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a b s t r a c t

Vaccinia virus infection can confer immunity to smallpox by inducing potent T cell and antibody
responses. While the CD8 T cell response to vaccinia virus has been well characterized, less is known
about factors required for priming and memory for the CD4 T cells. Focusing on two recently described
epitopes, we show that after intranasal infection, both I1L and L4R epitopes are co-dominant during the
acute response, but the I1L epitope dominates during memory. CD4 T cell priming was intact in the
absence of CD80/86, however secondary responses were reduced. This contrasts with our previous data
showing CD80/86–CD28 interaction is required for optimal primary and memory CD8 T cell responses.
The absence of CD80/86 also changed the immunodominance hierarchy during memory, with the I1L
and L4R responses becoming co-dominant in knockout mice. These data highlight different costimulatory
requirements for primary CD4 and CD8 T cell responses to vaccinia virus.

� 2010 Elsevier Inc. All rights reserved.

1. Introduction

Vaccinia virus (VAVC) is a double-stranded DNA virus belonging
to the Poxviridae family and shares high similarities to other ortho-
poxviruses such as variola virus, the causative agent of smallpox.
Vaccinia virus infection induces potent cellular and humoral re-
sponses [1–3], and intradermal inoculation with this virus provides
protective immunity against smallpox infection. While the CD8 T
cell response to this virus has been studied extensively, less is
known regarding the CD4 T cell response. CD4 T cells are crucial
for protection from primary vaccinia virus infection, largely by pro-
viding help for the antibody response [4]. Recently several CD4 T
cell epitopes on the virus were mapped, mostly on structural pro-
teins, and these are highly correlated with antigens recognized by
the antibody response [5]. The pattern of responses to these epi-
topes during infection has not been reported in detail, nor have
the requirements for effective primary and secondary responses
to these epitopes. Understanding the secondary response is partic-
ularly critical for vaccine responsiveness, as rapid T cell expansion
promotes containment of virus replication in a timely manner.

CD80 and CD86, the most well-studied costimulatory mole-
cules, are expressed on antigen-presenting cells (APCs), upregu-
lated upon cell activation, and bind to CD28 on the T cell,
delivering a crucial signal for T-cell activation together with the
T cell receptor [6]. CD28 signaling is mediated through the phos-
phatidylinositol 3-kinase-protein kinase B (Akt) and growth fac-
tor-receptor-bound protein 2 (Grb2) pathways, enhancing the
production of interleukin-2 and other cytokines, upregulating anti-
apoptotic molecules (such as Bcl-xL), promoting energy metabolism
(glucose uptake and rate of glycolysis), and facilitating cell-cycle
progression [7–9]. Once T cells are activated, cytotoxic T-lympho-
cyte antigen 4 (CTLA-4), another receptor for CD80/CD86, is upreg-
ulated. CTLA-4 negatively regulates T cell responses by several
mechanisms: sequestering CD80/CD86 because of the higher affin-
ity for CTLA-4 compared with CD28, recruiting phosphatases such
as Src homology region 2 domain-containing phosphatase 1 (SHP-
1), to dephosphorylate downstream signals, and transducing sig-
nals into the APCs to induce indoleamine 2,3-dioxygenase and
the catabolism of tryptophan, resulting an inhibitory environment
for the T cell [10–12].

The effects of CD80/CD86 costimulation on T cell responses de-
pends on the strength of the TCR signal, and whether the cell is a
naïve, activated or memory T cell [13]. T cell responses to some
viruses, such as LCMV, do not require costimulation through this
pathway [14,15], whereas with other viruses, such as influenza
or VSV, the response is impaired in the absence of CD28 signaling
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[16,17]. The dogma has been that CD80/86–CD28 interactions are
needed to initiate a response from naïve T cells, however this is
not necessary for activating memory T cells. Work by our lab and
others in recent years, focusing on the CD8 T cell response, has
shown that, while CD80/86 is not necessary for a secondary T cell re-
sponse, the magnitude of the response is significantly reduced with-
out this costimulatory signal [18–21]. However CD80/86 is always
necessary for a high-avidity neutralizing antibody response, includ-
ing in the vaccinia virus system (EJU, unpublished data). Given the
virus-specific nature of costimulatory requirements for the T cell re-
sponse, and the importance of vaccinia virus as a vaccine, we wished
to determine whether CD80/86 was necessary for efficient primary
and secondary CD4 T cell responses to vaccinia virus.

Here we show that after intranasal infection with VACV,
responses to the two immunodominant epitopes for CD4 T cells
were initially of similar magnitude. One month after infection
the I1L-specific response was dominant over the L4R-specific
response. The magnitude of neither response was affected by the
absence of CD80/86, although the response to secondary infection
was sub-optimal. These data provide a kinetic profile of the CD4 T
cell response to VACV, and highlight the key role for CD80/86–
CD28 interactions in memory but not primary CD4 T cell immunity
in this infection.

2. Materials and methods

2.1. Mice and virus

The Western Reserve strain of vaccinia virus (VV-WR) was orig-
inally obtained from Dr. William R. Green (Dartmouth Medical
School, Lebanon, NH). C57BL/6 mice were purchased from The Na-
tional Cancer Institute (Bethesda, MD). CD80/CD86�/� mice on the
C57BL/6 background were bred in the Dartmouth–Hitchcock Med-
ical Center mouse facility. Mice were infected with 103 PFU of VV-
WR intranasally under anesthesia with 2,2,2-tribromoethanol. At
day 35 after infection, mice were rechallenged intranasally with
6 � 105 PFU of VV-WR. All animal experiments were approved by
the Animal Care and Use Program of Dartmouth College.

2.2. Tissue preparation

For the primary response, lungs and spleen were taken at day 10,
14, 22 and 29 after infection. For the recall responses, lungs and
spleens were taken at day 8 post re-challenge. Single-cell suspen-
sions of spleen and lung lymphocytes were prepared as described
previously [22]. Briefly, spleens were prepared by passing through
cell strainers. Lungs were injected with 2 ml of minimal essential
medium containing 417.5 lg/ml Liberase CI and 200 lg/ml DNase
I (both obtained from Roche, Indianapolis, IN), minced with scissors,
and then incubated for 30 min at 37 �C and passed through cell
strainers. Suspensions were resuspended in 80% isotonic Percoll
and subsequently overlaid with 40% isotonic Percoll. Samples were
then centrifuged at 400g for 25 min at 4 �C, and the cells at the
80%/40% interface were collected, washed, and counted.

2.3. Antibody staining and flow cytometric analysis

Cells were stained with APC-conjugated anti-CD4 (RM4-5; Bio-
legend). Stained samples were analyzed using a FACS Calibur flow
cytometer and CellQuest software (BD Immunocytometry Systems).

2.4. IFN-c ELISPOT assay

The number of IFN-c secreting cells was determined after stim-
ulation with peptides in an ELISPOT assay. Epitopes derived from

I1L (7–21, QLVFNSISARALKAY) and L4R (176–190, ISK-
YAGINILNVYSP) proteins were synthesized as peptides and used
in this study. Peptides were purchased from New England peptide.
In brief, 96-well Multiscreen HTS nitrocellulose plates (Millipore)
were coated overnight at 4 �C with 100 ll per well of rat anti-
mouse IFN-c antibody (R4–6A2; BD Pharmingen), at a concentra-
tion of 2 lg/ml. The plates were then washed and blocked before
the addition of irradiated (3000RAD) normal C57BL/6 spleen cells
(5 � 105 cells/well), a graded number of responder spleen cells,
2 lg/ml of each peptide and 10 U/ml recombinant human IL-2 (Te-
cin, National Cancer Institute). Plates were then incubated for 24 h
at 37 �C and developed for 2 h with a biotinylated rat anti-mouse
IFN-c antibody (XMG1.2; BD Pharmingen) at a concentration of
2 lg/ml, followed by streptavidin–alkaline phosphatase (Bioleg-
end) at a 1/500 dilution for 1 h at room temperature. Following
addition of the chromogenic substrate 5-bromo-4-chloro-3-indolyl
phosphate/nitroblue tetrazolium (BCIP/NBT; Sigma–Aldrich), visi-
ble spots were enumerated using a dissecting microscope. The fre-
quency of CD4 T cells producing IFN-c was calculated, together
with the total number per spleen or set of lungs.

2.5. Statistical analysis

Student’s t-test was used to compare experimental groups. A P
value of <0.05 was considered significant.

3. Results

3.1. Quantification of lymphocyte and CD4 T cell populations in spleen
and lung

Previous studies identified 14 VAVC-specific CD4 T cell epitopes
in C57BL/6 mice. Two epitopes that induced the strongest re-
sponses were derived from the I1L and L4R proteins, which are
both structural proteins with core-DNA binding activity [5,23].
We wished to profile the kinetics of responses to these two epi-
topes following intranasal infection with VAVC, and measure the
effect of CD80/CD86–CD28 costimulation on the response using
CD80/86-deficient mice. The intranasal route was chosen as it
approximates the natural route of infection for smallpox virus.
Our previous studies in mice lacking the CD28/CD80/86 pathway
infected by VACV by the i.n. route show this pathway does not af-
fect the clearance of the virus [20]. In the lungs at early times post-
infection there was no difference in either the number of lympho-
cytes in the lung (Fig. 1A) or the number of CD4 T cells (Fig. 1B),
however at later times there were larger numbers of cells in the
wild-type animals. A similar pattern was observed in the spleen,
with significantly larger cell numbers present in wild-type animals
at later timepoints, although in this organ there was an earlier
divergence in the size of the response between the two mouse
strains (Fig. 1A and B).

3.2. Primary CD4 T cell responses to VACV epitopes

Next we analyzed the epitope-specific CD4 T cell response to
VACV using IFN-c ELISPOT analysis. We used the L4R and I1L epi-
topes in these studies, as these were shown to elicit the strongest
responses among the MHC class II-restricted epitopes identified
[5,23]. A strong CD4 T cell response was detectable in the lungs
(Fig. 2) and spleen (Fig. 3) at 10 days post-infection, which slowly
declined to a lower, but readily detectable level by day 29 days
post-infection. The absence of CD80/86 did not reduce the magni-
tude of the response, in fact in some cases the response was higher
in the knockout animals (Fig. 2A and B, Fig. 3A and B). Interestingly,
the absence of CD80/86 altered the relative strength of the
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