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Major histocompatibility complex class II-mediated antigen presentation after intranasal infection with
murine gammaherpesvirus 68 differs in mediastinal lymph nodes and spleen. Evidence that virus-specific
CD4™ T cells were being stimulated was found as late as 6 to 8 months after infection, and cells specific for
the viral gp1504,_g; and ORF11,4, ,5, peptides were maintained as a fairly stable proportion of the total

response.

The murine gammaherpesvirus 68 (yYHV68) provides a
unique model for the experimental dissection of immunity to a
DNA virus that persists in lymphoid tissue (21, 25, 38). While
most of the studies have focused on the CD8" T-cell response
to human yHV (6, 22), the characteristics of CD4" T-cell-
mediated immunity have generally received less attention. The
results of recent experiments have shown, however, that
gamma interferon (IFN-y) production by CD4" T cells plays
an important, protective role in YHV68 infection (8). Vacci-
nation with gp1504,_¢5, 2 YHV68 peptide presented by the
H2I-A® major histocompatibility complex (MHC) class II
glycoprotein, resulted in some reduction of virus replication
in the respiratory tract of mice challenged intranasally (i.n.),
though there was no effect on the extent of latency in the
lymphoid tissue (20). Mice that are CD4™ T cell deficient as a
consequence of disruption of the MHC class II glycoprotein
(I-4>~'7) eventually succumb within 120 days of the initial
exposure to YHV68 (7). Furthermore, experiments with CD4-
depleted and CD40L '~ mice have established that CD4"
T help is essential for both the expansion of the CD8" V4™
set that characterizes this infection and the development of
class-switched, yYHV68-specific, and nonspecific immunoglob-
ulin responses (4, 15, 24, 28).

In addition, though massively expanded CD8" T-cell popu-
lations clearly dominate the response to yYHV6S for the first 30
days after YHV68 challenge (26, 34), the numbers of CD4™ T
cells in both blood and lymphoid tissue are also greatly in-
creased (12, 39). This reflects enhanced proliferation of the
“activated” CD4" CD44"™ (high level of CD44) set, which
continues for at least 3 weeks after the initial exposure to virus
(18). The present experiments look more closely at the nature
and characteristics of antigen expression in vivo for yYHV68-
specific CD4" T cells and quantify the CD4 " T-cell response
to two H2I-AP-restricted peptides in the long term.
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A new yHV68 peptide presented by H21-A" and the kinetics
of antigen expression. The IFN-y enzyme-linked immunospot
(ELISpot) assay (5, 9) was used to screen peptide response
profiles for CD4" T cells enriched from the spleens of
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FIG. 1. Kinetics of H2I-AP-restricted antigen expression in the
spleen (A) and MLN (B) during yYHV68 infection. Anesthetized mice
were infected i.n. with 600 PFU of yHV68 and then sampled at inter-
vals to isolate APCs from the MLN and spleen for assay with hybrid-
oma T-cell lines (7, 19). The 4211 hybridoma is specific for the
gp1504,_g3 peptide (21), while the other hybridomas are known to
respond only to yHV68-infected L cells transfected with H2I-4°. The
experimental protocols have been described in detail previously (19,
31, 40). These data are representative of two independent experiments,
with each time point showing data for cells pooled from three mice.
IL-2, interleukin 2.
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FIG. 2. Kinetic analysis of the antigen-specific response in enriched CD4" T-cell populations recovered from the spleen (A) and MLN (B) of
B6 mice infected i.n. with 600 PFU of yHV68. The IFN-y ELISpot assay utilized T-cell-depleted APCs that had been infected with YHV68 (circles)
or pulsed with 20 wM (each) gp150,_g3 (squares) or ORF11, 44 4, (triangles) peptide. The results are expressed as the number of IFN-y-producing
cells per 10° CD4™ T cells, with each time point showing the mean = standard deviation values for three to six mice from two to three independent
experiments. The assay system used here has been described in detail previously (9).

C57BL/6J (B6) mice that had been infected i.n. with 600 PFU
of YHV68 21 or 100 days previously. The peptides were either
selected from the entire genome of YHV68 as 13-mers conform-
ing to the I-A® motif (XXNXXXXXPXX), or were complete
sets (15-mers overlapping by 10 amino acids) from the M3, M9,
ORF11, ORF72, ORF73, and ORF74 proteins (23, 37). The
positive control was the previously defined H2I-A® gp1504; g3
epitope (20). Pooled peptides that gave a positive response
were then tested singly using peptide-pulsed, T-cell-depleted
spleen cells from uninfected mice and H2I-A-transfected L
cells (H-2%) as antigen-presenting cells (APCs). This extensive
analysis identified only one new peptide at 20 pM, ORF11, 45 5,
(TFKNFNTATPSLE). The function of the YHV68 ORF11 is
unknown, although the gene is relatively conserved in the
vHVs, sharing approximately 20% identity with homologues in
Epstein-Barr virus—RajiLF2, human herpesvirus 8, and herpes
simplex virus (37).

A panel of five CD4" T-cell hybridomas was derived (10, 19,
20) from the mediastinal lymph nodes (MLNs) of YHV68-
infected mice. All these hybridomas could be stimulated with
the yHV68-infected, H2I-A-transfected L-cell line, but none

responded to ORF11,45 ;50 Or gp1504,_g5. We then used all
five, together with the gpl150,,_g5-specific T-cell hybridoma
(4211) previously described (20), to probe the kinetics of an-
tigen presentation in lymphoid tissue after i.n. infection with
YHV68 (19, 36). Stimulatory activity mediated by APCs recov-
ered directly from the infected mice was maximal at about day
17 after infection for the spleen and subsequently declined
rapidly (Fig. 1A). In contrast, viral antigen presentation in the
MLN was detected earlier and sustained from days 9 to 20
(Fig. 1B). None of these hybridomas was stimulated by poten-
tial APC populations isolated subsequent to day 60 after in-
fection (data not shown).

These results (Fig. 1) presumably reflect the staged expres-
sion of YHV68 proteins and are generally comparable to those
found in an earlier study of MHC class I-restricted antigen
presentation for the yHV68-specific CD8* subset (19, 36). The
greater prominence of APCs in the MLN at the day 9 time
point could reflect the fact that the regional lymph nodes are
the primary homing site for antigen-presenting dendritic cells
entering afferent lymph from the lung, the principal site of
replicative YHV6S infection (7, 21).
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FIG. 3. CD44 staining profile for cycling CD4" T cells (A) and elimination of this CD4" BrdU™ population by Cy treatment (B). The numbers
on the x axis in panel B show the means (standard deviations shown in parentheses) from three individual mice. The data shown are representative
of two repeat experiments using B6 mice infected i.n. 6 to 8 months previously with 600 PFU of yHV68. The mice were fed water containing 0.8
mg of BrdU (Sigma) per ml for 6 to 8 days prior to sampling (3, 18, 33). Some mice were injected intraperitoneally with 50 mg of Cy per kg of

body weight given every second day for 8 days.

Quantitation of the yHV68-specific CD4™ T-cell response.
We repeated a more detailed ELISpot analysis of the acute
and long-term CD4™ T-cell response that had been done pre-
viously with yHV68-infected APCs (9), adding peptide-pulsed
stimulators to the equation. The frequencies of CD4 " T cells
specific for YHV68 (1/48), gp1504,_g5 (1/870), and ORF11,45 ;50
(1/279) peaked in the spleen around day 21 after infection.
These values fell 5- to 10-fold between days 40 and 80, then
increased again, and remained fairly stable over an 8-month
period (average frequency of 1/117 from days 90 to 250). The
continued presence of the gp150,_g5-specific population was
also demonstrated in the MLN through day 130 after infection
(Fig. 2B), but the analysis was less detailed and was not con-
tinued because of the small numbers of lymphocytes obtained,
especially at the later time points.

The combined responses to the gp150,, g3 and ORF11,4 ;4
peptides generally accounted for 10 to 20% of the total
yHV68-specific CD4* T cells in the spleen between days 20
and 250 after infection (Fig. 2A). By day 445, however, the
overall frequency of yHV68-specific CD4 " T cells had fallen to
1/2,848, while those reactive to the two peptides seemed to
comprise the majority of the virus-specific set.

Cycling of virus-specific CD4™ T cells. The numbers of
yHV68-specific CD4™ T cells were maintained at a relatively
high level in the 6 to 8 months after the initial virus challenge
(Fig. 2), though we could no longer detect the presence of
antigen in freshly isolated APCs with the hybridoma assay (Fig.
1 and data not shown). We thus asked whether we could find
other evidence that these CD4™ T cells were indeed being
continuously exposed to YHV68 peptides. Not surprisingly, a
bromodeoxyuridine (BrdU)-feeding experiment (32, 33)
showed that the majority of the CD4* BrdU" set that could be
detected in the spleen at the 6 month time point were also
CD44" (Fig. 3A). This tells us that most of the T cells that
incorporate BrdU in their DNA over a 6-day feeding period
have an activated or memory phenotype (30) but does not in
any sense establish that all (or any) of these lymphocytes are
YHV6S specific.

The availability of tetramers that allow the direct staining of
the antigen-specific population has greatly facilitated such
analyses for virus-specific CD8" T cells (2, 26, 27), but we lack
such reagents for the yYHV68-specific CD4™ set. We thus re-
turned to an old protocol (1, 35), giving repeated, low doses of
the alkylating agent cyclophosphamide (Cy) to determine
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TABLE 1. Consequences of Cy treatment for mice infected
previously with yYHV68 or the HKx31 influenza A virus

Reciprocal of CD4"-T-cell frequency”

In vivo In vitro
i oa ; i b
priming stimulation Control (no Cy) Cy treated?
YHV68 YHV68 174 (55-333) 3,286 (2,397-4,267)
YHV63 gp15047_g3 4,157 (2,344-5,691) 46,979 (15,361-100,000)
YHV68 ORF11,45 150 35,520 (13,280-80,000) 84,615 (76,923-100,000)
HKXx31 HKXx31 4,834 (1,524-19,950) 8,000 (3,221-7,918)

“ B6 mice were infected i.n. with 600 PFU of yHV68 or 300 50% egg infective
doses of the HKx31 influenza A virus and then sampled after an additional 6 to
8 months (YHV68) or 2 months (HKx31).

® Enriched CD4™ T cells were stimulated with virus-infected or peptide-pulsed
APCs and then analyzed by the IFN-y ELISpot assay as described in the legend
to Fig. 2.

¢ The results are expressed as mean values (ranges shown in parentheses) from
two separate experiments for mice primed with YHV68 and HKx31, respectively.
Each experiment utilized cells pooled from three mice, which were analyzed in
triplicate using serial twofold dilutions.

4 The mice were given 50 mg of Cy per kg intraperitoneally every second day
for 8 days prior to sampling. Though the experimental protocol for the YHV68-
infected mice was the same as that used for the BrdU staining experiment
illustrated in Fig. 3, none of the mice used in these frequency studies had been
given BrdU.

whether exposure to this cell cycle-specific, cytotoxic drug
would diminish the prevalence of the YHV68-specific CD4™"
population. The net result was almost complete elimination of
the CD4" BrdU™ set from the yHV68-infected mice (Fig. 3B).
Due to the low dose and short period of Cy treatment, we
consider that collateral effects on yHV68-infected cells, al-
though possible, are unlikely to affect frequencies of virus-
specific CD4" T cells. Frequency analysis with the ELISpot
assay established that Cy treatment diminished the yHV68-
and gp150,,_g5-specific responses by a factor of approximately
10-fold (Table 1). The effect was less obvious for the smaller
ORF11,4 ;50-specific response and was not seen at all (35) for
influenza virus-specific CD4" T cells from control mice that
had been treated with Cy 2 months after being primed with the
HKx31 influenza A virus (Table 1).

CD4™" T-cell “memory” to readily eliminated and persistent
viruses. The influenza A viruses are thought to be completely
eliminated during the acute phase of the response (14, 17),
while yYHV68 can be recovered from the spleen in the long
term by the cocultivation of viable lymphocytes and macro-
phages on susceptible monolayers (29, 39). However, it is gen-
erally not possible to isolate infectious virus from supernatants
of spleen homogenates, probably because plaque assays are
not sensitive enough to detect low frequencies of infectious
virus (7). Even so, the continued cycling of CD4" T cells
specific for the gpl1504,_g3 peptide in mice assayed 6 to 8
months after the initial exposure to YHV68 (Table 1) indicates
that such reactivation to lytic phase must indeed be occurring.
These results are comparable to yYHV68-specific CD8" T-cell
proliferation described during the persistent phase of YHV
infection (3).

These experiments thus support more-detailed studies of
yHV68-specific and influenza virus-specific CD8" T-cell re-
sponses, which indicate that the characteristics of T-cell mem-
ory to readily eliminated and persistent viruses differ (3, 16).
This is hardly surprising but needs to be taken into account as
we consider the potential life spans of antigen-reactive lym-
phocyte populations, especially in humans where clonal dele-
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tion as a consequence of telomere shortening constitutes a
potential problem for virus control in the very long term (13).
It is also debatable whether we should indeed refer to those
lymphocytes that are continuously or sporadically exposed to
restimulation from an endogenous antigen source as “memo-
ry” T cells (11).
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