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Abstract

Human cytomegalovirus (HCMV) is a ubiquitous herpesvirus and the leading cause of infec-

tious disease related birth defects worldwide. How the immune response modulates the risk

of intrauterine transmission of HCMV after maternal infection remains poorly understood.

Maternal T cells likely play a critical role in preventing infection at the maternal-fetal interface

and limiting spread across the placenta, but concerns exist that immune responses to infec-

tion may also cause placental dysfunction and adverse pregnancy outcomes. This study

investigated the role of CD4+ and CD8+ T cells in a guinea pig model of primary cytomegalo-

virus infection. Monoclonal antibodies specific to guinea pig CD4 and CD8 were used to

deplete T cells in non-pregnant and in pregnant guinea pigs after mid-gestation. CD4+ T cell

depletion increased the severity of illness, caused significantly elevated viral loads, and

increased the rate of congenital guinea pig cytomegalovirus (GPCMV) infection relative to

animals treated with control antibody. CD8+ T cell depletion was comparably well tolerated

and did not significantly affect the weight of infected guinea pigs or viral loads in their blood

or tissue. However, significantly more viral genomes and transcripts were detected in the

placenta and decidua of CD8+ T cell depleted dams post-infection. This study corroborates

earlier findings made in nonhuman primates that maternal CD4+ T cells play a critical role in

limiting the severity of primary CMV infection during pregnancy while also revealing that

other innate and adaptive immune responses can compensate for an absent CD8+ T cell

response in α-CD8-treated guinea pigs.

Author summary

Congenital cytomegalovirus infection is a leading cause of adverse pregnancy outcomes

and preventable disability in children. Using guinea pigs, a well-established small animal
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model of congenital infection and intrauterine development, this study tested how deplet-

ing T cells affects the course of primary cytomegalovirus infections. Severe illness and

high rates of congenital infection were observed when helper CD4+ T cells were depleted.

The depletion of killer CD8+ T cells did not affect the severity of disease or the rate of con-

genital infection but did increase the amount of virus that was detected in the placenta. A

greater understanding how an immune response can prevent the infection of the placenta

and developing offspring is needed to inform vaccine and therapeutic development. This

study not only describes a new reagent that can be used to study the guinea pig immune

system but also sheds new light in how adaptive immunity regulates congenital viral

infection.

Introduction

Human cytomegalovirus (HCMV), a ubiquitous beta-herpesvirus, is the leading cause of infec-

tious disease-related birth defects and adverse pregnancy outcomes worldwide. Primary

HCMV infection during pregnancy is ten times more likely to cause congenital infection than

non-primary infections caused by either HCMV reactivation or reinfection [1], highlighting

the key role of adaptive maternal immune responses in protecting against congenital cytomeg-

alovirus infection (cCMV). How systemic maternal immunity and immune cells resident at

the maternal-fetal interface (MFI) contribute to limiting congenital viral transmission remains

critically understudied (reviewed in [2]). T cells play a critical role in maintaining immune

homeostasis at the MFI, regulating the antiviral immune response, and in controlling HCMV

reactivation or reinfection [3]. The combination of systemic and MFI-resident T cell responses

may play key roles in preventing the transplacental transmission of HCMV [4,5].

There are three distinct stages of T cell function during pregnancy and at the MFI: proin-

flammatory Th-1 T cell recruitment occurs during implantation and placentation, anti-inflam-

matory Th-2 T cells dominate between late first trimester and mid third trimester, and

proinflammatory Th-1 T cells become more active during parturition [6,7]. The transition

from Th-1 to Th-2 immunity can enable some viruses, such as hepatitis E virus and influenza

virus, to cause more severe infections during pregnancy [8–10]. Immune-suppressive CD4+ T

regulatory cells (Tregs) play a critical role in maintaining immunologic tolerance to the fetus.

In the mouse, immune adaptations that promote tolerance can make the placenta more sus-

ceptible to some bacterial infections [11,12]. Abnormal Treg activity at the MFI, characterized

by a shift in the abundance of inflammatory cytokine-releasing CD4+ T cells, is associated with

preeclampsia, some placental infections, and spontaneous abortion [13–17]. Hyperactive

CD8+ T cell responses at the MFI can also occur during preeclampsia, spontaneous abortion,

and intrauterine growth restriction [18–23]. Maternal-fetal tolerance and the likelihood of suc-

cessful pregnancies are negatively affected by the dysregulation of CD8+ T cell recruitment to

and differentiation at the MFI; the systemic depletion of CD8+ T cells during pregnancy has

similar effects [24–27]. Infection at the MFI can cause localized CD8+ T cell-mediated inflam-

mation and, in severe cases, spontaneous abortion or fetal maldevelopment [28–30].

T cells play a critical role in antiviral immunity, and the effect of depleting T cells on pri-

mary cytomegalovirus (CMV) infections have been previously studied in mice and macaques.

When mice were treated with CD4+ T cell-depleting monoclonal antibodies and infected with

murine CMV (MCMV) there was no significant effect on the severity of MCMV disease, the

kinetics of humoral immune responses were only slightly delayed, and CD4+ T cells did not

directly control MCMV infection in multiple organs [31–35]. Others have reported that CD4+
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T cells play key roles in controlling MCMV replication within the salivary glands, where CD8+

T cells and humoral responses are ineffective [33,36–38]. Conversely, CD8+ T cells are primary

effectors of anti-CMV immunity, as evidenced by the inflation of CMV-specific CD8+ memory

T cells in response to primary infection and their role in controlling secondary lytic infection

[39,40]. While the depletion of CD8+ T cells did not affect the rate of MCMV clearance or

cause severe disease, CD4+ T cells and NK cells gain costimulatory molecules and cytolytic

activity in α-CD8 treated mice to compensate for the depletion of CD8+ T cells [33,34,41,42].

The species-specificity of CMVs has presented a challenge to understanding the role of T

cells in the pathogenesis of cCMV. Of the nonhuman viruses that are used to experimentally

model HCMV infection in vivo, MCMV has been the most widely used but the virus does not

cause placental or congenital infection in immunocompetent hosts [43–45]. Both rhesus CMV

(RhCMV) and guinea pig CMV (GPCMV) cause placental and congenital infections and have

been used for in vivo congenital CMV studies [46,47]. RhCMV infection during pregnancy is

highly representative of congenital infection in humans; gestation and placentation in

macaques and humans is highly similar, and RhCMV is more genetically similar to HCMV

than GPCMV [48,49]. However, use of the RhCMV model has been limited not only by the

expense of experimental studies in nonhuman primates but also by the widespread endemicity

of RhCMV in macaque colonies and the limited available of CMV-seronegative animals of

reproductive age [50–52]. Across two studies where seronegative macaques were infected with

RhCMV during the late first/early second trimester, congenital RhCMV infection (defined as

the detection of any viral DNA in amniotic fluid by qPCR) was reported in 47% (7 out of 15)

cases [46,53]. However, only one neonate from these experiments had congenital RhCMV-

associated sequelae [46]. The depletion of maternal CD4+ T cells before RhCMV infection

increased the rate of congenital infection to 100%, and fetuses were often either spontaneously

aborted or died in utero [46,53]. While RhCMV was detected in macaque placentas after infec-

tion by immunohistochemistry, an analysis of placentas from CD4+ T cell-depleted and immu-

nocompetent dams did not find evidence that placental dysfunction had caused fetal death

[46]. CD4+ T cell depletion delayed the production of RhCMV-specific humoral responses,

but later studies found that preexisting humoral immunity in seropositive macaques or treat-

ment with RhCMV-specific antibodies can protect against severe congenital infections after T

cell depletion [53–55].

The guinea pig model of cCMV has been extensively used for preclinical CMV vaccine

development because the virus infects and transmits across the placenta [47,56]. Guinea pigs

have 65-day gestational periods, with fetal development and placental anatomy that is more

similar to primates than murid rodents [57,58]. Longitudinal studies of GPCMV infection dur-

ing pregnancy have found that the virus infects the dam, placenta, and fetus sequentially and

that necrotic lesions and hypoxic-like injuries develop in GPCMV-infected placentas [47,59–

61]. Maternal GPCMV infection late in gestation causes transcripts indicative of antiviral T

cell responses to be upregulated in the placenta [62]. However, the limited availability of

reagents for studying the guinea pig immune system has been a barrier to immunologic studies

in the small animal [63,64]. Monoclonal antibodies targeting guinea pig CD4 and CD8 that

enable the targeted depletion of guinea pig T cells in vivo were recently developed [65–67]. In

this study, we use these reagents to deplete CD4+ and CD8+ T cells during primary GPCMV

infections in male and pregnant guinea pigs and evaluated the role of these T cell populations

in controlling infection and congenital transmission. Consistent with findings from the

RhCMV model, our results show that CD4+ T cells are necessary for protection against severe

GPCMV disease and the depletion of these cells leads to severe illness in adults and increased

rates of congenital infection. The depletion of CD8+ T cells had no apparent effect on health or

the rate of congenital infection despite causing elevated viral loads specifically at the MFI.
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Together, these experiments demonstrate the importance of T cell responses in preventing

CMV from causing severe disease during pregnancy and establishing itself in or crossing the

placenta.

Results

Subclass-switched antibodies targeting guinea pig CD8 deplete T cells in
vitro
Monoclonal antibodies (mAbs) specific for guinea pig CD4 (H155, Rat IgG2a) and CD8

(B607, mouse IgG2a mAb), which were originally developed for immunostaining and flow

cytometry applications, can deplete the expected T cell populations in vitro but are unable to

deplete the lymphocytes for long durations in vivo [65–67]. Antibody effector functions are

associated with IgG subclass, and a subclass-switched IgG2b variant of the α-CD4 antibody

was developed and found to effectively deplete CD4+ T cells in vivo for extended periods [67–

70]. The same subclass-switching approach was used to develop an IgG2b variant of the α-

CD8 mAb. To confirm that the IgG2a and IgG2b variants of α-CD8 could deplete CD8+ T

cells in vitro, guinea pig splenocytes were isolated and treated with 0.5 ug/mL of either mAb or

purified rat IgG (rat IgG) and rabbit complement (none added or complement diluted to final

concentrations of 1:6 or 1:12). T cell abundance was measured by flow cytometry and the per-

centage of T cells that were depleted was calculated by comparing the abundance of CD8+ T

cells in samples treated with rat IgG with samples treated with either α-CD8 IgG2 mAb

(Table 1). Across two experiments, incubation with α-CD8 had no effect on T cells when com-

plement was not added, but including either concentration of complement resulted in the

depletion of>80% of CD8+ T cells in the sample. This experiment validated that the subclass-

switched variant of α-CD8 retained the ability to deplete T cells in vitro by complement medi-

ated lysis, as had been reported with the similarly modified α-CD4 [67].

The depletion of CD4+ but not CD8+ T cells increases the severity of

primary GPCMV infections

We next assessed the effectiveness of α-CD8 mAb treatments on T cell depletion in vivo and

evaluated the effect of depleting either CD4+ or CD8+ T cells on primary GPCMV infections

in non-pregnant animals. Male strain 2 guinea pigs were infected with 1.0 × 106 PFU of

GPCMV by subcutaneous injection and treated with α-CD4, α-CD8, or rat IgG by intraperito-

neal injection. The antibody treatments were repeated at 7- and 14-days post infection (DPI).

Blood was collected at 0, 7, and 14 DPI to quantify GPCMV viremia by droplet digital PCR

(ddPCR) and measure T cell abundance in PBMCs by flow cytometry (S1 Fig) [71]. Through-

out this study, in vivo T cell depletion efficiencies were calculated as 1- (% circulating CD4+ or

CD8+ cells at 7 DPI�% circulating CD4+ or CD8+ cells at 0 DPI). All guinea pigs were eutha-

nized and necropsied at 21 DPI; endpoint viral loads were measured in the blood and viscera

by ddPCR and T cell abundance was measured by flow cytometry in isolated PBMCs and

splenocytes.

Table 1. In vitro depletion of CD8+ T cells in guinea pig splenocytes following antibody treatment.

% CD8+ T-Cell Depletion ±SD

Complement None 1:6 1:12

⍺-CD8 IgG2a -1.4±3.3 87.1±11.3 84.1±13.5

⍺-CD8 IgG2b 0.7±4.5 87.4±11.2 88.6±9.5

https://doi.org/10.1371/journal.ppat.1012515.t001
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In α-CD4 treated guinea pigs, an average of 99.4% of circulating CD4+ T cells were depleted

at 7 DPI (Fig 1A). The abundance of circulating CD4+ T cells increased at 14 and 21 DPI,

either indicating that the potency of the mAb treatment was waning despite repeated injec-

tions and/or reflecting changes in T cell abundance that had occurred in response to the viral

infection (Fig 1A). The frequency of CD4+ T cells in splenocytes was significantly lower at 21

DPI after α-CD4 treatment, with a mean abundance of 9.1% in treated guinea pigs compared

to 32.6% in rat IgG dosed controls (Fig 1B). Primary GPCMV infections typically cause tran-

sient weight loss and peak viremia around 10 DPI; viremia generally resolves by 21 DPI after

which point virus can be detected in visceral organs and salivary glands for weeks longer

[63,72]. Transient weight loss was observed in the rat IgG treated, GPCMV-infected group

(Fig 1C). The α-CD4 treated guinea pigs lost significantly more weight post-infection than the

control group and did not recover their lost weight by the end of the experiment. Significantly

elevated viremia was observed in the α-CD4 treated group as compared to the IgG treated

group at 14 and 21 DPI (Fig 1D). Where viremia resolved in the rat IgG treated controls by 21

DPI, viremia was observed in all CD4+ T cell depleted guinea pigs at the endpoint. Viral loads

in the liver, lung, and spleens of the α-CD4 treated group were significantly higher than the rat

IgG treated controls (Fig 1E). The combination of prolonged and unresolved weight loss and

elevated viral loads indicated that CD4+ T cell depletion increased the severity of primary

GPCMV infections compared to control animals.

A second set of guinea pigs was used to study the effects of α-CD8 mAb and rat IgG treat-

ments on GPCMV infection. As α-CD8 dosing for in vivo T cell depletion had not been opti-

mized at the time of this experiment, we compared two treatments: 1.5 mg of IgG2b per dose

or a 1:1 mixture of IgG2a and IgG2b (3 mg total/dose). No significant differences were

observed between these two treatments and the results from the groups were combined for

comparisons with the rat IgG-treated controls. As with α-CD4 treatment, the near-complete

depletion of circulating CD8+ T cells was observed at 7 DPI, with an average depletion effi-

ciency of 97.9%, although the abundance of these lymphocytes increased at 14 and 21 DPI

despite the repeated antibody treatment (Fig 2A). mAb treatment also significantly reduced

the abundance of CD8+ T cells among splenocytes at 21 DPI (Fig 2B). In contrast to the CD4+

T cell-depleted guinea pigs, α-CD8 and rat IgG treatments had similar effects on guinea pig

weight post-infection (Fig 2C). CD8+ T cell depletion had no significant effect on GPCMV

viremia or endpoint viral loads (Fig 2D and 2E). Thus, while the depletion of CD4+ T cells

heightened GPCMV viral loads and caused more severe disease in naïve guinea pigs, the deple-

tion of CD8+ T cells was comparably well-tolerated and had no apparent effect on the acute

phase of infection.

Fig 1. CD4+ T-cell depletion exacerbates primary GPCMV infections. Adult male guinea pigs were infected with 1×106 PFU of GPCMV and treated

with α-CD4 or rat IgG at 0, 7, and 14 DPI. The abundance of CD4+ cells among CD45+ PBMCs (A) and splenocytes (B) was determined by flow

cytometry (**** p<0.0001, Mann-Whitney). (C) The mean change in guinea pig weight relative to 0 DPI over time. DNA was extracted from tissue

and the abundance of viral genomes in whole blood (D) and tissues (E) was determined using a ddPCR assay specific to GPCMV GP54 (** p<0.01,

Mann-Whitney).

https://doi.org/10.1371/journal.ppat.1012515.g001
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CD4+ T cell depletion increases the severity of GPCMV infection in

pregnant guinea pigs

Having confirmed that α-CD8 treatment depletes CD8+ T lymphocytes in vivo and compared

effects of CD4+ and CD8+ depletions on GPCMV-infected male guinea pigs, we next assessed

how T cell depletion affected mock- and GPCMV-infected pregnant guinea pigs. Strain 2

dams were bred with strain 13 boars during postpartum estrus to establish timed, semi-alloge-

neic pregnancies [73]. The dams (N = 5/group) were infected with 1.0 × 106 PFU of GPCMV

or sham injected with PBS and treated with 1.5 mg of α-CD4, α-CD8, or rat IgG at 35 days ges-

tation (dGA), which is past mid-gestation and during the fetal period of guinea pig develop-

ment. At 7 DPI, the antibody injections were repeated, and the guinea pigs were bled so that

circulating T cell abundance and viremia could be assessed.

We initially planned a 21 DPI endpoint to be consistent with the previously discussed

experiments in male guinea pigs and because pathologic findings had been reported to be the

most frequent in the GPCMV-infected placenta at this time [60]. However, three of five α-

CD4-treated, GPCMV-infected dams succumbed to infection at either 13 or 14 DPI. This

prompted us to end the experiment at 14 DPI so that the effect of T cell depletion on the

fetuses and their placentas could be directly compared across all six groups. Guinea pigs bred

during postpartum estrus typically gain 21±8.6% of their body weight between 35 and 49 dGA

and all groups except the α-CD4, GPCMV-infected dams gained the expected amount of

weight over the fourteen-day experiment (Fig 3A) [62,73]. Similar to observations in male

Fig 3. CD4+ T cell depletion and GPCMV infection causes severe disease during pregnancy. Time-mated guinea pigs were mock- or GPCMV-infected

(1×106 PFU) at 35 dGA and treated with α-CD4, α-CD8, or rat IgG at 0 and 7 DPI (N = 5/group). (A) The mean change in guinea pig weight relative to 0 DPI

over time. The abundance of CD4+ (B) and CD8+ (C) CD45+ PBMCs was measured by flow cytometry. DNA was extracted from tissue and whole blood, and

the abundance of viral genomes in whole blood (D) and spleen (E) was determined using a ddPCR assay specific to GPCMV GP54 (* p<0.05, Mann-Whitney).

https://doi.org/10.1371/journal.ppat.1012515.g003

Fig 2. CD8+ T cell depletion has no apparent effect on primary GPCMV infections. Adult male guinea pigs were infected with 1×106 PFU of

GPCMV and treated with α-CD8 or rat IgG at 0, 7, and 14 DPI. α-CD8 IgG2b treatments are indicated with triangles and treatments with a mixture of

α-CD8 IgG2a and IgG2b are indicated with crosses. The abundance of CD8+ cells among CD45+ cells in PBMCs (A) and splenocytes (B) was

determined by flow cytometry (** p<0.01, Mann-Whitney). (C) The mean change in guinea pig weight relative to 0 DPI over time. DNA was extracted

from tissue and the abundance of viral genomes in whole blood (D) and tissues (E) was determined using a ddPCR assay specific to GPCMV GP54
(p>0.05, Mann-Whitney).

https://doi.org/10.1371/journal.ppat.1012515.g002
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guinea pigs, the α-CD4, GPCMV-infected dams lost weight by the end of the experiment and

were significantly smaller than dams from the other five groups.

The α-CD4 treatment was highly effective in pregnant guinea pigs, depleting an average of

99.4% of circulating CD4+ T cells at 7 DPI (Fig 3B). α-CD8 treatment was somewhat less effec-

tive in pregnant guinea pigs relative to males, with mean circulating CD8+ T cell depletion effi-

ciencies of 57.6% and 77.1% in mock- and GPCMV-infected dams at 7 DPI (Fig 3C). CD4+ T

cell-depleted dams had GPCMV viral loads that trended higher than the rat IgG-treated con-

trols at 7 DPI and at necropsy (Fig 3D and 3E). Blood could not be collected from the three

dams that succumbed to infection, so it was unclear how α-CD4 treatment affected GPCMV

viremia at 13–14 DPI. CD8+ T cell depletion had no significant effect on viremia or viral loads

in the maternal spleen at 14 DPI. Taken together, CD4+ T cell depletion caused GPCMV infec-

tion to become more severe and potentially fatal in pregnant guinea pigs, as has been reported

in RhCMV-infected macaques [46]. In contrast, CD8+ T cell depletion had no significant

effects on maternal health or GPCMV viral loads.

CD4+ and CD8+ T cell depletions have distinct effects on placental and

congenital GPCMV infection

We next assessed the effects of T cell depletion and GPCMV infection on the MFI and fetus.

The weights of fetuses and placentas were compared using mixed effects linear modeling to

account for possible within-litter correlations caused by litter size, fetal sex, or the locations of

conceptuses in the uterus. Placentas from α-CD4 treated, GPCMV-infected dams were signifi-

cantly smaller than placentas from mock-infected dams treated with either rat IgG or α-CD4

(Fig 4A). When viral loads were compared across the three groups of GPCMV-infected dams,

α-CD8 treatment resulted in significantly elevated viral loads in the placenta and decidua com-

pared to the rat IgG treated dams (Fig 4B). While fetuses from the α-CD4 treated, GPCMV-

infected litters trended smaller than the offspring of the other groups, no statistically

Fig 4. T cell depletion affects viral loads in the placenta and the rate of congenital infection. Time-mated guinea

pigs were mock- or GPCMV-infected (1×106 PFU) at 35 dGA and treated with α-CD4, α-CD8, or rat IgG at 0 and 7

DPI (N = 5/group). Fetuses and placentas were collected after either maternal demise or necropsy at 14 DPI. The mass

of placentas (A) and fetuses (C) were compared (* p<0.05, Tukey). DNA was extracted from tissue and the abundance

of viral genomes at the MFI (B) or in the fetus (D) was determined using a ddPCR assay specific for GPCMV GP54 (**
p<0.01, Mann-Whitney). (E) The percentage of fetuses in each litter with congenital GPCMV infections, defined as

the detection of GP54 in one or more tissues (**p<0.01, two-tailed T-test).

https://doi.org/10.1371/journal.ppat.1012515.g004
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significant differences in fetal mass were observed (Fig 4C). CD4+ T cell depletion resulted in

significantly higher viral loads in the fetal brain and liver than either rat IgG or α-CD8 treat-

ment (Fig 4D). Defining congenital infection as the detection of GPCMV in at least one tissue

per fetus, 100% of the fetuses from the α-CD4 treated group were congenitally infected while

congenital infection rates that averaged around 50% were observed in the control and α-CD8

treated groups (Fig 4E).

Finally, a histopathologic study was completed to assess the location of GPCMV-infected

cells at the MFI and compare the effects of T cell depletion and/or infection on the placenta.

Sections of hematoxylin and eosin (H&E) stained placentas were evaluated by a perinatal

pathologist (S1 Table). The most severe pathologic findings occurred in two dams that had

been treated with α-CD4 and had succumbed to GPCMV infection. All placentas recovered

from one of these litters had globally infarcted within one day of maternal death. Five of nine

placentas from the second litter had acute infarctions; fetal capillary death was apparent in all

of the remaining viable placentas (Fig 5B). The two CD4+ T cell-depleted, GPCMV infected

litters that survived until 14 DPI had normal placentas and samples were not collected for

pathology from the fifth dam in this group. Other placental abnormalities, including syncytio-

trophoblast knotting and placental infarctions, were observed occasionally but were not clearly

associated with infection or T cell depletion.

While ddPCR revealed that all the placentas and decidua recovered from GPCMV-infected

dams were infected (Fig 4B), this and other assays that quantify GPCMV abundance in tissue

homogenate can overestimate placental infection by detecting virus or viral genomes that are

present in maternal blood that was circulating through the placenta at the time of necropsy

[60]. RNAscope specific to the viral transcript gp3 was used to directly detect and compare the

abundance of GPCMV-infected cells at the MFI [62,71]. RNAscope is a highly sensitive

method that can detect individual viral transcripts in cells, and we selected two placentas from

each GPCMV-infected dam for analysis by RNAscope. Two patterns of gp3 staining were

observed (Fig 5A). Intensely fast red-stained cells, where individual transcripts cannot be

resolved, likely reflect productively infected cells, are rare, and are generally detected in the

junctional zone or decidua [62]. Cells that contained fast red-stained punctate dots were much

more frequent and could be found throughout many samples. To compare the abundance of

viral transcripts across samples, an algorithm was used to detect red puncta at the MFI. Slide

scans were manually segmented into the three major regions of the guinea pig MFI (the pla-

centa, subplacenta, and decidua; Fig 5A) and the abundance of puncta were normalized by

area. In this analysis, GPCMV transcripts were more abundant in the placenta and decidua of

rat IgG- and α-CD8-treated dams relative to animals treated with α-CD4, though this differ-

ence was not statistically significant (Fig 5C). Significantly more gp3 was detected in the sub-

placenta of α-CD8 treated-dams relative to the rat IgG treated controls.

A second, manual analysis compared the area and location of intensely Fast-Red stained

“lesions”, which were defined as covering a minimum area of 500 μm2 and included at least

three adjacent cells. For this analysis, we defined the junctional zone as tissue within 300 μm of

the interface between the decidua and the main placenta or subplacenta. As we had previously

observed in tissue analyzed at 21 DPI, most (56.4%, Fig 5D) lesions were detected in the junc-

tional zone [62]. The majority of the other lesions were in the decidua, a few lesions were

detected in the main placenta, and none were observed in the subplacenta. No significant dif-

ferences in the size of lesions were observed between the groups (Fig 5E). In conclusion, a

combination of PCR- and in situ hybridization-based GPCMV detection suggests that CD8+ T

cell depletion increases viral burden at the MFI, reflected as a higher abundance of viral

genomes and transcripts, without affecting placental mass or the rate of congenital infection.

CD4+ T cell depletion increased the rate of congenital infection, viral loads in fetuses, and
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caused severe placental abnormalities in cases where the infected dams succumbed to infection

before necropsy.

Discussion

The guinea pig is a valuable small animal model for understanding the developmental origins

of disease and the pathogenesis of congenital CMV [47,58]. Both humans and guinea pigs have

hemomonochorial placentas that invade deeply into the decidua and both species develop to a

similar extent during fetal life [57,58,74]. This study utilized recently developed mAb

Fig 5. Histopathologic analysis reveals the effects of T cell depletion and infection on the placenta. Placentas were

formalin-fixed and paraffin-embedded. Tissue sections were either H&E stained or stained by GPCMV-specific RNA-

scope. (A) A representative image of gp3-stained placenta, showing tissue annotation for the automated detection of

viral transcripts and representative areas of intense gp3 staining (lesions) and puncta. (B) A representative micrograph

of H&E-stained placenta from an α-CD4-treated, GPCMV-infected dam showing infarcted (arrow) and normal

(asterisks) lobules. (C) The abundance of gp3 puncta at the MFI normalized to area. (D) The number of intensely gp3+

stained lesions detected in each placenta (Dec: decidua, Pl: placenta, JZ: junctional zone). (E) The area of each observed

lesion was plotted and the extent of infection could be compared between the groups of placenta.

https://doi.org/10.1371/journal.ppat.1012515.g005
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treatments to study the roles of CD4+ and CD8+ T cells in the immune response to primary

CMV infection. We found that CD4+ T cells limit the severity of GPCMV infection in male

and pregnant female guinea pigs and that the depletion of CD4+ T cells increases the rate of

congenital infection, similar to findings made in the RhCMV model [46]. The depletion of

CD8+ T cells was comparably well tolerated, though significantly higher viral loads were noted

in the placenta and decidua of GPCMV-infected, α-CD8-treated dams.

The T cell response to CMV has been extensively examined in mice, and several studies

have demonstrated that depleting or knocking out individual T cell populations does not result

in severe MCMV disease as other immune cells can compensate for the lack of either CD4+ or

CD8+ T cells [32,35,75]. Mice that lack normal CD4+ T cell responses have delayed antiviral

responses but MCMV viremia eventually resolves as the virus establishes latency [76–78].

CD8- CD4- T cells can adopt some of the functions of CD4+ T cells in mice that are CD4+ T

cell deficient, including mediating antibody class switching, supporting somatic hyper-muta-

tion and affinity maturation of germinal center B cells, and assisting with a limited expansion

of MCMV-specific CD8+ T cells [76–79]. The depletion of CD8+ T cells by monoclonal anti-

body treatment does not affect the rate of MCMV clearance, as humoral and natural killer cell

responses can effectively control MCMV infections in the absence of a cytotoxic T cell

response [33,41,42]. In pregnant macaques and guinea pigs, α-CD4 treatments cause primary

CMV infection to be much more severe: many dams succumb to infection and the rate of con-

genital CMV transmission increases markedly [46,53]. In a clinical setting, the rate of cCMV is

significantly higher in HIV+ women [80–83]. While this observation reflects the key role of

CD4+ T cells in preventing the vertical transmission of HCMV during pregnancy, only some

of these studies found a correlation between the risk of cCMV infection and maternal CD4+ T

cell counts.

This is the first study to examine how CMV infection during pregnancy is affected by

depleting CD8+ T cells. α-CD8 treatment had no apparent effects on maternal health, maternal

viral loads, or the rate of congenital infection. However, more virus was detected at the MFI in

CD8+ T cell-depleted animals. Combining findings from this and a previous report, most

GPCMV infected cells are detected at the junctional zone at 14 and 21 DPI when dams are

infected after mid-gestation [62]. Why this region becomes sensitized to infection late in preg-

nancy and what cell types are being infected remains unclear.

Given that B cells are a minor leukocyte population in human decidua and chorionic villi,

maternal T cell responses may play an important role in preventing infection at the MFI and

vertical CMV transmission [84,85]. Tissue resident memory CD4+ and CD8+ T cells may

make the decidua of HCMV seropositive women resistant to infection [4,5,86]. However, T

cell responses to placental infection can also disrupt tolerance and compromise placental func-

tion. For example, Listeria monocytogenes infection during mouse pregnancy can cause placen-

tal wastage and fetal demise, which can be prevented by therapeutically blocking T cell

recruitment to the placenta or by depleting maternal CD8+ T cells [12,30,87]. CMV infection

can cause hypoxia-like injuries in the human and guinea pig placentas, though how the role of

immune cell recruitment to the site of infection contributes to these injuries has yet to be fully

elucidated [60,88]. While we observed infarcted placentas in several α-CD4 treated, GPCMV-

infected litters, we suspect that severe maternal illness is more likely to cause fetal harm than

placental infection and dysfunction.

Ending our experiment at 14 DPI allowed us to compare viral loads and placental histopa-

thology across the six experimental groups at a common time. However, 14 DPI may have

been too early to detect adverse pregnancy outcomes or abnormal placental pathology caused

by T cell depletion in uninfected guinea pigs or after α-CD8 treatment and GPCMV infection

[60]. MHC expression and immune cell residence at the guinea pig MFI has yet to be
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comprehensively studied. Placental gene expression is differentially affected by GPCMV infec-

tion early and late in pregnancy, which could be caused by differences in immune cell abun-

dance across gestation and result in local inflammatory responses that are more or less

threatening to fetal health [62]. Follow up experiments are merited to determine how T cell

depletion at different times in gestation, with or without GPCMV infection, affects pregnancy

outcomes and placental pathology.

This project was impacted by the effects of the COVID-19 pandemic on the global supply

chain, and the sporadic availability of antibodies combined with a vendor’s loss of the α-guinea

pig T Lymphocytes hybridoma (Clone: CT5) prevented us from using a consistent flow cytom-

etry panel for all of our analyses. The scarcity of guinea pig-specific immunoreagents has been

a long-term challenge for research using the species [64]. Given the importance of guinea pigs

for infectious disease and perinatal research, a concerted effort should be made to increase the

availability of existing guinea pig-specific antibodies and validate the functionality of other

reagents for the small animal model [58].

Materials and methods

Ethics statement

All animal procedures were conducted in accordance with protocols approved by the Institu-

tional Animal Care and Use Committee (IACUC) at the University of Minnesota, Minneapolis

(Protocol ID: 2106-39180A). Experimental protocols and endpoints were developed in strict

accordance with the National Institutes of Health Office of Laboratory Animal Welfare (Ani-

mal Welfare Assurance #A3456-01), Public Health Service Policy on Humane Care and Use of

Laboratory Animals, and the United States Department of Agriculture Animal Welfare Act

guidelines and regulations (USDA Registration # 41-R-0005) with the oversight and approval

of the IACUC. Strain 2 and strain 13 guinea pigs were generously shared by Mark Schleiss and

the U.S. Army Medical Research Institute of Infectious Diseases, respectively, and maintained

in house as previously described since 2018 [62]. Guinea pigs were housed in a facility main-

tained by the University of Minnesota Research Animal Resources, who are accredited

through the Association for Assessment and Accreditation of Laboratory Animal Care, Inter-

national (AAALAC). All procedures were conducted by trained personnel under the supervi-

sion of veterinary staff.

Cells and virus

GPCMV (SG13J2) was prepared as previously described [71]. Briefly, GPCMV strain 22122

(ATCC VR-682) was passaged 35 times in strain 2 guinea pigs between 1985 and 2010 [56,89].

Salivary gland homogenate (SG13) was used to generate a seed stock by passaging the virus

once on guinea pig lung fibroblasts (JH4, ATCC CCL-158). The seed stock was passaged once

more on JH4 cells to prepare working stocks of virus that were used for this study. GPCMV

stocks were titered on JH4 cells by plaque assay as previously described [90].

Refer to S2 Table for a list of key resources used in this project.

Monoclonal antibody production

Hybridomas that produce monoclonal antibodies specific for guinea pig CD4 and CD8 were

developed by injecting rats or mice with guinea pig lymphocytes and fusing splenocytes with

the mouse P3X63Ag8.653 myeloma line [65,66,91]. The H155 (rat α-CD4) and B607 (mouse

α-CD8) hybridomas both express IgG2a. Spontaneous IgG2b subclass switch variants were

developed using sib selection and ELISA as previously described [67,70,92]. CELLine 1000
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Bioreactors (1000 ml scale, Wheaton) were used for monoclonal antibody production. Hybrid-

oma cells were suspended in Dulbecco’s Modified Eagle Medium (DMEM, ThermoFisher) sup-

plemented with 10% IgG-depleted fetal bovine serum (FBS, Gibco, prepared by liquid

chromatography on an ÄKTA pure [Cytiva] with a HiTrap Protein G HP column [Cytiva Prod-

uct # 29048581]; IgG depletion was confirmed via lack of binding signal over baseline by bio-

layer interferometry on an Octet Red96e with Protein G biosensors [Sartorius]), 1% penicillin-

streptomycin (Pen-Strep, Gibco), and 1% MEM non-essential amino acids (Gibco) and added

to the cell compartment of the bioreactor. DMEM, supplemented as above except for FBS, was

added to the medium compartment and the bioreactor was incubated at 37˚C and 5% CO2. The

bioreactor was initially seeded with 4.3 × 107 cells in the cell compartment. Every seven days the

DMEM in the medium compartment was replaced and the antibody-containing cell-side media

was harvested. Cell viability was assessed by trypan blue staining, and 4.0 × 108 cells in 15 mL of

cell-side media with a minimum viability of 30% was returned to the bioreactor. Monoclonal

antibodies were purified from the harvested media via liquid chromatography on an ÄKTA

pure with a HiTrap MabSelect PrismA protein A column (Cytiva Product # 17549851) (running

buffer PBS, pH 7.4, elution buffer 0.1 M sodium acetate, pH 3.5), then neutralized and buffer

exchanged into Dulbecco’s Phosphate Buffer Saline (DPBS) [93]. Antibody concentrations were

determined by absorbance at 280 nm using a Nanodrop spectrophotometer.

Cell isolation and storage for flow cytometry

Leukocytes were harvested from male and female strain 2 guinea pigs. Peripheral blood mono-

nuclear cells (PBMCs) were isolated from whole blood collected by toenail clip or cardiac

puncture following euthanasia in K2EDTA blood tubes (McKesson). PBMCs were isolated by

incubating 0.1 ml of whole blood with 0.9 ml of 1× red blood cell (RBC) lysis buffer (Thermo

Fisher Scientific) for 10 to 15 min. The lysed blood was centrifuged at 300 × g and washed with

DPBS three times. Isolated PBMCs were counted using Trypan Blue (Gibco) staining and a

hemocytometer. The isolated PBMCs were either cultured in RPMI 1640 (ThermoFisher) sup-

plemented with 10% FBS and 1% Pen-Strep (RPMI complete) overnight at 37˚C for immediate

use or frozen in RPMI complete containing 10% DMSO (Millipore Sigma) for use within two

years of their freeze date (1.0 × 107 PBMCs/vial).

Splenocytes were isolated by harvesting spleens from euthanized guinea pigs and grinding

spleens through a 100 μm cell strainer. The tissue was rinsed with 25 ml of RMPI complete

and the cells were pelleted by centrifugation at 800 × g for 3 min. The cell pellet was resus-

pended in 10 ml of 1X RBC lysis buffer and incubated for 5 min at room temperature. Spleno-

cytes were pelleted by centrifugation at 500 × g for 5 min, the supernatant discarded, and cells

resuspended in RPMI complete and counted using a Trypan Blue stain and a hemocytometer.

Splenocytes were either cultured in RPMI complete overnight at 37˚C for immediate use or

frozen in RPMI complete containing 10% DMSO for use within two years of their freeze date

(1.0 × 107 splenocytes/vial).

In vitro T cell depletion

The ability of monoclonal antibodies to deplete T cells by complement-mediated lysis was

tested as previously described [67]. Guinea pig splenocytes were incubated with 0.5 μg of mAb

in Hank’s Balanced Salt Solution (HBSS) and 5% FBS for 30 min at 4˚C. The splenocytes were

centrifuged at 200 × g and resuspended in FBS-containing HBSS plus rabbit complement

(BioRad) diluted to a final concentration of 1:6 or 1:12 or with no complement and incubated

at 37˚C for 30 min. The cells were pelleted, washed once with DPBS, and cultured overnight at

37˚C in RPMI complete before T cell abundance was assessed by flow cytometry.
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Flow cytometry

For flow cytometry analyses, leukocytes were cultured overnight to allow for the potential re-

expression of cell surface markers after monoclonal antibody exposure [67,70]. Compensation

controls were made from cryopreserved guinea pig PBMCs or splenocytes. Cells were centri-

fuged at 300 × g and resuspended in 1 ml of DPBS, and stained with Ghost Violet 510 (Tonbo

Bioscience) viability dye for 30 min at 4˚C in the dark. The cells were pelleted at 300 × g and

resuspended in 0.1 ml of flow cytometry staining buffer (FACS buffer) (PBS pH 7.4 containing

0.5% bovine serum albumin (Thermo Fisher Scientific) and 0.1% sodium azide (Sigma

Aldrich). 1 μl of Fc Block (α-mouse CD16/CD32, BD Biosciences) was added and the cells

were incubated for 10 min at 4˚C in the dark. Cocktails of antibodies were prepared (α-PanT

Lymphocytes:APC [Bio-Rad, MCA751APC], α-CD45:AF750 [Bio-Techne, NB100-

65362AF750], α-CD4:PE [Bio-Rad, MCA749PE], α-CD8:FITC [Bio-Rad, MCA752F], α-

CD14: PE-Cy7 [BioLegend 301814], and α-CD56:BV605 [BD 742659]), added to the Fc Block-

treated cells, and incubated for 30 min at 4˚C in the dark. 1 ml of FACS buffer was added to

the cells, the cells were centrifuged for 5 min at 300 × g, the supernatant was aspirated, and the

pellet resuspended in 2 ml of FACS buffer. Analysis was performed on a BD LSRFortessa

H0081_X20 (configuration 093014) housed at and maintained by the University of Minnesota

Flow Cytometry Core using the BD FACSDiva 8.0.1 software (BD Biosciences). Flow cytome-

try data was analyzed using FlowJo v14.1 (Ashland, Oregon), T cell gating strategies are sum-

marized in S1 Fig. Supply chain disruption caused by the COVID-19 pandemic and the loss of

the α-guinea pig T lymphocyte hybridoma (Clone: CT5) by the manufacturer resulted in an

antibody panel that was not consistent throughout all experiments.

GPCMV infection in T cell-depleted guinea pigs

Colonies of CMV-seronegative strain 2 and 13 guinea pigs were maintained in-house as previ-

ously described [62,94]. ELISA was used to confirm the GPCMV serostatus of all animals

before experimental infections were initiated [94]. To study the effect of T cell depletion on

GPCMV infection in non-pregnant animals, four- to six-month-old strain 2 males were

infected with 1X106 PFU of GPCMV diluted in 0.5 ml of DPBS by subcutaneous injection into

the scruff of the neck. At the same time, the guinea pigs were treated with 1.5 mg of IgG2b (α-

CD4 or α-CD8), 1.5 mg of purified rat IgG (MD Biomedical), or 3 mg of a 1:1 mixture of

IgG2a and IgG2b α-CD8 by intraperitoneal injection (N = 4 or 6/group). These antibody treat-

ments were repeated at 7 and 14 DPI. Blood and plasma were collected by toenail clip at 7 and

14 DPI, and the animals were euthanized at 21 DPI. Blood, plasma, spleens, liver, and lung

were harvested at necropsy. Sample processing for flow cytometry and viral load quantification

is described below.

To study the effect of T cell depletion in pregnant guinea pigs, male and female strain 2

guinea pigs were bred at 2 to 3 months of age. The strain 2 boar was replaced with a strain 13

male once fetuses were palpated so that timed, semi allogenic pregnancies could be established

by breeding the guinea pigs during postpartum estrus [73]. These timed pregnancies were con-

firmed by progesterone ELISA (DRG International); only animals with plasma progesterone

concentrations exceeding 15 ng/ml by 21 days postpartum were utilized. At 35 days gestation,

dams were injected with 1×106 PFU of GPCMV or DPBS alone and treated with 1.5 mg of α-

CD4, α-CD8 IgG2b, or rat IgG as described above (N = 5/group). Blood and plasma were col-

lected from the dams at 7 DPI, when the antibody treatments were also repeated. The guinea

pigs were necropsied either after euthanasia at 14 DPI or after succumbing to GPCMV infec-

tion. Blood, plasma, and spleen were harvested from the dam. Fetal blood, brain, liver, lung

and spleen were collected. Each placenta was divided, and half was immersion fixed with
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Shandon Formal-Fixx (Epredia) for 24 h and transferred to 70% ethanol until the tissue was

paraffin-embedded. Portions of the remaining placenta and decidua were collected and frozen

for viral load quantification.

Viral load quantification and sexing by droplet digital PCR

DNA was extracted from whole blood or tissues using the DNeasy Blood & Tissue Kits (Qia-

gen). Viral genome abundance in samples was quantified by droplet digital PCR (ddPCR)

using primers and probes specific to GPCMV GP54 and the Bio-Rad QX200 system as previ-

ously described [71]. Hex-labeled primers and probes targeting guinea pig Actb (450 nM

primer, 125 nM probe) and Tspy2-like (900 nM primer, 250 nM probe) were added to the reac-

tion so that the sex of fetuses could be determined. With this amplitude multiplexing

approach, female fetuses will have a single population of Actb+ droplets and male fetuses have

additional, high-amplitude droplet populations that are either Tspy2-like+ or Actb+ Tspy2--
like+. After droplet generation, the ddPCR reactions were run using a C1000 Touch thermal

cycler (Bio-Rad) and the following thermal conditions: 95˚C for 10 min; 40 cycles of 95˚C for

30 s and 56˚C for 60 s; 1 cycle of 98˚C for 10 min; hold at 4˚C. Droplet quantification results

were analyzed using the QuantaSoft Analysis Pro software (Bio-Rad). GPCMV viral loads

were calculated as the number of copies of viral genome per ml of blood or mg tissue.

Placental histopathology

5-μm sections of formalin-fixed and paraffin-embedded placentas were prepared and mounted

onto Superfrost Plus slides (ThermoFisher). Sections of each placenta were hematoxylin and

eosin stained using standard methodology and analyzed by a perinatal pathologist for infec-

tion- or T cell depletion-associated lesions. Up to two placentas from each litter were selected

for GPCMV-specific RNAscope [62]. Briefly, tissue sections were dried overnight and baked at

60˚C for 1 hr. Tissue was deparaffinized and pretreated using the recommended standard pro-

tocol for RNAscope 2.5 Assays (ACD Document #322452). For target retrieval, the samples

were incubated at 99˚C for 15 min, and the slides were treated with RNAscope Protease Plus

for 30 min. Slides were stained using the RNAscope 2.5 HD Detection Reagent–RED (ACD

Document # 322360-USM) using the V-CavHV-2-gp3 RNAscope probe.

For RNAscope image analysis, stained slides were scanned using a Huron TissueScope LE

at 20× magnification and visualized with QuPath (version 0.5.1) [95]. A script was developed

for the automated detection of GPCMV transcripts. A pixel classifier was used to create a tissue

thresholder and tissue boundaries were automatically annotated. Cells were identified based

on nuclei segmentation from the hematoxylin optical density. The pixel size was 0.4 μm, the

background radius setting was 8 μm, and the sigma setting was 1.5. The nucleus size parame-

ters were set to 7 μm for the minimum and 400 μm for the maximum. The threshold level was

0.15, the maximum background was 2.0, and cell boundary expansion from the nucleus was

5.0 μm. Watershed post-processing was set to true. The subcellular spot detection module was

used to detect fast red staining. Fast red-stained spots were detected by spot minimal intensity

and shape with an expected spot size of 0.5 μm2 and minimum and maximum spots sizes set to

0.5 μm2 and 2.0 μm2, respectively. Tissue was identified using the annotation setting; the mini-

mum object size set to 2 × 107 μm2 to select the tissue and avoid artifacts. Annotations were

then split between the three regions (placenta, subplacenta, and decidua) using the wand tool,

providing puncta counts and area for each annotated region.

For manual annotations,�500 μm2 areas that contained a minimum of three adjacent cells

that were intensely fast red-stained (such that the algorithm could not count individual

puncta) were defined as lesions. If the tissue had torn within or around the lesion the
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annotation boundary was drawn to exclude such space to provide an accurate determination

of area [62]. Lesions that occurred within 300 μm of the main placenta or subplacenta meeting

the decidua were defined as located within the junctional zone.

Statistical analyses

The weights of male guinea pigs were compared using a longitudinal linear model with a fixed

effect for baseline (day 0). Maternal weights were compared using longitudinal mixed effects

linear models, with fixed effect terms for day, treatment, day-by-treatment interaction, and

baseline (day 0) weight, and random effect terms for intercept and slope by dam. Weight

change trajectories were compared by treatment group by testing the day-by-treatment inter-

action term coefficients. The weights of fetuses and placentas were each examined using mixed

effects linear models with fixed effect terms for treatment, sex, location within the uterus, and

litter size, and a random effect term for the dam to account for within-litter correlations. Pair-

wise comparisons between pup mass and placental mass were adjusted for multiple compari-

sons (i.e. litter size, treatment) and compared using the Tukey method. Pairwise comparisons

between viral loads and the abundance of viral transcripts (RNAscope puncta) were done

using the Mann-Whitney rank comparison method. Analyses were conducted using R version

4.2.2 (R Foundation for Statistical Computing, Vienna, Austria). GraphPad Prism (v10.1.2)

was used to graph data and for other statistical comparisons.

Supporting information

S1 Fig. Flow cytometric analysis demonstrating the depletion of CD4+ or CD8+ T cells.

Flow cytometry was used to quantify the abundance of CD4+ and CD8+ cells among CD45+

PBMCs or splenocytes. (A) Gating strategy used for this analysis and representative flow plots

showing the effects of rat IgG and α-CD4 on PBMCs at 0 and 7 days post-treatment. (B) The

abundance of circulating CD4+ or CD8+ cells in individual pregnant guinea pigs that were

antibody treated and either mock- or GPCMV-infected.

(TIF)

S1 Table. Data on individual pups and their placentas.

(XLSX)

S2 Table. Key Resource Table.

(PDF)

Acknowledgments

The Biorepository and Laboratory Services team (Coleen Forster and Adam Lewis) and the

Biostatistical Design and Analysis Center (Michael Evans), who both received funding from

the National Institutes of Health’s National Center for Advancing Translational Sciences

(Grant UM1TR004405), supported this project. The University of Minnesota University Imag-

ing Centers (SCR_020997, Mary E. Brown) and Flow Cytometry Resource supported micros-

copy and flow cytometry, respectively.

Author Contributions

Conceptualization: Terry K. Morgan, Craig J. Bierle.

Data curation: Priyanka Chauhan, Craig J. Bierle.

Formal analysis: Tyler B. Rollman, Terry K. Morgan, Craig J. Bierle.

PLOS PATHOGENS CD4+ but not CD8+ T cells protect against severe GPCMV

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012515 November 4, 2024 15 / 21

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012515.s001
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012515.s002
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012515.s003
https://doi.org/10.1371/journal.ppat.1012515


Funding acquisition: Mark R. Schleiss, Terry K. Morgan, Craig J. Bierle.

Investigation: Tyler B. Rollman, Zachary W. Berkebile, Jason S. Hatfield, Craig J. Bierle.

Methodology: Zachary W. Berkebile.

Project administration: Terry K. Morgan, Craig J. Bierle.

Resources: Dustin M. Hicks, Marco Pravetoni, Mark R. Schleiss, Gregg N. Milligan.

Supervision: Craig J. Bierle.

Writing – original draft: Tyler B. Rollman, Craig J. Bierle.

Writing – review & editing: Tyler B. Rollman, Zachary W. Berkebile, Dustin M. Hicks, Jason

S. Hatfield, Priyanka Chauhan, Mark R. Schleiss, Gregg N. Milligan, Terry K. Morgan,

Craig J. Bierle.

References
1. Simonazzi G, Curti A, Cervi F, Gabrielli L, Contoli M, Capretti MG, et al. Perinatal Outcomes of Non-Pri-

mary Maternal Cytomegalovirus Infection: A 15-Year Experience. Fetal Diagn Ther. 2018; 43(2):138–

42. Epub 20170712. https://doi.org/10.1159/000477168 PMID: 28697499.

2. Itell HL, Nelson CS, Martinez DR, Permar SR. Maternal immune correlates of protection against placen-

tal transmission of cytomegalovirus. Placenta. 2017; 60 Suppl 1(Suppl 1):S73–S9. Epub 20170420.

https://doi.org/10.1016/j.placenta.2017.04.011 PMID: 28456432; PubMed Central PMCID:

PMC5650553.

3. Sylwester AW, Mitchell BL, Edgar JB, Taormina C, Pelte C, Ruchti F, et al. Broadly targeted human

cytomegalovirus-specific CD4+ and CD8+ T cells dominate the memory compartments of exposed sub-

jects. J Exp Med. 2005; 202(5):673–85. https://doi.org/10.1084/jem.20050882 PMID: 16147978;

PubMed Central PMCID: PMC2212883.

4. Tabata T, Petitt M, Fang-Hoover J, Pereira L. Survey of cellular immune responses to human cytomeg-

alovirus infection in the microenvironment of the uterine-placental interface. Med Microbiol Immunol.

2019; 208(3–4):475–85. Epub 20190507. https://doi.org/10.1007/s00430-019-00613-w PMID:

31065796; PubMed Central PMCID: PMC6635015.

5. Alfi O, Cohen M, Bar-On S, Hashimshony T, Levitt L, Raz Y, et al. Decidual-tissue-resident memory T

cells protect against nonprimary human cytomegalovirus infection at the maternal-fetal interface. Cell

Rep. 2024; 43(2):113698. Epub 20240123. https://doi.org/10.1016/j.celrep.2024.113698 PMID:

38265934.

6. Marzi M, Vigano A, Trabattoni D, Villa ML, Salvaggio A, Clerici E, Clerici M. Characterization of type 1

and type 2 cytokine production profile in physiologic and pathologic human pregnancy. Clin Exp Immu-

nol. 1996; 106(1):127–33. https://doi.org/10.1046/j.1365-2249.1996.d01-809.x PMID: 8870710;

PubMed Central PMCID: PMC2200555.

7. Saito S, Sakai M, Sasaki Y, Tanebe K, Tsuda H, Michimata T. Quantitative analysis of peripheral blood

Th0, Th1, Th2 and the Th1:Th2 cell ratio during normal human pregnancy and preeclampsia. Clin Exp

Immunol. 1999; 117(3):550–5. https://doi.org/10.1046/j.1365-2249.1999.00997.x PMID: 10469061;

PubMed Central PMCID: PMC1905376.

8. Kumar A, Beniwal M, Kar P, Sharma JB, Murthy NS. Hepatitis E in pregnancy. Int J Gynaecol Obstet.

2004; 85(3):240–4. https://doi.org/10.1016/j.ijgo.2003.11.018 PMID: 15145258.

9. Lindsay L, Jackson LA, Savitz DA, Weber DJ, Koch GG, Kong L, Guess HA. Community influenza activ-

ity and risk of acute influenza-like illness episodes among healthy unvaccinated pregnant and postpar-

tum women. Am J Epidemiol. 2006; 163(9):838–48. Epub 20060322. https://doi.org/10.1093/aje/

kwj095 PMID: 16554352.

10. Siston AM, Rasmussen SA, Honein MA, Fry AM, Seib K, Callaghan WM, et al. Pandemic 2009 influ-

enza A(H1N1) virus illness among pregnant women in the United States. JAMA. 2010; 303(15):1517–

25. https://doi.org/10.1001/jama.2010.479 PMID: 20407061; PubMed Central PMCID: PMC5823273.

11. Johanns TM, Ertelt JM, Rowe JH, Way SS. Regulatory T cell suppressive potency dictates the balance

between bacterial proliferation and clearance during persistent Salmonella infection. PLoS Pathog.

2010; 6(8):e1001043. Epub 20100812. https://doi.org/10.1371/journal.ppat.1001043 PMID: 20714351;

PubMed Central PMCID: PMC2920851.

PLOS PATHOGENS CD4+ but not CD8+ T cells protect against severe GPCMV

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012515 November 4, 2024 16 / 21

https://doi.org/10.1159/000477168
http://www.ncbi.nlm.nih.gov/pubmed/28697499
https://doi.org/10.1016/j.placenta.2017.04.011
http://www.ncbi.nlm.nih.gov/pubmed/28456432
https://doi.org/10.1084/jem.20050882
http://www.ncbi.nlm.nih.gov/pubmed/16147978
https://doi.org/10.1007/s00430-019-00613-w
http://www.ncbi.nlm.nih.gov/pubmed/31065796
https://doi.org/10.1016/j.celrep.2024.113698
http://www.ncbi.nlm.nih.gov/pubmed/38265934
https://doi.org/10.1046/j.1365-2249.1996.d01-809.x
http://www.ncbi.nlm.nih.gov/pubmed/8870710
https://doi.org/10.1046/j.1365-2249.1999.00997.x
http://www.ncbi.nlm.nih.gov/pubmed/10469061
https://doi.org/10.1016/j.ijgo.2003.11.018
http://www.ncbi.nlm.nih.gov/pubmed/15145258
https://doi.org/10.1093/aje/kwj095
https://doi.org/10.1093/aje/kwj095
http://www.ncbi.nlm.nih.gov/pubmed/16554352
https://doi.org/10.1001/jama.2010.479
http://www.ncbi.nlm.nih.gov/pubmed/20407061
https://doi.org/10.1371/journal.ppat.1001043
http://www.ncbi.nlm.nih.gov/pubmed/20714351
https://doi.org/10.1371/journal.ppat.1012515


12. Rowe JH, Ertelt JM, Aguilera MN, Farrar MA, Way SS. Foxp3(+) regulatory T cell expansion required

for sustaining pregnancy compromises host defense against prenatal bacterial pathogens. Cell Host

Microbe. 2011; 10(1):54–64. https://doi.org/10.1016/j.chom.2011.06.005 PMID: 21767812; PubMed

Central PMCID: PMC3140139.

13. Sasaki Y, Sakai M, Miyazaki S, Higuma S, Shiozaki A, Saito S. Decidual and peripheral blood CD4

+CD25+ regulatory T cells in early pregnancy subjects and spontaneous abortion cases. Mol Hum

Reprod. 2004; 10(5):347–53. Epub 20040302. https://doi.org/10.1093/molehr/gah044 PMID:

14997000.

14. Sasaki Y, Darmochwal-Kolarz D, Suzuki D, Sakai M, Ito M, Shima T, et al. Proportion of peripheral

blood and decidual CD4(+) CD25(bright) regulatory T cells in pre-eclampsia. Clin Exp Immunol. 2007;

149(1):139–45. Epub 20070425. https://doi.org/10.1111/j.1365-2249.2007.03397.x PMID: 17459078;

PubMed Central PMCID: PMC1942015.

15. Prins JR, Boelens HM, Heimweg J, Van der Heide S, Dubois AE, Van Oosterhout AJ, Erwich JJ. Pre-

eclampsia is associated with lower percentages of regulatory T cells in maternal blood. Hypertens Preg-

nancy. 2009; 28(3):300–11. https://doi.org/10.1080/10641950802601237 PMID: 19412837.

16. Santner-Nanan B, Peek MJ, Khanam R, Richarts L, Zhu E, Fazekas de St Groth B, Nanan R. Systemic

increase in the ratio between Foxp3+ and IL-17-producing CD4+ T cells in healthy pregnancy but not in

preeclampsia. J Immunol. 2009; 183(11):7023–30. Epub 20091113. https://doi.org/10.4049/jimmunol.

0901154 PMID: 19915051.

17. Schober L, Radnai D, Schmitt E, Mahnke K, Sohn C, Steinborn A. Term and preterm labor: decreased

suppressive activity and changes in composition of the regulatory T-cell pool. Immunol Cell Biol. 2012;

90(10):935–44. Epub 20120703. https://doi.org/10.1038/icb.2012.33 PMID: 22751216.

18. Kieffer TE, Chin PY, Green ES, Moldenhauer LM, Prins JR, Robertson SA. Prednisolone in early preg-

nancy inhibits regulatory T cell generation and alters fetal and placental development in mice. Mol Hum

Reprod. 2020; 26(5):340–52. https://doi.org/10.1093/molehr/gaaa019 PMID: 32159777.

19. Lager S, Sovio U, Eddershaw E, van der Linden MW, Yazar C, Cook E, et al. Abnormal placental CD8

(+) T-cell infiltration is a feature of fetal growth restriction and pre-eclampsia. J Physiol. 2020; 598

(23):5555–71. Epub 20200916. https://doi.org/10.1113/JP279532 PMID: 32886802.

20. Wang SC, Li YH, Piao HL, Hong XW, Zhang D, Xu YY, et al. PD-1 and Tim-3 pathways are associated

with regulatory CD8+ T-cell function in decidua and maintenance of normal pregnancy. Cell Death Dis.

2015; 6(5):e1738. Epub 20150507. https://doi.org/10.1038/cddis.2015.112 PMID: 25950468; PubMed

Central PMCID: PMC4669692.

21. Xu YY, Wang SC, Lin YK, Li DJ, Du MR. Tim-3 and PD-1 regulate CD8(+) T cell function to maintain

early pregnancy in mice. J Reprod Dev. 2017; 63(3):289–94. Epub 20170323. https://doi.org/10.1262/

jrd.2016-177 PMID: 28331165; PubMed Central PMCID: PMC5481631.

22. Wang S, Sun F, Li M, Qian J, Chen C, Wang M, et al. The appropriate frequency and function of decid-

ual Tim-3(+)CTLA-4(+)CD8(+) T cells are important in maintaining normal pregnancy. Cell Death Dis.

2019; 10(6):407. Epub 20190528. https://doi.org/10.1038/s41419-019-1642-x PMID: 31138782;

PubMed Central PMCID: PMC6538701.

23. Dunk C, Kwan M, Hazan A, Walker S, Wright JK, Harris LK, et al. Failure of Decidualization and Mater-

nal Immune Tolerance Underlies Uterovascular Resistance in Intra Uterine Growth Restriction. Front

Endocrinol (Lausanne). 2019; 10:160. Epub 20190320. https://doi.org/10.3389/fendo.2019.00160

PMID: 30949130; PubMed Central PMCID: PMC6436182.

24. Blois SM, Joachim R, Kandil J, Margni R, Tometten M, Klapp BF, Arck PC. Depletion of CD8+ cells

abolishes the pregnancy protective effect of progesterone substitution with dydrogesterone in mice by

altering the Th1/Th2 cytokine profile. J Immunol. 2004; 172(10):5893–9. https://doi.org/10.4049/

jimmunol.172.10.5893 PMID: 15128769.

25. Clark DA, Brierley J, Banwatt D, Chaouat G. Hormone-induced preimplantation Lyt 2+ murine uterine

suppressor cells persist after implantation and may reduce the spontaneous abortion rate in CBA/J

mice. Cell Immunol. 1989; 123(2):334–43. https://doi.org/10.1016/0008-8749(89)90294-3 PMID:

2529041.

26. Arck PC, Merali F, Chaouat G, Clark DA. Inhibition of immunoprotective CD8+ T cells as a basis for

stress-triggered substance P-mediated abortion in mice. Cell Immunol. 1996; 171(2):226–30. https://

doi.org/10.1006/cimm.1996.0197 PMID: 8806791.

27. Solano ME, Kowal MK, O’Rourke GE, Horst AK, Modest K, Plosch T, et al. Progesterone and HMOX-1

promote fetal growth by CD8+ T cell modulation. J Clin Invest. 2015; 125(4):1726–38. Epub 20150316.

https://doi.org/10.1172/JCI68140 PMID: 25774501; PubMed Central PMCID: PMC4396482.

28. Delaine M, Weingertner AS, Nougairede A, Lepiller Q, Fafi-Kremer S, Favre R, Charrel R. Microcephaly

Caused by Lymphocytic Choriomeningitis Virus. Emerg Infect Dis. 2017; 23(9):1548–50. https://doi.org/

10.3201/eid2309.170775 PMID: 28820372; PubMed Central PMCID: PMC5572864.

PLOS PATHOGENS CD4+ but not CD8+ T cells protect against severe GPCMV

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012515 November 4, 2024 17 / 21

https://doi.org/10.1016/j.chom.2011.06.005
http://www.ncbi.nlm.nih.gov/pubmed/21767812
https://doi.org/10.1093/molehr/gah044
http://www.ncbi.nlm.nih.gov/pubmed/14997000
https://doi.org/10.1111/j.1365-2249.2007.03397.x
http://www.ncbi.nlm.nih.gov/pubmed/17459078
https://doi.org/10.1080/10641950802601237
http://www.ncbi.nlm.nih.gov/pubmed/19412837
https://doi.org/10.4049/jimmunol.0901154
https://doi.org/10.4049/jimmunol.0901154
http://www.ncbi.nlm.nih.gov/pubmed/19915051
https://doi.org/10.1038/icb.2012.33
http://www.ncbi.nlm.nih.gov/pubmed/22751216
https://doi.org/10.1093/molehr/gaaa019
http://www.ncbi.nlm.nih.gov/pubmed/32159777
https://doi.org/10.1113/JP279532
http://www.ncbi.nlm.nih.gov/pubmed/32886802
https://doi.org/10.1038/cddis.2015.112
http://www.ncbi.nlm.nih.gov/pubmed/25950468
https://doi.org/10.1262/jrd.2016-177
https://doi.org/10.1262/jrd.2016-177
http://www.ncbi.nlm.nih.gov/pubmed/28331165
https://doi.org/10.1038/s41419-019-1642-x
http://www.ncbi.nlm.nih.gov/pubmed/31138782
https://doi.org/10.3389/fendo.2019.00160
http://www.ncbi.nlm.nih.gov/pubmed/30949130
https://doi.org/10.4049/jimmunol.172.10.5893
https://doi.org/10.4049/jimmunol.172.10.5893
http://www.ncbi.nlm.nih.gov/pubmed/15128769
https://doi.org/10.1016/0008-8749%2889%2990294-3
http://www.ncbi.nlm.nih.gov/pubmed/2529041
https://doi.org/10.1006/cimm.1996.0197
https://doi.org/10.1006/cimm.1996.0197
http://www.ncbi.nlm.nih.gov/pubmed/8806791
https://doi.org/10.1172/JCI68140
http://www.ncbi.nlm.nih.gov/pubmed/25774501
https://doi.org/10.3201/eid2309.170775
https://doi.org/10.3201/eid2309.170775
http://www.ncbi.nlm.nih.gov/pubmed/28820372
https://doi.org/10.1371/journal.ppat.1012515


29. Constantin CM, Masopust D, Gourley T, Grayson J, Strickland OL, Ahmed R, Bonney EA. Normal

establishment of virus-specific memory CD8 T cell pool following primary infection during pregnancy. J

Immunol. 2007; 179(7):4383–9. https://doi.org/10.4049/jimmunol.179.7.4383 PMID: 17878333.

30. Chaturvedi V, Ertelt JM, Jiang TT, Kinder JM, Xin L, Owens KJ, et al. CXCR3 blockade protects against

Listeria monocytogenes infection-induced fetal wastage. J Clin Invest. 2015; 125(4):1713–25. Epub

20150309. https://doi.org/10.1172/JCI78578 PMID: 25751061; PubMed Central PMCID:

PMC4396484.

31. Reddehase MJ, Mutter W, Munch K, Buhring HJ, Koszinowski UH. CD8-positive T lymphocytes specific

for murine cytomegalovirus immediate-early antigens mediate protective immunity. J Virol. 1987; 61

(10):3102–8. https://doi.org/10.1128/JVI.61.10.3102-3108.1987 PMID: 3041033; PubMed Central

PMCID: PMC255886.

32. Jonjic S, Mutter W, Weiland F, Reddehase MJ, Koszinowski UH. Site-restricted persistent cytomegalo-

virus infection after selective long-term depletion of CD4+ T lymphocytes. J Exp Med. 1989; 169

(4):1199–212. https://doi.org/10.1084/jem.169.4.1199 PMID: 2564415; PubMed Central PMCID:

PMC2189231.

33. Jonjic S, Pavic I, Lucin P, Rukavina D, Koszinowski UH. Efficacious control of cytomegalovirus infection

after long-term depletion of CD8+ T lymphocytes. J Virol. 1990; 64(11):5457–64. https://doi.org/10.

1128/JVI.64.11.5457-5464.1990 PMID: 1976821; PubMed Central PMCID: PMC248597.

34. Atherton SS, Newell CK, Kanter MY, Cousins SW. T cell depletion increases susceptibility to murine

cytomegalovirus retinitis. Invest Ophthalmol Vis Sci. 1992; 33(12):3353–60. PMID: 1330968.

35. Walton SM, Wyrsch P, Munks MW, Zimmermann A, Hengel H, Hill AB, Oxenius A. The dynamics of

mouse cytomegalovirus-specific CD4 T cell responses during acute and latent infection. J Immunol.

2008; 181(2):1128–34. https://doi.org/10.4049/jimmunol.181.2.1128 PMID: 18606665.

36. Walton SM, Mandaric S, Torti N, Zimmermann A, Hengel H, Oxenius A. Absence of cross-presenting

cells in the salivary gland and viral immune evasion confine cytomegalovirus immune control to effector

CD4 T cells. PLoS Pathog. 2011; 7(8):e1002214. Epub 20110825. https://doi.org/10.1371/journal.ppat.

1002214 PMID: 21901102; PubMed Central PMCID: PMC3161985.

37. Zangger N, Oderbolz J, Oxenius A. CD4 T Cell-Mediated Immune Control of Cytomegalovirus Infection

in Murine Salivary Glands. Pathogens. 2021; 10(12). Epub 20211123. https://doi.org/10.3390/

pathogens10121531 PMID: 34959486; PubMed Central PMCID: PMC8704252.

38. Xie W, Lee B, Bruce K, Lawler C, Farrell HE, Stevenson PG. CD4(+) T Cells Control Murine Cytomega-

lovirus Infection Indirectly. J Virol. 2022; 96(7):e0007722. Epub 20220316. https://doi.org/10.1128/jvi.

00077-22 PMID: 35293772; PubMed Central PMCID: PMC9006915.

39. Holtappels R, Pahl-Seibert MF, Thomas D, Reddehase MJ. Enrichment of immediate-early 1 (m123/

pp89) peptide-specific CD8 T cells in a pulmonary CD62L(lo) memory-effector cell pool during latent

murine cytomegalovirus infection of the lungs. J Virol. 2000; 74(24):11495–503. https://doi.org/10.1128/

jvi.74.24.11495–11503.2000 PMID: 11090146; PubMed Central PMCID: PMC112429.

40. Karrer U, Sierro S, Wagner M, Oxenius A, Hengel H, Koszinowski UH, et al. Memory inflation: continu-

ous accumulation of antiviral CD8+ T cells over time. J Immunol. 2003; 170(4):2022–9. https://doi.org/

10.4049/jimmunol.170.4.2022 PMID: 12574372.

41. Salem ML, Hossain MS. In vivo acute depletion of CD8(+) T cells before murine cytomegalovirus infec-

tion upregulated innate antiviral activity of natural killer cells. Int J Immunopharmacol. 2000; 22(9):707–

18. Epub 2000/07/08. https://doi.org/10.1016/s0192-0561(00)00033-3 PMID: 10884591.

42. Mitrovic M, Arapovic J, Jordan S, Fodil-Cornu N, Ebert S, Vidal SM, et al. The NK cell response to

mouse cytomegalovirus infection affects the level and kinetics of the early CD8(+) T-cell response. J

Virol. 2012; 86(4):2165–75. Epub 20111207. https://doi.org/10.1128/JVI.06042-11 PMID: 22156533;

PubMed Central PMCID: PMC3302391.

43. Johnson KP. Mouse cytomegalovirus: placental infection. J Infect Dis. 1969; 120(4):445–50. https://doi.

org/10.1093/infdis/120.4.445 PMID: 4309994.

44. Li RY, Tsutsui Y. Growth retardation and microcephaly induced in mice by placental infection with

murine cytomegalovirus. Teratology. 2000; 62(2):79–85. https://doi.org/10.1002/1096-9926(200008)

62:2<79::AID-TERA3>3.0.CO;2-S PMID: 10931504.

45. Woolf NK, Jaquish DV, Koehrn FJ. Transplacental murine cytomegalovirus infection in the brain of

SCID mice. Virol J. 2007; 4:26. Epub 20070309. https://doi.org/10.1186/1743-422X-4-26 PMID:

17349048; PubMed Central PMCID: PMC1838414.

46. Bialas KM, Tanaka T, Tran D, Varner V, Cisneros De La Rosa E, Chiuppesi F, et al. Maternal CD4+ T

cells protect against severe congenital cytomegalovirus disease in a novel nonhuman primate model of

placental cytomegalovirus transmission. Proc Natl Acad Sci U S A. 2015; 112(44):13645–50. Epub

20151019. https://doi.org/10.1073/pnas.1511526112 PMID: 26483473; PubMed Central PMCID:

PMC4640765.

PLOS PATHOGENS CD4+ but not CD8+ T cells protect against severe GPCMV

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012515 November 4, 2024 18 / 21

https://doi.org/10.4049/jimmunol.179.7.4383
http://www.ncbi.nlm.nih.gov/pubmed/17878333
https://doi.org/10.1172/JCI78578
http://www.ncbi.nlm.nih.gov/pubmed/25751061
https://doi.org/10.1128/JVI.61.10.3102-3108.1987
http://www.ncbi.nlm.nih.gov/pubmed/3041033
https://doi.org/10.1084/jem.169.4.1199
http://www.ncbi.nlm.nih.gov/pubmed/2564415
https://doi.org/10.1128/JVI.64.11.5457-5464.1990
https://doi.org/10.1128/JVI.64.11.5457-5464.1990
http://www.ncbi.nlm.nih.gov/pubmed/1976821
http://www.ncbi.nlm.nih.gov/pubmed/1330968
https://doi.org/10.4049/jimmunol.181.2.1128
http://www.ncbi.nlm.nih.gov/pubmed/18606665
https://doi.org/10.1371/journal.ppat.1002214
https://doi.org/10.1371/journal.ppat.1002214
http://www.ncbi.nlm.nih.gov/pubmed/21901102
https://doi.org/10.3390/pathogens10121531
https://doi.org/10.3390/pathogens10121531
http://www.ncbi.nlm.nih.gov/pubmed/34959486
https://doi.org/10.1128/jvi.00077-22
https://doi.org/10.1128/jvi.00077-22
http://www.ncbi.nlm.nih.gov/pubmed/35293772
https://doi.org/10.1128/jvi.74.24.11495%26%23x2013%3B11503.2000
https://doi.org/10.1128/jvi.74.24.11495%26%23x2013%3B11503.2000
http://www.ncbi.nlm.nih.gov/pubmed/11090146
https://doi.org/10.4049/jimmunol.170.4.2022
https://doi.org/10.4049/jimmunol.170.4.2022
http://www.ncbi.nlm.nih.gov/pubmed/12574372
https://doi.org/10.1016/s0192-0561%2800%2900033-3
http://www.ncbi.nlm.nih.gov/pubmed/10884591
https://doi.org/10.1128/JVI.06042-11
http://www.ncbi.nlm.nih.gov/pubmed/22156533
https://doi.org/10.1093/infdis/120.4.445
https://doi.org/10.1093/infdis/120.4.445
http://www.ncbi.nlm.nih.gov/pubmed/4309994
https://doi.org/10.1002/1096-9926%28200008%2962%3A2%26lt%3B79%3A%3AAID-TERA3%26gt%3B3.0.CO%3B2-S
https://doi.org/10.1002/1096-9926%28200008%2962%3A2%26lt%3B79%3A%3AAID-TERA3%26gt%3B3.0.CO%3B2-S
http://www.ncbi.nlm.nih.gov/pubmed/10931504
https://doi.org/10.1186/1743-422X-4-26
http://www.ncbi.nlm.nih.gov/pubmed/17349048
https://doi.org/10.1073/pnas.1511526112
http://www.ncbi.nlm.nih.gov/pubmed/26483473
https://doi.org/10.1371/journal.ppat.1012515


47. Choi YC, Hsiung GD. Cytomegalovirus infection in guinea pigs. II. Transplacental and horizontal trans-

mission. J Infect Dis. 1978; 138(2):197–202. Epub 1978/08/01. https://doi.org/10.1093/infdis/138.2.197

PMID: 210239

48. Hansen SG, Strelow LI, Franchi DC, Anders DG, Wong SW. Complete sequence and genomic analysis

of rhesus cytomegalovirus. J Virol. 2003; 77(12):6620–36. Epub 2003/05/28. https://doi.org/10.1128/jvi.

77.12.6620-6636.2003 PMID: 12767982; PubMed Central PMCID: PMC156187.

49. Schleiss MR, McGregor A, Choi KY, Date SV, Cui X, McVoy MA. Analysis of the nucleotide sequence

of the guinea pig cytomegalovirus (GPCMV) genome. Virol J. 2008; 5:139. Epub 20081112. https://doi.

org/10.1186/1743-422X-5-139 PMID: 19014498; PubMed Central PMCID: PMC2614972.

50. Vogel P, Weigler BJ, Kerr H, Hendrickx AG, Barry PA. Seroepidemiologic studies of cytomegalovirus

infection in a breeding population of rhesus macaques. Lab Anim Sci. 1994; 44(1):25–30. PMID:

8007656.

51. Asher DM, Gibbs CJ, Jr., Lang DJ, Gajdusek DC, Chanock RM. Persistent shedding of cytomegalovirus

in the urine of healthy Rhesus monkeys. Proc Soc Exp Biol Med. 1974; 145(3):794–801. https://doi.org/

10.3181/00379727-145-37897 PMID: 4131945.

52. Kaur A, Itell HL, Ehlinger EP, Varner V, Gantt S, Permar SR. Natural history of postnatal rhesus cyto-

megalovirus shedding by dams and acquisition by infant rhesus monkeys. PLoS One. 2018; 13(10):

e0206330. Epub 20181024. https://doi.org/10.1371/journal.pone.0206330 PMID: 30356332; PubMed

Central PMCID: PMC6200253.

53. Otero CE, Barfield R, Scheef E, Nelson CS, Rodgers N, Wang HY, et al. Relationship of maternal cyto-

megalovirus-specific antibody responses and viral load to vertical transmission risk following primary

maternal infection in a rhesus macaque model. PLoS Pathog. 2023; 19(10):e1011378. Epub 20231023.

https://doi.org/10.1371/journal.ppat.1011378 PMID: 37871009; PubMed Central PMCID:

PMC10621917.

54. Fan Q, Nelson CS, Bialas KM, Chiuppesi F, Amos J, Gurley TC, et al. Plasmablast Response to Pri-

mary Rhesus Cytomegalovirus (CMV) Infection in a Monkey Model of Congenital CMV Transmission.

Clin Vaccine Immunol. 2017;24(5). Epub 20170505. https://doi.org/10.1128/CVI.00510-16 PMID:

28298291; PubMed Central PMCID: PMC5424243.

55. Nelson CS, Cruz DV, Tran D, Bialas KM, Stamper L, Wu H, et al. Preexisting antibodies can protect

against congenital cytomegalovirus infection in monkeys. JCI Insight. 2017; 2(13). Epub 20170706.

https://doi.org/10.1172/jci.insight.94002 PMID: 28679960; PubMed Central PMCID: PMC5499366.

56. Hartley JW, Rowe WP, Huebner RJ. Serial propagation of the guinea pig salivary gland virus in tissue

culture. Proc Soc Exp Biol Med. 1957; 96(2):281–5. Epub 1957/11/01. https://doi.org/10.3181/

00379727-96-23455 PMID: 13485080.

57. Kaufmann P, Davidoff M. The guinea-pig placenta. Adv Anat Embryol Cell Biol. 1977; 53(2):5–91. Epub

1977/01/01. https://doi.org/10.1007/978-3-642-66618-6 PMID: 331890

58. Morrison JL, Botting KJ, Darby JRT, David AL, Dyson RM, Gatford KL, et al. Guinea pig models for

translation of the developmental origins of health and disease hypothesis into the clinic. J Physiol. 2018;

596(23):5535–69. Epub 20180530. https://doi.org/10.1113/JP274948 PMID: 29633280; PubMed Cen-

tral PMCID: PMC6265540.

59. Kumar ML, Prokay SL. Experimental primary cytomegalovirus infection in pregnancy: timing and fetal

outcome. Am J Obstet Gynecol. 1983; 145(1):56–60. Epub 1983/01/01. https://doi.org/10.1016/0002-

9378(83)90339-3 PMID: 6295164.

60. Griffith BP, McCormick SR, Fong CK, Lavallee JT, Lucia HL, Goff E. The placenta as a site of cytomeg-

alovirus infection in guinea pigs. J Virol. 1985; 55(2):402–9. Epub 1985/08/01. https://doi.org/10.1128/

JVI.55.2.402-409.1985 PMID: 2991565; PubMed Central PMCID: PMC254947.

61. Auerbach MR, Yan D, Vij R, Hongo JA, Nakamura G, Vernes JM, et al. A neutralizing anti-gH/gL mono-

clonal antibody is protective in the guinea pig model of congenital CMV infection. PLoS Pathog. 2014;

10(4):e1004060. Epub 20140410. https://doi.org/10.1371/journal.ppat.1004060 PMID: 24722349;

PubMed Central PMCID: PMC3983071.

62. Berkebile ZW, Putri DS, Abrahante JE, Seelig DM, Schleiss MR, Bierle CJ. The Placental Response to

Guinea Pig Cytomegalovirus Depends Upon the Timing of Maternal Infection. Front Immunol. 2021;

12:686415. Epub 20210615. https://doi.org/10.3389/fimmu.2021.686415 PMID: 34211475; PubMed

Central PMCID: PMC8239309.

63. Schleiss MR, McVoy MA. Guinea Pig Cytomegalovirus (GPCMV): A Model for the Study of the Preven-

tion and Treatment of Maternal-Fetal Transmission. Future Virol. 2010; 5(2):207–17. Epub 2010/03/01.

https://doi.org/10.2217/fvl.10.8 PMID: 23308078; PubMed Central PMCID: PMC3539792.

64. Schafer H, Burger R. Tools for cellular immunology and vaccine research the in the guinea pig: mono-

clonal antibodies to cell surface antigens and cell lines. Vaccine. 2012; 30(40):5804–11. Epub

20120720. https://doi.org/10.1016/j.vaccine.2012.07.012 PMID: 22819989.

PLOS PATHOGENS CD4+ but not CD8+ T cells protect against severe GPCMV

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012515 November 4, 2024 19 / 21

https://doi.org/10.1093/infdis/138.2.197
http://www.ncbi.nlm.nih.gov/pubmed/210239
https://doi.org/10.1128/jvi.77.12.6620-6636.2003
https://doi.org/10.1128/jvi.77.12.6620-6636.2003
http://www.ncbi.nlm.nih.gov/pubmed/12767982
https://doi.org/10.1186/1743-422X-5-139
https://doi.org/10.1186/1743-422X-5-139
http://www.ncbi.nlm.nih.gov/pubmed/19014498
http://www.ncbi.nlm.nih.gov/pubmed/8007656
https://doi.org/10.3181/00379727-145-37897
https://doi.org/10.3181/00379727-145-37897
http://www.ncbi.nlm.nih.gov/pubmed/4131945
https://doi.org/10.1371/journal.pone.0206330
http://www.ncbi.nlm.nih.gov/pubmed/30356332
https://doi.org/10.1371/journal.ppat.1011378
http://www.ncbi.nlm.nih.gov/pubmed/37871009
https://doi.org/10.1128/CVI.00510-16
http://www.ncbi.nlm.nih.gov/pubmed/28298291
https://doi.org/10.1172/jci.insight.94002
http://www.ncbi.nlm.nih.gov/pubmed/28679960
https://doi.org/10.3181/00379727-96-23455
https://doi.org/10.3181/00379727-96-23455
http://www.ncbi.nlm.nih.gov/pubmed/13485080
https://doi.org/10.1007/978-3-642-66618-6
http://www.ncbi.nlm.nih.gov/pubmed/331890
https://doi.org/10.1113/JP274948
http://www.ncbi.nlm.nih.gov/pubmed/29633280
https://doi.org/10.1016/0002-9378%2883%2990339-3
https://doi.org/10.1016/0002-9378%2883%2990339-3
http://www.ncbi.nlm.nih.gov/pubmed/6295164
https://doi.org/10.1128/JVI.55.2.402-409.1985
https://doi.org/10.1128/JVI.55.2.402-409.1985
http://www.ncbi.nlm.nih.gov/pubmed/2991565
https://doi.org/10.1371/journal.ppat.1004060
http://www.ncbi.nlm.nih.gov/pubmed/24722349
https://doi.org/10.3389/fimmu.2021.686415
http://www.ncbi.nlm.nih.gov/pubmed/34211475
https://doi.org/10.2217/fvl.10.8
http://www.ncbi.nlm.nih.gov/pubmed/23308078
https://doi.org/10.1016/j.vaccine.2012.07.012
http://www.ncbi.nlm.nih.gov/pubmed/22819989
https://doi.org/10.1371/journal.ppat.1012515


65. Schafer H, Burger R. Identification and functional characterization of guinea-pig CD4: antibody binding

transduces a negative signal on T-cell activation. Immunology. 1991; 72(2):261–8. Epub 1991/02/01.

PMID: 1826670; PubMed Central PMCID: PMC1384494.

66. Schafer H, Scheper RJ, Borsdorf B, Burger R. Effector functions of CD8-positive guinea pig T lympho-

cytes. Cell Immunol. 2003; 222(2):134–43. Epub 2003/06/27. https://doi.org/10.1016/s0008-8749(03)

00112-6 PMID: 12826083.

67. Banasik BN, Perry CL, Keith CA, Bourne N, Schafer H, Milligan GN. Development of an anti-guinea pig

CD4 monoclonal antibody for depletion of CD4+ T cells in vivo. J Immunol Methods. 2019; 474:112654.

Epub 20190814. https://doi.org/10.1016/j.jim.2019.112654 PMID: 31421081; PubMed Central PMCID:

PMC6829055.

68. Steplewski Z, Spira G, Blaszczyk M, Lubeck MD, Radbruch A, Illges H, et al. Isolation and characteriza-

tion of anti-monosialoganglioside monoclonal antibody 19–9 class-switch variants. Proc Natl Acad Sci

U S A. 1985; 82(24):8653–7. https://doi.org/10.1073/pnas.82.24.8653 PMID: 2934735; PubMed Cen-

tral PMCID: PMC391494.

69. Kipps TJ, Parham P, Punt J, Herzenberg LA. Importance of immunoglobulin isotype in human antibody-

dependent, cell-mediated cytotoxicity directed by murine monoclonal antibodies. J Exp Med. 1985; 161

(1):1–17. https://doi.org/10.1084/jem.161.1.1 PMID: 3918141; PubMed Central PMCID: PMC2187540.

70. Bourne N, Perry CL, Banasik BN, Miller AL, White M, Pyles RB, et al. Increased Frequency of Virus

Shedding by Herpes Simplex Virus 2-Infected Guinea Pigs in the Absence of CD4(+) T Lymphocytes. J

Virol. 2019; 93(4). Epub 20190205. https://doi.org/10.1128/JVI.01721-18 PMID: 30463981; PubMed

Central PMCID: PMC6364026.

71. Putri DS, Berkebile ZW, Mustafa HJ, Fernandez-Alarcon C, Abrahante JE, Schleiss MR, Bierle CJ.

Cytomegalovirus infection elicits a conserved chemokine response from human and guinea pig amnion

cells. Virology. 2020; 548:93–100. Epub 20200617. https://doi.org/10.1016/j.virol.2020.06.005 PMID:

32838950; PubMed Central PMCID: PMC7447834.

72. Hsiung GD, Choi YC, Bia F. Cytomegalovirus infection in guinea pigs. I. Viremia during acute primary

and chronic persistent infection. J Infect Dis. 1978; 138(2):191–6. Epub 1978/08/01. https://doi.org/10.

1093/infdis/138.2.191 PMID: 210238

73. Bierle CJ, Fernandez-Alarcon C, Hernandez-Alvarado N, Zabeli JC, Janus BC, Putri DS, Schleiss MR.

Assessing Zika virus replication and the development of Zika-specific antibodies after a mid-gestation

viral challenge in guinea pigs. PLoS One. 2017; 12(11):e0187720. Epub 20171103. https://doi.org/10.

1371/journal.pone.0187720 PMID: 29099873; PubMed Central PMCID: PMC5669436.

74. Mess A, Zaki N, Kadyrov M, Korr H, Kaufmann P. Caviomorph placentation as a model for trophoblast

invasion. Placenta. 2007; 28(11–12):1234–8. Epub 20071003. https://doi.org/10.1016/j.placenta.2007.

08.003 PMID: 17915313.

75. Alterio de Goss M, Holtappels R, Steffens HP, Podlech J, Angele P, Dreher L, et al. Control of cytomeg-

alovirus in bone marrow transplantation chimeras lacking the prevailing antigen-presenting molecule in

recipient tissues rests primarily on recipient-derived CD8 T cells. J Virol. 1998; 72(10):7733–44. https://

doi.org/10.1128/JVI.72.10.7733-7744.1998 PMID: 9733809; PubMed Central PMCID: PMC110079.

76. Wirtz N, Schader SI, Holtappels R, Simon CO, Lemmermann NA, Reddehase MJ, Podlech J. Poly-

clonal cytomegalovirus-specific antibodies not only prevent virus dissemination from the portal of entry

but also inhibit focal virus spread within target tissues. Med Microbiol Immunol. 2008; 197(2):151–8.

Epub 20080326. https://doi.org/10.1007/s00430-008-0095-0 PMID: 18365251.

77. Snyder CM, Loewendorf A, Bonnett EL, Croft M, Benedict CA, Hill AB. CD4+ T cell help has an epitope-

dependent impact on CD8+ T cell memory inflation during murine cytomegalovirus infection. J Immunol.

2009; 183(6):3932–41. Epub 20090819. https://doi.org/10.4049/jimmunol.0900227 PMID: 19692644;

PubMed Central PMCID: PMC2766182.

78. Walton SM, Torti N, Mandaric S, Oxenius A. T-cell help permits memory CD8(+) T-cell inflation during

cytomegalovirus latency. Eur J Immunol. 2011; 41(8):2248–59. Epub 20110704. https://doi.org/10.

1002/eji.201141575 PMID: 21590767.

79. Jonjic S, Pavic I, Polic B, Crnkovic I, Lucin P, Koszinowski UH. Antibodies are not essential for the reso-

lution of primary cytomegalovirus infection but limit dissemination of recurrent virus. J Exp Med. 1994;

179(5):1713–7. https://doi.org/10.1084/jem.179.5.1713 PMID: 8163949; PubMed Central PMCID:

PMC2191473.

80. Manicklal S, van Niekerk AM, Kroon SM, Hutto C, Novak Z, Pati SK, et al. Birth prevalence of congenital

cytomegalovirus among infants of HIV-infected women on prenatal antiretroviral prophylaxis in South

Africa. Clin Infect Dis. 2014; 58(10):1467–72. Epub 20140223. https://doi.org/10.1093/cid/ciu096

PMID: 24567248.

81. Mwaanza N, Chilukutu L, Tembo J, Kabwe M, Musonda K, Kapasa M, et al. High rates of congenital

cytomegalovirus infection linked with maternal HIV infection among neonatal admissions at a large

PLOS PATHOGENS CD4+ but not CD8+ T cells protect against severe GPCMV

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012515 November 4, 2024 20 / 21

http://www.ncbi.nlm.nih.gov/pubmed/1826670
https://doi.org/10.1016/s0008-8749%2803%2900112-6
https://doi.org/10.1016/s0008-8749%2803%2900112-6
http://www.ncbi.nlm.nih.gov/pubmed/12826083
https://doi.org/10.1016/j.jim.2019.112654
http://www.ncbi.nlm.nih.gov/pubmed/31421081
https://doi.org/10.1073/pnas.82.24.8653
http://www.ncbi.nlm.nih.gov/pubmed/2934735
https://doi.org/10.1084/jem.161.1.1
http://www.ncbi.nlm.nih.gov/pubmed/3918141
https://doi.org/10.1128/JVI.01721-18
http://www.ncbi.nlm.nih.gov/pubmed/30463981
https://doi.org/10.1016/j.virol.2020.06.005
http://www.ncbi.nlm.nih.gov/pubmed/32838950
https://doi.org/10.1093/infdis/138.2.191
https://doi.org/10.1093/infdis/138.2.191
http://www.ncbi.nlm.nih.gov/pubmed/210238
https://doi.org/10.1371/journal.pone.0187720
https://doi.org/10.1371/journal.pone.0187720
http://www.ncbi.nlm.nih.gov/pubmed/29099873
https://doi.org/10.1016/j.placenta.2007.08.003
https://doi.org/10.1016/j.placenta.2007.08.003
http://www.ncbi.nlm.nih.gov/pubmed/17915313
https://doi.org/10.1128/JVI.72.10.7733-7744.1998
https://doi.org/10.1128/JVI.72.10.7733-7744.1998
http://www.ncbi.nlm.nih.gov/pubmed/9733809
https://doi.org/10.1007/s00430-008-0095-0
http://www.ncbi.nlm.nih.gov/pubmed/18365251
https://doi.org/10.4049/jimmunol.0900227
http://www.ncbi.nlm.nih.gov/pubmed/19692644
https://doi.org/10.1002/eji.201141575
https://doi.org/10.1002/eji.201141575
http://www.ncbi.nlm.nih.gov/pubmed/21590767
https://doi.org/10.1084/jem.179.5.1713
http://www.ncbi.nlm.nih.gov/pubmed/8163949
https://doi.org/10.1093/cid/ciu096
http://www.ncbi.nlm.nih.gov/pubmed/24567248
https://doi.org/10.1371/journal.ppat.1012515


referral center in sub-Saharan Africa. Clin Infect Dis. 2014; 58(5):728–35. Epub 20131121. https://doi.

org/10.1093/cid/cit766 PMID: 24265360.

82. Adachi K, Xu J, Ank B, Watts DH, Mofenson LM, Pilotto JH, et al. Cytomegalovirus Urinary Shedding in

HIV-infected Pregnant Women and Congenital Cytomegalovirus Infection. Clin Infect Dis. 2017; 65

(3):405–13. https://doi.org/10.1093/cid/cix222 PMID: 28369278; PubMed Central PMCID:

PMC5850431.

83. Gantt S, Leister E, Jacobsen DL, Boucoiran I, Huang ML, Jerome KR, et al. Risk of congenital cytomeg-

alovirus infection among HIV-exposed uninfected infants is not decreased by maternal nelfinavir use

during pregnancy. J Med Virol. 2016; 88(6):1051–8. Epub 20151118. https://doi.org/10.1002/jmv.24420

PMID: 26519647; PubMed Central PMCID: PMC4818099.

84. Benner M, Feyaerts D, Garcia CC, Inci N, Lopez SC, Fasse E, et al. Clusters of Tolerogenic B Cells

Feature in the Dynamic Immunological Landscape of the Pregnant Uterus. Cell Rep. 2020; 32

(13):108204. https://doi.org/10.1016/j.celrep.2020.108204 PMID: 32997982.

85. Toothaker JM, Olaloye O, McCourt BT, McCourt CC, Silva TN, Case RM, et al. Immune landscape of

human placental villi using single-cell analysis. Development. 2022; 149(8). Epub 20220217. https://

doi.org/10.1242/dev.200013 PMID: 35050308; PubMed Central PMCID: PMC8935213.

86. van der Zwan A, Bi K, Norwitz ER, Crespo AC, Claas FHJ, Strominger JL, Tilburgs T. Mixed signature

of activation and dysfunction allows human decidual CD8(+) T cells to provide both tolerance and immu-

nity. Proc Natl Acad Sci U S A. 2018; 115(2):385–90. Epub 20171219. https://doi.org/10.1073/pnas.

1713957115 PMID: 29259116; PubMed Central PMCID: PMC5777048.

87. Rowe JH, Ertelt JM, Xin L, Way SS. Listeria monocytogenes cytoplasmic entry induces fetal wastage

by disrupting maternal Foxp3+ regulatory T cell-sustained fetal tolerance. PLoS Pathog. 2012; 8(8):

e1002873. Epub 20120816. https://doi.org/10.1371/journal.ppat.1002873 PMID: 22916020; PubMed

Central PMCID: PMC3420962.

88. Maidji E, Nigro G, Tabata T, McDonagh S, Nozawa N, Shiboski S, et al. Antibody treatment promotes

compensation for human cytomegalovirus-induced pathogenesis and a hypoxia-like condition in pla-

centas with congenital infection. Am J Pathol. 2010; 177(3):1298–310. Epub 20100722. https://doi.org/

10.2353/ajpath.2010.091210 PMID: 20651234; PubMed Central PMCID: PMC2928963.

89. Yang D, Tamburro K, Dittmer D, Cui X, McVoy MA, Hernandez-Alvarado N, Schleiss MR. Complete

genome sequence of pathogenic Guinea pig cytomegalovirus from salivary gland homogenates of

infected animals. Genome Announc. 2013; 1(2):e0005413. Epub 20130314. https://doi.org/10.1128/

genomeA.00054-13 PMID: 23516193; PubMed Central PMCID: PMC3622957.

90. Britt WJ. Human cytomegalovirus: propagation, quantification, and storage. Curr Protoc Microbiol.

2010;Chapter 14:Unit 14E.3. https://doi.org/10.1002/9780471729259.mc14e03s18 PMID: 20812216.

91. de StGroth SF, Scheidegger D. Production of monoclonal antibodies: strategy and tactics. J Immunol

Methods. 1980; 35(1–2):1–21. Epub 1980/01/01. https://doi.org/10.1016/0022-1759(80)90146-5 PMID:

7009747.

92. Spira G, Bargellesi A, Teillaud JL, Scharff MD. The identification of monoclonal class switch variants by

sib selection and an ELISA assay. J Immunol Methods. 1984; 74(2):307–15. Epub 1984/11/30. https://

doi.org/10.1016/0022-1759(84)90298-9 PMID: 6438240.

93. Hicks D, Baehr C, Silva-Ortiz P, Khaimraj A, Luengas D, Hamid FA, Pravetoni M. Advancing humanized

monoclonal antibody for counteracting fentanyl toxicity towards clinical development. Hum Vaccin

Immunother. 2022; 18(6):2122507. Epub 20221004. https://doi.org/10.1080/21645515.2022.2122507

PMID: 36194773; PubMed Central PMCID: PMC9746415.

94. Schleiss MR, Bourne N, Stroup G, Bravo FJ, Jensen NJ, Bernstein DI. Protection against congenital

cytomegalovirus infection and disease in guinea pigs, conferred by a purified recombinant glycoprotein

B vaccine. J Infect Dis. 2004; 189(8):1374–81. Epub 20040401. https://doi.org/10.1086/382751 PMID:

15073673.

95. Bankhead P, Loughrey MB, Fernandez JA, Dombrowski Y, McArt DG, Dunne PD, et al. QuPath: Open

source software for digital pathology image analysis. Sci Rep. 2017; 7(1):16878. Epub 20171204.

https://doi.org/10.1038/s41598-017-17204-5 PMID: 29203879; PubMed Central PMCID:

PMC5715110.

PLOS PATHOGENS CD4+ but not CD8+ T cells protect against severe GPCMV

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012515 November 4, 2024 21 / 21

https://doi.org/10.1093/cid/cit766
https://doi.org/10.1093/cid/cit766
http://www.ncbi.nlm.nih.gov/pubmed/24265360
https://doi.org/10.1093/cid/cix222
http://www.ncbi.nlm.nih.gov/pubmed/28369278
https://doi.org/10.1002/jmv.24420
http://www.ncbi.nlm.nih.gov/pubmed/26519647
https://doi.org/10.1016/j.celrep.2020.108204
http://www.ncbi.nlm.nih.gov/pubmed/32997982
https://doi.org/10.1242/dev.200013
https://doi.org/10.1242/dev.200013
http://www.ncbi.nlm.nih.gov/pubmed/35050308
https://doi.org/10.1073/pnas.1713957115
https://doi.org/10.1073/pnas.1713957115
http://www.ncbi.nlm.nih.gov/pubmed/29259116
https://doi.org/10.1371/journal.ppat.1002873
http://www.ncbi.nlm.nih.gov/pubmed/22916020
https://doi.org/10.2353/ajpath.2010.091210
https://doi.org/10.2353/ajpath.2010.091210
http://www.ncbi.nlm.nih.gov/pubmed/20651234
https://doi.org/10.1128/genomeA.00054-13
https://doi.org/10.1128/genomeA.00054-13
http://www.ncbi.nlm.nih.gov/pubmed/23516193
https://doi.org/10.1002/9780471729259.mc14e03s18
http://www.ncbi.nlm.nih.gov/pubmed/20812216
https://doi.org/10.1016/0022-1759%2880%2990146-5
http://www.ncbi.nlm.nih.gov/pubmed/7009747
https://doi.org/10.1016/0022-1759%2884%2990298-9
https://doi.org/10.1016/0022-1759%2884%2990298-9
http://www.ncbi.nlm.nih.gov/pubmed/6438240
https://doi.org/10.1080/21645515.2022.2122507
http://www.ncbi.nlm.nih.gov/pubmed/36194773
https://doi.org/10.1086/382751
http://www.ncbi.nlm.nih.gov/pubmed/15073673
https://doi.org/10.1038/s41598-017-17204-5
http://www.ncbi.nlm.nih.gov/pubmed/29203879
https://doi.org/10.1371/journal.ppat.1012515

