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Abstract 21 

Congenital cytomegalovirus (cCMV) is the leading infectious cause of neurologic defects in newborns with particularly 22 

severe sequelae in the setting of primary CMV infection in the first trimester of pregnancy. The majority of cCMV 23 

cases worldwide occur after non-primary infection in CMV-seropositive women; yet the extent to which pre-existing 24 

natural CMV-specific immunity protects against CMV reinfection or reactivation during pregnancy remains ill-defined. 25 

We previously reported on a novel nonhuman primate model of cCMV in rhesus macaques where 100% placental 26 

transmission and 83% fetal loss were seen in CD4+ T lymphocyte-depleted rhesus CMV (RhCMV)-seronegative dams 27 

after primary RhCMV infection. To investigate the protective effect of preconception maternal immunity, we performed 28 

reinfection studies in CD4+ T lymphocyte-depleted RhCMV-seropositive dams inoculated in late first / early second 29 

trimester gestation with RhCMV strains 180.92 (n=2), or RhCMV UCD52 and FL-RhCMVΔRh13.1/SIVgag, a wild-30 

type-like RhCMV clone with SIVgag inserted as an immunological marker (n=3). An early transient increase in 31 

circulating monocytes followed by boosting of the pre-existing RhCMV-specific CD8+ T lymphocyte and antibody 32 

response was observed in the reinfected dams but not in control CD4+ T lymphocyte-depleted dams. Emergence of 33 

SIV Gag-specific CD8+ T lymphocyte responses in macaques inoculated with the FL-RhCMVΔRh13.1/SIVgag virus 34 

confirmed reinfection. Placental transmission was detected in only one of five reinfected dams and there were no 35 

adverse fetal sequelae. Viral whole genome, short-read, deep sequencing analysis confirmed transmission of both 36 

reinfection RhCMV strains across the placenta with ~30% corresponding to FL-RhCMVΔRh13.1/SIVgag and ~70% to 37 

RhCMV UCD52, consistent with the mixed human CMV infections reported in infants with cCMV. Our data showing 38 

reduced placental transmission and absence of fetal loss after non-primary as opposed to primary infection in CD4+ T 39 

lymphocyte-depleted dams indicates that preconception maternal CMV-specific CD8+ T lymphocyte and/or humoral 40 

immunity can protect against cCMV infection.  41 
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Author Summary: 42 

Globally, pregnancies in CMV-seropositive women account for the majority of cases of congenital CMV infection but 43 

the immune responses needed for protection against placental transmission in mothers with non-primary infection 44 

remains unknown. Recently, we developed a nonhuman primate model of primary rhesus CMV (RhCMV) infection in 45 

which placental transmission and fetal loss occurred in RhCMV-seronegative CD4+ T lymphocyte-depleted 46 

macaques. By conducting similar studies in RhCMV-seropositive dams, we demonstrated the protective effect of pre-47 

existing natural CMV-specific CD8+ T lymphocytes and humoral immunity against congenital CMV after reinfection. A 48 

5-fold reduction in congenital transmission and complete protection against fetal loss was observed in dams with pre-49 

existing immunity compared to primary CMV in this model. Our study is the first formal demonstration in a relevant 50 

model of human congenital CMV that natural pre-existing CMV-specific maternal immunity can limit congenital CMV 51 

transmission and its sequelae. The nonhuman primate model of non-primary congenital CMV will be especially 52 

relevant to studying immune requirements of a maternal vaccine for women in high CMV seroprevalence areas at risk 53 

of repeated CMV reinfections during pregnancy.   54 
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Introduction 55 

Human cytomegalovirus (CMV) is a betaherpesvirus that results in lifelong persistent infection. While infection in 56 

immunocompetent hosts is typically asymptomatic, CMV causes life-threatening illness in immunosuppressed hosts 57 

such as transplant recipients and individuals with untreated HIV infection. CMV is also the most common cause of 58 

congenital infection in newborns with severe neurological sequelae resulting from primary infection in CMV-59 

seronegative women in the first trimester of pregnancy (1). Congenital CMV (cCMV) can also follow non-primary 60 

infection in pregnant CMV-seropositive women. Non-primary infection due to either reactivation of endogenous latent 61 

CMV or reinfection with diverse CMV strains is the most common cause of human cCMV cases worldwide occurring 62 

in regions with high CMV seroprevalence rates among women of reproductive age (2, 3, 4, 5, 6). Even in the United 63 

States, three-quarters of cCMV infections reported between 1988-1994 were attributed to non-primary infection (7). 64 

Consequently, the development of a maternal vaccine to prevent cCMV has been a tier 1 priority of the National 65 

Institute of Medicine for two decades but has faced several challenges (8). A major barrier to vaccine development is 66 

that the immune determinants of protection against vertical transmission, particularly after non-primary infection, 67 

remain elusive. Even though natural CMV infection induces a robust and durable humoral and cellular immune 68 

response, pre-existing immunity is not sufficient to prevent reinfections or cCMV. High maternal seroprevalence 69 

regions in the world can account for >500,000 cCMV infant births per year despite "low" transmission rates of 1-2% 70 

(9). To have worldwide relevance, an effective CMV vaccine will need to prevent both primary and non-primary 71 

cCMV. Insight in to the role of pre-existing natural immunity in limiting congenital CMV transmission and its protective 72 

components are thus of paramount importance for the rational design of an effective maternal vaccine against cCMV. 73 

Several studies have reported a reduced fetal infection rate after non-primary compared to primary CMV infection. 74 

A meta-analysis of epidemiologic studies conducted between 1966 and 2006 revealed that the rate of intra-uterine 75 

CMV transmission after primary infection during pregnancy was 32%, as opposed to 1.4% after non-primary infection 76 

(10). In a prospective study of 2,378 woman/newborn pairs with maternal CMV serology at first visit and CMV 77 

screening of newborns at birth, the risk of maternal-fetal transmission after primary infection was 4-fold higher 78 

compared to non-primary infection (11). A similar reduction in transmission after non-primary infection has been 79 

reported from cCMV cohorts in Italy and Brazil where maternal primary and non-primary infections were monitored by 80 
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serial serology (12, 13). It is worth noting that in contrast to transmission, the symptomatology and severity of cCMV 81 

with respect to sensorineural hearing loss and neurodevelopmental anomalies can be comparable in non-primary and 82 

primary infection (14, 15, 16). These data suggest that the mechanisms protecting against vertical transmission may 83 

be different from those determining the outcome of fetal infection once transmission has occurred. Elucidating the 84 

determinants of protection against acquisition and disease severity, particularly the role of pre-conceptional immunity 85 

in CMV-seropositive pregnant women, is of paramount importance for the development of a maternal vaccine 86 

effective against both primary and non-primary cCMV infection (13, 17). In this regard, the rhesus macaque CMV 87 

reinfection pregnancy model has the potential to address some of the unanswered questions pertaining to non-88 

primary cCMV, including the rate of placental transmission, protective effects of pre-existent natural immunity, and the 89 

host response to reinfection.  90 

The rhesus macaque animal model offers several translational benefits for studying the pathogenesis and 91 

immunology of human CMV (HCMV) infection. The rhesus CMV (RhCMV) genome is closely related to HCMV and 92 

the natural history and biology of RhCMV infection in rhesus macaques bears important similarities to HCMV infection 93 

(18, 19, 20). Natural RhCMV infection is widespread in colony-bred rhesus macaques; near 100% seroprevalence 94 

rates are reached within a year of birth with natural acquisition occurring as a result of horizontal transmission from 95 

close contact with infectious body fluids containing shed virus (21, 22, 23). Thus, breeding rhesus macaques have 96 

been CMV-seropositive for at least 2-3 years before reaching the age of sexual maturity. This mimics the natural 97 

history and infection profile of HCMV in regions of the world where CMV-seroprevalence in women of child-bearing 98 

age exceeds 95% as a result of primary infections occurring in childhood (17). The rhesus macaque model of RhCMV 99 

infection is thus well suited for investigating immune determinants of protection against non-primary cCMV infection. 100 

We previously reported on a placental transmission model of primary cCMV infection in rhesus macaques (24). In this 101 

model, we observed 100% vertical transmission and 83% fetal loss in CD4+ T lymphocyte-depleted CMV-102 

seronegative macaques infected with RhCMV in late first / early second trimester gestation, with protection conferred 103 

by passive infusion of high potency anti-CMV antibodies prior to infection (24, 25). Here we report the first instance of 104 

cCMV in CMV-seropositive rhesus macaques, representing a nonhuman primate (NHP) non-primary cCMV model. 105 

Similar to our primary infection studies, pregnant macaques at late first / early second trimester gestation were 106 
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subjected to CD4+ T lymphocyte depletion and then inoculated with RhCMV virus strains. The difference here was 107 

that the experiments were performed in CMV-seropositive macaques with pre-existing naturally acquired RhCMV-108 

specific immunity that were then experimentally inoculated with RhCMV to simulate reinfection during pregnancy. In a 109 

subset of animals we used FL-RhCMVΔRh13.1/SIVgag, a wild-type-like RhCMV clone with SIVgag inserted as an 110 

immunological marker (26), for experimental reinfection to enable in vivo tracking of the reinfection virus and 111 

distinguish it from reactivation of endogenous RhCMV. In contrast to primary RhCMV infection, reinfection of CD4+ T  112 

lymphocyte-depleted RhCMV-seropositive dams resulted in reduced placental transmission and complete protection 113 

against fetal loss, accompanied by a robust innate immune response and boosting of pre-existent CMV-specific 114 

immunity. Our study demonstrates the feasibility of using a NHP animal model to study non-primary cCMV infection 115 

and demonstrates the protective effect of pre-existing natural CMV-specific CD8+ T lymphocytes and humoral 116 

immunity in a biologically relevant model of human cCMV infection.  117 
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Results 118 

Reinfection model of congenital CMV in rhesus macaques 119 

To investigate the protective effect of natural pre-existing CMV-specific immunity against placental transmission, 120 

we applied the study design of our previously published CD4+ T lymphocyte depletion primary cCMV infection model 121 

(24). We repeated the study design but substituted primary infection studies in RhCMV-seronegative macaques with 122 

non-primary reinfection studies in CD4+ T lymphocyte-depleted RhCMV-seropositive macaques with naturally 123 

acquired RhCMV infection. Colony-bred rhesus macaques have high RhCMV seroprevalence rates with natural 124 

acquisition of CMV by one year of age and thus have established pre-existing RhCMV-specific immunity for at least 125 

two years before reaching sexual maturity at 3-4 years of age (21, 23). The reinfection experiments were performed 126 

after CD4+ T lymphocyte depletion using the same dose and timeframe of infection as in the primary infection model 127 

which had yielded 100% placental transmission. Hence, comparison of placental transmission in CD4+ T lymphocyte-128 

depleted macaques with primary RhCMV infection and RhCMV reinfection enabled an evaluation of the protective 129 

effect of pre-existing natural RhCMV-specific CD8+ T lymphocyte and humoral immunity in RhCMV-seropositive 130 

dams. 131 

Five RhCMV-seropositive dams were enrolled in the “RhCMV-seropositive Reinfection” group and three RhCMV-132 

seropositive dams were enrolled in the “RhCMV-seropositive Control” group to control for endogenous RhCMV 133 

reactivation without reinfection (Fig 1A, Table 1). All dams were enrolled in the first trimester of pregnancy and 134 

subjected to in vivo CD4+ T lymphocyte depletion at late first trimester / early second trimester between 49 to 59 135 

gestation days, similar to the historical control group of CD4+ T lymphocyte depletion and primary RhCMV infection 136 

(Table 1). One week after administration of the CD4+ T lymphocyte depleting antibody, the reinfection group dams 137 

were inoculated with different RhCMV strains. Two RhCMV-seropositive dams received an intravenous inoculation of 138 

the fibroblast-passaged UL128-complex intact RhCMV strain 180.92 (27, 28) at 2x106 TCID50 and were followed until 139 

natural birth at 152 and 164 gestational days, respectively (Table 1, Fig 1A). Three dams were intravenously 140 

inoculated with 1x106 pfu each of RhCMV strains UCD52 and full-length recombinant RhCMV expressing SIVgag (FL-141 

RhCMVΔRh13.1/SIVgag), and followed up until an elective Cesarian section (C-section) at mean 144 (range 142-142 

147) days gestation (Fig 1A, Table 1). The choice of RhCMV 180.92 and RhCMV UCD52 virus strains were based 143 
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on previously used isolates shown to cross the placenta in primary infection studies (24, 25, 29). FL-144 

RhCMVΔRh13.1/SIVgag, a full-length RhCMV generated by repairing strain 68-1 with wild-type sequence that 145 

includes a heterologous SIVgag sequence as a foreign gene in the place of Rh13.1 (26), was used for reinfection 146 

experiments in three macaques. The full length clone enabled distinction of endogenous virus from the exogenous 147 

challenge inoculum in RhCMV-seropositive animals and allowed confirmation of reinfection as previously 148 

demonstrated in RhCMV/SIV vaccine studies (30, 31, 32). Three RhCMV-seropositive dams that underwent CD4+ T 149 

lymphocyte depletion without reinfection were included as a control group to monitor placental transmission due to 150 

reactivation of endogenous RhCMV virus strains (Table 1, Fig 1A) . 151 

 152 

Table 1. Study outline of animal groups 153 
 154 

 Number 
of animals RhCMV Inoculum 

Age in 
years 
Mean 

(Range) 

Gestational day  
Mean (Range) 

CD4+ T 
lymphocyte 
depletion 

RhCMV 
inoculation 

Study 
termination 

CMV-
seropositive 
Reinfection 

n=5 

n=2 • RhCMV 180.92 

5.5 
(4-9) 

53.2  
(49-59) 

 60.2 
(56-66) 

144 
(142-147) n=3 

• RhCMV UCD52 
• FL-

RhCMVΔRh13.1/
SIVgag  

CMV-
seropositive 

Controls 
n=3 n=3 Not inoculated 7.0 

(4-11) 
52.0 

(50-55) 
Not 

inoculated 
164 

(155-171) 

CMV-
seronegative 

Primary 
Infection*  

n=6 

n=1 • RhCMV 180.92  
11.6 

(4-16) 
50.5 

(47-56) 
57.5 

(54-63) 
94 

(74-165) n=5 
• UCD52  
• UCD59 
• RhCMV 180.92  

 155 

*Bialas, et al. PNAS (2015). Nelson, et al. JCI Insight (2017) 156 

 157 

CD4+ T lymphocyte and RhCMV viral dynamics 158 

Following administration of a single dose of 50mg/kg rhesus recombinant anti-CD4 monoclonal antibody (clone 159 

CD4R1), profound CD4 depletion, resulting in loss of >95% of circulating CD4+ T lymphocytes, was observed at day 160 
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7 in three out of five RhCMV-seropositive reinfected animals as well as in all three RhCMV-seropositive controls (Fig 161 

1B-C). The peripheral blood CD4+ T lymphocyte count in these animals declined from a mean baseline value of 950 162 

cells/μL to less than 65 cells/μL throughout the study period. Two RhCMV-seropositive reinfected macaques (JP01 163 

and KK24) showed relatively suboptimal depletion with persistent circulating CD4+ T lymphocytes at 46-68% of 164 

baseline values (Fig 1B). 165 

RhCMV DNA was monitored in the plasma, saliva, urine and amniotic fluid of reinfection and control dams (Fig 166 

2A-B). Immunocompetent RhCMV-seropositive macaques are typically aviremic but shed RhCMV in body fluids such 167 

as urine and saliva (21). Following CD4+ T lymphocyte depletion, low levels of plasma RhCMV DNA were detected 168 

intermittently in two out of five RhCMV-seropositive reinfection dams (KK24 and KB91) but in none of the three CMV-169 

seropositive control dams (Fig 2A-B). Placental RhCMV transmission as evidenced by detection of RhCMV DNA in 170 

the amniotic fluid was detected in one of five RhCMV-seropositive reinfected dams (KK24) at day 7 post RhCMV 171 

inoculation (Fig 2A) but not in any of the CD4+ T lymphocyte depletion control animals (Fig 2B). Consistent with 172 

previous reports, virus shedding as evidenced by detection of RhCMV DNA in the saliva and urine was present in all 173 

eight RhCMV-seropositive dams at baseline (21). A one-log or greater increase in virus shedding in the saliva and / or 174 

urine was detected in all five reinfected dams at 1-9 weeks post reinfection (Fig 2A). It was also seen in all three 175 

control dams post CD4+ T lymphocyte depletion (Fig 2B) suggesting that increased viral shedding could result from 176 

both reactivation and reinfection. Taken together, these data demonstrate placental transmission after RhCMV 177 

reinfection but not after reactivation. The transmitter dam KK24 had low-level transient viremia post reinfection, 178 

however this did not coincide temporally with the time point of detection of RhCMV DNA in the amniotic fluid (Fig 2B).  179 

 180 

Innate and adaptive host response to RhCMV reinfection 181 

Several features of innate immune activation were evident within one week of RhCMV reinfection. A 3- to 100-fold 182 

non-significant (p-value=0.25; non-parametric Wilcoxon Signed Rank test) increase in frequency of circulating HLA-183 

DRhiCD14+ monocytes from 3.1 ± 3.7% (mean ± SD) to 14.3 ± 10.9% was observed at day 1-5 post reinfection in 184 

RhCMV-seropositive pregnant macaques (Fig 3, Fig S1A). Concurrently, there was also an expansion of lineage 185 

(Lin)–HLA-DRhi dendritic cells, Lin–HLA-DR–SSChiCD14+ putative myeloid-derived suppressor cells (MDSC) and a 186 
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transient decline in circulating B lymphocytes which did not reach statistical significance (p-value=0.25; non-187 

parametric Wilcoxon Signed Rank test) (Fig 3, Fig S1A-C). There was also no significant change in the frequency of 188 

circulating natural killer (NK) cells and CD8+ T lymphocytes (Fig 3). Evidence of innate immune activation was 189 

corroborated by an increase in plasma analytes, notably IL-8 and MIP-1b, as measured by Luminex in the first week 190 

post reinfection (Fig S2A). Of note, an increase in eotaxin was only observed in KK24, the transmitter dam (Fig S2A). 191 

Overall, these data indicate a rapid activation of the innate immune system predominantly involving myeloid cells in 192 

response to RhCMV reinfection.  193 

To evaluate the effect of RhCMV reinfection on pre-existing adaptive immunity, we longitudinally monitored 194 

RhCMV-specific CD8+ T lymphocyte responses and anti-RhCMV antibodies in the CD4+ T lymphocyte-depleted 195 

reinfection and control macaques. Memory RhCMV-specific CD8+ T lymphocyte responses against the RhCMV  196 

immediate early 1 (IE1), IE2 or pp65 peptide pools measured by intracellular cytokine staining assay were detected at 197 

baseline in all the CMV-seropositive macaques. RhCMV-specific CD8+ T lymphocyte responses were also measured 198 

at 8-10 weeks post reinfection and compared with baseline responses. Four dams in the RhCMV-seropositive 199 

reinfection group had baseline immunodominant CD8+ T lymphocyte responses targeting the IE1 or IE2 peptide pools 200 

which increased 2- to 10-fold following reinfection indicating a booster effect (Fig 4). An increase in CD107a 201 

expression, and IFN-g, IL-2, and TNF-α cytokine secretion was observed post reinfection with a significant increase in 202 

the frequency of TNF-α cytokine secreting RhCMV-specific CD8+ memory T lymphocytes (Fig 4A).  Boolean analysis 203 

of all four effector functions showed a trend for decreased proportion of monofunctional and increased proportion of 204 

polyfunctional RhCMV-specific CD8+ T cell responses post reinfection (P-value 0.11; Fig 4B). This was associated 205 

with a significant increase in the frequency of RhCMV-specific 4-functional (P-value 0.03) and dual CD107a+IFN-g+ 206 

positive (P-value 0.03) CD8+ T lymphocytes post reinfection compared to pre-reinfection values (Fig 4C). Analysis of 207 

pre-reinfection RhCMV-specific CD8+ T lymphocyte responses in individual animals revealed that the transmitter dam 208 

KK24 had the the lowest frequency (0.91%) as well as the highest proportion of monofunctional responses at baseline 209 

compared to the other reinfection dams (Fig S2B). However, the post reinfection boost in this frequency was 210 

comparable in the transmitter and non-transmitter dams (Fig S2B). It is noteworthy that the increase in magnitude 211 

and polyfunctionality of memory RhCMV-specific CD8+ T lymphocytes post reinfection occurred despite the presence 212 
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of CD4+ T lymphocyte depletion.  213 

We also monitored end-point dilution titers of anti-RhCMV gB-binding IgG responses and fibroblast neutralization 214 

activity against RhCMV 180.92 (Fig 5). Following reinfection, a transient 0.8- to >1.0- log increase in anti-gB binding 215 

titers was observed in three RhCMV-reinfected macaques (Fig. 5A). Analysis of individual animals showed the two 216 

macaques (KK24 and JP01) that experienced a suboptimal CD4+ lymphocyte depletion (46-68% loss) responded 217 

with a 1.0-log or greater increase in magnitude of anti-gB IgG responses (Fig 5A), suggesting that CD4+ T 218 

lymphocyte help may have aided a boost of anti-gB antibodies against pre-existing and new specifities post RhCMV 219 

reinfection. In a group analysis, baseline values for gB-binding and neutralizing antibody levels at pre-CD4+ T 220 

lymphocyte depletion time-points were comparable between the RhCMV-seropositive reinfected and RhCMV-221 

seropositive control dams (Fig 5B). Post CD4+ T lymphocyte depletion, a change in antibody titers was only observed 222 

in the reinfection dams with significant increases in the first 8 weeks post reinfection compared to the RhCMV-223 

seropositive control dams (Fig. 5C-D). 224 

In contrast to the reinfected animals, the CD4+ T lymphocyte depleted CMV-seropositive control macaques 225 

showed no change in the RhCMV-specific CD8+ memory response post CD4+ T lymphocyte depletion (Fig S3A). 226 

Neither did they display an increase in anti-gB IgG levels post CD4+ T lymphpcyte depletion (Fig S3B). In all, our 227 

results demonstrate elevation of RhCMV-specific CD8+ T lymphocyte and antibody responses that was evident only 228 

after RhCMV reinfection, not reactivation following CD4+ T lymphocyte depletion.  229 

 230 

Placental transmission of reinfection virus 231 

Although the boosting of pre-existing RhCMV-specific immune responses and the increase in viral shedding were 232 

suggestive of reinfection, natural fluctuations of endogenous virus replication could also lead to changes in shed 233 

virus. To determine if reinfection virus was being shed, we evaluated the three macaques (KB91, KK24, and JP01) 234 

that were infected with the clone FL-RhCMVΔRh13.1/SIVgag virus containing the exogenous transgene SIVgag. 235 

Screening the saliva and urine at every time-point in each of the three macaques revealed a low positive signal by 236 

SIVgag-specific real time PCR in the saliva of one animal, KB91, at a single time-point (Fig 6A). However, SIV Gag-237 

specific IFN-g-secreting memory CD8+ T lymphocyte responses were detected in all three macaques at 6 weeks or 238 
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later post reinfection and ranged in frequency between 0.9 to 1.4% of circulating memory CD8+ T lymphocytes (Fig 239 

6B). An antibody assay was also developed to determine if these animals generated antibody responses to the SIV 240 

Gag protein. No measureable responses were found in the dams which may be due to a near absence of viremia in 241 

the reinfected animals (Fig S4). Cumulatively, these data provide evidence for successful RhCMV reinfection of the 242 

CD4+ T lymphocyte-depleted CMV-seropositive dams. 243 

To confirm the passage of reinfection RhCMV virus across the placenta, amniotic fluid DNA from the transmitter 244 

dam KK24 was amplified by multiple displacement amplification (MDA) and viral DNA enriched by PCR-amplification 245 

using RhCMV-specific primer pairs. Amplicons were then sequenced to >10,000X coverage on a Ion Torrent 246 

Sequencer. The resulting whole genome sequencing data (mean read length: ~200 bp) was mapped against the 247 

RhCMV UCD52 and FL-RhCMVΔRh13.1/SIVgag reference assemblies. Investigations of uniquely mapping regions 248 

demonstrated placental transmission of both reinfection RhCMV strains with ~70% corresponding to RhCMV UCD52 249 

and ~30% to FL-RhCMVΔRh13.1/SIVgag consistent with the mixed human CMV infections reported in infants with 250 

cCMV (33).  251 

 252 

Protective effect of natural pre-existing immunity against congenital CMV transmission 253 

To evaluate protection conferred by pre-conception immunity, we compared viral and pregnancy outcome 254 

parameters in the CD4+ T lymphocyte-depleted RhCMV-seropositive reinfection macaques with the CD4+ T 255 

lymphocyte-depleted primary RhCMV infection historical control animals (Fig 7 and Table 2). The CD4+ T 256 

lymphocyte-depleted RhCMV-seropositive reinfected dams showed intermittent, detectable RhCMV DNAemia which 257 

was significantly lower compared to RhCMV-seronegative animals with primary infection (Fig 7A). The CD4+ T 258 

lymphocyte-depleted RhCMV-seropositive controls showed no detectable RhCMV DNAemia (Fig 7A). Amniotic fluid 259 

sampled at weekly intervals showed variable detection of RhCMV transmission across the study groups as shown in 260 

a heatmap (Fig 7B). While all six dams in the primary infection group had detectable amniotic fluid RhCMV DNA 261 

(mean range 49-580 copies/ml) at one or more sampling time-points, amniotic fluid RhCMV DNA at mean±S.D 262 

57±146 copies/mL was detected in only one animal in the reinfection group at a single time-point (Fig 7B). Amniotic 263 

fluid RhCMV transmission was not detected in any of the CD4+ T lymphocyte depletion RhCMV-seropositive controls 264 
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(Fig 7B). The fetuses of the mothers with natural pre-existing immunity fared better with 100% fetal survial (Fig 7C-265 

D). Overall, placental transmission was reduced from 100% in primary infection to 20% in the reinfection group (P 266 

<0.05; Log-rank test), whereas fetal survival was increased from 16% to 100% in the reinfection groups (P <0.05; 267 

Log-rank test) (Table 2, Fig 7C-D). RhCMV DNA PCR evaluation of placental tissues and fetal tissues confirmed a 268 

protective role of maternal pre-existing immunity in preventing the spread and replication of RhCMV in vivo during first 269 

trimester infection of rhesus macaques (S1 Table). The fetal growth parameters in the CD4+ T lymphocyte-depleted 270 

RhCMV reinfected dams were comparable to the RhCMV-seropositive control dams (S5 Fig) and within the normal 271 

range of reference values established in rhesus macaques (34).  272 

Group name 
Natural 

Immunity to 
RhCMV 

Amniotic fluid 
PCR RhCMV 

DNA 

Placental and 
fetal tissue PCR 

RhCMV DNA 
Number of 

animals 

CMV-seropositive 
Reinfection Yes 20% 0% 5 

CMV-seropositive 
Controls Yes 0% 0% 3 

CMV-seronegative 
Primary Infection No 100% 100% 6 

 273 

Table 2. Improved study outcome in dams with pre-existing immunity. The main readouts of the study are 274 

described as a frequency of total number of animals. 275 

 276 

  277 
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Discussion 278 

In this study we provide the first evidence of placental transmission in a nonhuman primate model of non-primary 279 

cCMV and demonstrate that pre-conception maternal CMV-specific immunity from previous natural CMV infection has 280 

a protective effect against congenital transmission and disease. By conducting a longitudinal experimental 281 

superinfection study with an inoculum of defined RhCMV virus stocks administered at a known gestation time-point in 282 

pregnant RhCMV-seropositive rhesus macaque dams, we could determine the risk of vertical transmission after non-283 

primary CMV infection and compare it with historical controls from our previous studies of primary cCMV in this animal 284 

model. Moreover, by including a RhCMV virus with a foreign transgene (SIVgag), we could track one of the inoculated 285 

RhCMV viruses in vivo and distinguish it from endogenous RhCMV in the reinfected animals. Our data show that 286 

even in the setting of CD4+ T lymphocyte depletion, RhCMV-reinfected RhCMV-seropositive dams showed only 20% 287 

placental transmission and did not suffer any adverse pregnancy outcome or fetal infection. These findings are in 288 

sharp contrast to primary RhCMV infection in CD4+ T lymphocyte-depleted CMV-seronegative rhesus macaque 289 

dams, which resulted in 100% placental transmission and 83% fetal loss (24, 25). In the absence of CD4+ T 290 

lymphocytes, the protective effect of prior natural RhCMV infection was accompanied by an initial activation of the 291 

innate immune system in the first week after reinfection followed by boosting of pre-existing memory RhCMV-specific 292 

CD8+ T lymphocyte and antibody responses. These data point to redundant pathways of immune-mediated 293 

protection and suggest that vaccine approaches harnessing different arms of the immune system will be needed to 294 

prevent cCMV infection. 295 

RhCMV-seropositive pregnant macaques model the immunity of reproductive age women in a high CMV 296 

seroprevalence settings. The RhCMV-seropositive macaques used in this study acquired naturally circulating RhCMV 297 

strains prevalent in the primate center colony and were never experimentally infected prior to this study. Thus, their 298 

pre-existing immune status was a result of natural RhCMV infection akin to human populations susceptible to non-299 

primary infections. As demonstrated previously, reinfection of RhCMV-seropositive animals is enabled by viral T cell 300 

evasion mechanisms (32). However, although T cells cannot prevent reinfection due to viral immune evasion there 301 

was a clear impact of pre-existing immunity on congenital infection. In the current study, we saw a 5-fold reduction in 302 

transmission rate after non-primary infection as compared to primary infection despite the presence of CD4+ T 303 
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lymphocyte depletion – akin to a recent study in humans (11). However, unlike in humans, we did not find any 304 

evidence of fetal infection or pathology. Because the diagnosis of non-primary cCMV in humans is based on the 305 

screening of newborns, and because there are no data on amniotic fluid CMV load monitoring in pregnant CMV-306 

seropositive women, we cannot exclude the possibility of placental transmission without fetal infection also occurring 307 

in human subjects. The reduction in transmission and absence of fetal infection is indicative of a protective role of 308 

natural pre-conceptional immunity. However, there are caveats to extrapolating the findings in the NHP model to non-309 

primary cCMV in humans. The small number of animals in this study precludes definitive conclusion of the 310 

transmission rate following non-primary infection. Furthermore, the risk of placental transmission following a single 311 

reinfection event, as was the design of the current study, does not capture the potential of multiple reinfections 312 

occurring in CMV-seropositive pregnant women in high CMV seroprevalence regions when exposed to frequent high 313 

levels of CMV shedding from different sources. Annualized CMV seroconversion rates in CMV-seronegative women 314 

are directly related to the extent of exposure to CMV shedding with 20% or higher rates in high CMV seroprevalence 315 

areas (13, 35). The same pattern may hold true for reinfection rates. 316 

The extent to which non-primary CMV infection is a result of reactivation or reinfection, or a combination of both 317 

factors, is not known. In one of the first studies to document reinfection as an important cause of non-primary cCMV, 318 

62% of mothers with cCMV births compared to 13% with normal births developed new antibody specificities against 319 

glycoprotein H during pregnancy suggestive of reinfection (4). More recently, the contribution of reinfection to non-320 

primary cCMV has been deduced from detection of new antibody specificities to strain-specific polymorphic regions in 321 

the glycoproteins gB and gH (5, 6). Using these criteria, the annualized rate of reinfection in CMV-seropositive women 322 

has ranged between 10-35% in different studies with reinfections being associated with an increased risk of cCMV (5, 323 

6). In addition to reinfection, new strain-specificities could also be due to emergence of a previously subdominant or 324 

quiescent endogenous CMV due to reactivation, but this has not been established. Our model looked at both modes 325 

of non-primary CMV infection in pregnant rhesus macaques, albeit in a small number of animals. As controls for the 326 

group of CD4+ T lymphocyte-depleted reinfected macaques, we used CD4+ T lymphocyte depletion alone to model 327 

endogenous CMV reactivation without reinfection. We inferred reactivation from a one-log or greater increase in 328 

RhCMV load shed in the urine or saliva at one or more post CD4+ T lymphocyte depletion time points. Unlike adult 329 
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humans where CMV shedding is detected only in a subset of individuals, group-housed RhCMV-seropositive rhesus 330 

macaques invariably have detectable RhCMV DNA shed in the urine and/or saliva (21, 36). Consistent with this 331 

observation, all the RhCMV-seropositive macaques enrolled in this study had detectable presence of RhCMV DNA 332 

shed in the urine and/or saliva at baseline prior to any intervention. A one-log or greater increase in RhCMV shedding 333 

at post CD4+ T lymphocyte depletion time-points was detected in both the reinfection and control group of animals 334 

suggestive of reactivation. However, transient viremia and amniotic fluid transmission were only detected in the 335 

RhCMV-seropositive, CD4+ T lymphocyte depleted, reinfected dams and not the RhCMV-seropositive, CD4+ T 336 

lymphocyte depleted controls. One of the viremic reinfected dams, macaque KK24, transmitted the virus across the 337 

placenta. Confirmation of reinfection was supported by the emergence of immune responses against the foreign 338 

transgene present in the inoculated RhCMV virus, and detection of this foreign gene in shed virus. These findings 339 

were confirmed by detection of the reinfection virus in the amniotic fluid of the transmitter dam by genome-wide deep 340 

sequencing. In the absence of sequencing RhCMV shed in the urine and saliva prior to reinfection we cannot 341 

ascertain if endogenous reactivated RhCMV also crossed the placenta in the transmitter dam.  342 

Sequencing analysis confirmed that the two RhCMV strains used for reinfection had both crossed the placenta, 343 

with RhCMV UCD52 being more prevalent than FL-RhCMVΔRh13.1/SIVgag. Passage of the RhCMV UCD52 strain 344 

was consistent with the findings in our primary infection studies where UCD52 was the dominant virus in the 345 

circulation and amniotic fluid (24, 25).  This raises the question of what might determine placental transmission of 346 

reinfection virus. Aside from protective immunity, viral diversity and inoculum size are likely to be important 347 

determinants of cCMV transmission after reinfection. Recent studies have shown the surprising diversity of naturally 348 

circulating HCMV, which can be in the range of that observed in RNA viruses such as dengue virus and HIV (37). 349 

Moreover, mixed strain infections, such as the one observed here, are common in CMV-seroimmune individuals and 350 

reinfection cCMV (33, 38, 39). The presence of significant diversity between RhCMV strains may be an important 351 

factor determining which virus strains are transmitted. For example, viral diversity of the reinfection RhCMV from the 352 

endogenous circulating strains could render it less susceptible to immune control and hence more transmissible. 353 

Based on the sequencing data, the bottleneck of transmission appears to be wide as both virus inoculums were 354 

detected in the amniotic fluid. This phenomenon is similar to our findings in primary infection in CD4+ T lymphocyte-355 
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depleted dams where the genetic composition of RhCMV in the blood and amniotic fluid after a mixed infection with 356 

three RhCMV viruses was similar and did not reveal a readily detectable transmission bottleneck even in the 357 

presence of immune pressure exerted by pre-existing passively infused antibodies (29).  However, with the current 358 

data we are unable to exclude the endogenous virus from being present in the transmitting sequences. Future 359 

sequencing analysis of the endogenous vs challenge sequences are required to answer this and to determine the 360 

relative divergence between endogenous and inoculum viruses between the animals.   361 

Despite the absence of CD4+ T lymphocytes, RhCMV-seropositive macaques showed evidence of protection 362 

against cCMV transmission and infection. The protective effect was likely mediated by both innate immunity and 363 

CMV-specific adaptive immunity. Protection in the absence of CD4+ T lymphocytes points to protection mediated by 364 

the CD8+ T lymphocyte and humoral components of adaptive immunity. It is noteworthy that despite CD4+ T 365 

lymphocyte depletion and potential lack of CD4 help, there was still a robust memory CMV-specific CD8+ T 366 

lymphocyte or the antibody response post reinfection. Boosting of CD8+ T lymphocyte and antibody responses were 367 

only seen in reinfection animals and not in the CD4+ T lymphocyte depletion control animals. The endogenous anti-368 

gB IgG antibodies and the pre- reinfection CMV-specific CD8+ T lymphocyte responses were significantly increased 369 

following reinfection when compared to controls. The increase in gB-specific IgG and RhCMV-specific CD8+ T 370 

lymphocyte responses is unlikely to have been a result of RhCMV reactivation as it was not observed in the CD4+ T 371 

lymphocyte depleted controls without reinfection. Of note, rhesus macaques that were both CD4- and CD8 T 372 

lymphocyte-depleted preceding kidney transplant did not see a rise in anti-gB IgG titer, suggesting that it is unlikely 373 

that our observation of boosted immune responses are a consequence of reactivation (40). It is interesting that the 374 

magnitude of the increase in antibody responses was greatest in the two macaques with partial CD4+ T lymphocyte 375 

depletion suggesting a facilitatory role for CD4 help in potentiating humoral immunity. The magnitude of the boosted 376 

memory CMV-specific CD8+ T lymphocyte response however did not appear to be affected by the extent of CD4+ T 377 

lymphocyte depletion. In the absence of epitope mapping, we cannot determine whether the amplified responses 378 

were anamnestic in nature with expansion of pre-existing or cross-reactive specificities against reinfection virus or 379 

included new responses directed towards new epitopes in the reinfecting strain.  380 

The small number of animals in this study with only one placental-transmitter dam prevents analysis of protective 381 
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correlates based on differences in immunity between transmitters and non-transmitters. Observationally, the 382 

placental-transmitter dam (KK24) displayed certain features that were different from the non-transmitter dams. For 383 

example, an increase in plasma eotaxin following reinfection was only detected in the transmitter dam. KK24 also had 384 

the lowest frequency of RhCMV IE-specific CD8+ T lymphocyte responses at baseline prior to reinfection. In addition, 385 

KK24 was one out of two dams that showed transient viremia post reinfection and that had a partial CD4+ T 386 

lymphocyte depletion as well as a 1.0 log or greater increase in anti-gB IgG response following reinfection. Whether 387 

this could have resulted in an increase in low affinity binding antibodies and transmission facilitated by transcytosis of 388 

immune complexes is an interesting possibility. Studies with a larger group of animals are warranted.  389 

In conclusion, establishment of the NHP reinfection cCMV model has provided definitive evidence for a role of 390 

pre-conceptional natural immunity in CMV-seropositive individuals to partially protect against cCMV. Strikingly, this 391 

protection is evident even in the absence of CD4+ T lymphocytes and likely involves multiple arms of the immune 392 

system including CD8+ T lymphocyte-mediated and humoral immunity. Importantly, the establishment of this model 393 

lays the groundwork for future experiments including CD8+ T lymphocyte depletion and B lymphocyte depletion 394 

studies in CMV-seropositive macaques to dissect the contribution of different arms of the adaptive immune system 395 

involved in protection against non-primary cCMV. Taken together, our data reinforces the utility of the rhesus 396 

macaque model in furthering knowledge about immune determinants of cCMV protection, needed for rational vaccine 397 

design.  398 
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Methods 399 

Animals and study design 400 

A total of eight CMV-seropositive Indian-origin first trimester of gestation rhesus macaques were enrolled in the 401 

study from the specific pathogen free colony at the Tulane National Primate Research Center (TNPRC) and the New 402 

England Primate Research Center (NEPRC) (Table 1). Gestational age at enrollment was estimated by ultrasound 403 

measurement of gestational sac diameter and/or crown-rump length. Subsequently, the gestational age was 404 

monitored weekly by ultrasound measurement of biparietal diameter and femur length. At Caesarian section (C-405 

section), measurements of occipitofrontal diameter, head circumference, and abdominal circumference were 406 

recorded.  407 

All eight dams were subjected to in vivo CD4+ T lymphocyte depletion by intravenous (IV) administration of 50 408 

mg/kg rhesus-recombinant anti-CD4 antibody (Clone CD4R1; Nonhuman Primate Reagent Resource) at mean 52.3 409 

gestation days (range 49-59). The rhesus IgG1 recombinant Anti-CD4 [CD4R1] monoclonal antibody was engineered 410 

and produced by the Nonhuman Primate Reagent Resource (NIH Nonhuman Primate Reagent Resource Cat# PR-411 

0407, RRID:AB_2716322). 412 

Five of eight dams were reinfected with RhCMV one week after administration of the CD4-depleting antibody 413 

(CMV-seropositive reinfection group), whereas the remaining three dams that received the CD4-depleting antibody 414 

were not reinfected and served as a control group for reactivation following CD4+ T lymphocyte depletion (CMV-415 

seropositive Controls). Data from six dams with CD4-depletion and a primary infection with RhCMV served as 416 

historical controls (Table 1)(24, 25).  417 

One week after administration of the anti-CD4 antibody, the CMV-seropositive reinfection group were inoculated 418 

IV with 2x106 TCID50 of RhCMV 180.92 (n=2) or 1x106 pfu each of RhCMV UCD52 and FL-RhCMVΔRh13.1/SIVgag 419 

(n=3; Table 1). Maternal blood, saliva, urine, amniotic fluid were collected preceding anti-CD4+ T lymphocyte 420 

depletion and virus inoculation. Following RhCMV inoculation the animals were sampled weekly for all sample types. 421 

Three animals that received the RhCMV UCD52 and FL-RhCMVΔRh13.1/SIVgag were in addition sampled for blood, 422 

urine and saliva every 1-3 days within the first 7 days post infection to study the acute phase of infection. All animals 423 

were subsequently followed with weekly sampling until term or C-section, outlined in Table 1. 424 
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Virus stocks for reinfection 425 

Full Length-RhCMV68-1-ΔRh13.1/SIVgag (RhCMVΔRh13.1/SIVgag) virus was generated and characterized as 426 

previously described (26) was administered intravenously at a single dose of 1x106 pfu. RhCMV strain UCD52 virus 427 

stock grown in TeloRF cells was provided by Dr. Peter Barry (41) and administered intravenously at a single dose of 428 

1x106 pfu. Both virus strains were inoculated in to separate arms of three animals. RhCMV 180.92 virus stock grown 429 

in primary rhesus fibroblasts as previously described (27, 28) was administered at a single dose of 2x106 TCID50  430 

intravenously to two animals. 431 

 432 

Sample collection and processing 433 

Maternal PBMC’s were isolated by ficoll separation after collecting plasma. All PBMC were cryopreserved using 434 

90%FBS/10% DMSO. Amniotic fluid was spun to remove debris prior to storage in aliquots at -200C. Saliva and urine 435 

sample supernatants were concentrated using Ultracel YM-30 (Amicon/Milipore) and subsequently aliquoted for 436 

storage at -200C for DNA extraction. At C-section, the placenta and fetal tissues were harvested and processed for 437 

lymphocyte isolation, snap frozen for DNA extraction for PCR and placed in Z-fix for paraffin blocks.  438 

DNA was extracted from urine with the QIAmp RNA mini kit (Qiagen, Velencia, CA); from amniotic fluid, plasma, 439 

and saliva with the QIAmp DNA mini kit (Qiagen, Velencia, CA); and from 10-25mgm of snap-frozen tissue using the 440 

DNeasy Blood and Tissue kit (Qiagen) as previously described (21, 24).  441 

 442 

Viral quantitation by real time PCR 443 

Absolute quantification of RhCMV DNA in tissues and maternal fluids were performed as previously described 444 

(24, 42). Briefly, for RhCMV DNA PCR, the primers/probe targeting the noncoding exon 1 region of the immediate 445 

early gene were used. The Forward primer 5’-GTTTAGGGAACCGCCATTCTG-3’, Reverse primer 5’-446 

GTATCCGCGTTCCAATGCA-3’, and probe 5’-FAM-TCCAGCCTCCATAGCCGGGAAGG-TAMRA-3’ were used in a 447 

25μL reaction with Supermix Platinum™ Quantitative PCR SuperMix-UDG (Invitrogen). The reaction was performed 448 

in a 96-well format for real time quantification on Applied Biosystems 7900HT Fast Real-Time PCR System. A 449 

standard curve generated from amplification of 105-100 copies of plasmid standard containing the RhCMV IE target 450 
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sequence diluted in genomic DNA from CMV-seronegative rhesus macaques was used for absolute quantitation of 451 

RhCMV DNA. Real time PCR was performed in 6-12 replicates and at least 2 positive replicates were required to be 452 

reported as a positive result. Data of plasma and amniotic fluid were reported as RhCMV DNA copies per mL of 453 

sample while saliva, urine, and tissues were reported as copies per microg of input DNA. 454 

For absolute quantification of SIVgag DNA in the three animals which received FL-RhCMVΔRh13.1/SIVgag both 455 

a nested and real-time PCR protocol was performed. A plasmid carrying SIVgag sequence was synthesized 456 

(Intregrated DNA Technology, Iowa) and used as standard in a 25uL reaction with Platinum Taq DNA polymerase 457 

(cat# 10966034 Invitrogen) mastermix containing 0.012% Tween 20, 0.006% gelatin, 4.5mM MgCl2, 300μM dNTPs, 458 

10% PCR II buffer, 300nM Forward 5’-CAACTACGTCAACCTGCCACTGTC-3’, 300nM Reverse 5’-459 

TCCAACGCAGTTCAGCATCTGG-3’, 200nM Probe 5’-FAM-CCGAGAACCCTGAACGCTTGGGTCAAGC-3BHQ-3’. 460 

This was performed in 96 well plate format on Applied Biosystems 7900HT Fast Real-Time PCR System at 95°C for 2 461 

minutes and cycled for 45 cycles at 95°C for 15 seconds, and 60°C for 1 minute. 462 

 463 

Viral sequencing and analysis 464 

Ultradeep sequencing of RhCMV DNA in the amniotic fluid of KK24 generally followed amplicon based 465 

methodologies previously established for sequencing human CMV genomes (43) as applied to RhCMV (44). These 466 

studies demonstrated that the error rates observed in amplicon based sequencing and direct sequencing of BAC 467 

clones for both viral species are very low and produce nearly identical results. Thus, errors resulting from the 468 

amplicon-based workflow plus sequencing are very similar in type and rate to those introduced by direct sequencing 469 

and applicable to differentiating viral strains in a sample. As the amount of viral DNA in the KK24 amniotic fluid was 470 

limited, MDA (Repli-g, Qiagen) was initially used to increase the overall amounts of DNA for the sequencing workflow. 471 

The resulting DNA was repurified and subjected to plate PCR using primer pairs that span the parental RhCMV 472 

genome and the SIVgag insert, fragmented and then ligated to Ion Express barcodes (Life Technologies). Products 473 

were pooled with final processing performed on an Ion Chef (Life Technologies) followed by sequencing on an Ion 474 

Proton Sequencer (Life Technologies).  475 

 476 
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Whole-genome sequencing data was mapped against the RhCMV UCD52 and FL-RhCMVΔRh13.1/SIVgag 477 

reference assemblies using NextGenMap v.0.5.15 (45). Thereby, the human (hg38) and rhesus (rheMac10) genomes 478 

(downloaded from NCBI GenBank using accession numbers GCA_000001405.29 and GCA_003339765.3, 479 

respectively) were included as decoys to remove any potential contamination. To distinguish between the RhCMV 480 

strains, uniquely mapping regions were identified using SAMtools v.1.12.0 (46). 481 

 482 

Cytokine and Chemokine analysis Luminex 483 

To analyze peripheral soluble cytokines and chemokines, a luminex assay was performed with Cytokine & 484 

Chemokine 30-Plex NHP ProcartaPlex™ Panel (Invitrogen, EPX300-40044-901). The analytes in this panel are BLC 485 

(CXCL13); Eotaxin (CCL11); G-CSF (CSF-3); GM-CSF; IFN alpha; IFN gamma; IL-1 beta; IL-10; IL-12p70; IL-13; IL-486 

15; IL-17A (CTLA-8); IL-18; IL-1RA; IL-2; IL-23; IL-4; IL-5; IL-6; IL-7; IL-8 (CXCL8); IP-10 (CXCL10); I-TAC (CXCL11); 487 

MCP-1 (CCL2); MIG (CXCL9); MIP-1 alpha (CCL3); MIP-1 beta (CCL4); sCD40L; SDF-1 alpha (CXCL12a); TNF 488 

alpha. Plasma was thawed on ice and manufacturers instructions were followed to prepare a 96-well plate with 489 

samples performed in duplicates and read on a Bio-Plex® 200 System (Bio-Rad Laboratories, Hercules, CA). Results 490 

were calculated using Bio-Plex Manager™ Software v6.2 (Bio-Rad) and the mean concentration of each analyte was 491 

plotted. 492 

 493 

Immunophenotyping and intracellular cytokine staining (ICS) assays 494 

CD4+ T lymphocyte depletion kinetics were monitored by flow cytometric evaluation of absolute counts. Briefly, 495 

50 μL whole blood was stained with an 8-color panel of FITC-CD3, PerCP-CD45, APC-CD4, V500-CD8, PE-Cy7-496 

CD95, APC-CY7-CD20, BV421-CCR7. A FMO was performed for CCR7 which was first stained alone for 15 minutes 497 

and then with the remaining cocktail for an additional 15 minutes. Red blood cells were lysed using BD Lysing buffer 498 

for 15-20 minutes and subsequently aquired on a BD FACSverse. 499 

A 13-color flow cytometry panel was used for immunophenotyping of the acute reponses following RhCMV 500 

infection. PBMCs were stained with the following antibodies: FITC-Ki67, PCP-Cy5.5-TCRgd, APC-KIR2D, AL700-501 

Granzyme B, APC-CY7-CD3, PacBlue-CD20, BV510-live/dead, BV605-CD14, BV650-CD8, BV711-CD16, PE-502 
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CD169, PE-CF594-HLA-DR, PE-CY7-NKG2A (for additional details regarding the antibodies, see Table S2). These 503 

data were aquired on the BD LSRFortessa™ and analyzed using Flowjo v9.9 (Ashland, Oregon). 504 

Antigen-specific T lymphocyte respones were assesed by intracellular cytokine staining for RhCMV-specific and 505 

SIV Gag-specific responses. Cryopreseved PBMCs were thawed and stimulated for 12-18 hours with RhCMV IE1, 506 

IE2, pp65 and SIV Gag peptide pools. Briefly, the RhCMV peptide pool and the SIV Gag peptide pool consists of 507 

pools of 15-amino acid peptides each, overlapping by 11 amnio acids and spanning the entire protein. Peptides were 508 

used at a concentration of 1μg/mL of individual peptides for stimulation and DMSO concentrations were kept <0.5%. 509 

After 1 hour, monensin 2μM/mL (cat# 554724, BD) and bredfeldin A 1μL/mL (cat#555029, BD) were added along with 510 

CD107a-FITC and CD107b-FITC for the remaining period of stimulation. After stimulation, cells were washed and 511 

stained sequentially with the following: AQUA Live/dead dye, surface, and intracellular cytokine staining antibodies 512 

PCP-Cy5.5-CD4, APC-CD69, AL700-TNFα, APC-CY7-CD3, BV421-Granzyme B, BV605-IL-2, BV650-CD8, BV711-513 

CD95, PE-CCR5, PE-CF594-CD28, PE-CY7-IFNγ using the BD fix/perm kit(BD Cat# 554714) and Brilliant Stain 514 

buffer(BD Cat# 563794). These data were aquired on the BD LSRFortessa™ and analyzed using Flowjo v9.9 515 

(Ashland, Oregon). Boolean analyses of polyfunctional responses were performed using the SPICE 6 software (47). 516 

 517 

Antibody assays for RhCMV gB and SIV Gag  518 

RhCMV gB: DNA plasmid expressing RhCMV gB was transected into 293F/293i cells. Protein was purified with 519 

nickel beads and quantitated on a NanoDrop. 520 

IgG ELISA: ELISAs were performed as previously described (24). Briefly 384-well high protein binding plates 521 

(Corning 3700) were coated overnight at 40C with either 30 ng RhCMV gB produced as described above or 522 

SIVmac251 pr55 Gag recombinant protein (NIH AIDS Reagent Program cat# 13384). Serially diluted plasma samples 523 

were added to the coated ELISA plates, incubated for 2 hours after which the plates were washed, and then 524 

incubated with the secondary anti-monkey IgG HRP-conjugated antibody followed by addition of substrate as 525 

previously described (24). ELISA titers were reported as the serum dilution yielding 50% maximum absorbance 526 

(Effective Dose ED50). ED50 was determined using non-linear regression in GraphPad Prism v9.5. Data are reported 527 

as log10ED50.  528 
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 529 

Antibody neutralization assay: Telo-RF cells were seeded in a 384-well plate and incubated for 1 day at 370C at 530 

5% CO2. The next day, serial dilutions (1:10-1:21,870) of heat-inactivated rhesus plasma were incubated with 1 PFU 531 

of RhCMV 180.92 per cell.  Infected cells were then fixed for 20 minutes at -200C with 1:1 methanol/acetone, 532 

rehydrated in PBS three times for 5 minutes and stained with 1 mg/mL mouse anti-RhCMV-IE1 monoclonal antibody 533 

provided by Dr. Klaus Früh (Oregon Health and Science University, Portland, OR) followed by a 1:1000 dilution of 534 

anti-mouse IgG-Alexa Fluor 488 antibody. Nuclei were stained with DAPI for 5 minutes (Pierce) and imaged using the 535 

CellInsight CX5 High-Content Screening (HCS) platform. The 50% neutralization titer (NT50) was determined by 536 

comparing the dilution that resulted in a 50% reduction in fluorescence signal to control wells infected with virus only. 537 

 538 

Statistics 539 

Unpaired and paired parametric and non-parametric t-tests were performed in GraphPad Prism version 8.4.0. 540 

(San Diego, CA). P-values <0.05 were considered significant. For viral load the area under the curve (AUC) was 541 

calculated between day 0 and 99 days post infection for inter-group comparison. Kaplan-Meier survival curves were 542 

calculated in Graphpad Prism for transmission events and fetal survival and statistical comparisons performed with 543 

the Log-rank (Mantel-Cox) test.  544 
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Figures 663 

 664 

 665 

Fig 1. Study design and kinetics of CD4+ T lymphocyte depletion in experimental groups. 666 

(A) Schematic of study design of cCMV transmission in pregnant CMV-seropositive rhesus macaques. (B-C) 667 

Peripheral blood CD4+ T lymphocyte counts following anti-CD4 antibody administration in (B) CMV-seropositive 668 

Reinfection group (n=5); and (C) CMV-seropositive Control group (n=3). 669 
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 671 

 672 

Fig 2. RhCMV viral kinetics in blood and body fluids of individual CD4+ T lymphocyte depeleted CMV-673 

seropositive macaques.  674 

RhCMV in plasma (indicated in red), saliva (blue), urine (orange), and amniotic fluid (purple) in (A) five CMV-675 

seropositive reinfected animals and (B) three CMV-seropositive control animals. Plasma and amniotic fluid are 676 

reported in RhCMV DNA copy number/mL of sample fluid; saliva and urine are reported as RhCMV DNA copy 677 
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number/μg of input DNA. In CMV-seropositive controls, the equivalent post-infection time-points on the x-axis are 678 

aligned concurrently with the CMV-seropositive Reinfection group. The black vertical lines indicate time of anti-CD4 679 

antibody (CD4R1) and RhCMV inoculation. Animals JP01, KK24, and KB91 were inoculated with RhCMV UCD52 and 680 

FL-RhCMVΔRh13.1/SIVgag; animals 274-05 and 292-09 were inoculated with RhCMV 180.92; animals 234-07, 309-681 

09, and 222-02 remained without a reinfection. The horizontal stippled line indicates the baseline RhCMV DNA copy 682 

number/μg of input DNA in either saliva (blue) or urine (orange). 683 
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 685 

Fig 3. Early immunophenotypic changes following RhCMV reinfection in CMV-seropositive macaques.  686 

Immunophenotyping of circulating peripheral blood mononuclear cells in acute RhCMV reinfection. Plots show the 687 

kinetics of different lymphocyte subsets in three CMV-seropositive reinfected macaques (JP01, KB91, and KK24). 688 

Paired t-test comparing baseline prereinfection values with values at time-point of maximal change in the first 7 days 689 

post reinfection was performed. 690 
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 692 

Fig 4. CMV-specific CD8+ T lymphocyte memory responses to RhCMV immediate early (IE) proteins and 693 

exogenous SIV Gag protein in CD4+ T lymphocyte depleted RhCMV reinfected macaques.  694 

(A) Paired IE-specific responses by CD107a expression and secretion of IFN-γ, IL-2, and TNF-α in CMV-seropositive 695 

macaques (n=4) reinfected with RhCMV UCD52 and FL-RhCMVΔRh13.1/SIVgag. Pre-reinfection responses were 696 
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compared with responses at week 8-10 post RhCMV reinfection using paired t-test. (B) Polyfunctional SPICE analysis 697 

of IE-specific responses pre vs post RhCMV reinfection. CD107a (blue arc), IFN-γ (red arc), IL-2 (orange arc), and 698 

TNF-α (green arc). Four-functional responses are displayed in white, three-functional responses in dark grey, two-699 

functional response in light grey, and mono-functional responses in black. (C) Bar graph of the polyfunctional 700 

responses pre (grey) and post (black) RhCMV reinfection (n=4). The RhCMV IE-specific response was measured by 701 

intracellular cytokine staining after stimulation with RhCMV IE1 and / or IE2 peptide pools depending on the baseline 702 

immunodominant response in individual animals. Comparison of pre- and post reinfection Boolean responses were 703 

compared with the Wilcoxon rank sum test using SPICE v6 software. 704 
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 706 

Fig 5. RhCMV-specific antibody responses in CD4+ T lymphocyte depleted CMV-seropositive reinfected 707 

macaques. (A) Kinetic data of anti-gB binding antibodies in graphs on individual animals showing log ED50 of anti-gB 708 
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binding titer (green line) superimposed on CD4+ lymphocytes/μL (red line). (B) Comparison of CMV-seropositive 709 

reinfected dams (n=5) and CMV-seropositive controls (n=3) by their anti-gB binding titer and fibroblast neutralization 710 

against RhCMV 180.92 at baseline preceding CD4+ lymphocyte depletion. (C) Maximal increase in baseline anti-gB 711 

ED50 compared between the two groups. (D) Comparison of maximal neutralization titer change from baseline over 712 

time in both CMV-seropositive controls and CMV-seropositive reinfected dams. 713 

ED50 = Effective Dose 50 714 
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 716 

Fig. 6. Evidence of reinfection in CD4+ T lymphocyte depleted FL RhCMVΔRh13.1/SIVgag inoculated dams 717 

(A) RhCMV-specific (black line) and SIVgag-specific (grey line) real time PCR results in the saliva of one CMV-718 

seropositive reinfected animal (KB91). All other animals were found negative for SIVgag DNA in saliva and urine. (B) 719 

Detection of SIV Gag-specific T lymphocyte responses measured longitudinally against a SIVmac239 Gag peptide 720 

pool in CMV-seropositive reinfected macaques (KB91, KK24, and JP01) inoculated with RhCMV UCD52 and FL-721 

RhCMVΔRh13.1/SIVgag. Horizontal stippled line shows negative cut-off based on pre-reinfection values. 722 
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 724 

Fig 7. Protective effect of pre-existing immunity against congenital CMV transmission.  725 

(A) Plasma RhCMV-specific PCR in CD4+ T lymphocyte depleted CMV-seronegative primary infected macaques 726 

(red; n=6) compared to both CMV-seropositive reinfected (green; n=5) and CMV-seropositive controls (grey; n=3). 727 

Area Under the Curve (AUC) values of plasma RhCMV DNA between 0-99 days were compared between groups 728 

using the Man-Whitney test. P-values <0.05 denoted with a single * were considered significant. (B) Heatmap of 729 

RhCMV-specific DNA copy number in amniotic fluid in CMV-seronegative primary infected macaques (n=6), CMV-730 

seropositive reinfected (n=5), and CMV-seropositive controls (n=3). (C) Kaplan-Meir curve showing cCMV frequency 731 

based on RhCMV DNA detection in the amniotic fluid in CMV-seronegative primary infected macaques (n=6), CMV-732 

seropositive reinfected (n=5), and CMV-seropositive controls (n=3). (D) Kaplan-Meir curve showing fetal survival in 733 

CMV-seronegative primary infected macaques (n=6), CMV-seropositive reinfected (n=5), and CMV-seropositive 734 
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controls (n=3). Statistical comparisons by Log-rank (Mantel-Cox) test showing significance levels: *=<0.05 and 735 

**=<0.01. 736 

 737 
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