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CD4 T lymphocytes regulate the adaptive immune re-
sponse to most viruses, both by providing help to CD8 T
cells and B cells as well as through direct antiviral activity.
Currently, no mouse cytomegalovirus (MCMV)-specific
CD4 T cell responses are known. In this study, we identify
and characterize 15 I-Ab-restricted CD4 T cell responses
specific for MCMV epitopes. CD4 T cells accumulate to
high levels in the spleen and lungs during acute infection
and produce multiple cytokines (IFN-�, TNF, IL-2, IL-
10, and IL-17). Interestingly, IL-17 and IFN-� produc-
tion within epitope-specific cells was found to be mutually
exclusive. CD4 T cells recognizing a peptide derived from
m09 were only detectable at later times of infection and
displayed a unique cytokine production profile. In total,
this study reveals that the MCMV-specific CD4 T cell
response is complex and functionally diverse, highlight-
ing its important role in controlling this persistent
pathogen. The Journal of Immunology, 2008, 180:
6472– 6476.

C ytomegalovirus (�-herpesvirus) establishes a lifelong,
asymptomatic infection in immunocompetent hosts,
and both innate and adaptive immunity are critical for

viral control. In humans, CMV-specific CD4 T cells correlate
with protection from disease (1), and CD4 T cells are required
for control of mouse CMV (MCMV)3 replication in the sali-
vary gland and lung (2–4). The MCMV-specific Ab response is
also dependent upon CD4 T cells and provides protection
against recurrent, but not acute, infection (2, 5). Adoptive
transfer of virus-specific CD8 T cells protects against CMV-
mediated disease in immunocompromised humans, and their
maintenance requires human CMV-specific CD4 T cells (6).
Similarly, the transfer of virus-specific CD8 T cells protects im-
munocompromised mice from disease (7), but acute MCMV

infection is effectively controlled when CD8 T cells are absent
in immunocompetent mice (3, 8), highlighting a role for CD4
T cells in healthy mice.

Approximately 4–5% of the entire CD4 and CD8 T cell
compartment is specific for HCMV in seropositive humans (9)
and can increase dramatically in the elderly (10, 11). Specific
subpopulations of MCMV-specific CD8 T cells also increase
over time (e.g., “memory inflation”) (12–15). The phenotype
of inflating CD8 T cells is largely “effector-memory”-like (IL-
2�CD62LlowCD127�), whereas noninflationary CD8 T cells
resemble “central-memory” cells (IL-2-expressing CD62Lhigh

CD127high cells) (16).
To gain more insight into the CD4 T cell response to

MCMV infection, we set out to identify virus peptide-specific
CD4 T cell responses restricted by MHC class II (I-Ab). Using
a newly developed algorithm, we identified 15 MCMV pep-
tide-specific CD4 T cell responses. Most of these responses dis-
played “classical” kinetics for the expansion/contraction phase
and produced a varied pattern of cytokine expression upon re-
activation. In contrast, a CD4 T cell response specific for the
m09133–147 peptide was found to be inflationary and displayed
a more central-memory phenotype, producing large amounts of
IL-2. This study indicates that MCMV-specific CD4 T cell re-
sponses are diverse and polyfunctional and provides insight into
how these lymphocytes may regulate the pathogenesis of CMV
infection.

Materials and Methods
Mice and infection

C57BL/6 mice were purchased from The Jackson Laboratory. Mice aged 8–12
wk were infected i.p. with 5 � 104 PFU of MCMV (Smith strain; American
Type Culture Collection). Virus was prepared from salivary glands of infected
BALB/c mice and titered on 3T3 cells as described (17). All studies were con-
ducted at the La Jolla Institute for Allergy and Immunology (La Jolla, CA) in
facilities approved by the American Association for the Accreditation of Labo-
ratory Animal Care and according to Institutional Animal Care and Use Com-
mittee-approved animal protocols.
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Peptide predictions and synthesis

Candidate 15-mer class II epitopes were predicted as described (18), by con-
verting the predictions into a ranking of candidate peptides. From all of the
predicted MCMV open reading frames (ORFs) (19), the top 100 predicted
I-Ab restricted peptides from the entire MCMV genome were synthesized. In
addition, the top 100 peptides from five MCMV proteins that elicit immuno-
dominant CD8 T cell responses (i.e., M45, M57, m139, M38, and IE3) (16)
were also synthesized (�80% pure) (Pepscan Systems). Of these 200 peptides,
12 were predicted by both methods and the resulting 188 unique “crude” pep-
tides were tested individually. The 15 MCMV-specific peptides that showed
specific CD4 T cell reactivity after this initial analysis were then synthesized as
highly purified peptides by A&A Systems, confirmed by mass spectrometry,
and used in future experiments.

Intracellular cytokine staining and flow cytometry

Single-cell suspensions of spleens, lymph nodes, and salivary glands from
MCMV-infected mice were stimulated in 96-well plates (1.5 � 106/well) with
3 �g/ml peptide for 8 h (the last 6 h in the presence of 1 �g/ml brefeldin A
(Golgiplug; BD Pharmingen) at 37°C. Subsequently, cells were stained in PBS
containing 1% FCS and 0.05% sodium azide (FACS buffer) with mAbs specific
for CD4 (clone RM4-5) and CD8 (clone 53-6.7), fixed and permeabilized ac-
cording to Cytofix/Cytoperm kit instructions (BD Pharmingen), and intracel-
lular cytokine staining was performed for IFN-� (clone XMG1.2), IL-2 (clone
JES6–5H4), IL-10 (clone JES5–16E3), IL-17 (clone TC11–18H10.1), and/or
TNF (clone MP6-XT22). All Abs were purchased from either BD Pharmingen
or eBioscience. A LSRII flow cytometer with Diva software was used (BD
Pharmingen) and data were analyzed with FlowJo software (Tree Star). Two
independent experiments were performed for each peptide in multiple mice.

Results
Identification of MCMV-specific I-Ab-restricted CD4 T cell epitopes

To date, no MCMV epitope-specific CD4 T cell responses have
been described. To identify class II (I-Ab)-restricted MCMV
peptide epitopes, all of the MCMV ORFs were used for algo-
rithm-based predictions, and the 100 most highly ranked 15-
mer peptides were synthesized. In addition, the top 100 ranked
15-mer peptides predicted from five MCMV proteins that elicit
immunodominant CD8 T cell responses were also synthesized
(M45, M57, m139, M38, and IE3) (16). The ability of these
peptides to induce MCMV-specific CD4 T cell activation was
determined by the restimulation of splenocytes and intracellu-
lar cytokine staining for IFN-� 8 days after MCMV infection of
C57BL/6 mice (Fig. 1A). A total of 14 peptides derived from 10
distinct MCMV proteins activated CD4 T cells above the thresh-
old value of 0.015% (3� over background) and did not activate
CD8 T cells (Table I and Fig. 1). The responses specific for pep-
tides m18872–886, M25409–423, m139560–574, m141181–195,
and m14224–38 comprised �0.1% of total splenic CD4 T cells.
Additional responses ranging from 0.02 to 0.1% were detected
for M45102–116, M45192–206, M45239–253, M45796–810,
M83229–307, M104261–275, M122/IE3390–404, m139497–511,
and m1461–15. The sum of these individual responses repre-
sented �1.5% of the total splenic CD4 T cells following
MCMV infection. The entire MCMV-specific CD4 T cell
population in the spleen was estimated to be �6% of the total
population 8 days after MCMV infection based on restimula-
tion with PMA/ionomycin (�9.5% IFN-�� CD4 T cells in
MCMV-infected mice and �3.5% IFN-�� in naive mice), in-
dicating that �25% of the MCMV-specific CD4 T cell re-
sponse is likely detected using these 14 epitopes.

Organ distribution of MCMV-specific CD4 T cells

Cellular immune control of MCMV replication during infec-
tion is organ specific, with CD4 T cells playing a very important
role in both the lungs and salivary gland (2–4). Consequently,
the numbers of MCMV-specific CD4 T cells were examined

in the lungs, salivary glands, and their draining lymph nodes
8 days postinfection. A high frequency of these cells were
found to be present in the lung at day 8 postinfection (Fig.
1B) and made up a significantly higher percentage of the to-
tal CD4 T cells when compared with the spleen. In contrast,
only very few MCMV-specific CD4 T cells could be de-
tected in the salivary glands and the draining lymph nodes at
this time point (10- to 20-fold lower percentages than in the
spleen; data not shown). Thus, MCMV-specific CD4 T cells
reside in both lymphoid and nonlymphoid organs and are
present in high numbers at times in the lung, where they are
critical for viral control.

FIGURE 1. Identification of MCMV-specific CD4 T cells. A, Intracel-
lular cytokine staining for IFN-� after stimulation with the indicated
MHCII binding peptides was performed on splenocytes from MCMV-in-
fected mice. B, Lymphocytes were isolated from the lung and IFN-� pro-
duction by CD4 T cells was assessed after stimulation with the indicated
MCMV peptides. Analysis was done 8 days postinfection. Flow plots show
the IFN-�-positive cells within the total cell population except in the case
of PMA/ionomycin, where only the gated CD4 T cell population is shown.
Histogram numbers indicate the number of IFN-�-producing cells within
the CD4 T cell population. All data are representative of three or four mice
per group from at least two separate experiments for this and the other two
figures.
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Cytokine expression profiles of MCMV-specific CD4 T cells

Diverse subsets of CD4 T cells can be identified based on the
spectrum of cytokines they produce when encountering Ag
(i.e., Th1, Th2, Th17, and regulatory T cells). To identify
which subsets develop during acute MCMV infection, we ex-
amined the ability of MCMV-specific CD4 T cells to produce
TNF, IL-2, IL-10, and IL-17 after peptide stimulation (Fig. 2).
During the acute phase of infection, we found that 30–40% of
the MCMV-specific, IFN-� expressing CD4 T cells also pro-
duced TNF. Upon restimulation, the percentage of peptide-
specific CD4 T cells that produced IL-2 varied between �0.1
and 0.2% (tested for m18872–886, M25409–423, m139560–574,
m141181–195, and m14224–38); IL-2 was expressed preferen-
tially in cells that did not express IFN-�, but a significant per-
centage of cells did coexpress these two cytokines (�20–30%).
IL-10, a cytokine known to dampen Th1 responses and pro-
mote persistent MCMV replication in the salivary gland of B6
mice (20), showed a very similar expression pattern to that of
IL-2. In contrast to IL-2 and IL-10, CD4 T cells that expressed
IL-17 were never found to coexpress IFN-� and were present at
40–60% as compared with IFN-�-expressing cells. Collec-
tively, these data show that polyfunctional subsets of Ag-spe-
cific CD4 T cells develop during MCMV infection.

FIGURE 2. Cytokine expression by MCMV-specific CD4 T cells. The
production of various cytokines by splenic CD4 T cells was assessed after
stimulation with m139560–574 and m14224–38 peptides 8 days following
MCMV infection. Flow plots are gated on CD4 T cells and the numbers
indicate the frequency of IFN-�-, TNF-, IL-2-, IL-10-, and IL-17-produc-
ing cells within this population.

FIGURE 3. MCMV-specific CD4 T cell responses vary in their time of
induction. A, The frequency of splenic IFN-�-producing cells after stimu-
lation with the indicated peptide epitopes was determined on days 7, 8, 9,
15, 40, and 100 after MCMV infection. Plots represent the percentage of
IFN-�-producing cells within the CD4 T cell population. B, The frequency
of splenic IFN-�-producing cells within the total CD4 T cell population
specific for the inflating MCMV epitope m09133–147 was determined on
days 8, 15, 40, and 100 after MCMV infection. C, Cytokine production of
splenic CD4 T cells specific for m09133–147 or m14224–38 was assessed on
day 100 after MCMV infection. Flow plots are gated on CD4 T cells and
numbers indicate the frequency of IFN-�-, TNF-, and IL-2-producing cells
within the CD4 T cell population.

Table I. MCMV peptide-specific CD4 T cell responses

Protein Epitope Sequence ICCSa Protein Family/Function
Human CMV
Homologue

m09 133–147 GYLYIYPSAGNSFDL ND Glycoprotein family, nonessential
m18 872–886 NERAKSPAAMTAEDE 0.177 � 0.050 Early phase gene
M25 409–423 NHLYETPISATAMVI 0.264 � 0.072 UL25 family homologue, Tegument protein UL25(GF1)
M45 102–116 AVSAANAAVNAAAAA 0.026 � 0.006 Ribonucleotide reductase homologue UL45
M45 192–206 TPAATTPAATAVENR 0.046 � 0.017 UL45
M45 239–253 QATPSTPIPIPAPRC 0.086 � 0.022 UL45
M45 796–810 RPAVCGPGVSVVSGG 0.073 � 0.037 UL45
M83 229–243 TLRYAKANGTPPDSL 0.048 � 0.016 Virion matrix phosphoprotein UL83 (pp65)
M104 261–275 LKRFIYAEPTILEEE 0.038 � 0.018 Structural protein UL104
M122/IE3 390–404 DRTAGGYVAPNAHKK 0.041 � 0.016 Essential immediate early gene UL122(IE2)
m139 497–511 GSPWKTSAVTVSRKA 0.059 � 0.021 US22 family homologue US22
m139 560–574 TRPYRYPRVCDASLS 0.221 � 0.051 US22 family homologue US22
m141 181–195 LVVFSDPNADAATSV 0.173 � 0.047 US22 family homologue US24
m142 24–38 RSRYLTAAAVTAVLQ 0.261 � 0.038 US22 family homologue, with m143 block

of PKR activation
US26

m146 1–15 MTTPSPIRVRAIAVW 0.029 � 0.009 Member of MGP family m145

a Intracellular cytokine staining (ICCS) at day 8 postinfection; showing percentage of IFN-�� within CD4 T cells � SD. ND, Not detectable at day 8.
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Profile of the CD4 T cell memory pool during the course of MCMV
infection

The MCMV-specific, polyclonal memory CD8 T cell pool dis-
plays several phenotypes. These range from “classical” responses
that expand maximally by �8 days postinfection, contract, and
develop into stable long-term memory cells to so-called “infla-
tionary” CD8 T cell memory responses that are virtually unde-
tectable at day 8 but increase dramatically in frequency during
chronic/latent infection (15, 21). Consequently, we measured
the time course kinetics of the MCMV-specific CD4 T cell re-
sponse periodically through day 100 postinfection. We found
that all 14 responses originally identified at day 8 postinfection
peaked at this time and then contracted and established a stable
memory cell pool (Fig. 3A).

In addition to analyzing the kinetics of the 14 epitope-specific
CD4 T cell responses originally identified at day 8 postinfection,
the original 188 peptides were all tested again at day 100 postin-
fection. Strikingly, at this time CD4 T cells specific for a peptide
epitope derived from the m09 protein (m09133–147) were identi-
fied. Subsequent kinetic analysis of the CD4 T cells specific for the
m09133–147 epitope revealed that reactivity was undetectable at day
8, very low at day 15, but increased dramatically at day 40 and at
day 100 postinfection (Fig. 3A). Interestingly, when m09-specific
CD4 T cells were compared with m142-specific cells, a signifi-
cantly higher percentage produced IL-2 and TNF within the
IFN-�� population and also produced higher levels of these cyto-
kines (Fig. 3C). Therefore, m09-specific CD4 T cells display a sig-
nificantly altered time course of induction than that of most
MCMV-specific CD4 responses, somewhat resembling inflation-
ary CD8 T cells, but their cytokine expression profiles differ sig-
nificantly from those of previously characterized MCMV-specific
CD8 T cells that increase in number over time.

Discussion
The consensus prediction approach used in this study was
highly successful in identifying MCMV-specific CD4 T cell re-
sponses. Although the peptide candidates tested covered �1%
of the total predicted ORFs encoded by the MCMV genome,
they uncovered �25% of the IFN-�-producing CD4 T cell
population specific for the virus. This result is a marked im-
provement over our past experiences predicting H-2 I-Ab-re-
stricted, vaccinia virus-derived CD4 T cell epitopes (22). The
performance improvements are due to more available public
data sets that can be incorporated into next generation algo-
rithms that use a consensus-based approach.

Two H-2b-restricted CD8 T cell responses specific for pep-
tides derived from the immediate early (IE) 3 protein increase in
number throughout the latent infection of C57BL/6 mice, and
these cells display an effector-memory phenotype (IL-
2�CD62LlowCD127�) (16). In contrast, the CD4 T cell pop-
ulation specific for the IE3390–404 epitope identified in this
study was not found to increase over time. One potential expla-
nation for the inflation of CD8 T cell responses specific for
CMV IE proteins is that periodic, stochastic reactivation of a
latent virus is a source of chronic Ag(s) for these CD8 T cells
(23). For MCMV it has been shown that a CD8 T cell popu-
lation specific for a H-2d-restricted IE1-derived epitope local-
izes to the lung and regulates “abortive transcriptional reactiva-
tion” (24). Why then do IE3390–404 specific CD4 T cells not
inflate if this process is merely driven by chronic Ag? Currently,
we have no definitive explanation for this, but the increase in

specific CD8 T cell populations during chronic CMV infection
cannot likely be exclusively explained by the above model.

Four of the 15 CD4 T cell responses identified in this study
are specific for the M45 protein, and M45 is the target of the
immunodominant CD8 T cell response during acute MCMV
infection in C57BL/6 mice (25). M45 is required for MCMV
to inhibit apoptosis and replicate efficiently in endothelial cells
(26), cells that express both MHC class I and II. Stromal cells
are the primary targets of MCMV infection in the spleen (27)
and likely in other organs, suggesting that infected endothelial
cells may serve as an important source of viral Ag to promote
both CD4 and CD8 T cell responses.

Strikingly, a substantial percentage of the MCMV-specific
CD4 T cell population produced IL-17 upon peptide stimula-
tion. To date, very little is known about the role of this cytokine
in the context of viral infection. IL-17-producing CD4 T cells
are critical for controlling Mycobacterium tuberculosis infection
in the lung and do so by regulating the recruitment of IFN-�-
producing CD4 T cells (28). As we have observed a significant
number of IFN-�-producing, MCMV-specific CD4 T cells in
lung, it is tempting to speculate that IL-17 might play a similar
role in controlling MCMV infection. In total, this study char-
acterizes specific CD4 T cell responses that arise during
MCMV infection and will help to further our understanding of
the ways CD4 T cells regulate immunity to infection with this
persistent virus.
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