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Cytomegalovirus-Specific CD4 T Cells Are Cytolytic and Mediate
Vaccine Protection
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ABSTRACT

CDA4T cells provide protection against cytomegalovirus (CMV) and other persistent viruses, and the ability to quantify and char-
acterize epitope-specific responses is essential to gain a more precise understanding of their effector roles in this regard. Here, we
report the first two I-A%restricted CD4 T cell responses specific for mouse CMV (MCMV) epitopes and use a major histocom-
patibility complex class II (MHC-II) tetramer to characterize their phenotypes and functions. We demonstrate that MCMV-spe-
cific CD4 T cells can express high levels of granzyme B and kill target cells in an epitope- and organ-specific manner. In addition,
CDA4 T cell epitope vaccination of immunocompetent mice reduced MCMYV replication in the same organs where CD4 cytotoxic
T lymphocyte (CTL) activity was observed. Together, our studies show that MCMYV epitope-specific CD4 T cells have the poten-

tial to mediate antiviral defense by multiple effector mechanisms in vivo.

IMPORTANCE

CDA4T cells mediate immune protection by using their T cell receptors to recognize specific portions of viral proteins, called
epitopes, that are presented by major histocompatibility complex class I (MHC-II) molecules on the surfaces of professional
antigen-presenting cells (APCs). In this study, we discovered the first two epitopes derived from mouse cytomegalovirus
(MCMV) that are recognized by CD4 T cells in BALB/c mice, a mouse strain commonly used to study the pathogenesis of this
virus infection. Here, we report the sequences of these epitopes, characterize the CD4 T cells that recognize them to fight off
MCMYV infection, and show that we can use the epitopes to vaccinate mice and protect against MCMV.

Cytomegalovirus (CMV)/human herpesvirus 5 (HHV-5) (the
prototypic betaherpesvirus) infection is endemic in humans
and wild mice and establishes a lifelong infection in the absence of
acute disease in healthy hosts. Adaptive immunity is a critical
component of CMV defenses, restricting primary infection and
dampening reactivation, helping to maintain the largely benign
host-virus equilibrium. However, if inmunity is naive or compro-
mised (e.g., in transplant recipients or congenital infection), CMV
can cause serious disease (1, 2). In immunocompetent mice, CD8
T cells help to control acute CMV infection and establish latency
(3, 4), and their adoptive transfer prevents disease in mice and
humans with weakened immunity (5-8). Although much less well
studied, CD4 T cells also contribute to defense against CMV.
Their rapid expansion and numbers correlate with reduced dis-
ease in transplant and HIV patients (9—11), and correspondingly,
delayed induction of CMV-specific CD4 T cells is associated with
increased congenital infection (12) and prolonged viral shedding
in infants (13). Notably, no protective correlates were seen with
CMV-specific CD8 T cell responses in several of these studies. In
mice, CD4 T cells are absolutely required to control mouse cyto-
megalovirus (MCMYV) replication in the salivary glands—the key
site of viral dissemination, where CD8 T cells can exert no control
(14, 15)—and also contribute to immune control in several other
organs. Adoptive transfer of MCMV-specific transgenic CD4 T
cells provides some protection in immunocompromised mice
(16), and cotransferring CMV-specific CD4 T cells reduces viral
load and promotes “help” for CMV-specific CD8 T cell responses
in patients receiving cellular immunotherapy (17).

In addition to traditional helper functions, CD4 T cells can also
mediate direct antiviral activity in some cases. In chronic human
CMV (HCMV), Epstein-Barr virus (EBV), and HIV infections,
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CDA4 T cells displaying a terminally differentiated effector pheno-
type and/or expressing canonical cytolytic molecules (e.g., gran-
zymes and perforin) are present in peripheral blood (18-20). The
ability of these CD4 T cells to directly kill cells in an antigen-
specific fashion has been demonstrated in most cases after their
isolation and subsequent expansion/manipulation in culture (21—
23). Notably, however, a few studies have shown that HCMV-
specific CD4 T cells can mediate killing directly ex vivo in cell
culture assays (24-26). CD4 cytotoxic T lymphocytes (CTLs) can
be induced in virus-infected mice within a relatively short time
(weeks) (27-32), albeit ex vivo assays have normally been used to
define their killing capacity and human CD4 CTLs have been iso-
lated and studied largely from persons who have been chronically
infected for several years. Studies in both mice and humans sug-
gest that perforin and granzyme are key mediators of CD4 T cell-
cytolytic activity, but tumor necrosis factor (TNF) family ligands,
such as FasL and TRAIL, likely can also contribute (24, 25, 27, 29,
32). Notably, despite the fact that several studies have assessed the
phenotype and/or function of virus-specific CD4 CTLs that de-
velop in CMV-infected humans, almost nothing is known about
their role in the context of MCMYV infection.
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Although CD4 T cells have the capacity to mediate antiviral
defense via cytolysis in some cases, the relative importance of this
CTL activity, as well as the factors regulating their differentiation,
remains largely unclear. We hypothesized that epitope-specific
CD4 CTLs might be induced during MCMYV infection, given what
has been observed in CMV-infected humans. Consistent with this
hypothesis, we now report the identification of the first MCMV
epitope-specific CD4 T cell responses restricted by major histo-
compatibility complex class II (MHC-II) (I-AY) in BALB/c mice, a
model of CMV infection utilized for more than 50 years. An
MHC-II tetramer comprised of the m78,,,_,5, epitope was con-
structed and was utilized to enrich and characterize the phenotype
and function of these cells. We demonstrate that MCMYV epitope-
specific CD4 T cells can mediate the killing/loss of peptide-loaded
target cells in vivo and that this effector function varies dramati-
cally depending on the tissue where they reside. Finally, epitope
vaccination protected against MCMYV challenge in immunocom-
petent mice, the first evidence that CD4 T cells can mediate nonre-
dundant, early defense against CMV infection. Altogether, this
study significantly furthers our understanding of how CMV-spe-
cific CD4 T cells function during natural infection and highlights
the importance of considering their contributions in the context
of vaccination against this persistent virus.

MATERIALS AND METHODS

Mice and virus. BALB/c mice were purchased from Jackson Laboratories
(Bar Harbor, ME) and bred under specific-pathogen-free conditions at
the La Jolla Institute for Allergy and Immunology (LJI). All experiments
were performed in 8- to 12-week-old mice in accordance with the guide-
lines established by the AAALAC and the LJI IACUC. Viral stocks derived
from the bacterial artificial chromosome (BAC)-derived Smith strain of
MCMYV (33) or a stock obtained from the ATCC (VR-1399) were used,
and no significant differences were seen in the results obtained with either.
Intraperitoneal infection was performed with 2 X 10* PFU of salivary
gland-derived (SG) or 2 X 10> PFU of mouse embryonic fibroblast
(MEF)-derived (TC) viral stocks. MCMYV replication levels in organs were
determined by plaque assay in 3T3 cells as described previously (34).

IFN-y ELISPOT assay and ICCS. Enzyme-linked immunospot
(ELISPOT) assays were performed as described previously (35). For CD4
T cell intracellular cytokine staining (ICCS) of spleen, liver, or lung cells,
1 X 10° cells were incubated with 5 pg/ml of m53,45 590 O M78,,5_ 43,
15-mer peptides for 8 h or treated with phorbol myristate acetate (PMA)
(100 ng/ml) and ionomycin (500 ng/ml) for 5 h in the presence of brefel-
din A (2 pg/ml). The cells were then surface stained, fixed, and permeab-
ilized using BD Cytofix/Cytoperm buffer and stained for intracellular cy-
tokines. The antibodies used were Alexa-Fluor 700 CD3, efluor450
CD11a, and peridinin chlorophyll protein (PerCP)-efluor710 CD49d (all
from eBioscience); brilliant violet 570 (BV570) CD4 and BV605 TNF-a
(clone MP6-XT22) (both from Biolegend); and V500 CD44, phycoeryth-
rin (PE)-Cy7 gamma interferon (IFN-vy) (clone XMG1.2), PE-CF5%4 in-
terleukin 2 (IL-2) (clone JES6-5H4), allophycocyanin (APC) IL-10 (clone
JES65-16E3), and PE IL-17A (clone TC11-18H10) (all from BD Biosci-
ences). Samples were acquired on a BD LSR II cytometer, and data were
analyzed using FlowJo software (FlowJo).

In vivo peptide restimulation. On day 8 of infection, mice were in-
jected intravenously (i.v.) with 100 pg of m78,,,_,5, peptide. After 3 h,
spleens, livers, and lungs were harvested. Single-cell suspensions from the
spleen and liver were prepared as described previously (36). The lungs
were perfused prior to harvest, cut into small pieces, and incubated in
RPMI medium supplemented with collagenase D (1 mg/ml), DNase I (10
pg/ml), and 5 mM CaCl, for 30 min at 37°C. The digested organ was
passed through a 70-pm cell strainer and further processed similarly to
the spleen. The resulting cell suspensions were subjected to m78 tetramer
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enrichment as described below in medium containing 10 p.g/ml brefeldin
A. The enriched fraction was analyzed for cell surface and intracellular
marker/cytokine expression as described above for ICCS.

Peptide-MHC-II tetramer enrichment and flow cytometry. Biotin-
labeled m78 (I-A%) monomers were generated by the NIH Tetramer Core
Facility (Emory, AL) and were tetramerized by addition of streptavidin-
APC (Life Technologies) according to their protocol. Single-cell suspen-
sions prepared from various organs were subjected to m78-specific CD4 T
cell tetramer enrichment as described by the Pepper et al. (37). Briefly, the
cells were incubated for 1 h at 25°C with m78-APC tetramer, followed by
addition of anti-APC magnetic beads (Miltenyi Biotec). Samples were
enriched for bead-bound cells on magnetic columns. Cells from the en-
riched fraction (or flowthrough) were incubated with various antibodies
to determine the phenotype of m78-specific CD4 T cells: PE-CF594 CD69
(H1.253) (BD Biosciences), fluorescein isothiocyanate (FITC) KLRG-1
(2F1), PE-Cy7 CD28 (clone 37.51), APC-efluor780 PE BTLA (clone 8F4),
and CD127 (clone A7R34) (all from eBioscience) and BV605 PD-1 (clone
29F.1A12), PECy7 CD27 (clone LG-3A10), APC-Cy7 CD43 (1B11), and
PE HVEM (all from Biolegend).

In vivo CD4 T cell cytotoxicity assay. Splenocytes were harvested
from naive BALB/c mice and incubated with either 5 wg/ml each of
m53,¢5 599 and m78,,, 4,5, peptides (targets) or dimethyl sulfoxide
(DMSO) for 1 h at 37°C and then washed and labeled with carboxyfluo-
rescein succinimidyl ester (CFSE) (Molecular Probes) in phosphate-buff-
ered saline (PBS)-0.1% bovine serum albumin (BSA) for 10 min at 37°C.
The peptide-labeled targets were incubated with 1 uM CFSE (CFSE™) and
the DMSO-pulsed cells with 500 nM CFSE (CFSE"), washed, and mixed
ata 1:1 ratio, and ~1 X 107 cells were injected i.v. into naive or MCMV-
infected (day 8) mice. After 16 h, the mice were sacrificed, spleen and liver
mononuclear cells were isolated and stained with efluor450 anti-MHC-II
(clone M5/114.15.2; eBioscience), and the relative numbers of MHC-II"
CFSEM and CFSE™ cells were analyzed. Percent killing was calculated as
follows: 100 — ([percent CESE™ in infected mice/percent CESE" in infected
mice]/[percent CFSE™ in naive mice/percent CFSE'" in naive mice] X 100).
For analyses in mice depleted of CD4 (clone GK1.5) or CD8 (clone 2.43) T
cells, 150 g of antibody was injected intraperitoneally (i.p.) at days 5 and 7
of infection prior to injecting CFSE-labeled targets on day 8, and >97%
depletion was achieved in all mice. For analysis of granzyme B expression,
total or tetramer-enriched spleen or liver cells were ex vivo fixed, perme-
abilized, and stained with PE anti-granzyme B (clone GB12; Invitrogen).

Peptide immunization. BALB/c mice were immunized a single time
subcutaneously (s.c.) with 50 pg of m53,55 ,99 Or m78,,,_ 45, peptide
emulsified in complete Freund’s adjuvant (CFA) (Difco, Detroit, MI).
Mock-immunized mice received DMSO emulsified in CFA. Three weeks
later, the mice were challenged with TC MCMV, and 4 days later, they
were sacrificed for analysis of viral replication.

Statistical analysis. Statistical significance was analyzed by a Mann-
Whitney test or a Kruskal-Wallis test as indicated in the figure legends.
Unless otherwise indicated, the data represent means and standard errors
of the mean (SEM).

RESULTS

Identification of MCMYV epitope-specific CD4 T cell responses.
To identify MHC class II (I-A%)-restricted MCMV peptide
epitopes, defined MCMV open reading frames (38) were used for
algorithm-based predictions using tools available in the Immune
Epitope Database (http://www.iedb.org), and the 234 highest
ranked 15-mer peptides were subjected to further screening. CD4
T cells isolated from day 8 MCMV-infected mice were first incu-
bated with pools of 10 peptides, and ELISPOT analysis was per-
formed to assess their IFN-y production, followed by deconvolu-
tion of potentially positive pools (Fig. 1A). Out of the 234
peptides, two (m53,55_ 590 and m78,,,_,5,) were found to activate
CD4 T cells above the threshold value of 100 spot-forming cells
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FIG 1 Identification of MCMV-specific CD4 T cells. (A) BALB/c mice were infected with MCMYV, and day 8 postinfection, CD4 T cells from the spleens were
purified for screening of 24 peptide pools (10 peptides/pool; 10 g/ml each peptide). The mean numbers of SFC per 10° CD4 T cells from four independent
experiments are shown. Responses were considered positive if the stimulation index (SI) exceeded twice the mean of the negative-control wells (effectors plus
APCs without peptide) and the net numbers of spots were above the threshold of 100 SFC/10° CD4 cells in each individual experiment (indicated by the dashed
line). Positive pools (*) and pools showing an SI of >2 in at least two experiments (arrows) were deconvoluted. (B) Out of all individually tested peptides, two
15-mers were identified (*) that elicited a significant IFN-vy response. They were m53,45_oo (IAHQRITLTARCLRL) and m78,,,_5, (SQQKMTSLPMSVFYS). (C)
Splenocytes from day 8 MCMV-infected BALB/c mice were restimulated with m78 or m53 peptide epitopes, and intracellular cytokine staining for IFN-y and
TNF-a was performed. (D) ELISPOT analysis for IFN-y production by CD4 T cells from day 28 (d28) MCMV-infected mice after restimulation with m53- and

m78- peptide epitopes (means of the results of two independent experiments are shown). The data represent means and SEM.

(SFC)/10° CD4 T cells (Fig. 1B). Although both m53- and m78-
specific IFN-y-producing CD4 T cells were readily measurable by
ELISPOT assay, detecting them by ICCS and flow cytometry was
challenging, with m78 comprising ~0.15% of total splenic CD4 T
cells and m53 even less (~0.06%) at day 8 of infection (Fig. 1C).
These two CD4 T cell responses were virtually undetectable at day
28 when assessed by either assay, indicating they display largely
canonical expansion and contraction kinetics and do not “inflate”
over time (Fig. 1D), as some MCMV-specific CD8 and CD4 T cells
are known to do (39, 40). To further assess whether these pre-
dicted epitopes might selectively identify inflationary MCMV-
specific CD4 T cells, all 234 peptides were tested again in day
28-infected mice. However, unlike the I-A®-restricted m09,55_,-
specific CD4 T cells we have previously shown to selectively ex-
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pand during the persistent phase of MCMYV infection in C57BL/6
mice (39), no analogous inflationary response was identified using
this pool of potential epitopes (data not shown).

Phenotype of m78-specific CD4 T cells during acute and per-
sistent MCMYV infections. CD4 T cells play a critical role in con-
trolling MCMYV in mucosal organs, such as the salivary gland and
lung (15). One hurdle in studying the identified MCMYV epitope-
specific CD4 T cells was their very low frequencies. Consequently,
an MHC-II tetramer was generated using the m78,,,_,5, epitope,
and mononuclear cells isolated from the spleen, liver, lungs, and
salivary glands were subjected to tetramer enrichment (37). A rep-
resentative plot from each organ showing the successful enrich-
ment of m78-specific CD4 T cells at day 8 after infection is de-
picted in Fig. 2A. An MHC-II tetramer generated using the
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FIG 2 Phenotypic analysis of m78-specific CD4 T cells after MHC-II tetramer enrichment. (A) Tetramer (tet) enrichment of m78-specific CD4 T cells from
spleen, liver, lung, and salivary glands (bottom) compared to nonspecific CLIP tetramer (top) from day 8 MCMV-infected BALB/c mice. (B and C) Phenotype
of m78-specific tetramer-enriched CD4 T cells (open black histograms) compared to that of CD44™ naive CD4 T cells (filled gray histogram) from spleens and
livers (B) and lungs and salivary glands (C) of day 8 MCMV-infected mice. (D) Phenotype of m78-specific CD4 T cells from spleens and livers of day 28
MCMV-infected mice. Representative fluorescence-activated cell sorter (FACS) plots of the results of 2 or 3 independent experiments with groups of 4 mice each
for both time points are shown. For liver, lung, and salivary glands, cells were pooled from multiple mice prior to enrichment due to low numbers.

m53,45 590 €pitope was unfortunately not functional. The expres-
sion of various activation markers, adhesion molecules, and stim-
ulatory/inhibitory cosignaling molecules of the TNF receptor
(TNFR) and CD28 families was also assessed on m78-specific CD4
T cells and compared to levels expressed by naive CD4 T cells
(CD44'°) isolated from the same tissues at both days 8 and 28 (Fig.
2B to D). The m78-specific CD4 T cells displayed roughly similar
phenotypes in most cases, although some organ-specific differ-
ences in CD27, BTLA, and KLRG-1 expression were observed. At
day 28, spleen and liver m78-specific CD4 T cells exhibited re-
duced expression of several surface markers, such as CD69, CD43,
BTLA, PD-1, and CD27, compared to the day 8 levels. Notably,
surface marker expression by m78-specific CD4 T cells was similar
to that of the total MCMV-specific CD4 T cell response as gauged
by CD44" CD11a" CD49d™ expression (reference 41 and data
not shown), at both peak expansion and early memory time
points.

Cytokine expression of MCMYV-specific CD4 T cells. As an
initial attempt to gauge the magnitude and characteristics of the
total MCMV-specific CD4 T cell response in various organs, cells
isolated from naive and infected mice were restimulated ex vivo
with PMA/ionomycin and their production of IFN-y was as-
sessed. At day 8 of infection, an ~4% increase in the proportion of
IFN-vy-producing CD4 T cells was observed in MCMV-infected
spleens (~8% in MCMV-infected and ~4% in naive mice) (Fig.
3A). Roughly similar enhanced proportions of IFN-y-producing
CD4 T cells were also observed in the liver (~6%) and lung
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(~3%) at day 8 of infection (Fig. 3A). Although the absolute num-
bers of IFN-y" CD4 T cells resident in these nonlymphoid organs
were much lower than in the spleen, the numbers increased after
infection in all the tissues examined (Fig. 3A).

Distinct subsets of CD4 T cells can be identified in large part
based on their cytokine production, and whether MCMV-specific
CD4 T cells were capable of producing additional cytokines (e.g.,
TNF-a, IL-2, IL-10, and IL-17) was determined after PMA/iono-
mycin stimulation. The polyclonal MCMV-specific CD4 T cell
response was estimated by CD44" CD11a™ CD49d" surface
marker expression (41). Representative flow plots depicting the
expression profiles of CD11a and CD49d of total CD4 T cells from
spleens, livers, and lungs of naive and day 8 MCMV-infected mice
are shown in Fig. 3B. In naive mice, ~5 to 20% of total CD4 T cells
are CD11a" CD49d™, varying by organ, whereas 8 days after in-
fection, an ~2- to 3-fold increase in the proportion of cells dis-
playing this phenotype was observed. The CD44" CDI11a™
CD49d™ compartment is not comprised solely of MCMV-specific
cells in infected mice, as these “antigen-experienced” cells also
exist at measurable levels in naive mice (Fig. 3B). However, >95%
of m78-specific cells show this phenotype (Fig. 3C), indicating
that almost all MCMV-specific CD4 T cells will likely be contained
in this CD4 T cell compartment, as they are for several other vi-
ruses, but not all (41). The majority (>50%) of CD44M CD11aM
CD49d™ CD4 T cells in the spleens of MCMV-infected mice were
found to display a Th1-like phenotype, producing IFN-y and/or
TNF-a, much greater than the ~15% observed in naive mice. A
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FIG 3 Cytokine expression by MCMV-specific CD4 T cells. (A) Frequencies and absolute numbers of IFN-y-producing total CD4 T cells in spleens, livers, and
lungs of naive and day 8 MCMV-infected BALB/c mice after PMA/ionomycin stimulation. The data are representative of the results of 2 separate experiments
with 4 or 5 mice per group analyzed by the Mann-Whitney test. (B) Representative FACS plots showing the CD11a and CD49d profiles of total CD4 T cells from
the spleens, livers, and lungs of naive and day 8 infected mice. (C) Total CD4 T cells (gray contour plots) overlaid with m78-specific tetramer-enriched CD4 T
cells (black dots) from the spleens and livers of day 8 infected mice analyzed for CD11a and CD49d expression. (D) Representative FACS plots showing cytokine
production by CD44" CD11a" CD49" MCMV-specific splenic CD4 T cells from day 8 MCMV-infected mice and CD44!° CD4 T cells from naive mice after
PMA/ionomycin restimulation. (E) Frequencies and absolute numbers of CD44" CD11a"' CD49" MCMV-specific CD4 T cells producing IFN-y after PMA/
ionomycin stimulation of naive (gray bars) and day 8 MCMV-infected (black bars) mice. The data are representative of 2 separate experiments with 4 or 5 mice
per group analyzed by the Mann-Whitney test. For analysis of the liver, invariant NK T cells were excluded by CD1d tetramer staining. Ag, antigen. (F)
Frequencies of IFN-y-producing m78-specific CD4 T cells at day 8 of infection were determined after in vivo m78 peptide restimulation followed by tetramer
enrichment and intracellular cytokine staining. The data are representative of 2 independent experiments with 4 mice per group. The data represent means and

SEM; *, P < 0.05; **, P < 0.005.

substantial proportion of these cells also produced IL-2 (~40%
compared to ~15% in naive mice), and a small, but readily iden-
tifiable, proportion also produced IL-10 (~5%). No IL-17-pro-
ducing CD4 T cells were observed at day 8 of infection following
this polyclonal restimulation (Fig. 3D). Although a similar en-
hanced proportion of CD44" CD11a" CD49d* CD4 T cells were
found to produce IFN-vy in the spleen, liver, and lungs (~15 to
30%) after MCMYV infection, again, their absolute numbers were
much higher in the spleen than in the other nonlymphoid organs
(Fig. 3E).

The ability of m78-specific CD4 T cells to produce various
effector cytokines was then assessed following their restimulation
in vivo by injecting the m78 peptide epitope directly in day 8 in-
fected mice, followed by tetramer enrichment. The m78-specific
CDA4 T cells were found by this method to primarily differentiate
into IFEN-y-producing Th1-like cells, with virtually no expression
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of TNF-«, IL-2, or IL-17 detected (data not shown). Similar to
what was observed for the polyclonal MCMV-specific CD4 T cell
response, ~20% of all splenic m78-specific cells produced IFN-y
in the spleen, but interestingly, ~60% of all liver-resident m78-
specific CD4 T cells were found to be IFN-y™ after in vivo peptide
restimulation (Fig. 3F).

CMV-specific CD4 T cells display CTL activity in vivo and
confer protection after peptide immunization. In addition to
helping antibody and CD8 T cell responses, CD4 T cells can me-
diate direct antiviral activity through their production of effector
cytokines (e.g., [IFN-y and TNF-a). Although few studies exist in
the context of MCMYV infection, production of IFN-y by CD4 T
cells has been reported to be a key component of their antiviral
effector functions (14, 42). Notably, CD4 T cells displaying a CTL-
like phenotype circulate in persons infected with HCMV, and we
wished to examine if this was also true for MCMV and also
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FIG 4 MCMV-specific CD4 T cells demonstrate CTL activity and can protect after peptide immunization. (A and B) GzmB expression in CD44™ CD4 T cells
(A) or m78-specific CD4 T cells (B) in livers and spleens of day 8 MCMV-infected (black bars) or naive (gray bar) BALB/c mice. The results are representative
of 3 independent experiments with at least 4 mice per experiment, and invariant NK T cells were excluded by CD1d tetramer staining. (C) The percent specific
killing by CD4 T cells was assessed in spleens and livers of day 8 MCMV-infected and naive mice by the ability of CD4 T cells to kill m78 and m53 peptide-loaded
MHC-II" target cells. The killing results are representative of four independent experiments with at least 4 mice per group, and CD4 and CD8 T cell depletion
was performed twice in groups of 3 mice with similar results. Statistical analysis was performed using the Kruskal-Wallis test (P = 0.014). (D) ICCS for IFN-y
production by CD4 T cells in day 4 MCMV-challenged mice in mock-immunized (imm) (circles) or vaccinated (squares) mice restimulated with no peptide (No
pep) or the individual epitopes. The data are representative of the results of 2 separate experiments with 5 mice per group analyzed by the Mann-Whitney test.
(E) Mice were immunized with m78 and m53 epitopes (squares) or mock immunized (circles) 3 weeks prior to MCMYV challenge, and replication was determined
4 days postinfection. The results are a composite of 3 separate experiments with 5 mice per experiment analyzed by the Mann-Whitney test. The dotted lines

denote the detection limit. The data represent means and SEM; *, P < 0.05; **,

whether MCMYV epitope-specific CD4 T cells might be capable of
mediating direct cytolysis in vivo. Expression of granzyme B (en-
coded by gzmB) by CD4 T cells is a marker commonly used to
identify potential CD4 CTLs, as it is a key effector molecule for
killing target cells. gzmB expression was assessed in both CD44"
and m78-specific CD4 T cells in both spleen and liver at day 8 after
MCMYV infection. Only a small proportion of CD44™ CD4 T cells
expressed gzmB in the spleen (~3 to 5%), whereas ~30% of CD4
T cells in the liver expressed gzmB. When m78-specific CD4 T cells
were analyzed, similar preferential expression levels of gzmB were
seen in the liver and the spleen (spleen, ~2%, and liver, ~16%)
(Fig. 4A and B). To assess whether this expression of gzmB corre-
lated with the potential in vivo cytolytic activity of MCMV
epitope-specific CD4 T cells, target cells were pulsed with m53 and
m78 peptides and injected into day 8 MCMV-infected mice. Ap-
proximately 40% loss of MHC-II-positive target cells was ob-
served in the liver, whereas essentially no loss of target cells was
seen in the spleen (Fig. 4C), entirely consistent with the relative
expression of gzmB by MCMV-specific CD4 T cells in the two
organs and strongly suggesting the cells can mediate direct cytol-
ysis in vivo. As a comparison, target cells loaded with MCMV
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P < 0.005; ns, not significant.

epitopes targeted by CD8 T cells (IE1,45_ ;76 and m164,5, 545)
showed >90% loss/lysis in both organs (data not shown). To
demonstrate that CD4 T cells were responsible for the apparent
killing of epitope-loaded target cells, mice were antibody depleted
of either CD4 or CD8 T cells. As expected, target cell cytolysis was
markedly (5-fold) reduced in the livers of CD4 T cell-depleted
mice, with CD8 T cell depletion showing no effect (Fig. 4C).

The importance of CD4 T cells in controlling chronic virus
infection has made them a focus in the context of vaccine devel-
opment (43, 44). To assess whether these cells have the capacity to
provide protection against CMV in a vaccine setting, immuno-
competent mice received a single vaccination with m53 and m78
peptides in CFA, followed by MCMYV challenge and assessment of
viral replication 4 days later. We have observed that CD4 T cells
normally provide no protection at this early time point in the
spleen or liver during normal MCMYV infection (determined after
depletion with anti-CD4 antibody), while by day 8 of infection,
their depletion results in dramatically higher titers in both organs
(datanot shown). Therefore, we focused on the day 4 time point to
determine whether more rapid CD4 T cell-dependent control
could be induced after epitope vaccination. Significantly en-
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hanced proportions of IFN-y-producing m78 and m53 CD4 T
cells were seen in immunized mice following infection (Fig. 4D),
and ~1,000 m78-specific CD4 T cells could be tetramer enriched
from spleens of vaccinated mice prior to infection (data not
shown), indicating the vaccination regimen was successful. In
turn, vaccinated mice showed significantly reduced MCMV rep-
lication in the liver at day 4 of infection, with spleens and lungs
trending toward protection but not reaching significance (Fig.
4E). Notably, CD4 T epitope vaccination did not boost the
MCMV epitope-specific CD8 T cell response (data not shown),
indicating protection was likely due to directly enhancing CD4 T
effector function.

DISCUSSION

Here, we identify the first MCMV epitope-specific CD4 T cells
induced in BALB/c mice, extending our previous work identifying
MCMV epitopes targeted by CD4 T cells in C57BL/6 mice (39).
BALB/c mice have been used for decades to show the utility of
CD8 T cell immunotherapy for protection against CMV-induced
disease in the context of bone marrow transplantation (45). The
identification of these epitopes will facilitate studying how
MCMV-specific CD4 T cells contribute in this transplant model,
in addition to providing valuable new tools to assess their func-
tion(s) during normal infection and vaccination settings. BALB/c
mice do not encode the Ly49H-activating receptor expressed by
C57BL/6 mice, which binds the viral m157 protein and results in a
potent NK cell response that is not representative of what occurs
in most MCMYV infections of outbred/wild mice (46, 47). As NK
cells play a role in shaping MCMV T cell responses (48, 49), the
ability to study MCMV epitope-specific CD4 T cell responses in
both BALB/c and C57BL/6 mice will provide valuable new insight.

Virus epitope-specific CD4 T cells are often induced at very low
frequency, which is the case for the m78 and m53 responses iden-
tified here, and this poses a challenge for their study. Fortunately,
an MHC-II tetramer was successfully generated for analysis of
CDA4 T cells targeting the m78,,,_,5, epitope, allowing their char-
acterization from several tissues after performing tetramer enrich-
ment, which increases detection sensitivity by ~100-fold (37).
When the cell surface marker phenotype of m78-specific CD4 T
cells was compared to that of the total antigen-experienced CD4 T
cell compartment in MCMV-infected mice (based on their
CD44" CD11a" CD49d ™" phenotype [41]), they were quite simi-
lar for most markers examined, despite the fact that the m78
epitope likely identifies only ~3 to 5% of the entire MCMV-spe-
cific CD4 T cell response at times of peak expansion. This result
strongly suggests that the apparent CD4 CTL activity mediated by
m78 and m53 CD4 T cells in liver compared to spleen, as well as
the enhanced protection in the organ after vaccination, is not
likely to be unique to these two particular MCMYV epitope-specific
CD4 T cell populations. In addition, to estimate the cytokine-
producing potential of m78 CD4 T cells, we performed in vivo
restimulation with this epitope, which may be more representa-
tive of how these cells respond to natural encounter of MCMV
antigens in vivo (50). Interestingly, after peptide epitope injection
into mice, only ~15% of m78-specific CD4 T cells present in the
spleen produced IFN-y, and no expression of IL-2 or TNF was
observed. Consistently, a similar percentage of IFN-y* m78 CD4
T cells was observed after PMA/ionomycin restimulation at the
same time (data not shown). In contrast, ~40 to 50% of CD44"
CD11a" CD49d™ splenic CD4 T cells produced IFN-vy, IL-2,
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and/or TNF after PMA/ionomycin stimulation ex vivo, with many
producing more than one of the cytokines. Whether this repre-
sents an inherent difference in the cytokine-producing potential
of m78-specific cells from those of other MCMV-specific CD4 T
cells or whether it is the result of technical differences when re-
stimulating CD4 T cells by the two different methods remains to
be determined.

Our results are the first we are aware of demonstrating that
MCMV epitope-specific CD4 T cells can express high levels of
granzyme B and that this expression is highly dependent upon the
organ they reside in. Our data strongly suggest these cells can kill
antigen-expressing target cells in vivo, and although other poten-
tial explanations for the specific loss of the peptide-loaded targets
we observed are formally possible, we favor a model where these
cells mediate direct cytolysis. Although helper functions of CD4 T
cells have been studied for decades, more recently there has been
increasing emphasis on deciphering nontraditional roles for CD4
T cells, especially with regard to harnessing these functions for
potential vaccine development. In the context of several chronic
viruses (e.g., HIV, HCMV, and EBV), CD4 T cells expressing ca-
nonical cytolytic molecules routinely circulate in the peripheral
blood, but assessing the in vivo cytolytic potential of the cells is a
major challenge for these human viral infections (21-23). In mice,
there are only a few reports presenting data consistent with CD4 T
cells mediating in vivo antiviral CTL activity (27-32), highlighting
the complexity and technical challenges associated with develop-
ing robust assays/models to assess this. Relatively early during
MCMYV infection, ~20% of m78-specific CD4 T cells resident in
the liver express gzmB and appear capable of efficiently killing
target cells there, whereas the ~2% that express gzmB in the spleen
exhibit virtually no cytolytic activity. This dramatic organ-specific
difference in m78 CD4 CTL functions is very intriguing and raises
important issues regarding the need to further our understanding
of how the tissue environment(s) regulates the priming and/or
differentiation of virus-specific CD4 T cells with distinct effector
functions. Recent studies show that the transcription factors
ThPOK and Runx3 are key regulators of CD4 versus CD8 T cell
lineage differentiation decisions. ThPOK maintains the helper
identity of CD4 T cells, whereas forced expression of Runx3 in-
duces a cytolytic gene expression program (51, 52). Notably, in the
gut mucosa, CD4 T cells lose ThPOK expression and acquire
Runx3, suggesting chronic exposure to microbiota antigens can
induce CD4 CTLs (53). Whether the expression balance of these
two transcription factors may also impact this process during
MCMYV infection is an interesting question. In turn, determining
if “stable” and “inflationary” MCMV-specific CD4 T cells exhibit
distinct CTL activities in C57BL/6 mice will be of interest, as in-
flationary CD4 T cells expand at times when MCMYV replication is
restricted largely to the salivary gland mucosa (39).

In this study, we show for the first time that immunization with
MHC-II (I-A%)-restricted epitopes protects against MCMYV chal-
lenge at times when CD4 T cells normally do not contribute to
immune defense. As the frequencies of ICCS-detectable, IFN-y-
producing m53-specific CD4 T cells are very low during natural
infection (Fig. 1C), it was comforting to also see a readily measur-
able population of these cells at day 4 following vaccination and
MCMYV challenge (Fig. 4D). Although a significant reduction in
MCMYV replication was not observed in the spleen or lung (despite
trending lower) and reduced liver replication levels were modest,
we chose a relatively simple, single-priming vaccination regimen
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in these first studies. Whether greater vaccine-mediated protec-
tion in the liver is a result of enhanced CD4 CTL activity in the
organ is currently being explored. In addition, discovering
whether boosting with the peptide epitopes, altering the adjuvant
regimen, and/or including other methods to enhance CD4 T cell
induction (e.g., anti-CD40 or anti-OX40) will improve protection
will be of great interest.
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