 12 RhCMV-seronegative rhesus dams via intravenous injection of both 1.0x106

pfu of the epithelial-tropic, low passage isolate UCD52 RhCMV strain and 1.0x106 pfu of a

bacterial artificial chromosome (BAC)-derived, clonal full-length (FL) RhCMV fully repaired

for genes missing from the parental fibroblast-adapted 68–1 strain [19]. We monitored VL of

maternal plasma and AF following RhCMV infection using qPCR detection of viral DNA tar-

geting the noncoding exon 1 region of the RhCMV IE gene [20] or the gB gene (UL55). Plasma

VL peaked 1–2 weeks post infection in all dams, and many had detectable VL through 14

weeks post infection (Fig 1B). Five of the twelve dams in this cohort had CMV DNA detectable

by qPCR in the AF collected weekly between 2–12 weeks after infection, confirming vertical

transmission (AF-positive). AF virus was detected within 4 weeks post infection in three dams

Fig 1. Plasma VL and vertical transmission events following primary maternal RhCMV infection in immunocompetent dams (n = 12). (A) The study

schedule for a new cohort of 12 RhCMV seronegative, pregnant rhesus macaques receiving intravenous inoculation of 1x106 pfu of two RhCMV strains

(clinical isolate UCD52 and cloned full length, FL, 68–1 viral variants) in late first/early second trimester, followed by weekly blood draws and amniocentesis

until hysterotomy near term at 20–22 weeks gestation, prior to fetal viability. A pre-infection blood draw was collected between 1–4 weeks before infection. (B)

Maternal plasma VL kinetics measured by qPCR against either RhCMV gB (UL55) or the noncoding exon 1 region of the RhCMV IE gene for RhCMV-

positive amniotic fluid (AF-positive, n = 5) and AF-negative (n = 7) dams. Data shown as the mean value of 6 or more technical replicates for each sample. (C)

Survival curve showing the timing of detection of vertical transmission, defined as amniotic fluid RhCMV qPCR result above the limit of detection in 2 or more

of 12 technical replicates. Vertical transmission was confirmed in 5/12 dams by this definition. Schematic created using Biorender.com.

https://doi.org/10.1371/journal.ppat.1011378.g001
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and after 6 weeks post infection in the remaining two AF-positive dams (Fig 1C). Importantly,

the kinetics of the plasma VL was similar in AF-positive vs AF-negative dams.

RhCMV-specific antibody binding kinetics following primary RhCMV

infection during pregnancy

Plasma RhCMV-specific IgM responses were detectable at low levels by 2 weeks post infection

and remained elevated throughout the pregnancy (Fig 2A). IgG binding to whole RhCMV

virions and key envelope glycoproteins, glycoprotein B (gB) and the pentameric complex

(PC), shared similar kinetics, with detectable responses by 2 weeks post infection in most ani-

mals, with a sharp increase in antibody titers between 2–4 weeks post infection followed by a

plateau or a more gradual increase in antibody levels throughout the remainder of the preg-

nancy (Fig 2B–2E). Notably, we measured gB-specific IgG binding to both soluble ectodomain

via enzyme-linked immunosorbent assay (ELISA) and cell-associated gB via a transfected cell

binding flow cytometry-based assay, and each demonstrated similar kinetics (Fig 2C and 2D).

Overall, these responses are largely consistent with the expected binding antibody responses

during the acute phase of infection in humans [21].

RhCMV-specific antibody effector function kinetics following primary

RhCMV infection during pregnancy

Similar to the kinetics of the RhCMV-specific IgG binding responses, RhCMV-neutralizing

responses in both fibroblast and epithelial cells developed within 3 weeks post infection,

reached an inflection point by 6 weeks post infection, and then gradually increased over the

remainder of pregnancy (Fig 3A and 3B). In contrast, non-neutralizing Fc-mediated antibody

effector responses, ADCP (antibody-mediated uptake by THP-1 monocytes) and ADCC

Fig 2. Plasma RhCMV-specific IgM and IgG binding responses following acute RhCMV infection during pregnancy. In a novel cohort of 12

RhCMV seronegative, immunocompetent dams primarily infected with RhCMV at the end of first/early second trimester of pregnancy, we

measured the following RhCMV-specific antibody binding responses longitudinally: (A) IgM binding to whole UCD52 RhCMV virions, (B) IgG

binding to whole UCD52 virions, (C) avidity of IgG binding to whole UCD52 virions, (D) IgG binding to the ectodomain of UCD52 gB, (E) IgG

binding to cell-associated UCD52 gB, and (F) IgG binding to soluble PC. AF-positive dams are shown in grey, and AF-negative dams are shown

in black. Data shown as the mean of technical duplicates.

https://doi.org/10.1371/journal.ppat.1011378.g002
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(measured as antibody-mediated NK cell degranulation) [22], generally developed more grad-

ually over the course of the infection and never reached a clear peak during the study period

(Fig 3C and 3D). Importantly, the kinetics of all antibody responses were similar in AF-posi-

tive and AF-negative dams (Figs 2 and 3).

Inclusion of historical CD4-depleted and IgG-infused groups introduces

perturbations of measured responses

For further analysis, we incorporated data from past studies of rhesus dams with primary

RhCMV infection in late first / early second trimester [15,16]. The timing of maternal infection,

administration of RhCMV, and total inoculum dose are similar among all of these groups, but

the virus strains and immunologic manipulations differ somewhat among the groups (Fig 4).

Most animals from historical studies were infected with a cocktail of three RhCMV strains

including low-passage epithelial-tropic isolates UCD52 and UCD59 along with the laboratory-

adapted 180.92, which is a mixed virus with the dominant sequenced variant having a truncated

UL/b’ region that still retains an intact UL128-UL131 locus [20]. One animal (274–98) from

prior studies received only 180.92. Notably, all viruses included in the inoculums express the

PC. As reported in these previous studies, CD4-depletion results in higher maternal plasma VL,

consistent vertical RhCMV transmission, and a high rate of fetal loss compared to immuno-

competent dams [15]. However, infusion of IgG purified from seropositive RMs with robust

anti-RhCMV neutralizing responses prior to infection leads to a reduction in maternal plasma

VL and demonstrated protection in this extremely high risk setting of CD4-depletion [16]. We

chose to include animals from these previous studies to bolster the total sample size and

Fig 3. The kinetics of functional RhCMV-specific antibody responses in plasma during acute maternal infection.

We measured functional antibody responses longitudinally in a novel cohort of 12 immunocompetent dams with

primary RhCMV infection during pregnancy. (A) Neutralization of FL RhCMV on telomerized rhesus fibroblasts

(TeloRFs), (B) neutralization of UCD52 RhCMV on monkey kidney epithelial cells, (C) monocyte-mediated antibody

dependent cellular phagocytosis against free UCD52 RhCMV, (D) NK cell degranulation, a component of cell-

mediated antibody dependent cellular cytotoxicity against UCD52-infected TeloRFs. Data shown as the mean of

technical duplicates.

https://doi.org/10.1371/journal.ppat.1011378.g003

PLOS PATHOGENS Humoral and viral associates of congenital RhCMV risk

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011378 October 23, 2023 6 / 23

https://doi.org/10.1371/journal.ppat.1011378.g003
https://doi.org/10.1371/journal.ppat.1011378


introduce the following perturbations to the measured responses: 1) maternal plasma VL was

higher in CD4-depleted animals and lower in CD4-depleted animals receiving a potently-

RhCMV neutralizing IgG infusion, 2) humoral responses were generally delayed in CD4-de-

pleted, acutely-infected dams, and 3) dams receiving passive IgG infusion before infection had

high levels of RhCMV-specific IgG in the first week of infection (Fig 5). With the understanding

that treatment group is a potential confounding factor, we performed subgroup analyses for our

primary analysis of pairwise comparisons between AF-positive and AF-negative dams.

The magnitude of the plasma VL is not significantly different between AF-

positive versus AF-negative immunocompetent dams

To distill each virologic and immunologic variable for comparison across AF-positive and AF-

negative dams, we calculated the area-under-the-curve (AUC) for the first three weeks post

Fig 4. Combination of RhCMV seronegative, pregnant rhesus macaque cohorts. Treatment schedules for each of the rhesus macaque cohorts included in

the combined analysis. A new group of 12 immunocompetent dams is highlighted in bold, and all other groups are from historical studies completed between

2013–2016 [15,16]. All dams were infected by intravenous inoculation of the RhCMV strains listed with 1x106 pfu for each UCD52, UCD59, (*previously

reported as 1x106 TCID50 [15,16], rounded from 1.4x106 TCID50) and FL RhCMV, and 2x106 TCID50 for 180.92 (for a total of 2–3x106 total infectious virions)

at week 7–9 of gestation. A total of 15 immunocompetent dams (black) included 3 dams from a previous study in which animals received a 1:1:2 combination

of low passage isolates UCD52 and UCD59 and lab adapted strain 180.92 as well as 12 dams inoculated with a 1:1 combination of UCD52 and BAC-derived full

length (FL) RhCMV. A total of 6 dams received a 50 mg/kg dose of recombinant rhesus anti-CD4+ T-cell–depleting antibody 1 week prior to infection. Five of

these dams were infected with 1:1:2 UCD52, UCD59, and 180.92, and the remaining dam was infected with 180.92 alone. Six additional animals received

CD4-depleting antibody 1 week before infection and passive infusion of a polyclonal RhCMV-positive IgG preparation before infection with 1:1:2 UCD52,

UCD59, and 180.92. IgG for passive infusion was purified from RhCMV-seropositive plasma donors screened for high RhCMV binding (red) or high RhCMV

neutralization on epithelial cells (blue). The high RhCMV binding IgG infusion was given at a single 100 mg/kg dose 1 hour before infection, and the high

RhCMV neutralizing IgG infusion was given in a two-dose, optimized regimen with the initial 150 mg/kg dose 1 hour prior to infection and the second 100

mg/kg dose 3 days post infection. Of the immunocompetent dams, 7/15 had detectable RhCMV DNA in amniotic fluid. All 6 of the CD4-depleted dams were

AF-positive, and 5 experienced spontaneous abortion. Two of the dams receiving the high RhCMV binding IgG infusion and none of the dams receiving the

high RhCMV neutralizing IgG infusion were AF-positive. Figure created using Biorender.com.

https://doi.org/10.1371/journal.ppat.1011378.g004
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infection, which is the time period when vertical RhCMV transmission most often occurred

and each measured response developed in this model (Fig 5) [15,16]. The maternal VL was

not significantly different between AF-positive vs AF-negative dams in the immunocompetent

group (Wilcoxon punadj = 0.69, pFDR = 0.89, Table 1 and Fig 6). In stark contrast, plasma VL

was higher in AF-positive dams compared to AF-negative dams in the CD4-depleted groups

(punadj = 0.004, pFDR = 0.044, Table 1 and Fig 7), driving a significant difference in the mater-

nal plasma VLs in the combined group including both all treatment groups (punadj = 0.0013,

pFDR = 0.0014, Table 1). However, the differences in plasma VL in CD4-depleted dams is

largely confounded by the treatment group, as all four AF-negative CD4-depleted animals

received passive IgG infusion before infection and all six of the CD4-depleted dams without

pre-existing antibody were AF-positive (Fig 4). Thus, pre-existing CMV-targeting IgG anti-

bodies may have contributed directly to the reduction in plasma VL and the absence of vertical

CMV transmission.

Fig 5. Kinetics of plasma VL and RhCMV-specific antibody responses for all treatment groups through 3 weeks post RhCMV infection. (A) Maternal

plasma VL measured by qPCR for the UL55 or IE genes; (B) IgM and (C) IgG binding to whole UCD52 RhCMV virions; (D) avidity of IgG binding against

whole UCD52 virions; IgG binding to (E) PC, (F) soluble gB ectodomain by ELISA, and (G) cell-associated gB via transfected cell binding assay; antibody

mediated RhCMV neutralization on (H) fibroblasts and (I) epithelial cells; (J) ADCP; and (K) ADCC; (L) Survival curves showing detection of RhCMV in

amniotic fluid. Treatment groups are represented by the color of each line. Solid lines represent AF-negative dams, and dashed lines represent AF-positive

dams. Previously published data for historical studies was used for soluble gB- and PC-binding IgG responses and fibroblast and epithelial cell neutralization

[15,16], and available samples from those studies were utilized for measurement of remaining assays.

https://doi.org/10.1371/journal.ppat.1011378.g005
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Humoral immune responses are not statistically significantly different

between AF-positive and AF-negative immunocompetent, acutely RhCMV-

infected dams, yet plasma cell-associated gB and PC-specific IgG responses

were higher magnitude in AF-negative dams from the entire cohort

As observed for maternal plasma VL, none of the measured RhCMV-specific binding or func-

tional antibody responses were statistically different in AF-positive versus AF-negative immu-

nocompetent dams (Table 1 and Fig 6), including CMV-specific IgG avidity, which was

previously reported to be associated with vertical transmission risk in humans [23]. In com-

paring RhCMV-specific humoral responses across the entire dam cohort, only two responses

were statistically associated with transmission status: plasma IgG binding to cell-associated gB

(punadj = 0.015, pFDR = 0.081) and soluble PC (punadj = 0.041, pFDR = 0.15). Within the CD4-de-

pleted groups, plasma RhCMV glycoprotein- binding IgG responses and neutralization in

both fibroblasts and epithelial cells were statistically higher in AF-negative compared to AF-

positive dams by unadjusted Wilcoxon Rank Sum tests (Table 1 and Fig 7). Thus, all differ-

ences in the RhCMV-specific IgG responses in AF-positive vs AF-negative dams were driven

by the CD4-depleted dam groups.

Plasma RhCMV-specific antibody responses are indirectly related to

plasma VL

Using Spearman’s rank correlations, we found that all of the measured RhCMV-specific anti-

body responses demonstrated weak negative associations with maternal plasma VL across the

Table 1. Univariate analysis comparing AF-positive versus AF-negative dams within subgroups.

Response Immunocompetent

(n = 15)

CD4-depleted (n = 12) Combined cohort (n = 27)

Effect

size

punadjusted

(pFDR)

Effect

size

punadjusted

(pFDR)

Effect

size

punadjusted

(pFDR)

Maternal plasma viral load 0.120 0.694 (0.885) 0.784 0.00404

(0.0444)

0.579 0.00128

(0.0141)

Cell-associated gB binding 0.239 0.397 (0.885) 0.686 0.0162

(0.0444)

0.462 0.0148

(0.0814)

PC IgG binding (ELISA) 0.179 0.536 (0.885) 0.637 0.0283

(0.0519)

0.392 0.0407 (0.149)

gB IgG binding (ELISA) 0.030 0.955 (0.955) 0.688 0.0162

(0.0444)

0.361 0.0601 (0.164)

Whole virion IgG binding 0.209 0.463 (0.885) 0.490 0.109 (0.150) 0.345 0.0743 (0.164)

Neutralization on epithelial

cells

0.120 0.694 (0.885) 0.686 0.0162

(0.0444)

0.308 0.114 (0.185)

ADCC 0.254 0.351 (0.885) 0.392 0.214 (0.236) 0.304 0.118 (0.185)

Neutralization on

fibroblasts

0.075 0.805 (0.885) 0.637 0.0283

(0.0519)

0.292 0.135 (0.185)

Whole virion IgM binding 0.149 0.613 (0.885) 0.539 0.0727 (0.114) 0.178 0.376 (0.460)

Whole virion IgG avidity 0.090 0.779 (0.885) 0.064 0.830 (0.830) 0.133 0.518 (0.570)

ADCP 0.269 0.336 (0.885) 0.441 0.154 (0.188) 0.032 0.886 (0.886)

P-values show exact results from Wilcoxon Rank Sum Tests as unadjusted p-value (FDR p-value). Bold indicates P-

value <0.05 and FDR p-value <0.2. Abbreviations: Amniotic fluid (AF), False Discovery Rate corrected (FDR);

immunoglobulin M (IgM), immunoglobulin G (IgG), glycoprotein B (gB), enzyme-linked immunosorbent assay

(ELISA), pentameric complex (PC), antibody dependent cellular phagocytosis (ADCP), antibody dependent cellular

cytotoxicity (ADCC).

https://doi.org/10.1371/journal.ppat.1011378.t001
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entire cohort (Fig 8A). Further, we found moderately strong positive associations between IgG

and IgM binding to whole UCD52 virions (r = 0.74, 95% CI: 0.44, 0.91), soluble gB and PC

IgG binding (r = 0.83, 95% CI: 0.64, 0.91), and between fibroblast and epithelial cell neutraliza-

tion responses (r = 0.62, 95% CI: 0.23, 0.86). There were also moderate positive associations

between the glycoprotein-specific IgG binding and neutralization responses (Fig 8A), which is

unsurprising given that gB and PC are key targets of CMV-neutralizing antibodies [24,25].

Additionally, principal component analysis (PCA) suggested a clustering of AF-positive sepa-

rately from AF-negative dams, largely driven by the loading for maternal plasma VL, which

was negatively correlated with humoral responses (Fig 8B). However, there is a clear influence

of group status, as all of the CD4-depleted dams clustered together (Fig 8C).

Discussion

Despite the high risk setting of primary maternal HCMV infection during pregnancy, only a

minority (30–40%) of these cases will congenitally transmit the virus to their fetus. The

Fig 6. Univariate comparison of maternal VL and humoral responses by vertical transmission status in

immunocompetent dams. The area-under-the-curve (AUC) of each response over 0–3 weeks post RhCMV infection

was used to distill the magnitude and kinetics of each response into a single value in a critical window for vertical

transmission. Amniotic fluid (AF) was assessed for RhCMV DNA by qPCR and a positive result (AF-positive) was

defined by 2 or more of 12 replicates with detectable amplification between 2 and 12 weeks after maternal infection.

Pairwise comparisons between AF-positive and AF-negative dams were performed using Wilcoxon Rank Sum Tests

(Table 1). VL: viral load; ADCP: antibody dependent cellular phagocytosis; ADCC: antibody dependent cellular

cytotoxicity.

https://doi.org/10.1371/journal.ppat.1011378.g006
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determinants of cCMV transmission following acute maternal CMV infection remain largely

unknown yet could be an important guide to effective vaccine development. Human studies

have previously suggested that high maternal anti-CMV ADCP responses is associated with

protection from vertical HCMV transmission [26]. Yet, human studies are inherently limited

by the inability to accurately time primary HCMV infection given its often mild or silent pre-

sentation. Furthermore, current guidance limits amniocentesis for diagnosis of cCMV to later

than 21 weeks gestation and more than 6 weeks after suspected maternal infection, which may

miss early transmission events [27,28]. Thus, the rhesus macaque model of cCMV transmis-

sion following acute RhCMV infection in pregnancy represents a unique opportunity to define

the early kinetics of virus replication and immunity, as well as their impact on vertical trans-

mission risk.

Importantly, the rhesus macaque model of cCMV transmission following primary RhCMV

infection at the end of 1st trimester in immunocompetent dams and utilizing the end point of

virus detected in AF between 2 and 12 weeks after infection accurately modeled the epidemiol-

ogy of human CMV transmission following acute infection during pregnancy, with 5 of 12

dams (41.7%) with virus detection in AF [3]. Yet, contrary to our expectations and challenging

a common hypothesis in the field [17,29], we found that maternal plasma VL magnitude and

Fig 7. Univariate comparison of maternal VL and humoral responses by vertical transmission status in

CD4-depleted dams. The area-under-the-curve (AUC) of each response over 0–3 weeks post RhCMV infection was

used to distill the magnitude and kinetics of each response into a single value in a critical window for vertical

transmission. Amniotic fluid (AF) was assessed for RhCMV DNA by qPCR and a positive result (AF-positive) was

defined by 2 or more of 12 replicates with detectable amplification between 2 and 12 weeks after maternal infection.

Pairwise comparisons between AF-positive and AF-negative dams were performed using Wilcoxon Rank Sum Tests

(Table 1). VL: viral load; ADCP: antibody dependent cellular phagocytosis; ADCC: antibody dependent cellular

cytotoxicity.

https://doi.org/10.1371/journal.ppat.1011378.g007
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kinetics were not significantly different between AF-positive and AF-negative immunocompe-

tent dams. While the exact mechanism of transplacental CMV transmission has not been fully

defined, the notion that more virus circulating in maternal blood leads to greater risk of trans-

mission due to the increased interaction of CMV with the maternal-fetal interface is not sup-

ported by these results. Yet, there was a notable difference in the plasma VL of vertically

transmitting and non-transmitting dams in the setting of extreme immune suppression via

CD4+ T cell depletion. Notably, the VLs of the immunocompetent animals tended to fall in

the middle of the overall distribution, and we speculate that the level of maternal viremia may

not be a useful predictor of vertical transmission based on this result. However, controlling

maternal viremia to a lower level, as we saw in some animals treated with a polyclonal CMV-

Fig 8. RhCMV-specific antibody responses negatively associate with maternal VL. (A) Correlation matrix showing

Spearman correlation coefficients for pairwise correlations between the AUC of each RhCMV-specific antibody

response over the first 3 weeks post infection. (B) Principal component analysis (PCA) using the AUC of each response

over the first 3 weeks post infection, showing clustering by AF-negative (magenta) versus AF-positive (green) with

treatment groups represented by the symbol shape. Loading vectors for each measured response demonstrate the

influence of each response. (C) The same PCA with group represented by color, transmission status represented by

shape, and animal IDs labeled to better demonstrate the effect of treatment group. VL: viral load; NT: neutralization;

PC: pentameric complex; ELISA: enzyme-linked immunosorbent assay; ADCP: antibody dependent cellular

phagocytosis; ADCC: antibody dependent cellular cytotoxicity.

https://doi.org/10.1371/journal.ppat.1011378.g008
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targeting IgG infusion, is likely still a worthwhile goal towards the prevention of cCMV. Fur-

thermore, we inoculated these monkeys via intravenous injection with the express purpose of

modeling maternal viremia, but oral inoculation, which better models natural routes of infec-

tion may yield greater variation in VL in immunocompetent animals [30]. Our findings may

provide insight as to why randomized trials of CMV hyperimmune globulin yielded mixed

results in reducing cCMV transmission and did not show efficacy in randomized control trials,

indicating that post-exposure prophylaxis strategies will have limited efficacy due to a small

window of opportunity to prevent vertical transmission in the setting of primary maternal

infection [31,32,33]. Yet, this finding does not diminish the potential impact of vaccine-elicited

immunity prior to child-bearing years that could reduce the risk of maternal infection and/or

congenital transmission.

Also contrary to our expectations, we found no statistically significant differences in

humoral immune responses in immunocompetent dams who did and did not have virus

detected in AF. We speculate that because transmission often occurs shortly following infec-

tion in this setting of primary maternal infection (Fig 5L), the humoral response develops too

slowly to protect from vertical transmission. Human studies that have indicated distinct

responses are related to transmission status have the advantage of being larger and thus have

more statistical power, yet these are complicated by the limited ability to time the infection.

The results from this model indicate any differences in humoral responses to acute infection

when accurately timed may be very small. Other characteristics of the maternal immune land-

scape, potentially related to innate immunity or T cell responses, may play more of a role in

determining vertical CMV transmission in the context of acute, primary infection. However,

as demonstrated by the CD4-depleted dams, pre-existing virus-specific IgG antibodies can

protect from vertical RhCMV transmission [16], suggesting that immunization or pre-expo-

sure prophylactic immunotherapeutic strategies are likely to be the most protective approach.

In combining the primarily infected rhesus macaque dams for enhanced variability of anti-

body levels and power to detect differences in transmitting and non-transmitting dams, only

maternal plasma RhCMV gB and PC glycoprotein-specific binding IgG responses were higher

magnitude in those dams that did not have virus detected in AF compared to those that did.

Interestingly, the cell-associated gB-binding IgG response was statistically different between

the groups, but not against soluble gB, paralleling our previous finding that this response was

an immune correlate of protection against virus acquisition in gB/MF59 vaccine studies [34].

However, these differences are largely driven by the CD4-depleted groups, as similar trends

are observed when we look exclusively at the CD4-depleted groups but are not present in the

immunocompetent group. Neutralizing antibodies also stand out as higher magnitude in AF-

negative compared to AF-positive dams when focused on the CD4-depleted groups, which is

unsurprising given the correlations between gB- and PC-binding IgG and neutralization

responses. Furthermore, in the CD4-depleted group, dams receiving potent RhCMV-neutral-

izing IgG infusion produced from RhCMV-seropositive plasma donors screened for high epi-

thelial cell neutralization were all AF-negative [16]. Thus, the high titers of RhCMV-

neutralizing antibodies in this AF-negative cohort compared to that of the other dam groups

are expected. In contrast, the RhCMV-specific IgG infusions did not confer high titers of anti-

bodies capable of mediating ADCP and ADCC functions when compared to late timepoints in

acutely infected dams, which may be a result of low levels of these types of antibodies in chron-

ically infected animals from whom the IgG for these infusions was purified. Thus, while neu-

tralizing responses were the only functional responses distinct between the CD4-depleted AF-

positive and AF-negative dams, these findings may be a result of the experimental design and

does not eliminate Fc mediated effector functions as potentially protective IgG responses.
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Of note, amniotic fluid VL was detected late (�6 weeks post infection) in two immunocom-

petent, AF-positive dams. Because AF VL kinetics tend to occur in short blips [15,16], it is pos-

sible that these fetuses were infected earlier in gestation and prior AF sampling missed the

initial infection. However, these late detection events raise the possibility that the timing of

fetal infection may point to different mechanisms of vertical transmission and consequently

differences in protective maternal immunity. Given these small numbers in the late versus

early AF-positive categories, we cannot perform additional statistical analysis to disentangle

any potential interactions of humoral response and timing of detecting fetal infection, but

visualizing the antibody kinetics comparing early and late detection of AF-positivity do not

demonstrate clear differences (S1 Fig).

A key caveat of this work, and most non-human primate studies, is limited group sizes.

Thus, we included dams from prior studies of primary maternal infection in the rhesus

macaque model to increase our sample size. This strategy has the advantage for this study of

including animals with perturbations to their humoral responses, as CD4+ T cell depletion

results in a delay in humoral responses and passive antibody infusion introduces a high titer of

RhCMV-specific antibodies prior to infection [15,16]. These prior studies demonstrated that

pre-existing antibodies can protect against vertical RhCMV transmission in the high risk set-

ting of CD4-depletion [16]. However, a caveat of including dams from multiple treatment

groups is a potential confounding factor since all 3 of the dams receiving the high RhCMV-

neutralizing IgG infusion were AF-negative and all 6 of the CD4-depleted dams without IgG

infusion were AF-positive. Thus, this analysis is largely exploratory, and further experimenta-

tion of critical components of pre-existing immunity and cCMV transmission status would be

necessary to confirm the trends observed.

Beyond small sample sizes, we must additionally qualify our conclusions based on the limi-

tations of the animal model. Barring human challenge studies, which would be immensely

unethical in the context of pregnancy and fetal infection, rhesus macaque infection with

RhCMV is the most translatable model system available to study cCMV [8,11,35]. However,

while there is much cross-reactivity between rhesus and human antibodies and Fc receptors

(FcRs), there are key immunologic differences in the IgG subclasses that dominantly mediate

effector functions, the number of FcR allotypes expressed in each species, and the affinity of

antibody-FcR binding interactions [36,37,38,39,40]. Additionally, RhCMV contains most of

the same gene families as HCMV and significant functional homology has been observed

between the two viruses supporting the use of this model system, but there is little sequence

homology, highlighting potential impactful differences between HCMV and RhCMV and

their respective hosts [35,41].Lastly, non-human primates are an excellent model for human

placentation compared to other traditional animal models, like rodents, but there are some dif-

ferences in the structure and development of the placenta between humans and rhesus

macaques that could lead to differences in mechanisms of placental CMV transmission

[42,43].

While it is promising that we observed a similar rate of vertical CMV transmission in sero-

negative immunocompetent rhesus dams as has been observed in humans [3], the humoral

and virological factors we investigated were largely not associated with AF status. Our findings

underscore the need for further research to deconvolute the immune responses necessary for

prevention of cCMV infection and ultimately to define targetable factors for vaccines or thera-

peutics. In the immunocompromised dams, we found that pre-existing antibodies can protect

against vertical CMV transmission, suggesting that vaccination to elicit pre-existing IgG

responses could be beneficial in prevention of cCMV in seronegative women. Innate immu-

nity, T cell responses, and maternal-fetal interface immunity and inflammation are additional

factors that may influence vertical CMV transmission risk [44]. Notably, CMV is also
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exceptionally adept at immune evasion as a large portion of its ~235 kilobase genome is

devoted to genes with immune evasion functions [45], so countering key immune evasins may

additionally be a strategy for improving upon current preventive and therapeutic interven-

tions. These results from our NHP model suggest that natural humoral responses to primary

infection during pregnancy will likely not be protective against cCMV infection, so developing

effective strategies for establishing robust adaptive immunity prior to pregnancy is paramount

to reducing the global burden of CMV-associated birth defects.

Methods

Ethics statement for in vivo non-human primate studies

In vivo non-human primate studies were performed at the Tulane National Primate Research

Center (TNPRC) and previously at the New England Primate Research Center (NEPRC). Cur-

rent and previous studies were carried out in accordance with the Guide for the Care and Use

of Laboratory Animals of the NIH [46]. The animal protocol was reviewed and approved by

the Institutional Animal Care and Use Committees (IACUCs) at TNPRC and NEPRC. The

facilities also maintained an Animal Welfare Assurance statement with the National Institutes

of Health, Office of Laboratory Animal Welfare.

Animals

Indian-origin rhesus macaques were from a RhCMV-seronegative expanded specific patho-

gen–free (eSPF) colony housed at the TNPRC or previously at the NEPRC and maintained in

accordance with institutional and federal guidelines for the care and use of laboratory animals

[46]. We screened females for RhCMV-specific IgM and IgG via a whole virion ELISA to con-

firm that they were RhCMV-seronegative. These females, all between 4 and 9 years of age,

were co-housed with RhCMV-seronegative males and screened for pregnancy every three

weeks via abdominal ultrasound. Sonography was further used to approximate gestational date

using the gestational sac size and crown-rump length of the fetus. A total of 27 RhCMV-sero-

negative dams across past and current studies were inoculated intravenously with RhCMV in

late first/early second trimester at approximately 7–9 weeks gestation (Fig 4). Fourteen dams

received 1x106 pfu each of RhCMV UCD52, UCD59 (previously reported as 1x106 TCID50

rounded from 1.4x106 TCID50) and 2x106 TCID50 of RhCMV 180.92 while one dam received

only 2x106 TCID50 of RhCMV 180.92 [15,16]. Twelve dams in the current study received

1x106 pfu each of RhCMV UCD52 and FL-RhCMV (Fig 4). One week prior to infection, 12 of

the dams received 50 mg/kg recombinant rhesus CD4+ T cell–depleting antibody (CD4R1

clone; NIH Nonhuman Primate Reagent Resource) via intravenous infusion [15]. Of the dams

receiving the CD4-depletion antibody, 6 also received passive infusion of IgG purified from

RhCMV seropositive animals. Three of these received a single infusion 1 hour before inocula-

tion of 100mg/kg of IgG purified from animals screened for high RhCMV-binding via whole

virion ELISA. The other three received a dose-optimized regimen of one infusion 1 hour prior

to infection of 150 mg/kg and another at 3 days post infection of 100 mg/kg of IgG purified

from animals screened for high RhCMV neutralization on epithelial cells [16]. Blood was col-

lected at least one timepoint before administration of any treatments, at the time of CD4+ T

cell depletion, at the time of passive antibody infusions, and at the time of infection. The ani-

mals receiving passive antibody infusion were additionally sampled at 7–8 hours, 2 days and 4

days post infection. Dams in the new immunocompetent cohort were sampled at days 1 and 4

post infection in the first week. Otherwise, samples were collected on an approximately weekly

basis in all groups. Amniocentesis was performed on a weekly to bi-weekly basis, when
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possible to perform safely by veterinary staff, until fetal loss (n = 5) or until hysterotomy in

near-term of pregnancy (gestational weeks 19–22).

Cell culture

Telomerized rhesus fibroblasts (TeloRFs, Barry Lab) [47] were maintained in Dulbecco’s mod-

ified Eagle medium (DMEM, Gibco) containing 10% heat-inactivated fetal bovine serum

(FBS, Corning), 25 mM N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES,

Gibco), 2 mM L-glutamine (Gibco), 50 U/mL penicillin and 50 μg/mL streptomycin (Gibco),

50 μg/mL gentamicin (Gibco), and 100 μg/mL geneticin G418 (Gibco). Monkey kidney epithe-

lial (MKE, Barry Lab) cells were cultured in DMEM-F12 (Gibco) supplemented with 10% FBS,

25 mM HEPES, 2 mM L-glutamine, 1 mM sodium pyruvate (Gibco), 50 U/ml penicillin and

50 μg/ml streptomycin, and 50 μg/ml gentamicin. Primary embryonal rhesus fibroblasts

(1RFs) were generated at the Oregon National Primate Research Center (ONPRC) and main-

tained in DMEM supplemented with 10% fetal bovine serum and antibiotics (1× Pen/Strep,

Gibco), and grown at 37˚C in humidified air with 5% CO2. Human embryonic kidney 293T

cells (ATCC) used for transfection were maintained in DMEM supplemented with 10% FBS,

25 mM HEPES, 50 U/mL penicillin and 50 μg/mL streptomycin. Human monocyte THP-1

cells (ATCC) were maintained in RPMI 1640 medium (Gibco) supplemented with 10% FBS.

Human NK92 cells transduced to express the Ile158 variant of rhesus macaque CD16 (NK92.

rh.158I.Bb11, Pollara Lab) were cultured in Myelocult H5100 (STEMCELL) medium supple-

mented with 10mM HEPES, 1 mM sodium pyruvate, 50 U/ml penicillin and 50 μg/ml strepto-

mycin, and 50 U/mL recombinant human IL-2 (PeproTech) [33]. Cell lines were generally

passaged twice weekly and tested for mycoplasma contamination every 6 months.

Virus growth

Stocks of epithelial-tropic UCD52 was produced by propagating from a seed stock on MKE

cells for 2–4 passages and then once of TeloRFs to boost viral titer. Infection was performed in

a low volume of 5% FBS medium for at least 2 hours at 37˚C and 5% CO2, a maintenance vol-

ume of media was added, and cells were incubated for up to 2 weeks. Virus was harvested

when 90% cytopathic effect (CPE) was observed. Cells were collected by scraping and com-

bined with the culture supernatant. Cells were pelleted by low-speed centrifugation and super-

natant collected and placed on ice. Cell pellets were resuspended in infection media and

combined, then subjected to either three freeze/thaw cycles or sonication. Large cell debris was

pelleted by low-speed centrifugation. The supernatants were combined, passed through a 0.45-

μm filter, overlaid onto a 20% sucrose cushion, and then ultracentrifuged at 70,000 × g for 2

hours at 4˚C using an SW28 Beckman Coulter rotor. Virus pellets were resuspended in

DMEM containing 10% sucrose, aliquoted and stored at -80˚C until final use. All viruses were

titered on TeloRFs and/or MKE cells (depending on the intended use) using the TCID50

method, staining cells infected with a serial dilution (covering 103–108-fold with 8–24 repli-

cates of each dilution) of the concentrated virus stock for RhCMV IE-1 or Rh152/151 (primary

antibodies provided by OHSU) in black, clear bottom 96-well flat bottom plates (Corning).

FL-RhCMV is a previously described fully repaired version of the laboratory RhCMV strain

68–1 [13]. FL-RhCMV was reconstituted in 1RFsby transfecting purified BAC DNA using

Lipofectamine 3000 (Thermo Fisher Scientific). 1RFs were passaged weekly until full CPE

were observed. Cells and supernatants of one T-175 flask were harvested and used to infect 8 x

T-175 flasks containing a confluent monolayer of 1RFs to produce a high titer stock. Cells and

supernatants were harvested at maximal CPE and stored together over night at -80˚C to release

virus from the infected cells. The cellular supernatants were subsequently clarified by
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centrifugation at 7,500 × g for 15 min and the clarified culture medium was layered over a sor-

bitol cushion (20% d-sorbitol, 50 mM Tris [pH 7.4], 1 mM MgCl2). FL-RhCMV was pelleted

by centrifugation at 22,000 rpm for 1 hour at 4˚C in a Beckman SW28 rotor and the resulting

virus pellet was resuspended in DMEM, aliquoted and stored at -80˚C until final use.

Viral load

RhCMV DNA was quantified in maternal plasma and fetal amniotic fluid via qPCR. DNA was

isolated from the amniotic fluid by using the QIAmp DNA minikit (Qiagen). We utilized

either a 45-cycle real-time qPCR reaction using 50-GTTTAGGGAACCGCCATTCTG-30 for-

ward primer, 50-GTATCCGCGTTCCAATGCA-30 reverse primer, and 50-FAM-TCCAGCC

TCCATAGCCGGGAAGG-TAMRA-30 probe directed against a 108bp region of the highly

conserved noncoding exon 1 of the RhCMV IE gene [20], or a 40-cycle reaction using 50-

TGCGTACTATGGAAGAGACAATGC-30 forward primer, 50-ACATCTGGCCGTTCAA

AAAAAC-30 reverse primer, and 5’-TET-CCAGAAGTTGCGCATCCGCTTGT-TAMRA-3’

probe against the gB gene (UL55 accession no. U41526) [48]. Each assay used a standard IE or

gB amplicon plasmid to interpolate the number of viral DNA copies/mL of plasma or amniotic

fluid. These two assays were validated against one another to ensure consistent results. Vertical

transmission was defined as 2 or more of 12 technical replicates above the limit of detection

(1–10 copies per reaction) for each amniotic fluid sample. Two out of six replicates above the

limit of detection was required to report a positive result for each plasma sample.

Serology assays

RhCMV-specific IgG binding and avidity kinetics were measured in plasma by enzyme-linked

immunosorbent assays (ELISAs) using either whole-virion preparations of RhCMV strain

UCD52 or purified glycoprotein preparations of gB or PC as described previously [16]. Briefly,

high-binding 384-well ELISA plates (Corning) were coated with 15 μL/well of antigen over-

night at 4˚C. For whole virion ELISAs, filtered RhCMV UCD52 was diluted to 5,120 pfu/mL

in phosphate buffered saline (PBS) with Mg2+ and Ca2+ for coating, while soluble glycoprotein

preparations were coated at 2 μg/mL in 0.1M sodium bicarbonate. Following overnight incu-

bation, plates were washed using an automated plate washer (BioTek) and blocked for 2 hours

with blocking solution (PBS+, 4% whey protein, 15% goat serum, 0.5% Tween-20), and then

3-fold serial dilutions of plasma (1:30 to 1:65,610) were added to the wells in duplicate for 1.5

hours. For avidity assays, plates were washed once, and 20 μL per well of PBS or 7M urea was

added to the wells for 6 minutes. Plates were then washed once and incubated for 1 hour with

mouse anti-monkey IgG HRP-conjugated secondary antibody (Southern Biotech, clone

SB108a, cat. # 4700–05) at a 1:5,000 dilution or goat anti-monkey IgM HRP-conjugated sec-

ondary antibody (Rockland, cat. #617-101-007) at 1:8,000. After two washes, SureBlue Reserve

TMB Microwell Peroxidase Substrate (KPL) was added to the wells for 7 minutes for whole

virion ELISAs and 3.5 minutes for glycoprotein ELISAs, and the reaction was stopped by addi-

tion of 1% HCl solution (KPL). Plates were read at 450 nm (OD450) and reported as median

effective dilution factor (ED50) for purified protein ELISAs. AUC of the OD450 values over the

dilution series was reported for the whole virion ELISAs as these resulted in incomplete sig-

moidal curves and thus would not yield reliable ED50 calculations (S2 Fig). The lower thresh-

old for antibody reactivity was considered to be 3 standard deviations above the average

OD450measured for RhCMV-seronegative samples at the starting plasma dilution (1:30). ED50

was calculated as the sample dilution where 50% binding occurs by interpolation of the sig-

moidal binding curve using four-parameter logistic regression, and this value was set to half of
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the starting dilution [15] when the 1:30 dilution point was negative by our cutoff and when the

calculated ED50 was below 15.

Neutralization of RhCMV on fibroblasts and epithelial cells was monitored as previously

described [16]. Briefly, serial dilutions (1:10 to 1:30,000 or 1:30 to 1:65,610) of heat-inactivated

rhesus plasma were incubated with FL-RhCMV [19] or RhCMV UCD52 (MOI = 1) for 1–2

hours at 37˚C. The virus/plasma dilutions were then added in duplicate to 384-well plates con-

taining confluent cultures of TeloRF or MKE cells, respectively, and incubated at 37˚C for 24

or 48 hours, respectively. Infected cells were then fixed for 20 minutes in 10% formalin and

processed for immunofluorescence with 1 μg/mL mouse anti-RhCMV pp65B or 5 ug/mL

mouse anti-Rh152/151 monoclonal antibody (both produced from hybridoma lines generated

at OHSU) followed by a 1:500 dilution of goat anti-mouse IgG-Alexa Fluor 488 antibody (Invi-

trogen, cat. # A28175). Nuclei were stained with 40,6-diamidino-2-phenylindole (DAPI, Invi-

trogen) for 10 minutes. Infection was quantified in each well by automated cell counting

software using one of the following instruments at 10X magnification: (a) a Nikon Eclipse

TE2000-E fluorescence microscope equipped with a CoolSNAP HQ-2 camera, (b) a Cellomics

CX5 or Arrayscan VTI HCS instrument, or (c) a Molecular Devices ImageXpress Pico. Subse-

quently, the 50% inhibitory dilution factor (ID50) was calculated as the sample dilution that

caused a 50% reduction in the number of infected cells compared with wells treated with virus

only. If the ID50 was below the limit of detection (e.g., every value in the series resulted in a

high level of infection above 50%), we set the ID50 to half of the first dilution. Similarly, for

samples above the upper limit of detection (e.g., all points in the series resulted in levels of

infection below 50%), we set the ID50 at the value of the last dilution point.

Cell-associated gB binding was measured using a gB-transfected-cell binding assay [34].

293T cells at 50–80% confluence were co-transfected with 1 μg of each GFP (Ampicillin-resis-

tant pGAE-CMV-GFP-WPRE, gift of M. Blasi, Duke University) and UCD52 gB (Ampicillin-

resistant pcDNA3.1+ vector) using the Effectene transfection kit (Qiagen) and incubated for

48 hours. Following transfection, GFP expression was confirmed using a fluorescent micro-

scope prior to harvest. Cells were then dissociated from culture flasks using TrypLE (Gibco),

and 100,000 cells per well were added to 96-well V-bottom plates (Corning). Transfected cells

were incubated with plasma samples at a 1:600 dilution in duplicate for 2 h. Cells were then

washed and resuspended in far red live/dead stain (Invitrogen) at 1:1000 and incubated for 20

minutes. Following another wash, cells were resuspended in 1:200 of anti-monkey IgG-PE

(Southern Biotech, clone SB108a, cat. # 4700–09) for 25 minutes at RT. Cells were then washed

twice and fixed for 20 minutes in 10% formalin and resuspended in PBS. Fluorescence was

measured using a BD LSRII or Fortessa flow cytometer, and data is reported as the percent of

the live population that is GFP and PE double positive.

Antibody-dependent cellular phagocytosis was assessed by conjugation of concentrated

RhCMV UCD52 to Alexa Fluor 647 using NHS-ester reaction (Invitrogen), which was allowed

to proceed in the dark with constant agitation for 1–2 hours. The reaction was quenched by

the addition of pH 8.0 Tris-HCl, and the conjugated virus was diluted to 7x106 pfu/mL. Equal

amounts (10 μL) of virus and plasma samples in duplicate at a 1:30 dilution were combined in

a 96-well U-bottom plate (Corning) and incubated at 37˚C for 2 hours. THP-1 monocytes

were then added at 50,000 cells per well. Plates were spun for 1 hour at 1200 x g at 4˚C in a spi-

noculation step and then transferred to a 37˚C incubator for an additional 1 hour. Cells were

then washed and stained with aqua live/dead (Invitrogen) at 1:1000 for 20 minutes. Following

another wash step, cells were fixed for 20 minutes in 10% formalin and resuspended in PBS.

Fluorescence was measured using a BD LSRII or Fortessa flow cytometer, and data is reported

as the percent of the live population that was AF647+, with the threshold for AF647-positivity

was set based on no antibody control wells. Known RhCMV-seronegative plasma samples
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served as negative controls, and known seropositive plasma samples and purified IgG from

seropositive animals served as positive controls in each assay.

Antibody-dependent cellular cytotoxicity was measured by NK cell degranulation using

NK92.rh.158I.Bb11, an engineered NK cell line expressing the Ile158 variant of rhesus macaque

CD16 [49]. Confluent TeloRF cells were infected with 1 MOI UCD52 RhCMV in low serum

(5%) medium in T75 flasks (ThermoFisher). Mock infection was performed in parallel. After

24 hours of infection, cells were dissociated from the flask using TrypLE (Gibco), and 50,000

target cells were seeded in each well of a 96-well flat bottom tissue culture plate (Corning).

Cells were incubated for 16–20 hours to allow them to adhere. Then, the target cell medium

was removed, and to each well, 50,000 NK92.Rh.CD16-Bb11 cells were added with plasma

samples at 1:25 dilution or purified IgG from either seropositive or seronegative plasma

donors at 50–250 μg/mL in R10 (RPMI1640 containing 10% FBS), plated in duplicate. The

same samples were added to mock-infected target cells for background subtraction. Brefeldin

A (GolgiPlug, 1:1000, BD Biosciences), monensin (GolgiStop, 1:1500, BD Biosciences), and

mouse anti-human CD107a-FITC (BD Biosciences, 1:40, clone H4A3, cat. # 555800) were

added to each well for a total of 100μL and co-incubated for 6 hours at 37˚C and 5% CO2. NK

cells were then collected and transferred to a 96-well V-bottom plate (Corning). Cells were pel-

leted, washed with PBS, and then resuspended in aqua live/dead diluted 1:1000 for a 20-minute

incubation at RT. Cells were washed with PBS + 1% FBS and stained with mouse anti-human

CD56-PECy7 (BD Biosciences, clone NCAM16.2, cat. # 557747) and mouse anti-human

CD16 PacBlue (BD Biosciences, clone 3G8, cat. #558122) for a 20-minute incubation at RT.

Cells were washed twice then resuspended in 10% formalin fixative for 20 minutes or 1% for-

malin overnight. Cells were then resuspended in PBS for acquisition. Events were acquired on

a BD Symphony A5 using the high-throughput sampler (HTS) attachment, and data analysis

was performed using FlowJo software (v10.8.1). Data is reported as the background-subtracted

% of CD107a+ live NK cells (singlets, lymphocytes, aqua blue–, CD56+, CD107a+) for each

sample. Each assay included purified IgG from RhCMV-seropositive and -seronegative

macaques as positive and negative controls, respectively.

Statistical analysis

For each biomarker we calculated the area under the curve from day 0 to day 21. In instances

where there was not a day 0 value, we either A) carried forward the last value before infection

(if existed) or B) linearly back-extrapolated from the first two values after infection. When

there were no day 21 values, we either A) linearly extrapolated between last value before day 21

and first value after day 21 (if existed) or B) carried forward last value before day 21 (if no

value post day 21). We performed exact Wilcoxon-rank sum tests using the coin package in R

[50]. Multiple testing correction was done using Benjamini-Hochberg FDR method with sig-

nificance deemed as an adjusted p-value less than 0.2 and an unadjusted less than 0.05 [51]. In

the combined analyses, we used the coin package again but performed the analysis stratified by

immune status (this assumes similar association across groups). PCA was calculated in R using

prcomp.

Supporting information

S1 Fig. Response kinetics in immunocompetent dams with early (�4 weeks post infection,

grey) versus late (�6 weeks post infection, green) detection of RhCMV in amniotic fluid.

(A) Maternal plasma VL measured by qPCR for the UL55 or IE genes; (B) IgM and (C) IgG

binding to whole UCD52 RhCMV virions; (D) avidity of IgG binding against whole UCD52

virions; IgG binding to (E) PC, (F) soluble gB ectodomain by ELISA, and (G) cell-associated
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gB via transfected cell binding assay; antibody mediated RhCMV neutralization on (H) fibro-

blasts and (I) epithelial cells; (J) ADCP; and (K) ADCC.

(TIF)

S2 Fig. Representative ELISA results. The optical density at 450 nm (OD450) are plotted ver-

sus log dilution factor for (A) whole virion IgM binding, (B) whole virion IgG binding, (C) gB

IgG binding, and (D) PC IgG binding. One animal from each treatment group is represented,

showing the samples taken at the time of infection and 21- or 28-days post infection.

(TIF)
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