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Abstract

Conventional antiviral memory CD4 T cells typically arise during the first two weeks of acute

infection. Unlike most viruses, cytomegalovirus (CMV) exhibits an extended persistent repli-

cation phase followed by lifelong latency accompanied with some gene expression. We

show that during mouse CMV (MCMV) infection, CD4 T cells recognizing an epitope derived

from the viral M09 protein only develop after conventional memory T cells have already

peaked and contracted. Ablating these CD4 T cells by mutating the M09 genomic epitope in

the MCMV Smith strain, or inducing them by introducing the epitope into the K181 strain,

resulted in delayed or enhanced control of viral persistence, respectively. These cells were

shown to be unique compared to their conventional memory counterparts; producing higher

IFNγ and IL-2 and lower IL-10 levels. RNAseq analyses revealed them to express distinct

subsets of effector genes as compared to classical CD4 T cells. Additionally, when M09

cells were induced by epitope vaccination they significantly enhanced protection when com-

pared to conventional CD4 T cells alone. These data show that late-rising CD4 T cells are a

unique memory subset with excellent protective capacities that display a development pro-

gram strongly differing from the majority of memory T cells.

Author summary

Functional memory T cells are critical to ultimately control chronic viral infection. We

show that cytomegalovirus (CMV) induces a population of unique memory CD4 T cells
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that expand late during infection and resolve viral persistence much better than conven-

tional T memory cells. Mutation of the genomic CMV epitope recognized by these T cells

results in markedly enhanced persistent replication, and introduction of the epitope into a

CMV strain that lacks it induces much quicker resolution of persistence. When induced

via vaccination, we show these T cells provide significantly enhanced protection against

acute viral challenge. Together our study identifies a novel population of CD4 T cells that

utilize distinct effector function(s) to rapidly resolve persistent viral replication.

Introduction

CD4 T cells coordinate host defenses by ’helping’ both CD8 T cell [1,2] and antibody responses

[3], as well as by mediating direct antiviral activity. They respond uniquely to the specific

inflammatory cues and antigen presenting cells (APC) activated by diverse pathogens, allowing

for significant flexibility in their subsequent differentiation and effector functions [4]. Conse-

quently, the memory T cells that develop play a critical role in curbing chronic viral diseases

such as HIV [5] and HCV [6,7] but also dampen replication and reactivation of persistent

viruses that are typically less pathogenic when immunity is intact, such as the herpesviruses. In

this regard, mounting a rapid and robust memory CD4 T cell response strongly correlates with

protection against cytomegalovirus (CMV/HHV-5, a ß-herpesvirus) disease in both transplant

and congenital infection [8–11]. This is also the case for rhesus CMV infection in monkeys

[12]. Memory T cells are typically primed and expand/differentiate during the initial days of

acute viral infection. For CD8 T cells, memory precursors are thought to develop during the

first week of infection, arising in parallel with the effector T cell pool [13]. In the case of CD4 T

cells, requirements for memory precursor development are less clear, and defined lineages

such as regulatory (Treg), follicular helper (Th) and tissue resident (Trm) cells likely have

unique requirements [14–17]. Much of this information has been gleaned from studies of

Lymphocytic choriomeningitis virus (LCMV), which replicates at high systemic levels during

chronic infection, promoting memory T cell disfunction like occurs in HIV and HCV infec-

tion [18]. In contrast, after a short, systemic acute replication phase, cytomegalovirus estab-

lishes selective persistence in the ductal epithelia of a few mucosal tissues to facilitate its

secretion and horizontal transmission. Memory CD8 T cell exhaustion is not commonly

observed during CMV infection, despite the fact that the virus is harbored for life and are peri-

odically exposed to their cognate antigens causing them to undergo “memory inflation” [19].

Therefore, CMVs unique lifestyle induces distinct memory T cell differentiation as compared

to other, more pathogenic chronic infections.

MCMV induces a robust and diverse CD4 T cell response early during infection in mice

[20,21], with persistent replication in the salivary gland (SG) for several months, and CD4 T

cells are absolutely critical for ultimately resolving this extended replication prior to “whole

host latency” being established [22,23]. In humans, CMV can be shed from mucosal sites for

years (e.g. SG, kidneys and breast), and our recent work has shown that the CD4 T cell

response in people is equally broad and diverse [24]. Although, CD4 T cells are critical, the

exact nature of the population that provides protection is not currently known. Host-produced

IL-10 helps sustain mouse CMV persistence in the SG mucosa [25], primate CMVs encode

their own IL-10 orthologues [26] and human CMV-specific CD4 T cells can produce IL-10

[27], indicating a key role for this immunosuppressive cytokine. Moreover, while IFNγ pro-

duced by conventional CD4 T memory cells that expand early during infection can dampen

CMV persistence, this is not sufficient to fully curtail replication [25,28,29]. This again suggests
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that the dynamics and nature of memory T cell development affording protection to CMV dif-

fers from that of other viruses. Previously we identified fifteen immunodominant epitopes rec-

ognized by CD4 T cells infected with the MCMV Smith strain [20]. Interestingly, while we

found that T cells recognizing 14 of these epitopes displayed a conventional effector to mem-

ory transition profile with peak expansion at day 8 followed by a contraction phase by ~ 3

weeks, one population directed against an epitope derived from the viral M09 protein

(M09133-147) only accumulated significantly at later times. Together these data suggested that

M09-reactive CD4 T cells might be uniquely important for resolving CMV persistence. Here

we show that these late-rising M09 cells develop and accumulate in the SG at high levels, long

after conventional memory is established, and compose > 10% of all antiviral CD4 T cells.

Most importantly, we show they are critical for resolving persistent viral replication, and also

provide qualitatively better protection when induced through vaccination, highlighting them

as a unique CMV memory subset.

Results

Expansion of late-rising M09 epitope-specific CD4 T cells parallel the

resolution of MCMV persistent replication

CD4 T cells are critical for resolving persistent MCMV replication in the salivary gland (SG) [22,23],

but the overall specificity, differentiation requirements and key effector functions of these T cells still

remains largely unknown. In order to address this, we used a BAC-cloned isolate of the wild-type

MCMV Smith strain (MCMVSmith) [30] in C57BL/6 mice (B6). Replication of MCMVSmith was

detectable in the SG at day 8, increasing 10-fold by day 15 and remaining unchanged through day

40. Replication was reduced by 5-fold at day 50 of infection and was completely controlled in more

than 70% of mice by day 55 (Fig 1A), suggesting the memory CD4 T cells required for resolving

persistence take an extended time to differentiate. From the 15 epitope-specific CD4 T cell responses

we identified previously in MCMVSmith infected B6 mice [20], 14 were detectable in the spleen dur-

ing the first week of infection upon epitope restimulation. Notably one response directed against an

epitope derived from the viral M09 protein (M09133-147, M09 hereafter), only expanded to significant

levels at later times [20]. To test whether the resolution of MCMVSmith persistence in the SG might

coincide with the emergence of these “late-rising” M09-reactive cells, MHC-Il tetramers were gener-

ated to track their development. In addition, two tetramers specific for CD4 T cells reactive with epi-

topes derived from the viral M25 and M142 proteins (M25409-423 and M142 24–38, M25 andM142
hereafter), cells which show a conventional pattern of expansion and contraction during the first few

weeks of infection, were also generated. These tetramers were used in flow cytometry to identify

M09, M25 and M142 cells present in SG tissue at times between 8- and 200-days post infection (Fig

1C left and right graph). M09 cells were barely detectable on day 8 and 15 of infection, while the

frequency and number of M25 and M142 cells peaked on day 8 and contracted thereafter. In con-

trast, a high frequency of M09-reactive T cells was detectable in the SG at day 40, persisting at this

elevated number through day 55 when viral replication was resolved, whereas M25 and M142 cells

were only present at very low numbers at these times (Fig 1B and 1D). Similar results were also

seen in the spleen (S1A and S1B Fig) and in the blood (S1C and S1D Fig) for these three MCMV

CD4 T cell populations. These data indirectly implied that M09 cells may promote the ultimate reso-

lution of viral replication in the SG at times of later-persistence.

The M09133-147 epitope plays a critical role in MCMV persistence

To test this hypothesis directly, we analyzed the persistent replication of MCMV strain K181

in the SG. MCMVK181 was originally isolated after serial passage of MCMVSmith in mice [31]
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Fig 1. Expansion of Late-rising M09 CD4 T cells coincides with the resolution of MCMV persistence in the salivary gland. (A) Replication of

MCMV Smith in the SG determined at various days post infection (dpi) by plaque assay. (B) Overlap of MCMV replication levels (A) (right Y axis) and

frequency of MCMV epitope-specific CD4 T cells over time. (C) M09 (red), M25 (blue) and M142 (black) MHC-II tetramer-binding CD4 T cells in the

SG from day 0 to day 200 post infection, in percentage (left) and absolute number (right). (D) Representative flow cytometry plot of M09, M25 and M142

CD4 T cells stained with tetramers labeled with 2 different fluorophores (PE and APC) in SG at 0 and 40 D.P.I. All time points represent 4–8 mice and

experiments were repeated a minimum of two times. Statistical significance determined by Two-way Anova test is shown between M09 and M25 or

M142. **p< 0.01, ****p< 0.0001.

https://doi.org/10.1371/journal.ppat.1011852.g001
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in order to try and select for a viral variant displaying enhanced pathogenesis. Consistent with

this, we found MCMVK181 replicated for an extended time compared to MCMVSmith in the SG

(Fig 2A). Notably, when sequences of all 20 MCMV epitopes identified to be targeted by CD4

T cells in B6 mice were compared in these two strains [32], the M09133-147 epitope was only

one of three (other 2 are M14136-150 [33] and M45192-206, both that show normal expansion

kinetics) found to vary in sequence (Fig 2B), suggesting the enhanced persistence of

MCMVK181 might be due to an inability to induce M09 T cells [20,32,33]. To test this hypothe-

sis, we generated “epitope-swap” mutant viruses where the M09 epitope in MCMVSmith was

Fig 2. The M09 133–147 epitope plays a critical role in resolving MCMV persistence in the SG. (A) MCMVSmith and MCMVK181

replication levels at 55 dpi in the SG. (B) Amino acid sequence of the M09133-147 epitope in the Smith and K181 wild-type strains,

and mutations generated in the Smith M09K and K181 M09S ‘swap mutants’. (C) Wild-type (Fig 2A) and epitope-swap mutant

replication levels at 55 dpi in the SG. (D) Percentage of tetramer reactive M09 cells in the SG at 48 days of infection. Dashed line

represents background of tetramer binding in uninfected mice. Statistical significance was assessed by Mann Whitney test,

**p< 0.01, ****p< 0.0001.

https://doi.org/10.1371/journal.ppat.1011852.g002
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interchanged with the analogous sequence from MCMVK181 (Smith M09K), and another

mutant virus where the M09 epitope from MCMVK181 was interchanged with the analogous

sequence of MCMVSmith (K181 M09S) (Fig 2B). Smith M09K and K181 M09S replicated iden-

tically to the wild-type strains in the spleen and liver at day 4 (S2A and S2B Fig), indicating

that mutations of the M09 epitope did not globally impair their fitness. The level of replication

in the SG at day 55 for MCMVK181 and Smith M09K was comparable, and ~5x log10 higher

than MCMVSmith (Fig 2C). Additionally, all mice infected with K181 M09S resolved viral per-

sistence by day 55, whereas no mice infected with MCMVK181 showed control at this time. In

turn, no mice infected with Smith M09K showed resolution of persistence by day 70 and

MCMVK181 still showed high levels of persistence at day 130 post infection (S2C and S2D

Fig). As expected, both MCMVK181 and Smith M09K K181 did not induce significant levels of

M09 cells, while MCMVSmith and K181 M09S infected mice showed high frequencies (Fig

2D). Taken together, these data clearly show that late-rising M09 CD4 T cells, which differ

from other conventional MCMV CD4 T cells that expand early during infection, play a key

and non-redundant role in resolving persistent viral replication in the SG.

Late-rising CD4 T cells are better cytokine producers than their

conventional counterparts during MCMV persistent infection

To investigate the phenotype of these protective M09 T cells, we assessed their effector cyto-

kine production. It is known that CD4 T cell-derived IFNγ plays an important role in the reso-

lution of MCMV persistence [28,29]. Therefore, we compared the relative production of IFNγ
and IL-2 by M25 and M09-reactive cells in the SG at day 8 and day 40, the times when each

population peaked in numbers (Fig 3A). At day 8, 30% of SG-resident M25 cells produced

IFNγ following restimulation, significantly more than at day 40 (4%). In contrast, 40 days post

infection ~50% of M09 cells produced IFNγ. Additionally, no M25 cells produced IL-2 at

either day 8 or day 40 in the SG, while ~25% of M09 cells did (Fig 3A). We then examined

M09, M25 and M142 cytokine production in the spleen at day 8 to 200 of infection (Fig 3B–

3F). M09 cytokine production (IFNγ, TNF and IL-2) was barely detectable on day 8 and day

15, while that of M25 and M142 cells peaked on day 8 and dropped significantly by day 15. In

contrast, a significant number of M09-reactive, cytokine producing T cells were detectable

from day 40 to 200 days post infection. Additionally, the proportion of M09 cells that pro-

duced 2 or 3 of these cytokines at day 40 was significantly higher than M25 or M142 at day 8

or 40 (Figs 3F and S3E–S3H), and the level of cytokine production per M09 cell was also

higher (e.g MFI, S4 Fig). Those data suggest that the late-rising M09-reactive memory subset

is a better antiviral population compared to the conventional M25 or M142-reactive memory

T cells at during MCMV persistence.

Phenotypic and transcriptomic analyses of M09 T cells

To further explore potential phenotypic differences between late-rising M09 and conventional

M25 T cells, expression of several cell surface markers was assessed in tetramer binding, SG-

resident cells (Figs 4 and S3). At day 8, M25 cells highly expressed CD69 and the differentially

glycosylated isoform of the activation marker CD43 recognized by the 1B11 antibody (CD43

hereafter) [34]. Expression of CD27, which is downregulated in some HCMV-specific CD4 T

cells during latency [9,35,36], was largely similar to that of naive CD4 T cells at day 8 of infec-

tion (Fig 4A). However, at day 40, the peak of M09 cell expansion, the majority of these late-

rising cells showed low CD43 and CD27 expression, but had similar CD44 and CD69 levels to

that of M25 cells (Fig 4A). Notably, many other cell-surface activation/differentiation markers

were expressed similarly in M09 and M25 cells at day 40 (S5 Fig). In addition, polyclonal
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Fig 3. Late-rising CD4 T cells are better cytokine producers during viral persistence. (A) Representative flow cytometry

plot for IFNγ and IL-2 expression by SG resident M09 and M25 reactive cells following ex vivo peptide restimulation. (B)

Absolute number of IFNγ (B), IL-2 (C) and TNFα (D) producing splenic CD4 T cells from day 8 to 200 of infection. (E)

Percentage of CD4 memory (CD44+) splenocyte expressing IFNγ after peptide stimulation by M09, M25 or M142 peptide at

day 8 (left) and day 40 (right) post infection. (F) Euler representation of the poly-functionality of M09, M25 and M142 reactive
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MCMV CD4 T cells showed an expression profile for CD43 and CD27 similar to M25 cells at

day 8, while at day 40 they showed a phenotype intermediate to M09 and M25 cells (Fig 4A).

To further compare M09 and M25-reactive T cells, both were sorted at day 40 based on their

differential expression of CD43 and analyzed by RNAseq. Notably, IL-10 and several positive

upstream inducers of this cytokine were expressed at higher levels in M25 CD43Hi cells as

compared to M09 CD43Lo cells (Fig 4B and 4C).

To assess IL-10 protein expression in SG-resident CD4 T cells, IL-10GFP reporter mice were

infected with MCMV and the absolute numbers of IL-10GFP+ M25 and M09 cells were deter-

mined at day 40. IL-10GFP+ M25 and M09 cells were present at similar numbers at this time of

viral persistence (40 and 50 cells/SG, respectively) (Fig 4D), despite the fact that ~100 fold

more IFNγ -producing M09 cells were seen at this time (see Fig 3B). Additionally, the minor

population of CD43Hi M09 cells were found to express more IL-10 than those that were

CD43Lo, suggesting a distinct differentiation program for these two subsets (Fig 4E). Based on

these results, we postulated that low expression of CD43 could be used as a surrogate marker

for the M09 population of MCMV CD4 T cells, and potentially other M09-like antiviral CD4 T

cells, that provide better control of viral persistence due to high IFNγ expression and low IL-10

production. To test this, total virus specific CD4 T cells [37,38] were isolated at day 40, sorted

based on CD43 expression, transferred into naive mice and subsequently challenged with

MCMV. Strikingly, only CD43Lo cells provided some control of MCMV replication in the SG

at day 15, with CD43Hi cells mediating no control (Fig 4F). These results indicate that low

expression of CD43 marks the majority of late-rising M09-reactive T cells that are better at

resolving viral persistence.

Vaccine-induced M09 cells are highly protective

To further test whether late-rising M09 cells could play a unique and non-redundant role in

resolving MCMV persistence, we asked whether they might provide qualitatively better control

than conventional MCMV CD4 T memory cells when induced by vaccination. Mice were vac-

cinated with three 15mer epitopes that display a conventional effector-memory transition dur-

ing acute infection (M25+M139+M142,’3conv’) [20], with or without the M09 epitope.

Importantly, a single peptide (M09, M25 or M142) vaccination regiment expanded equivalent

numbers of cells in the spleen prior to virus challenge (Fig 5A), consistent with our observa-

tions that similar numbers of CD4 T precursors for these 4 populations exist in naive B6 mice.

However, surprisingly upon MCMV challenge, mice vaccinated with any of these regiments

showed no reduction in SG replication levels measured at day 15 (Fig 5B). Suggesting this was

not because the immunization had been ineffective, we found that vaccinating with two con-

ventional CD4 T epitopes (M25 and M142) provided protection against MCMV challenge in

the liver, equivalent to immunizing with two characterized CD8 T cell epitopes (M38316-323

+ IE3416-423) [39]. Strikingly, when the M09 peptide epitope was added to the M25+M142 vac-

cination regiment, 75% of mice completely controlled viral replication in the liver by day 8

(Fig 5C). Given the importance of IL-10 in sustaining MCMV SG replication, and the fact that

it is highly expressed by CD4 T cells at times of early-persistence, we suspected this cytokine

might restrict the ability of vaccine-induced CD4 T cells to exert control in this tissue. Conse-

quently, vaccination was repeated in combination with antibody blockade of IL-10R signaling

(αlL-10R), with protection measured at day 8 and 15 following MCMV challenge. In the

CD4 T cells from the spleen at day 8 (upper row) and day 40 (lower row) after MCMV infection. Kinetic differences were

determined by Two-way Anova test. ****p< 0.0001. Group comparisons were assessed by Mann Whitney test, *p< 0.1**p<
0.01, ***p<0.001, ****p<0.0001.

https://doi.org/10.1371/journal.ppat.1011852.g003
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Fig 4. Cell surface and transcriptomic phenotypes of M09 and M25 CD4 T cells. (A) Cell surface phenotypes of conventional (M25, blue) and late-

rising (M09, red) tetramer binding CD4 T cells from the SG at day 8, 15 and 40. Total MCMV-specific (CD11ahiCD49d+) (dashed) and naïve

(CD11aloCD49d-) (gray filled histogram) CD4 T cells are also shown. (B) M09-CD43lo and M25-CD43hi cells sorted from spleens of day 40 infected

mice were subjected to RNA-seq. As IL-10 mRNA levels were found to be low in M09 cells, IPA analyses of core IL-10 inducers was performed followed

by gene set enrichment analyses (GSEA). The heatmap shows the IL-10 regulating genes with differences of P<0.2. (C) Bulk RNA-Seq enrichment of
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presence of αlL-10R, the results now largely recapitulated what was seen in the liver, with the

3conv+αlL-10R regiment providing� 20-fold protection compared to 3conv or αlL-10R treat-

ment alone (Fig 5D). Most notably, inclusion of the M09 peptide with IL-10 blockade

completely controlled MCMV SG replication in� 50% of mice SGs at both time points (Fig

5D). Taken together, these data show that inducing early expansion of normally late-rising

M09 memory CD4 T cells through vaccination provides dramatically better protection against

viral persistence compared to conventional memory CD4 T cells alone.

Discussion

This work shows that an epitope-specific CD4 T cell response that expands late during MCMV

infection is dramatically better at curtailing persistent replication during both natural infection

and vaccination when compared to conventional memory cells that develop much earlier.

MCMV induces several epitope-specific memory CD8 T cell responses that expand slowly

and/or don’t contract, termed ‘memory inflation’ [40–42]. However, M09-specific cells are the

only known herpesvirus-specific CD4 T cells not efficiently primed during the first weeks of

infection, although examples of this do exist in polyoma virus and LCMV infection [43,44],

and therefore we have defined them as ‘late-rising’. Development of MHC-II tetramers allowed

us to characterize these late-rising T cells in the SG tissue, the main site of CMV persistence

and dissemination, revealing them to produce much less IL-10 and more IFNγ and IL-2 than

conventional virus-specific CD4T cells at this site. It also allowed us to perform the presented

RNAseq experiments. Additionally, these late-rising cells provide markedly better protection

as compared to conventional memory CD4 T cells when co-induced via peptide vaccination.

In total, the results support a model where CMV infection drives the differentiation of a

unique, highly protective subset of late-rising T cells that can better resolve persistence as com-

pared to conventional or tissue-resident antiviral memory cells that arise early during MCMV

and other persistent infections [15,45,46].

The K181 strain has two amino acids which differ in the Smith M09 epitope, and this facili-

tated generating M09 epitope-swap mutants, formally demonstrating the non-redundant role

of these late-rising cells in resolving MCMV persistence [20,21,36]. It is not precisely clear

how K181 was derived from serial passage of Smith in the 1960s [31,32,47], but the possibility

exists that K181 is an M09 ’escape mutant’. However, significant genomic differences between

Smith and K181 exist, suggesting the original Smith isolate also may have contained both

strains [48] and several wild MCMV strains also vary in the M09 15mer epitope [32]. Conse-

quently, the precise origin of K181 is unclear, but a reasonable hypothesis is that selective pres-

sure against inducing late-rising M09 cells may exist. There is some precedent for the

emergence of CD4 T cell epitope escape mutants that enhance chronic LCMV infection,

reported in immune compromised mice or with transgenic SMARTA CD4 cells [49]. How-

ever, to our knowledge, this study is the first example where a population of memory CD4 T

cells having such a dramatic impact on viral persistence shows apparent epitope-selection dur-

ing natural infection.

M09 cells did not expand to higher levels on day 20 when administering αlL-10R from the

time of initial infection, suggesting IL-10 does not regulate their late-rising phenotype, albeit

expression along genomic coordinates for genes listed in Fig 4B using UCSC genome tracks. Arrows indicate gene orientation and lines within arrows

are exons. RPKM, reads per kilobase per million mapped. (D) Absolute number of IL-10GFP+ M09 and M25 SG-resident cells at 40 days of infection. (E)

IL-10 expression by CD43hi/lo M09 tet+ CD4 T cells at 40 D.P.I. (F) Splenic total MCMV-specific (CD11ahiCD49d+) CD4 T cells were sorted for

CD43Hi and CD43Lo expression at day 45 of infection, 5e4 cells were adoptively transferred into naïve mice, subsequently challenged with MCMV and

SG replication was determined at day 15. Statistical significance was assessed by Mann Whitney test, *p<0.1.

https://doi.org/10.1371/journal.ppat.1011852.g004
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Fig 5. Vaccine induced M09 cells provide dramatic protection. (A) Mice vaccinated by a single immunization (CFA)

with M09, M25 or M142 peptides alone were analyzed for their numbers of tetramer positive cells in the spleen prior to

MCMV challenge. (B) Mice vaccinated with M25+M142+M139 peptides (3conv) or 3conv+M09 were challenged with

MCMVSmith, and SG replication levels were determined at day 15. (C) Mice were vaccinated with M25+M142, M25

+M142+M09 or two CD8 T cell epitopes (M38+IE3), and liver replication levels were determined 8 days post MCMV
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IL-10 deficient mice show enhanced expansion of other MCMV-specific CD4 T cells [50].

Another possibility is that the M09 epitope is not efficiently presented early during infection,

or is presented by an APC which doesn’t foster their robust expansion. These cells can be

recalled early during infection, as shown by our vaccination studies, but the requirements for

expansion of naïve and memory cells is clearly different. Also, the precursor frequencies of

M09, M25 and M142 are likely similar based on Fig 5A, reflecting measurements in naïve

mice. MHC-II levels are reported to be low on MCMV-infected SG epithelial cells [28], raising

the question of how antiviral CD4 effector T cells ultimately control vial persistence in this

organ. However, this was analyzed at 3 weeks of infection, a time where IL-10 is highly pro-

duced by conventional CD4 T memory cells and M09 cells are far from peak levels, and IL-10

suppresses MHC-Il during MCMV infection [51]. High IFN-I levels are produced by stromal

and DC populations during acute MCMV infection [52], which induces IL-27 that subse-

quently promotes IL-10 production by MCMV CD4 T cells [53], so perhaps lower IFN-I levels

during late-persistence renders this axis less dominant. We hypothesize that M09 cells mediate

direct, and potentially unique, effector functions in the SG to orchestrate the resolution of per-

sistence. This may include CTL activity, as we have shown in the liver of MCMV infected mice

[54]. Moss and colleagues showed that HCMV epitope-specific CD4 T cells can exhibit CTL

activity [36], and recent results suggest gB-specific CD4 T can eliminate HCMV infected

senescent fibroblasts [55]. Notably, CD43+ CD8 T memory cells show enhanced secondary

expansion in other infection models [56,57], and we are currently assessing this for MCMV-

specific CD4T cells. As well as highlighting the nature of these protective late-rising T cells

induced by natural infection, our data represent the first report of a CD4 T cell-centric CMV

vaccine strategy. This was attempted because mounting a robust CD4 T cell response reduces

the duration of HCMV shedding and may restrict congenital infection [58,59], and depleting

CD4 T cells promotes congenital CMV infection in rhesus monkeys [60]. We believe future

CMV vaccine strategies should carefully assess the phenotype of induced CD4T cells, an

underexplored area in past clinical trials [61,62]. The presence of late-rising CD4 T cells may

be specific in the case of MCMV, but we would posit that similar cells arise in monkeys and

humans in order to eventually control CMV persistence. Merely looking in the peripheral

blood of HCMV+ individuals at virus epitope specific CD4 T cells would not answer this ques-

tion, as in most cases infection occurred several years ago, but including a kinetic analysis in

vaccinated or transplanted HCMV- cohorts could start to assess this. CD4 T cell vaccination

can induce immune pathology in chronic CMV infection [63], but this is likely due to very

high levels of systemic replication and immune cell activation in this model as compared to

MCMV [64]. Interestingly, CD4 T cell depletion does not alter MCMV liver replication levels

at day 8, indicating they are unnecessary or redundant at this time, further highlighting their

striking vaccination protective capacity. Why co-blockade of IL-10 is required in the SG but

not the liver for CD4 T cell vaccine protection is intriguing, and is supported by reports of a

redundant role for IL-10 in MCMV control in the liver [65]. It is likely that the distinct cell-

types infected and the unique immune environments in these two organs impact the impor-

tance of IL10 suppression.

In summary, late-rising M09 CD4 T cells both resolve viral persistence during natural infec-

tion and protect better in vaccination, likely due to their unique phenotype and effector func-

tions as compared to conventional memory CD4 T cell responses.

challenge. (D) Blocking anti-IL-10R antibody was injected at day 0 and 4 (for d8) or at day 0 and 7 (for d15) in vaccinated

mice, and SG replication levels were determined at day 8 (upper panel) or 15 (lower panel) after MCMV challenge.

Statistical significance was assessed by Mann Whitney test, ***p< 0.001, **p< 0.01, *p<0.1.

https://doi.org/10.1371/journal.ppat.1011852.g005
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Materials and methods

Ethics statement

This study was carried out in strict accordance with the guidelines of Association for assess-

ment and Accreditation of laboratory Animal Care (AAALAC) and National Institutes of

Health (NIH). All animal protocols used in this study, were approved by the Institutional Ani-

mal Care and Use Committee (IACUC) of the La Jolla Institute for immunology (LJI).

Mice, viruses and cells

Seven to 12wk old female wild-type C57BL/6 and IL-10 GFP reporter mice [66] were used for

all experiments. Mice were bred under specific pathogen-free conditions in the Department of

Laboratory Animal Care at LJI. Unless otherwise mentioned; mice were infected i.p. with

1x106 PFU of MCMV BAC-derived strains generated in fibroblasts. MCMV virus stocks were

generated by electroporating BAC DNA into 3T3 cells, subsequent expansion in MEFs, and

were quantified by standard plaque assay in 3T3 cells [67].

Mutation of the MCMVSmith BAC was performed in E. coli by en-passant (ET) mutagenesis

as described [68], and successful mutagenesis was confirmed by PCR sequencing. The entire

BAC was also sequenced to verify no additional mutations existed in the Smith M09K mutant

as compared to the SmithWT BAC. Fifty bp paired-end short reads from BAC clones were

mapped against BAC vector sequence and E.coli (DH10B strain) as filtering via Bowtie 2.0.0

[69]. Unaligned reads were then mapped against MCMV sequences. Freebayes (v0.9.18-

3-gb72a21b) was employed to call SNPs on the basis of the sorted BAM files. Vt package [70]

was performed on filtered variants for normalization, followed by decomposing multiallelic

variants as well as biallelic block substitutions into their constituent SNPs. The sequence was

deposited in GenBank (KY348373). MCMV organ replication levels were determined by pla-

que assay in 3T3 cells as described [71].

MHC-II tetramer staining and enrichment

Biotin-labeled M25 or M09 (1-A˚) monomers were generated by the NIH Tetramer Core

Facility (Emory, AL) and were tetramerized in our lab by addition of streptavidin-bound fluo-

rochrome according to their instructions. Single-cell suspensions were subjected to specific

CD4 T cell tetramer enrichment essentially as described [72], or were directly stained with tet-

ramers bound to both APC and RPE. Briefly, isolated mononuclear cells were incubated with

fluorochrome-conjugated class II tetramer (6 ug/ml) for 120 min at room temperature (RT),

then cells were stained with other flow cytometry antibodies or for enrichment anti-fluoro-

chrome magnetic beads (Miltenyi-Biotec) were added as recommended by provider protocol.

Bead-bound cells were then passed through magnetic separation (MS) columns, resulting in

~100-fold enrichment of tetramer-bound CD4 T cells.

Cell isolation and flow cytometry

Single-cell suspensions of SGs were prepared from uninfected or MCMV-infected mice. SG-

associated lymph nodes were carefully removed before digestion of tissue with RPMI media

(+10% FBS) containing collagenase D (1mg/ml), DNase (0.1mg/ml) and CaCl2 (5mM).

Digested samples were passed through a 70uM cell strainer and tissue associated lymphocytes

were isolated by density gradient centrifugation using lympholyte-solution (Cedarlane). Sple-

nocytes were isolated by gently mashing spleens through a 70uM cell strainer followed by addi-

tion of red blood cell lysis buffer (Thermofisher/eBioscience). Blood was collected by

submandibular skin puncture, the volume of blood collected was precisely measured and red

PLOS PATHOGENS CD4 T cells and CMV persistence

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011852 January 18, 2024 13 / 20

https://doi.org/10.1371/journal.ppat.1011852


blood cells were eliminated by red blood cell lysis buffer, number of cells was assessed by using

Precision Count Beads (Biolegend). Tetramer-enriched or total CD4 T cells were stained with

mAbs specific for CD3 (clone 17A2), CD4 (clone RM4-5), NK1.1 (clone PK136), CD44 (clone

IM7), CD11a (clone M17/4), CD49d (clone R1-2), CD43 (clone 1B11), CD27 (clone

LG.3A10), CD69 (clone H1.2F3), CD40L(MR1), CD137/4-1BB (1AH2), CD160(CNX46-3),

GITR (DTA-1), CD134/OX40 (X-86), CD272/BTLA (6F7), Ly6c (HK1-4), PSGL1 (2PH1),

CD279/PD1 (29F.1A12). In some experiments, cells were also stained for TNFα (MP6-XT22),

IFNγ (clone XMG 1.2) and IL-2 (JES6-5H4). Unless otherwise mentioned, antibodies were

purchased from either BD Pharmingen (San Diego, CA), Thermofisher/eBioscience (San

Diego, CA) or Biolegend (San Diego, CA). Data were collected on a LSRII flow cytometer (BD

Biosciences) and analyzed using FlowJo software.

Adoptive transfers

WT MCMV-infected mice were euthanized at day 45 of infection and splenic CD4 T cells dis-

playing a CD11a+CD49d+ phenotype, were FACS sorted for CD43 hi vs lo populations. Post-

sort, 50,000 CD4 T cells were intravenously injected into naive mice 24 hours before MCMV

challenge.

Intracellular cytokine staining

Total mononuclear or tetramer-enriched cells were restimulated ex vivo with a combination of

phorbol myristate acetate (PMA; 100 ng/ml; Sigma-Aldrich, USA), ionomycin (500 ng/ml;

Sigma-Aldrich) and brefeldin A (2 ug/ml) for 5–6 hours at 37˚C. Following restimulation, cells

were either antibody-stained directly or after tetramer- enrichment. Cells were then fixed and

permeabilized (BD Pharmingen) before incubating with anti- IFNγ, TNFα or IL-2 antibody.

For IL-10, Il10-GFP reporter mice (Vertex) were used.

Vaccination

Mice were vaccinated with 50ug of each peptide in 50ul complete Freund’s adjuvant (CFA) for

priming and 50ul of incomplete Freund’s adjuvant (IFA) for boosting 3 weeks later [73].

Mock-immunized mice received DMSO emulsified in CFA or IFA. Vaccinated mice were

challenged 3 weeks following boost. For M09, M25 and M142 cells induction (Fig 5A), mice

were vaccinated with 50ug of each peptide in 50ul complete Freund’s adjuvant (CFA), spleen

were analyzed 8 days later for tetramer positive cells.

RNA-seq and GSEA

Viable tetramer positive M25 and M09 CD4 T cells were sorted from pooled spleens of

infected mice based on expression levels of CD43 and CD27. Three pools of 5 mice were used.

Total RNA was purified using a miRNA easy micro kit (Qiagen) and quantified then 50–1000

pg was amplified by the Smart-seq2 protocol and cDNA was purified using AMPure XP beads

(1:1 ratio; Beckman Coulter). From this step, 1 ng cDNA was used to prepare a standard Nex-

tera XT sequencing library (Nextera XT DNA sample preparation kit and index kit; Illumina).

Samples were sequenced using a HiSeq2500 (Illumina) to obtain 50-bp single-end reads (Tru-

Seq Rapid Kit; Illumina) generating in average of ~9 million mapped reads per sample. The

reads were then aligned to UCSC mm10 reference genome using TopHat (v 1.4.1). After

removing absent features (zero counts in all samples), the Raw counts were then Imported to

R/Bioconductor package DESeq2 [74] to identify differentially expressed genes among sam-

ples. Values for differential expression are calculated using Wald test that estimates the
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significance of coefficients in a fitted negative binomial generalized linear model (GLM).

These p-values are then adjusted for multiple test correction using B. Hochberg algorithm [75]

to control the false discovery rate. Differentially expressed genes between two groups of sam-

ples were defined as when DESeq2 analysis resulted in an adjusted P-value of<0.1 and the

fold-change in gene expression was at least 2-fold. Principal component analysis (PCA) was

performed using standard algorithms and metrics. Both whole-transcriptome amplification

and sequencing library preparations were performed in a 96-well format to reduce assay-to-

assay variability. Quality control steps were included to determine total RNA quality and quan-

tity, the optimal number of PC preamplification cycles, and fragment size selection. Upstream

positive regulators of IL-10 gene expression were identified using Ingenuity Pathway Analysis

(Qiagen Bioinformatics). Pre-ranked gene set enrichment analysis (GSEA) was performed

using log(P) * sign of fold-change as the ranking metric and ’classic’ for the enrichment statis-

tic [76].

The data discussed in this publication have been deposited in NCBI’s Gene Expression

Omnibus and are accessible through GEO Serie accession number GSE237946.

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE237946)

Statistical analysis

Statistical significance was analyzed by suitable parametric (unpaired Student’s t test with

Welch’s correction) or non-parametric test (Mann-Whitney U test). The difference in kinetic

was determined by Two-way Anova test. Unless otherwise indicated, data was represented as

individual value/mean ‡ SEM with p<0.05 (*), 0.01 (**), 0.001 (***), 0.0001(****).

Supporting information

S1 Fig. Analysis of MCMV epitope-specific CD4 T cells from spleens and blood. (A) Repre-

sentative flow cytometry plot of M09, M25 and M142 double tetramer stained CD4 T cells in

spleens at 8 and 40 D.P.I. (B) M09 (red dot), M25 (blue square) and M142 (black triangle) spe-

cific tetramer CD4 T cells in the spleen from day 0 to day 200 post infection, in percentage

(left) and absolute number (right). (C) Representative flow cytometry plot of M09, M25 and

M142 dual color-stained tetramer of CD4 T cells in the blood at 14 D.P.I. Blood from naïve

mice were stained with the same tetramers, a representative staining of M09 tetramer is

shown. (D) Specific tetramer CD4 T cells in the blood from day 0 to day 200 post infection, in

percentage (left) and absolute number (right). The difference in kinetic was determined by

Two-way Anova test. ****p< 0.0001.

(TIF)

S2 Fig. SG replication levels of MCMVSmith, Smith M09K and MCMVK181. Replication of

wild-type and Smith M09K in the spleen (A) and (B) liver at 4 days, and the SG (C) from day

30 to 70. (D) SG replication levels of MCMVK181 (60–130 dpi), and both MCMVSmith and

Smith M09K at 55 dpi. Statistical significance was assessed by Mann Whitney test for A and B,

and C was determined by Two-way Anova test. **p< 0.01, ****p< 0.0001.

(TIF)

S3 Fig. MCMV peptide specific reactive cells cytokine production during the infection.

Kinetics of the percentage of CD4 splenocyte expressing I IFNγ (A), IL-2 (B) and TNFα (C)

after peptide stimulation by M09 (red dot), M25 (blue square) and M142 (black triangle) pep-

tide from day 8 to 200 of infection. Level of expression of TNFα (E), IL-2 (F) or both (G) cyto-

kines among IFNγ memory CD4 T cells (CD44+) at 40 dpi from splenocyte MCMV peptide

stimulation. (H) Percentage of triple positive memory (CD44+) CD4 T cells cytokine producer
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at day 40 (M09) and at day 8 (M25 and M142) post infection. (I) MFI of cytokine positive cells.

Group comparisons were assessed by Mann Whitney test, *p< 0.1, **p< 0.01.

(TIF)

S4 Fig. MCMV peptide specific reactive cells cytokine production during the infection

(MFI). (A) MFI of cytokine positive cells for IFNγ, IL2 and TNFα at day 8, day 40 and day 55

post infection. Group comparisons were assessed by Mann Whitney test, *p< 0.1, **p< 0.01.

(TIF)

S5 Fig. Cell surface marker expression by MCMV-specific CD4 T cells. Cell surface markers

expressed by conventional (M25, blue) and late-rising (M09, red) tetramer-binding CD4 T

cells in spleen is shown at day 8 or 40 of infection. Total MCMV-specific (CD11ahiCD49d+,

dashed histogram) and naïve (CD11aloCD49d-, gray filled histogram) CD4 T cells are also

shown.

(TIF)
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(CMV)–specific T cells for the treatment of CMV infection not responding to antiviral chemotherapy.

Blood. 2002 Jun 1; 99(11):3916–22. https://doi.org/10.1182/blood.v99.11.3916 PMID: 12010789

11. Lim EY, Jackson SE, Wills MR. The CD4+ T Cell Response to Human Cytomegalovirus in Healthy and

Immunocompromised People. Front Cell Infect Microbiol. 2020; 10:202. https://doi.org/10.3389/fcimb.

2020.00202 PMID: 32509591

12. Wang HY, Taher H, Kreklywich CN, Schmidt KA, Scheef EA, Barfield R, et al. The pentameric complex

is not required for vertical transmission of cytomegalovirus in seronegative pregnant rhesus macaques.

BioRxiv Prepr Serv Biol. 2023 Jun 16;2023.06.15.545169.

13. Kaech SM, Wherry EJ. Heterogeneity and Cell-Fate Decisions in Effector and Memory CD8+ T Cell Dif-

ferentiation during Viral Infection. Immunity. 2007 Sep 21; 27(3):393–405. https://doi.org/10.1016/j.

immuni.2007.08.007 PMID: 17892848

14. Mueller SN, Gebhardt T, Carbone FR, Heath WR. Memory T cell subsets, migration patterns, and tissue

residence. Annu Rev Immunol. 2013; 31:137–61. https://doi.org/10.1146/annurev-immunol-032712-

095954 PMID: 23215646

15. Schenkel JM, Masopust D. Tissue-resident memory T cells. Immunity. 2014 Dec 18; 41(6):886–97.

https://doi.org/10.1016/j.immuni.2014.12.007 PMID: 25526304

16. Hale JS, Ahmed R. Memory T Follicular Helper CD4 T Cells. Front Immunol. 2015 Feb 2; 6:16. https://

doi.org/10.3389/fimmu.2015.00016 PMID: 25699040

17. Shanmuganad S, Ferguson A, Paranjpe A, Cianciolo EE, Katz JD, Herold MJ, et al. Subset-specific and

temporal control of effector and memory CD4+ T cell survival. BioRxiv Prepr Serv Biol. 2023 Mar

2;2023.03.01.530323. https://doi.org/10.1101/2023.03.01.530323 PMID: 36909576

18. Zuniga EI, Macal M, Lewis GM, Harker JA. Innate and Adaptive Immune Regulation During Chronic

Viral Infections. Annu Rev Virol. 2015; 2(1):573–97. https://doi.org/10.1146/annurev-virology-100114-

055226 PMID: 26958929

19. Zangger N, Oxenius A. T cell immunity to cytomegalovirus infection. Curr Opin Immunol. 2022 Aug;

77:102185. https://doi.org/10.1016/j.coi.2022.102185 PMID: 35576865

20. Arens R, Wang P, Sidney J, Loewendorf A, Sette A, Schoenberger SP, et al. Cutting Edge: Murine

Cytomegalovirus Induces a Polyfunctional CD4 T Cell Response. J Immunol. 2008 May 15; 180

(10):6472–6. https://doi.org/10.4049/jimmunol.180.10.6472 PMID: 18453564

21. 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 Sep 5; 202(5):673–85. https://doi.org/10.1084/jem.20050882 PMID: 16147978

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

in Murine Salivary Glands. Pathogens. 2021 Dec; 10(12):1531. https://doi.org/10.3390/

pathogens10121531 PMID: 34959486

23. Jonjić 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 Apr 1; 169

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

24. Dhanwani R, Dhanda SK, Pham J, Williams GP, Sidney J, Grifoni A, et al. Profiling Human Cytomegalo-

virus-Specific T Cell Responses Reveals Novel Immunogenic Open Reading Frames. J Virol. 2021 Oct

13; 95(21):e0094021. https://doi.org/10.1128/JVI.00940-21 PMID: 34379494

PLOS PATHOGENS CD4 T cells and CMV persistence

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011852 January 18, 2024 17 / 20

https://doi.org/10.1038/ni.3031
http://www.ncbi.nlm.nih.gov/pubmed/25396352
https://doi.org/10.1128/jvi.76.24.12584-12595.2002
http://www.ncbi.nlm.nih.gov/pubmed/12438584
https://doi.org/10.1126/science.1088774
http://www.ncbi.nlm.nih.gov/pubmed/14576438
https://doi.org/10.1111/j.1365-2249.2006.03193.x
http://www.ncbi.nlm.nih.gov/pubmed/17034571
https://doi.org/10.1182/blood.v99.11.3916
http://www.ncbi.nlm.nih.gov/pubmed/12010789
https://doi.org/10.3389/fcimb.2020.00202
https://doi.org/10.3389/fcimb.2020.00202
http://www.ncbi.nlm.nih.gov/pubmed/32509591
https://doi.org/10.1016/j.immuni.2007.08.007
https://doi.org/10.1016/j.immuni.2007.08.007
http://www.ncbi.nlm.nih.gov/pubmed/17892848
https://doi.org/10.1146/annurev-immunol-032712-095954
https://doi.org/10.1146/annurev-immunol-032712-095954
http://www.ncbi.nlm.nih.gov/pubmed/23215646
https://doi.org/10.1016/j.immuni.2014.12.007
http://www.ncbi.nlm.nih.gov/pubmed/25526304
https://doi.org/10.3389/fimmu.2015.00016
https://doi.org/10.3389/fimmu.2015.00016
http://www.ncbi.nlm.nih.gov/pubmed/25699040
https://doi.org/10.1101/2023.03.01.530323
http://www.ncbi.nlm.nih.gov/pubmed/36909576
https://doi.org/10.1146/annurev-virology-100114-055226
https://doi.org/10.1146/annurev-virology-100114-055226
http://www.ncbi.nlm.nih.gov/pubmed/26958929
https://doi.org/10.1016/j.coi.2022.102185
http://www.ncbi.nlm.nih.gov/pubmed/35576865
https://doi.org/10.4049/jimmunol.180.10.6472
http://www.ncbi.nlm.nih.gov/pubmed/18453564
https://doi.org/10.1084/jem.20050882
http://www.ncbi.nlm.nih.gov/pubmed/16147978
https://doi.org/10.3390/pathogens10121531
https://doi.org/10.3390/pathogens10121531
http://www.ncbi.nlm.nih.gov/pubmed/34959486
https://doi.org/10.1084/jem.169.4.1199
http://www.ncbi.nlm.nih.gov/pubmed/2564415
https://doi.org/10.1128/JVI.00940-21
http://www.ncbi.nlm.nih.gov/pubmed/34379494
https://doi.org/10.1371/journal.ppat.1011852


25. Humphreys IR, de Trez C, Kinkade A, Benedict CA, Croft M, Ware CF. Cytomegalovirus exploits IL-10–

mediated immune regulation in the salivary glands. J Exp Med. 2007 May 7; 204(5):1217–25. https://

doi.org/10.1084/jem.20062424 PMID: 17485516

26. Lockridge KM, Zhou SS, Kravitz RH, Johnson JL, Sawai ET, Blewett EL, et al. Primate Cytomegalovi-

ruses Encode and Express an IL-10-like Protein. Virology. 2000 Mar 15; 268(2):272–80. https://doi.org/

10.1006/viro.2000.0195 PMID: 10704336

27. Jackson SE, Sedikides GX, Mason GM, Okecha G, Wills MR. Human Cytomegalovirus (HCMV)-Spe-

cific CD4+ T Cells Are Polyfunctional and Can Respond to HCMV-Infected Dendritic Cells In Vitro. J

Virol. 2017 Feb 28; 91(6):e02128–16. https://doi.org/10.1128/JVI.02128-16 PMID: 28053099

28. 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 Aug 25; 7(8):e1002214. https://doi.org/10.1371/journal.ppat.

1002214 PMID: 21901102

29. Lucin P, Pavić I, Polić B, Jonjić S, Koszinowski UH. Gamma interferon-dependent clearance of cyto-

megalovirus infection in salivary glands. J Virol. 1992 Apr; 66(4):1977–84. https://doi.org/10.1128/JVI.

66.4.1977-1984.1992 PMID: 1312614

30. Jordan S, Krause J, Prager A, Mitrovic M, Jonjic S, Koszinowski UH, et al. Virus Progeny of Murine

Cytomegalovirus Bacterial Artificial Chromosome pSM3fr Show Reduced Growth in Salivary Glands

due to a Fixed Mutation of MCK-2. J Virol. 2011 Oct; 85(19):10346–53. https://doi.org/10.1128/JVI.

00545-11 PMID: 21813614

31. Hudson JB, Walker DG, Altamirano M. Analysis in vitro of two biologically distinct strains of murine cyto-

megalovirus. Arch Virol. 1988 Sep 1; 102(3):289–95. https://doi.org/10.1007/BF01310834 PMID:

2849392

32. Smith LM, McWhorter AR, Shellam GR, Redwood AJ. The genome of murine cytomegalovirus is

shaped by purifying selection and extensive recombination. Virology. 2013 Jan 20; 435(2):258–68.

https://doi.org/10.1016/j.virol.2012.08.041 PMID: 23107009

33. Walton SM, Wyrsch P, Munks MW, Zimmermann A, Hengel H, Hill AB, et al. The Dynamics of Mouse

Cytomegalovirus-Specific CD4 T Cell Responses during Acute and Latent Infection. J Immunol. 2008

Jul 15; 181(2):1128–34. https://doi.org/10.4049/jimmunol.181.2.1128 PMID: 18606665

34. Jones AT, Federsppiel B, Ellies LG, Williams MJ, Burgener R, Duronio V, et al. Characterization of the

activation-associated isoform of CD43 on murine T lymphocytes. J Immunol. 1994 Oct 15; 153

(8):3426–39. PMID: 7523493

35. Appay V, Zaunders JJ, Papagno L, Sutton J, Jaramillo A, Waters A, et al. Characterization of CD4+

CTLs Ex Vivo1. J Immunol. 2002 Jun 1; 168(11):5954–8.

36. Pachnio A, Ciaurriz M, Begum J, Lal N, Zuo J, Beggs A, et al. Cytomegalovirus Infection Leads to

Development of High Frequencies of Cytotoxic Virus-Specific CD4+ T Cells Targeted to Vascular Endo-

thelium. PLOS Pathog. 2016 Sep 8; 12(9):e1005832. https://doi.org/10.1371/journal.ppat.1005832

PMID: 27606804

37. Christiaansen AF, Dixit UG, Coler RN, Beckmann AM, Reed SG, Winokur PL, et al. CD11a and CD49d

enhance the detection of antigen-specific T cells following human vaccination. Vaccine. 2017 Jul 24; 35

(33):4255–61. https://doi.org/10.1016/j.vaccine.2017.06.013 PMID: 28662951

38. McDermott DS, Varga SM. Quantifying antigen-specific CD4 T cells during a viral infection: CD4 T cell

responses are larger than we think. J Immunol Baltim Md 1950. 2011 Dec 1; 187(11):5568–76. https://

doi.org/10.4049/jimmunol.1102104 PMID: 22043009

39. Munks MW, Cho KS, Pinto AK, Sierro S, Klenerman P, Hill AB. Four Distinct Patterns of Memory CD8 T

Cell Responses to Chronic Murine Cytomegalovirus Infection. J Immunol. 2006 Jul 1; 177(1):450–8.

https://doi.org/10.4049/jimmunol.177.1.450 PMID: 16785542

40. Holtappels R, Pahl-Seibert MF, Thomas D, Reddehase MJ. Enrichment of Immediate-Early 1 (m123/

pp89) Peptide-Specific CD8 T Cells in a Pulmonary CD62Llo Memory-Effector Cell Pool during Latent

Murine Cytomegalovirus Infection of the Lungs. J Virol. 2000 Dec 15; 74(24):11495–503. https://doi.

org/10.1128/jvi.74.24.11495-11503.2000 PMID: 11090146

41. Holtappels R, Freitag K, Renzaho A, Becker S, Lemmermann NAW, Reddehase MJ. Revisiting CD8 T-

cell ‘Memory Inflation’: New Insights with Implications for Cytomegaloviruses as Vaccine Vectors. Vac-

cines. 2020 Sep; 8(3):402. https://doi.org/10.3390/vaccines8030402 PMID: 32707744

42. 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 Feb 15; 170(4):2022–9.

https://doi.org/10.4049/jimmunol.170.4.2022 PMID: 12574372

43. Osokine I, Snell LM, Cunningham CR, Yamada DH, Wilson EB, Elsaesser HJ, et al. Type I interferon

suppresses de novo virus-specific CD4 Th1 immunity during an established persistent viral infection.

PLOS PATHOGENS CD4 T cells and CMV persistence

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011852 January 18, 2024 18 / 20

https://doi.org/10.1084/jem.20062424
https://doi.org/10.1084/jem.20062424
http://www.ncbi.nlm.nih.gov/pubmed/17485516
https://doi.org/10.1006/viro.2000.0195
https://doi.org/10.1006/viro.2000.0195
http://www.ncbi.nlm.nih.gov/pubmed/10704336
https://doi.org/10.1128/JVI.02128-16
http://www.ncbi.nlm.nih.gov/pubmed/28053099
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/10.1128/JVI.66.4.1977-1984.1992
https://doi.org/10.1128/JVI.66.4.1977-1984.1992
http://www.ncbi.nlm.nih.gov/pubmed/1312614
https://doi.org/10.1128/JVI.00545-11
https://doi.org/10.1128/JVI.00545-11
http://www.ncbi.nlm.nih.gov/pubmed/21813614
https://doi.org/10.1007/BF01310834
http://www.ncbi.nlm.nih.gov/pubmed/2849392
https://doi.org/10.1016/j.virol.2012.08.041
http://www.ncbi.nlm.nih.gov/pubmed/23107009
https://doi.org/10.4049/jimmunol.181.2.1128
http://www.ncbi.nlm.nih.gov/pubmed/18606665
http://www.ncbi.nlm.nih.gov/pubmed/7523493
https://doi.org/10.1371/journal.ppat.1005832
http://www.ncbi.nlm.nih.gov/pubmed/27606804
https://doi.org/10.1016/j.vaccine.2017.06.013
http://www.ncbi.nlm.nih.gov/pubmed/28662951
https://doi.org/10.4049/jimmunol.1102104
https://doi.org/10.4049/jimmunol.1102104
http://www.ncbi.nlm.nih.gov/pubmed/22043009
https://doi.org/10.4049/jimmunol.177.1.450
http://www.ncbi.nlm.nih.gov/pubmed/16785542
https://doi.org/10.1128/jvi.74.24.11495-11503.2000
https://doi.org/10.1128/jvi.74.24.11495-11503.2000
http://www.ncbi.nlm.nih.gov/pubmed/11090146
https://doi.org/10.3390/vaccines8030402
http://www.ncbi.nlm.nih.gov/pubmed/32707744
https://doi.org/10.4049/jimmunol.170.4.2022
http://www.ncbi.nlm.nih.gov/pubmed/12574372
https://doi.org/10.1371/journal.ppat.1011852


Proc Natl Acad Sci U S A. 2014 May 20; 111(20):7409–14. https://doi.org/10.1073/pnas.1401662111

PMID: 24799699

44. Lin E, Kemball CC, Hadley A, Wilson JJ, Hofstetter AR, Pack CD, et al. Heterogeneity among viral anti-

gen-specific CD4+ T cells and their de novo recruitment during persistent polyomavirus infection. J

Immunol Baltim Md 1950. 2010 Aug 1; 185(3):1692–700. https://doi.org/10.4049/jimmunol.0904210

PMID: 20622115

45. Smith CJ, Caldeira-Dantas S, Turula H, Snyder CM. Murine CMV Infection Induces the Continuous Pro-

duction of Mucosal Resident T Cells. Cell Rep. 2015 Nov 10; 13(6):1137–48. https://doi.org/10.1016/j.

celrep.2015.09.076 PMID: 26526996

46. Thom JT, Weber TC, Walton SM, Torti N, Oxenius A. The Salivary Gland Acts as a Sink for Tissue-Res-

ident Memory CD8+ T Cells, Facilitating Protection from Local Cytomegalovirus Infection. Cell Rep.

2015 Nov 10; 13(6):1125–36. https://doi.org/10.1016/j.celrep.2015.09.082 PMID: 26526997

47. Misra V, Hudson JB. Minor base sequence differences between the genomes of two strains of murine

cytomegalovirus differing in virulence. Arch Virol. 1980; 64(1):1–8. https://doi.org/10.1007/BF01317385

PMID: 6246852

48. Redwood Alec J., Shellam Geoffrey R. and Smith Lee M. Molecular Evolution of Murine Cytomegalovi-

rus Genomes. Available from: From Molecular Pathogenesis to Intervention (Vol. 1) (Edited by: Mat-

thias J. Reddehase). Caister Academic Press, U.K. (2013)

49. Ciurea A, Hunziker L, Martinic MMA, Oxenius A, Hengartner H, Zinkernagel RM. CD4+ T-cell–epitope

escape mutant virus selected in vivo. Nat Med. 2001 Jul; 7(7):795–800. https://doi.org/10.1038/89915

PMID: 11433343

50. Jones M, Ladell K, Wynn KK, Stacey MA, Quigley MF, Gostick E, et al. IL-10 Restricts Memory T Cell

Inflation during Cytomegalovirus Infection. J Immunol. 2010 Sep 15; 185(6):3583–92. https://doi.org/

10.4049/jimmunol.1001535 PMID: 20713884

51. Redpath S, Angulo A, Gascoigne NR, Ghazal P. Murine cytomegalovirus infection down-regulates

MHC class II expression on macrophages by induction of IL-10. J Immunol Baltim Md 1950. 1999 Jun 1;

162(11):6701–7. PMID: 10352288

52. Verma S, Benedict CA. Sources and Signals Regulating Type I Interferon Production: Lessons Learned

from Cytomegalovirus. J Interferon Cytokine Res. 2011 Feb; 31(2):211–8. https://doi.org/10.1089/jir.

2010.0118 PMID: 21226618

53. Clement M, Marsden M, Stacey MA, Abdul-Karim J, Brias SG, Bento DC, et al. Cytomegalovirus-Spe-

cific IL-10-Producing CD4+ T Cells Are Governed by Type-I IFN-Induced IL-27 and Promote Virus Per-

sistence. PLOS Pathog. 2016 Dec 7; 12(12):e1006050. https://doi.org/10.1371/journal.ppat.1006050

PMID: 27926930

54. Verma S, Weiskopf D, Gupta A, McDonald B, Peters B, Sette A, et al. Cytomegalovirus-Specific CD4 T

Cells Are Cytolytic and Mediate Vaccine Protection. J Virol. 2015 Dec 30; 90(2):650–8. https://doi.org/

10.1128/JVI.02123-15 PMID: 26491148

55. Hasegawa T, Oka T, Son HG, Oliver-Garcı́a VS, Azin M, Eisenhaure TM, et al. Cytotoxic CD4+ T cells

eliminate senescent cells by targeting cytomegalovirus antigen. Cell. 2023 Mar 30; 186(7):1417–1431.

e20.

56. Hikono H, Kohlmeier JE, Takamura S, Wittmer ST, Roberts AD, Woodland DL. Activation phenotype,

rather than central–or effector–memory phenotype, predicts the recall efficacy of memory CD8+ T cells.

J Exp Med. 2007 Jul 2; 204(7):1625–36. https://doi.org/10.1084/jem.20070322 PMID: 17606632

57. Onami TM, Harrington LE, Williams MA, Galvan M, Larsen CP, Pearson TC, et al. Dynamic regulation

of T cell immunity by CD43. J Immunol Baltim Md 1950. 2002 Jun 15; 168(12):6022–31. https://doi.org/

10.4049/jimmunol.168.12.6022 PMID: 12055210

58. Lilleri D, Fornara C, Revello MG, Gerna G. Human Cytomegalovirus-specific Memory CD8+ and CD4+

T Cell Differentiation after Primary Infection. J Infect Dis. 2008 Aug 15; 198(4):536–43. https://doi.org/

10.1086/590118 PMID: 18590456

59. Tu W, Chen S, Sharp M, Dekker C, Manganello AM, Tongson EC, et al. Persistent and selective defi-

ciency of CD4+ T cell immunity to cytomegalovirus in immunocompetent young children. J Immunol Bal-

tim Md 1950. 2004 Mar 1; 172(5):3260–7. https://doi.org/10.4049/jimmunol.172.5.3260 PMID:

14978134

60. 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. 2015 Nov 3; 112(44):13645–50. https://

doi.org/10.1073/pnas.1511526112 PMID: 26483473

61. Plotkin S. The history of vaccination against cytomegalovirus. Med Microbiol Immunol (Berl). 2015 Jun;

204(3):247–54. https://doi.org/10.1007/s00430-015-0388-z PMID: 25791890

PLOS PATHOGENS CD4 T cells and CMV persistence

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011852 January 18, 2024 19 / 20

https://doi.org/10.1073/pnas.1401662111
http://www.ncbi.nlm.nih.gov/pubmed/24799699
https://doi.org/10.4049/jimmunol.0904210
http://www.ncbi.nlm.nih.gov/pubmed/20622115
https://doi.org/10.1016/j.celrep.2015.09.076
https://doi.org/10.1016/j.celrep.2015.09.076
http://www.ncbi.nlm.nih.gov/pubmed/26526996
https://doi.org/10.1016/j.celrep.2015.09.082
http://www.ncbi.nlm.nih.gov/pubmed/26526997
https://doi.org/10.1007/BF01317385
http://www.ncbi.nlm.nih.gov/pubmed/6246852
https://doi.org/10.1038/89915
http://www.ncbi.nlm.nih.gov/pubmed/11433343
https://doi.org/10.4049/jimmunol.1001535
https://doi.org/10.4049/jimmunol.1001535
http://www.ncbi.nlm.nih.gov/pubmed/20713884
http://www.ncbi.nlm.nih.gov/pubmed/10352288
https://doi.org/10.1089/jir.2010.0118
https://doi.org/10.1089/jir.2010.0118
http://www.ncbi.nlm.nih.gov/pubmed/21226618
https://doi.org/10.1371/journal.ppat.1006050
http://www.ncbi.nlm.nih.gov/pubmed/27926930
https://doi.org/10.1128/JVI.02123-15
https://doi.org/10.1128/JVI.02123-15
http://www.ncbi.nlm.nih.gov/pubmed/26491148
https://doi.org/10.1084/jem.20070322
http://www.ncbi.nlm.nih.gov/pubmed/17606632
https://doi.org/10.4049/jimmunol.168.12.6022
https://doi.org/10.4049/jimmunol.168.12.6022
http://www.ncbi.nlm.nih.gov/pubmed/12055210
https://doi.org/10.1086/590118
https://doi.org/10.1086/590118
http://www.ncbi.nlm.nih.gov/pubmed/18590456
https://doi.org/10.4049/jimmunol.172.5.3260
http://www.ncbi.nlm.nih.gov/pubmed/14978134
https://doi.org/10.1073/pnas.1511526112
https://doi.org/10.1073/pnas.1511526112
http://www.ncbi.nlm.nih.gov/pubmed/26483473
https://doi.org/10.1007/s00430-015-0388-z
http://www.ncbi.nlm.nih.gov/pubmed/25791890
https://doi.org/10.1371/journal.ppat.1011852


62. Benedict CA. A CMV vaccine: TREATing despite the TRICKs. Expert Rev Vaccines. 2013 Nov; 12

(11):1235–7. https://doi.org/10.1586/14760584.2013.844653 PMID: 24093909

63. Penaloza-MacMaster P, Barber DL, Wherry EJ, Provine NM, Teigler JE, Parenteau L, et al. Vaccine-

elicited CD4 T cells induce immunopathology after chronic LCMV infection. Science. 2015 Jan 16; 347

(6219):278–82. https://doi.org/10.1126/science.aaa2148 PMID: 25593185

64. Waggoner SN, Cornberg M, Selin LK, Welsh RM. Natural killer cells act as rheostats modulating antivi-

ral T cells. Nature. 2012 Jan; 481(7381):394–8.

65. Tang-Feldman YJ, Lochhead GR, Lochhead SR, Yu C, Pomeroy C. Interleukin-10 repletion suppresses

pro-inflammatory cytokines and decreases liver pathology without altering viral replication in murine

cytomegalovirus (MCMV)-infected IL-10 knockout mice. Inflamm Res Off J Eur Histamine Res Soc Al.

2011 Mar; 60(3):233–43. https://doi.org/10.1007/s00011-010-0259-4 PMID: 20922456

66. Madan R, Demircik F, Surianarayanan S, Allen JL, Divanovic S, Trompette A, et al. Non-Redundant

Roles for B Cell-Derived IL-10 in Immune Counter-Regulation. J Immunol Baltim Md 1950. 2009 Aug

15; 183(4):2312–20.

67. Verma S, Wang Q, Chodaczek G, Benedict CA. Lymphoid-Tissue Stromal Cells Coordinate Innate

Defense to Cytomegalovirus. J Virol. 2013 Jun; 87(11):6201–10. https://doi.org/10.1128/JVI.00113-13

PMID: 23536654

68. Tischer BK, Smith GA, Osterrieder N. En passant mutagenesis: a two step markerless red recombina-

tion system. Methods Mol Biol Clifton NJ. 2010; 634:421–30. https://doi.org/10.1007/978-1-60761-652-

8_30 PMID: 20677001

69. Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nat Methods. 2012 Apr; 9

(4):357–9. https://doi.org/10.1038/nmeth.1923 PMID: 22388286

70. Tan G, Muffato M, Ledergerber C, Herrero J, Goldman N, Gil M, et al. Current Methods for Automated

Filtering of Multiple Sequence Alignments Frequently Worsen Single-Gene Phylogenetic Inference.

Syst Biol. 2015 Sep 1; 64(5):778–91. https://doi.org/10.1093/sysbio/syv033 PMID: 26031838

71. Verma S, Loewendorf A, Wang Q, McDonald B, Redwood A, Benedict CA. Inhibition of the TRAIL

Death Receptor by CMV Reveals Its Importance in NK Cell-Mediated Antiviral Defense. PLoS Pathog.

2014. https://doi.org/10.1371/journal.ppat.1004268 PMID: 25122141

72. Moon JJ, Chu HH, Pepper M, McSorley SJ, Jameson SC, Kedl RM, et al. Naive CD4(+) T cell frequency

varies for different epitopes and predicts repertoire diversity and response magnitude. Immunity. 2007

Aug; 27(2):203–13. https://doi.org/10.1016/j.immuni.2007.07.007 PMID: 17707129

73. Nettersheim FS, Ghosheh Y, Winkels H, Kobiyama K, Durant C, Armstrong SS, et al. Single-cell tran-

scriptomes and T cell receptors of vaccine-expanded apolipoprotein B-specific T cells. Front Cardio-

vasc Med. 2023 Jan 5; 9:1076808. https://doi.org/10.3389/fcvm.2022.1076808 PMID: 36684560

74. Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA-seq data

with DESeq2. Genome Biol. 2014 Dec 5; 15(12):550. https://doi.org/10.1186/s13059-014-0550-8

PMID: 25516281

75. Benjamini Y, Hochberg Y. Controlling the False Discovery Rate: A Practical and Powerful Approach to

Multiple Testing. J R Stat Soc Ser B Methodol. 1995; 57(1):289–300.

76. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, et al. Gene set enrichment

analysis: a knowledge-based approach for interpreting genome-wide expression profiles. Proc Natl

Acad Sci U S A. 2005 Oct 25; 102(43):15545–50. https://doi.org/10.1073/pnas.0506580102 PMID:

16199517

PLOS PATHOGENS CD4 T cells and CMV persistence

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011852 January 18, 2024 20 / 20

https://doi.org/10.1586/14760584.2013.844653
http://www.ncbi.nlm.nih.gov/pubmed/24093909
https://doi.org/10.1126/science.aaa2148
http://www.ncbi.nlm.nih.gov/pubmed/25593185
https://doi.org/10.1007/s00011-010-0259-4
http://www.ncbi.nlm.nih.gov/pubmed/20922456
https://doi.org/10.1128/JVI.00113-13
http://www.ncbi.nlm.nih.gov/pubmed/23536654
https://doi.org/10.1007/978-1-60761-652-8%5F30
https://doi.org/10.1007/978-1-60761-652-8%5F30
http://www.ncbi.nlm.nih.gov/pubmed/20677001
https://doi.org/10.1038/nmeth.1923
http://www.ncbi.nlm.nih.gov/pubmed/22388286
https://doi.org/10.1093/sysbio/syv033
http://www.ncbi.nlm.nih.gov/pubmed/26031838
https://doi.org/10.1371/journal.ppat.1004268
http://www.ncbi.nlm.nih.gov/pubmed/25122141
https://doi.org/10.1016/j.immuni.2007.07.007
http://www.ncbi.nlm.nih.gov/pubmed/17707129
https://doi.org/10.3389/fcvm.2022.1076808
http://www.ncbi.nlm.nih.gov/pubmed/36684560
https://doi.org/10.1186/s13059-014-0550-8
http://www.ncbi.nlm.nih.gov/pubmed/25516281
https://doi.org/10.1073/pnas.0506580102
http://www.ncbi.nlm.nih.gov/pubmed/16199517
https://doi.org/10.1371/journal.ppat.1011852

