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A potent role for memory CD8* T cells in heterologous immunity was shown with a respiratory
mucosal model of viral infection. Memory CD8* T cells generated after lymphocytic choriomeningitis
virus (LCMV) infection were functionally activated in vivo to produce interferon-y (IFN-y) during
acute infection with vaccinia virus (VV). Some of these antigen-specific memory cells selectively
expanded in number, which resulted in modulation of the original LCMV-specific T cell repertoire. In
addition, there was an organ-selective compartmental redistribution of these LCMV-specific T cells
during VV infection. The presence of these LCMV-specific memory T cells correlated with enhanced
VV clearance, decreased mortality and marked changes in lung immunopathology. Thus, the
participation of pre-existing memory T cells specific to unrelated agents can alter the dynamics of
mucosal immunity and disease course in response to a pathogen.

Differences in the severity and ultimate outcome of viral infections can
relate to the dose of the virus, its route of infection and the genetics, phys-
iological state and immune status of the host. Until recently, most dis-
cussions of the immune status centered on whether or not the host had
been vaccinated against or infected with the same, or a closely related,
pathogen. Such exposure can give rise to neutralizing antibodies, which
prevent infection with the homologous virus from being initiated, and to
memory T cells, which prevent the infection from progressing. The effi-
cacy of memory T cells after an infection may be due to the fact that they
persist at relatively high frequencies'= as slowly cycling cells®’ in lym-
phoid and peripheral organs. Also, they are constitutively at a higher state
of activation than naive T cells. For example, they can be induced into
cell cycle by cytokines such as interferon-o. (IFN-ot) or IFN-f and inter-
leukin 15 (IL-15)%; they can also be triggered by relatively low-affinity
interactions through their T cell receptors (TCRs)™. Even some appar-
ently resting memory T cells can be cytolytically active®!°.

Until recently studies tended to ignore the fact that in the natural
environment each individual experiences many sequential infections
that give rise to memory T cell pools of significant size and complexi-
ty. It has become clear that some memory T cells can be reactivated by
heterologous viral infections'"'? and that T cell cross-reactivity may be
a relatively common event'>'. Analysis of experimental intraperitoneal
(i.p.) infections in mice has suggested that memory T cell populations
generated in response to one virus can indeed alter the course of disease
in response to unrelated viruses'’. Based on these observations we
would predict that memory T cells exist in a dynamic network, the
repertoire of which remains static in the absence of infection. However,
each new infection will activate some of these memory T cells, modu-
late the original repertoire and alter the course of disease. Here, we

developed these hypotheses to increase our understanding of this new
and still poorly understood area of immunology, which is termed het-
erologous immunity.

Because the majority of viruses enter the host through the mucosa
of the respiratory or gastrointestinal tract, which have highly inte-
grated mucosal immune systems'®'"”, we focused our studies on a
more natural respiratory mucosal model of virus infection.
Developments in the identification of antigen-specific T cell respons-
es!2202 enabled us to examine the extent of heterologous memory T
cell participation in a peripheral organ, the lung, which is the initial
site of virus replication, as well as the conventional lymphoid com-
partments. To address heterologous immunity in a setting where
infection occurs via the mucosa, we infected mice intranasally with
two unrelated viruses, lymphocytic choriomeningitis virus (LCMV)
and vaccinia virus (VV). We first immunized mice with LCMV, an
RNA virus, which is a relatively common human pathogen: 4-15% of
the general population are serologically positive for LCMV and, in
the natural environment, it is predominantly transmitted via the respi-
ratory route* . In C57BL/6 mice it induces a highly defined high-
frequency T cell response to several epitopes? . These include four
H-2Dt-restricted epitopes: LCMV nucleoprotein eptiope 396
(NP396), LCMV glycoprotein epitope 33 (GP33), GP276 and GP92
and two H-2K’-restricted epitopes: NP205 and GP34. By immuniz-
ing mice first with LCMYV, which has so many well defined epitopes,
it allowed us to examine the relative ability of a heterologous virus to
reactivate discrete memory T cell populations. The challenge virus
was an unrelated DNA virus, VV, which can reactivate LCMV-specif-
ic cytolytic T lymphocyte (CTL) activity after i.p. infection'?. VV,
used for vaccination against smallpox, is a model for poxviruses,
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Figure 1. Immunity to LCMV pro-
100 ¢ vides protection against respiratory
infections with VVV. Decreased mortal-
80 ity of LCMV-immune mice (LCMV-
< —m— LCMV-imm+WV imm+VV), compared with the age-
S e matched control mice (Control+VV),
2 —0— Control+VV challenged with a lethal dose of VV (n=6
§ mice/group). Mice were infected with VV
40 and the time of death after infection was
recorded. Data are representative of

20 three similar experiments.
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which are naturally transmitted via the respiratory mucosa®. VV has
been used in a murine pneumonia model’', and human smallpox
infection frequently induces pneumonitis®.

Using this respiratory model system we show here that an acute het-
erologous respiratory virus infection did in fact functionally activate
memory CDS8" T cells specific to another virus in vivo. These T cells
selectively expanded, resulting in modulation of the original T cell
repertoire and modification of the lung pathology and disease outcome.

Results

Immunity to LCMV protects against VV

Respiratory LCMV infection of C57BL/6 mice via the intranasal (i.n.)
route induced a potent acute CD8" T cell response in the lungs, drain-
ing mediastinal lymph nodes (MLNs) and spleens. This led to clear-
ance of LCMV, which was comparable to clearance of systemic i.p.
LCMV infection®? (day 3: 5.31£0.08 log plaque-forming units
(PFU)/lung, 5.0 log PFU/4 pooled MLNSs, 5.5+0.3 log PFU/spleen; day
7: 3.6£0.08 log PFU/lung, 1.5 log PFU/4 pooled MLNSs, 2.4+0.2 log
PFU/spleen; day 16: no LCMV was detected in these organs; n=4 mice
per group). To determine whether previous immunity to LCMV could
provide protective heterologous immunity to VV, we examined its
influence on mortality and V'V titers. When mice were infected with a
lethal dose of V'V, there was a marked difference between the groups:
83% of the LCMV-immune mice survived compared to only 17% of
the control mice (Fig. 1). Three similar mortality experiments showed
that the difference in mortality between the groups was statistically
significant: 94+6% of the LCM V-immune mice survived the lethal VV
challenge compared to only 42£12% of the control mice (P<0.02,
n=3). These experiments were carried out 6—18 weeks after LCMV
infection, so this protection appeared to be independent of the time of
VV challenge after LCMV infection.

The decrease in mortality in the LCMV-immune mice was associat-
ed with a decreased VV load throughout the course of the acute VV
infection (Table 1). By day 3 after infection there was a 50% decrease
in VV titers in the lungs of LCMV-immune mice, but by day 5 there
were significantly lower VV titers in the spleens and lungs—95%
(P<0.05) and 97% (P<0.1), respectively—of the LCMV-immune com-
pared to the control mice. There continued to be a significant 83—90%
(P<0.05) reduction in VV titers in the LCMV-immune mice lungs as
the VV infection progressed over days 6 and 7. These differences in VV
titers were also seen under more stringent conditions in which both
groups of mice were depleted of natural killer (NK) cells, as indicated
in the two experiments done on day 6 after VV infection (Table 1).
These experiments showed that NK cells had not played a role in this
protection. The decrease in V'V titer was independent of the time of VV
challenge after LCMV infection (652 weeks, data not shown).
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To further examine whether LCMV-specific memory T cells were
playing a role in this protective immunity to respiratory infection with
VV, LCM V-immune splenocytes were adoptively transferred into naive
mice, which were then challenged with VV. There were significantly
lower VV titers in the lungs and pooled MLNs—83% and 99.8%,
respectively (P<0.06, n=5)—of mice adoptively reconstituted with
LCMV-immune splenocytes compared to naive splenocytes. This
showed that the protective heterologous immunity against acute respi-
ratory infection with VV was dependent on splenocytes that contained
LCMV-specific memory cells. This finding agreed with published data,
which shows that protection depends on both CD8* and CD4" T cells in
the systemic model'”.

LCMV-immune organ-specific CD8* T cells

To directly examine LCMV epitope—specific memory CD8" T cells in
the lung before and during VV infection and to determine how they
could be contributing to the protective immunity, we first defined the
LCMV epitope—specific populations present in the lungs, MLNs and
spleens of resting LCMV-immune mice. Pooling of data on the intracel-
lular IFN-y responses to five individual epitopes showed a 16-fold high-
er percentage of LCMV-specific CD8" T cells in the lung than in the
MLNSs (Figs. 2 and 3). The proportion of the CD8" T cells that were
LCMV-specific in the LCMV-immune lung decreased slowly from
~42% (2.5x10° cells) at 6 weeks to 26% (1.0x10° cells) at 12 weeks and
to 14% (9.3x10* cells) at 52 weeks after i.n. LCMV infection. In con-
trast, the proportion of LCMV-specific CD8" T cells in the MLNs of
these same mice remained stable: 2.2% (2.0x10° cells) at 6 weeks; 1.6%
(4.3x10° cells) at 12 weeks; and 2.0% (2.1x10? cells) at 52 weeks; n=3
mice/group. The CD8* memory T cell frequency in the spleen was high-
er than in the MLNSs but was relatively stable after i.n. LCMV infection:
17% (2.0x10°¢ cells) at 13 weeks; 13% (2.1x10° cells) at 15 weeks; 7.3%
(1.6x10° cells) at 52 weeks; n=3 mice/group. Observations about the sta-
bility of memory CD8" T cells in the spleen after i.p. LCMV infec-
tion'*¥ and differences in the frequency of memory CD8" T cells in
lung, MLN and spleen*’ were consistent with published data.

Table 1. Previous immunity to LCMV lowered VV titer
during acute VV i.n. challenge

VV titer?

Immunizing virus  Days after VV challenge® Spleen Lung

Control 3 ND 6.1+0.3
LCMV 3 ND 5.9+0.5
Control 5 4.1+0.3 8.210.1
LCMV 5 <2.8+0.4° 6.7+1.4¢
Control® 6 ND 6.0£0.03
LCMve 6 ND 4.840.2°
Control® 6 ND 6.2+0.3
LCMve 6 ND 5.4+0.3°
Control 7 <1.310 7.6£0.2
LCMV 7 <1.3+0 6.7+0.4'

Mice were infected with VVV, then lungs and spleens were collected and the VV load
titrated. Each experiment at each time-point was done separately. ND, not done.
a/V was titrated on ATCC vero monolayers with a 3-day plaque assay. Data are
meanzs.e.m. log PFU/organ. ®Two or three similar experiments were done at each
timepoint. °Statistically significant difference between the control and LCMV-
immune mice, P<0.05. ‘Statistically significant difference between the control and
LCMV-immune mice, P<0.1. *Mice acutely infected with VV were NK cell-depleted
by i.p. injection of 100 ul (200 ug) of anti-NK1.1 (clone PK136) on days 0 and 4
after infection. Statistically significant difference between the control and LCMV-
immune mice, P<0.07.
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Of interest was the unexpected result that the specificity of the CDS8’
T cell response between MLN and lung differed. This was because
most of the LCMV-specific CD8" T cells in the MLN were GP33-spe-
cific, whereas T cells in the lung had broader specificities, which pre-
dominantly targeted NP396 and GP33 with some recognition of GP276
and NP205 (Fig. 2a—c). The spleen tended to have a similar repertoire
to the lung; the following results were obtained 13 weeks after LCMV
infection. Spleen: GP33, 44%; NP396, 24%; GP276, 11%; NP205, 9%;
GP92, 13%. Lung: GP33, 52%; NP396, 27%; GP276, 9%; NP205,
11%; GP92, 1%. These results suggested that different CD8" memory
T cell homeostatic mechanisms were involved in the lung, its draining
MLN and the spleen. These differences may have related to recruitment
of naive T cells to the lymph nodes and spleen. Alternatively, once the
CD8" T cells had been recruited to the lung, they may not have easily
recirculated. However, neither of these explanations accounts for the
difference in repertoire between the lung and MLN.

Organ-specific accumulation of heterologous T cells

After LCMV-immune mice were acutely challenged with VV, LCMV
epitope-specific CD8* memory T cells in both the lungs and MLNs
were not diluted out, as one might have expected, by the VV-specific
CD8" T cell response (Figs. 2a,b and 3). In fact, the total number of
LCMV-specific CD8" T cells in the MLN increased fourfold 3 days
after VV challenge and continued to rise to sixfold higher by day 12
after infection (Fig. 3a). There was only a moderate increase in LCM V-
specific CD8" T cells in the lung 3 days after VV challenge, but by day
12 after infection there was a fourfold increase (Fig. 3b). In contrast to
these results, the spleen showed a significant 67% decrease (P<0.05) of
LCMV-specific CD8' T cells by day 3 and a further decrease by day 7.
Then, by day 12 after infection, the number of LCM V-specific CD8* T
cells returned to the numbers in resting LCMV-immune mice (Fig. 3c).
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Figure 2. Persistence of LCMV
epitope-specific memory CD8* T
cells in lungs and MLNs of resting
LCMV-immune mice and during
i.n. VV infection. LCMV-immune
(>12 weeks after LCMV i.n. infection)
and control mice were challenged
intranasally with VV. Lymphocytes were
isolated from the (a) lungs and (b)
MLNSs, stimulated with individual pep-
tides and stained for intracellular [FN-y
(see Methods). Lymphocytes from
groups of three mice each were pooled

C

Lung

Epitope-specific CD8* T cells (%)

MLN = NP396 before staining. The numbers in the

80~ O GP33 right upper quadrants are the percent-
= GP276 ages of IFN-y-staining CD8* T cells

60 - @ NP205  specific for the indicated epitopes. The

= GP92 total LCMV-specific CD8* T cell fre-

40 quencies are given in parentheses. IFN-
) y staining of cells from the VV-infected

20 control mice was at background
0 amounts (<0.2%). Data are representa-

tive of four similar experiments. LCMV
Imm, resting LCMV-immune mice;
LCMV+VV d3, LCMV-immune mice 3
days after-VV infection; LCMV+VV d12, LCMV-immune mice 12 days after-VV infec-
tion. (c) Alterations in the LCMV-specific CD8* T cell repertoire in the VV-infected
LCMV-immune mouse MLN and lung. Data were derived from intracellular the IFN-
v staining analysis in a,b with five known LCMV-specific epitopes and are represen-
tative of four similar experiments. LCMV-IMM, resting LCMV-immune mice;
LCMV+VVd12, LCMV-immune mice 12 days after-VV infection.

LCMV-IMM LCMV+VVdi2

All these changes occurred in the presence of VV antigens, as V'V titers
in lungs sampled in one of two representative experiments stabilized
from day 3 of i.n. challenge until day 9; titers then declined in both con-
trol and LCM V-immune mice. (Representative data from control mice:
day 3, 6.410.02 log PFU/lung; day 7, 6.810.2 log PFU/lung; day 9,
6.110.5 log PFU/lung; day 13, 3.0+0.5 log PFU/lung; n=2 mice/group).
By day 15, VV could not be detected in the lung homogenates.

Modulation of organ-specific heterologous T cells

To examine whether there was a VV-induced nonspecific bystander
accumulation of all LCMV-specific CD8" T cells that was equal in the
lungs and MLNs or whether there was some selectivity to this accu-
mulation, we analyzed the proportion each epitope-specific CD8" T
cell population represented of the total LCM V-specific pool (Fig. 2¢).
As already noted, there was a different LCM V-specific repertoire in
the resting LCMV-immune MLN and lung: GP33-specific CD8" T
cells dominated the repertoire in the MLN, whereas NP396- and
GP33-specific CD8* T cells codominated in the lung. We found that
VV infection modified the LCMV-specific repertoire differently in
both these two organs in such a manner that it further enhanced the
difference between these two sites. In the MLN, by day 12 after VV,
there was a significant (P<0.05) and consistent skewing of the LCMV
repertoire in all four experiments, which resulted in increased pro-
portions of NP396- and GP276-specific CD8" T cells and a decreased
proportion of GP33-specific CD8" T cells, respectively (Fig. 2¢). In
the lung there was a different skewing of the LCMV-specific reper-
toire and, although between experiments there was more variability in
the lung than in the MLN, there was always a marked change in the
selective specificities with either the GP33- or NP205-specific
responses that dominated the repertoire. In one representative experi-
ment (Fig. 2¢), there was a sevenfold selective expansion of the
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NP205-specific population, retention of the GP33-specific popula-
tion, but a 50-67% loss of the NP396- and GP276-specific popula-
tions. Overall, these data indicated that VV infection in an LCMV
immune mouse can markedly alter, in an organ-dependent manner,
the LCMV-specific memory T cell population.

Production of IFN-y in vivo

We questioned whether there was any direct evidence that these accu-
mulating LCMV-specific memory CD8" T cells were activated in vivo
during VV infection. Three days after VV infection, 4.2% of CD8* T
cells produced IFN-y after incubation in vitro without peptide stimula-
tion (Fig. 2a). This suggested that CD8" T cells had been activated in
vivo during the VV infection to produce IFN-y. To determine whether
these CD8* T cells were LCM V-specific memory cells activated in vivo,

Figure 3.Accumulation of LCMV-specific memory CD8*T cells in different
organs in the LCMV-immune mouse after i.n. challenge with VV. (a) MLN,
(b) lung and (c) spleen were examined. The total number of memory CD8* T cells
specific for each LCMV epitope was calculated by multiplying the total cell yield from
each mouse organ by the percentage of IFN-y-staining CD8* cells specific for that
epitope. The sum of the total numbers for each of five LCMV epitopes are shown.
Because IFN-y production by CD8* T cells without peptide stimulation was
observed, this was subtracted from each antigen-specific response before calculating
the total numbers. Although some of these CD8* T cells were LCMV-specific, we
used conservative estimates. Statistically significant differences, between the unchal-
lenged and the VV-challenged LCMV-immune mice, in the increase or decrease in
total LCMV-specific CD8* T cells, *P<0.05; #P<0.1. Data represent the mean of four
similar experiments. For each experiment, lymphocytes from groups of three mice
each were pooled before staining.

we did a modified intracellular IFN-y assay. Immediately after isolation,
the lung lymphocytes, without any in vitro stimulation or incubation,
were stained on ice for intracellular IFN-y and with major histocompat-
ibility complex (MHC) dimers specific for three of six known LCMV
epitopes (Fig. 4a). There was no production of IFN-y by LCM V-epitope
specific memory CD8" T cells isolated from resting LCMV-immune
mice. Compared to the minimal in vivo IFN-y production of 0.7% by
CDS8" T cells (4.2x10? cells) from the VV-infected control mouse lungs,
16% of CD8" T cells (6.2x10* cells) from the LCMV-immune mouse
lungs produced IFN-y in vivo 3 days after VV challenge. Among them,
30% of the NP205-specific, 18% of the GP33-specific and 16% of the
NP396-specific CD8" memory T cells in the lung produced IFN-y.
These three LCMV epitope-specific populations accounted for 4.1% of
the CD8" T cells that produced IFN-y in vivo in response to VV.
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Figure 4. Activation of LCMV-specific CD8* T cells in mouse lungs early on after VV
infection. (a) Increased in vivo IFN-y production by LCMV-specific CD8* memory T cells after VV
infection. Lymphocytes isolated from mouse lungs were pooled and immediately stained with anti-

100
CD8*, LCMV epitope-specific MHC dimers and anti—IFN-y without in vitro stimulation. Data were
75 —— L%gws gated on CD8* T cells. Increased IFN-y in LCMV-immune mice after VV as assessed by (b) an
50 ° MC57G+LCMV RNase protection assay of cytokine mRNA levels in the lung tissue and (c) an ELISA assay that
S —a— MC57G+VV measured IFN-y in pooled sera. tRNA, negative control; mRNA, positive control; GAPDH, the
% 25 [‘ housekeeping gene (used to normalize mRNA levels). (d) Activation of LCMV-specific cytotoxic-
w 0 ity in pooled lymphocytes isolated from the lungs and spleens of LCMV-immune and control mice
f 0 100 200 0 100 200 6 days after VV infection. Mice were injected with anti-NK1.1 to deplete NK cells. Data for each
% Spleen experiment were derived from lymphocytes pooled from three mice/group and are representa-
e tive of three similar experiments. E:T, effector to target ratio.
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Figure 5. Enhanced lymphocytic infiltration in the

lungs of LCMV-immune mice after infection with
VV and the role of IFN-y. Lung sections from mice that
did not receive VV (a,b) or had been infected with VV 7
days previously (c-h) were stained with hematoxylin and
eosin. (a) Naive mouse lungs showed normal architecture.
(b) LCMV-immune mouse lungs had mild lymphocytic infil-
trates in the interstitium. (c) VV-infected control mouse
lungs mainly showed severe alveolar edema (pink material
in air spaces) and (d) acute necrotizing bronchiolitis (NB)
and peribronchiolitis as well as neutrophilic infiltrates in
the interstitium. (e) VV-infected LCMV-immune mouse

lungs had greatly increased BALT around the airways and
no alveolar edema. (f) BALT surrounded an airway with
bronchiolitis obliterans (BO) and perivascular (PV) lym-
phocytic cuffing was also present. (g) VV-infected LCMV-
immune mice were treated with control IgG1. (h) In vivo
depletion of IFN-y in VV-infected LCMV-immune mice by
daily i.v. and i.p. injection of anti—IFN-y for 6 days resulted
in severe pulmonary edema and no induction of BALT.
Bars, 100 pm.

degree of recognition of influenza NP(366-374)-
pulsed targets by LCMV-specific CTLs has been
observed'’. The low degree of binding of the
GP33-specific dimers to CD8" T cells from the
lungs of VV-infected control mice was observed
by CD8" T cells from the lungs of noninfected
control mice (data not shown), which suggested
that GP33 might cross-react with VV and some
self antigens. NK cells (16%, 2.3x10* cells),
CD4" T cells (0.2%, 1.0x10° cells) and yd T cells

(2.6%, 6.0x10% cells) pooled from three VV-
infected LCMV-immune mice also produced
IFN-y in vivo. However, there was no increase in
IFN-y production by these cells in LCMV-
immune mice 3 days after VV challenge—which
is considered the peak of the response by NK and
YO T cells activity***—compared to the VV-
infected control mice (lung lymphocytes pooled
from three mice: NK cells, 23%, 3.7x10* cells;

This experiment with MHC dimers charged with three of the six
LCMV-specific epitopes accounted for one-quarter of the IFN-y—pro-
ducing cells being LCMV-specific. Two additional similar experiments
with MHC dimers to define four of the LCMV epitope—specific
responses (NP205, NP396, GP33 and GP34) showed that 11% and 10%
of the lung CD8" T cells produced intracellular IFN-y 3 days after VV
infection. In addition, 58% and 42% of those responses, respectively,
could be attributed to CD8" T cells specific to those LCMV epitopes.
These experiments probably indicated that, at this time after VV infec-
tion, well over half of the IFN-y—producing cells were LCM V-specific.
This was because not all the LCMV epitopes are defined, two of the
immunodominant epitopes were not tested and it is unlikely that low-
affinity responses or responses by receptor down-modulated T cells
would be recorded. This, of course does not rule out the possibility that
some of this response was mediated by T cells not specific to LCMV
but was perhaps activated in the presence of the LCM V-specific T cells.

The control H-K"—dimer loaded with ovalbumin-specific peptide,
OVA(257-264), bound <0.2% of CD8" T cells. The control H-

*—dimer loaded with the influenza peptide, NP(366-374), bound
<0.8% of CD8&" T cells; these cells produced minimal IFN-y. Some

http://immunol.nature.com . november 2001
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CD4* T cells, 0.5%, 1.4x10° cells; and Y3 T cells,

1.7%, 4.0x10* cells). In addition, the CD8" T
cells that produced IFN-y in vivo did not express the NK cell-associ-
ated molecule NK1.1.

Consistent with the above observations, RNase protection assays
showed 4.7-fold higher levels of IFN-y mRNA in the LCMV-immune
mouse lungs, compared to VV-challenged control mouse lungs, 3 days
after V'V challenge (relative intensity of IFN-y: LCMV+VYV, 0.33+0.01;
control +VV, 0.07£0.003, P<0.00003) (Fig. 4b). In the unchallenged
LCMV-immune mouse lungs, compared to the nonchallenged control
mouse lungs, a low basal amount of IFN-y mRNA was observed. In
addition, three- to fivefold higher concentrations of IFN-y protein—as
detected by enzyme linked immunosorbant assay (ELISA)—were
observed in the sera of VV-challenged LCMV-immune mice (Fig. 4c).
This began at day 3 and the greatest difference occurred by day 5 after
VV. In contrast, after VV challenge twofold higher mRNA levels of IL-
6, a potent proinflammatory cytokine, were observed in control mouse
lungs compared to the LCMV-immune mouse lungs (relative intensity
of IL-6: LCMV+VYV, 0.04+0.0003; control +VV, 0.08+0.01, P<0.05).
(Fig. 4b). Higher amounts of serum IL-6 were also found in the VV-
infected control mice (42 pg/ml, sera pooled from three mice) compared
to the VV-challenged LCM V-immune mice (12 pg/ml, sera pooled from
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three mice). This suggested that a
stronger acute inflammatory res-

Table 2. Altered immunopathology in the intranasally VV-infected LCMV-immune mouse lungs

ponse took place in the control mice  Lung Pathological Mice with lung involvement (%)
and that previous immunity to compartments features Control +V\V® LCMV-immune +VV©
LCMV markedly altered the cyto- 0 + it 0 + At
kine responses induced by VV in-
fection. Alveoli Edema 14 14 29 43 40 40 20

BALT Extent of BALT 86 14 20 40 40
. Because IFN"Y' h.as marked Airways Necrotizing bronchiolitis 29 43 14 14 20 80
impact on VV replication®, to fur- Peribronchial AMI¢ 14 58 14 14 100
ther test whether the increased IFN- Bronchiolitis obliterans 100 60 20 20
v produced in the LCMV-immune Interstitium CMIe 100 20 20 40 20
mice was important in this protec- AMI 29 29 13 29 60 40
. R X i Pleura CMI 100 100
tive immunity, LCMV-immune yaseylature Lymphocytic cuffing 100 40 60
mice were treated with anti-IFN-y Necrotizing vasculitis 86 14 40 60
and infected with VV. In one of the Edema + AMI 29 57 14 100

two similar experiments, compared
to control monoclonal antibody
(mADb) treatment, anti—-IFN-y treat-
ment resulted in 3.2-fold higher VV
titers in the lungs (anti-IFN-y:
6.810.1 log PFU; control IgG:
6.310.1 log PFU; P<0.02; n=5) and
16-fold higher titers in the pooled MLNs (anti—IFN-y: 2.7 log PFU; con-
trol IgG: 1.5 log PFU, n=5) of LCMV-immune mice. The importance of
IFN-y in regulating VV synthesis in LCM V-immune mice has been doc-
umented in mice during systemic immunity'’.

Cytolytic function in heterologous T cells

We further assessed the activation status of the accumulating LCM V-
specific memory CD8* T cells by determining their cytolytic capacity
ex vivo in bulk cytotoxicity assays of pooled mouse lung lymphocytes
and splenocytes (Fig. 4d). Both LCMV-immune and control mice that
had been treated with anti-NK1.1 to deplete NK cells in vivo, mounted
equivalent VV-specific CTL responses on day 6 after VV challenge.
However, only in T cells from the VV-infected LCMV-immune mice
did a VV-induced reactivation of LCMV-specific cytotoxicity occur
(Fig. 4d). In nonchallenged LCMV-immune and control mice, there
was no LCMV-specific lysis (data not shown). These results further
supported the findings that LCMV-specific CD8" T cells were not only
accumulating but were also functionally activated during acute VV
infection.

Lymphocyte-dependent pathology

To examine whether immunity to LCMV would influence VV-induced
pathology in the lung, tissue sections were stained with hematoxylin
and eosin (Fig. 5). Compared to sections from naive mouse lungs (Fig.
5a), sections from LCM V-immune mouse lungs (Fig. Sb) showed some
mononuclear (MN) infiltrating cells and occasional lymphocyte aggre-
gates in the interstitium, a pattern that can be seen in older naive mice
in any clean mouse colony. The majority of the LCMV-immune lung
architecture was normal.

Seven days after VV infection, the lungs from the LCMV-immune
and control mice had completely different pathologies (Fig. Sc,e and
Table 2). We found that 72% of the control mouse lungs had severe
alveolar edema (Fig. 5¢ and Table 2): an accumulation of the extravas-
cular fluid in the air spaces, which presumably disturbed gas exchange.
In addition, the VV-infected control mouse lungs mainly showed acute
mixed inflammatory infiltrates (AMI) with polymorphonuclear (PMN)
and MN cells in the peribronchial areas (86%) and interstitium (71%),
as well as in the perivascular areas (71%) (Fig. 5d and Table 2). In con-
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Seven days after VV infection mouse lungs were collected, sectioned and stained with hematoxylin and eosin (see Methods).
Data are representative of five similar experiments. :Grading of the pathological changes in the lung was based on the distrib-
ution and severity of disease: 0, within normal limit; +, 1-9%; ++, 10-49%; and +++, >50% involvement of the lung parenchy-
ma. *There were seven mice in each group. ‘There were five mice in each group. “AMI, acute mixed infiltrate (polymorphornu-
clear and mononuclear cells); *CMI, chronic mononuclear infiltrate (lymphocytes and macrophages).

trast, the lungs of LCMV-immune mice challenged with VV showed a
prominent lymphocytic response, which may have aided in the clearance
of VV. In addition, 80% of the LCM V-immune mouse lungs had marked
induction of the lung lymphoid system (Fig. 5e and Table 2), as shown
by prominent bronchus-associated lymphoid tissue (BALT). BALT was
defined by nodules of lymphoid tissue in the bronchial lamina propria
near the branch points of an airway or between the bronchus and an
artery'®. Although acute LCMV infection induced a minimal transient
BALT, there was no BALT present in the resting LCM V-immune mouse
lungs (Fig. 5b). Prominent chronic MN infiltration (CMI) with lympho-
cytes and macrophages was present in the interstitium and pleura of
almost all the VV-infected LCM V-immune mouse lungs.

In addition, 60% of the LCMV-immune lungs had perivascular lym-
phocytic cuffing, as defined by lymphocyte accumulation around the
vessels (Fig. 5f and Table 2). LCMV-immune mouse lungs challenged
with VV also showed the less common pathology of necrotizing vas-
culitis (60%) and bronchiolitis obliterans (40%) (Fig. 5f), which, in
humans, are thought to be immune-mediated diseases of unknown etiol-
ogy. By 7 days after VV infection, lungs from both groups showed
necrotizing bronchiolitis, one of the main lesions of the disease (Fig.
5d,f), as defined by the presence of necrotic bronchiolar epithelium with
PMNs and debris. Thus, altered immunopathological features were seen
in the VV-infected LCM V-immune mice lungs, which showed a promi-
nent lymphocytic response, whereas the VV-infected control mouse
lungs mainly had acute neutrophilic infiltrates and severe edema.

Because the LCMV-specific memory CD8" T cells produced large
amounts of IFN-y in the lung early in VV infection, we questioned
whether IFN-y played a role in the altered lung pathology after VV
challenge. Compared to the VV-infected LCMV-immune mice treated
with control IgG1 (Fig. 5g), in vivo depletion of IFN-y in the V V-infect-
ed LCMV-immune mice by intravenous (i.v.) and i.p. injection of
anti—IFN-y resulted in severe edema and no induction of BALT (Fig.
5h). This pathology was similar to the changes observed in the VV-
infected control mouse lungs (Fig. 5¢), which suggested that IFN-y
might play a role in recruiting the lymphocytes to the lungs and thus
alter the pathology in the VV-infected LCM V-immune mouse lungs. In
support of this, IFN-y participates in inducing chemokines to recruit
activated lymphocytes to the site of viral replication®’.
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Figure 6. In situ detection of LCMV epitope-specific CD8* T cells in lung tissue with NP396-specific tetramer. Seven days after VV challenge, lungs from (a)
LCMV-immune and (b) control mice were collected. Frozen sections (20 um) were cut and stained. Results are shown as single color with anti-CD8* (green), NP396-MHC
tetramer (red) and colored overlay (yellow) of these two stains. The right-hand panels in a and b show a larger area of lung tissue. Data are representative of three similar

experiments. Bars, 25 um.

LCMV-specific CD8* T cells in BALT

To determine whether the BALT in the lungs of LCMV-immune mice
acutely infected with VV was composed of LCMV-specific memory
CD8" T cells, we stained lung sections in situ with MHC tetramers, a
technique that locates antigen-specific T cells in tissues®***. We chose
NP396-specific tetramers for the staining of LCMV-specific CD8" T
cells, as NP396-specific T cells bind to their antigen at 1000-fold high-
er affinity than other LCMV epitope-specific T cells*. Because BALT
was not prominent in VV-infected control mouse lungs, compared to
the LCMV-immune lungs—which had prominent BALT (Fig. 6a)—
there were few clusters of CD8* T cells in those lungs (Fig. 6b). The
few CD8* T cells that were present in the VV-infected control mouse
lungs did not costain with NP396-tetramer (Fig. 6b). In the LCMV-
immune lungs there were many CD8" T cells that costained with
NP396-tetramer after VV challenge (Fig. 6a). This showed that LCM V-
specific CD8" T cells were recruited and contributed to the formation
of the prominent BALT, one of the hallmarks of the altered pathology
present in these mice.

Discussion

This study systematically examined what effect, if any, heterologous
virus challenge had on complex memory CD8" T cell populations. We
showed, in a respiratory infection model, that a second unrelated viral
infection can have a profound impact on memory T cells specific to a
previously encountered virus. This impact resulted in: (i) the activation
of cytotoxic function and IFN-y production of these memory T cells;
(ii) the selective expansion and modulation of their original T cell
repertoire; and (iii) the selective organ-dependent compartmental redis-
tribution of these defined antigen-specific heterologous memory T cell
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populations. As a consequence, these responses affected the course of
the second infection, which resulted in enhanced protective immunity
and greatly altered immunopathology.

The most significant evidence that memory CD8* T cells specific to
LCMYV were activated in vivo by VV to produce IFN-y was provided by
the intracellular staining of lymphocytes immediately after isolation
from the lungs of day 3 VV-infected LCMV-immune mice that had not
received any form of in vitro stimulation. IFN-y has a marked impact
on VV replication®. Increased IFN-y production appeared to play a role
both in decreasing the virus load and altering the immunopathology, as
anti—-IFN-y enhanced V'V titers in LCM V-immune mice and blocked the
infiltration of the lung with LCMV-specific memory T cells upon VV
challenge. Although the lung is not considered to be a conventional
lymphoid organ, it does have a prominent immune system that consists
of the intravascular leukocyte pool and the leukocytes in the intersti-
tium, the bronchoalveolar spaces and the BALT. In humans and mice
BALT is not a constitutive structure of the lung, but it can be initiated
and vigorously expanded upon infection to become a highly integrated
mucosal immune system along the respiratory tract'®. By histological
examination and in situ tetramer staining we showed that the accumu-
lation of LCMV-specific memory CD8* T cells in the BALT con-
tributed to a marked change in the architecture of the lung during VV
infection. These changes were ablated by treatment with anti—IFN-y.
The absence of these activated memory T cells resulted in severe acute
inflammatory responses and associated fulminant pulmonary edema
that may be one of the factors that contributes to the high mortality of
control mice upon VV infection.

The presence of these activated memory T cells may also have con-
tributed to some of the VV-infected LCMV-immune mice developing
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bronchiolitis obliterans, which is an obstruction of bronchioles by plugs
of fibrin and inflammatory cells. In humans this is a condition whose
etiology is not well understood; it is much like panniculitis, which can
be observed in the fat pads of LCMV-immune mice challenged with
VV during i.p. infections'’. Both of these disease processes in humans
are probably immune-mediated, occurring in some viral and intracellu-
lar bacterial infections or in response to some drugs'”*!'. This mouse
model suggests that an individual’s past history of infections may influ-
ence whether they develop bronchiolitis obliterans or panniculitis (ery-
thema nodosum) in response to an additional antigenic challenge.
Studying this type of model might provide further insights into these
poorly understood conditions.

Not only was there a functional activation of LCMV-specific memo-
ry CD8" T cells, there was a continued selective expansion and accu-
mulation of certain epitope-specific populations in the presence of VV
antigen. Although it was highly likely that the chemokines and
cytokines produced during VV infection assisted in the initial recruit-
ment of LCM V-specific memory CD8* T cells from the spleen into the
lung and MLN, they were unlikely to account for the selective epitope-
specific nature of this expansion. We believe that cross-reactive T cell
responses likely participated in their activation and selective expansion
in the lung. Certain T cell clones recognize both LCMV- and V V-infect-
ed targets'?, and bulk CTL analyses with VV-infected LCMV-immune
mice indicated that GP33-coated targets—in comparison to NP396- or
GP276-coated targets—are preferentially lysed (reactivity with NP205
was not examined)”. Three VV peptides with partial homology to
LCMV NP205 have been identified; they all can stimulate LCM V-spe-
cific CD8" T cells to produce IFN-y (L. K. Selin et al., unpublished
data). Another study suggested that VV could induce bystander activa-
tion of LCMV GP33-transgenic T cells*?, but cross-reactivity was not
ruled out. In addition, other studies found very little evidence for
LCMYV causing expansion of naive or memory transgenic T cells that
did not cross-react with LCMV¥4,

These studies support the concept that there is remarkable complexi-
ty and plasticity in CD8" memory T cell responses. Memory CD8* T
cells in a resting immune host exist in distinct populations distinguished
by activation state™!?, the expression of cell surface molecules such as
chemokine and cytokine receptors®>#*4> and their distribution frequen-
cies in different organs*®. It appears from our results that different
organs have different T cell repertoires. This observation is important as
it further supports the concept that memory CD8" T cell pools are not
homogeneous throughout the host and are not equal in all sites. We
found that challenge with the second virus resulted in a rapid accumu-
lation of LCM V-specific memory CD8" T cells in the MLN, where the
frequency had been relatively low, with a more gradual increase in the
lung where the frequency was already very high. As these memory CD8*
T cells accumulated in these two sites, their repertoire became further
skewed, with selective expansion of specific epitopes; once again each
site developed a different repertoire. It is not clear what other mecha-
nisms drive this qualitative and quantitative difference in CD8" memory
T cells in different sites. Memory T cells can be divided into at least two
functional types based on chemokine receptor and homing receptor
expression*. It is possible that the functional type of each LCMV epi-
tope—specific memory T cell population may influence where they traf-
fic during the resting memory state and during acute VV challenge.

Heterologous immunity mediated by memory T cells is a new
research area that may clarify our understanding of how memory T
cells function in immunity and pathogenesis in the natural environment
as the host is exposed to multiple different pathogens over a lifetime.
Heterologous immunity may be an under-appreciated aspect of host
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responses to infection in general. Many viruses in humans—such as
Epstein-Barr virus, varicella-zoster and the 1918 influenza virus
strain—cause much more severe infections in teenagers and young
adults than they do in younger children**. Could such a difference be
due to immunopathology occurring as a consequence of the reactiva-
tion of memory cells, which may be more diverse and prominent in a
more immunologically mature individual? Several studies have begun
to scratch the surface of this complex but poorly understood phenome-
non. For instance, in the search for HIV vaccines, researchers have
shown that a secondary challenge with a VV recombinant expressing an
HIV epitope can greatly enhance the immune response to HIV DNA
vaccination**°. But what are the mechanisms driving this? There is an
inverse correlation between early exposure of humans to Bacillus
Calmette-Guerin (BCG) vaccination and the development of atopic dis-
orders®'. In mice, previous exposure to BCG, a strong T cell and IFN-y
stimulus, was correlated with suppression of development of local
inflammatory T helper type 2 (Tu2) responses and allergen-induced
eosinophilia in the lung®. A reactivation of memory T cells in an oth-
erwise poorly protective immune response may have contributed to the
severity of the infections in children receiving the 1962 respiratory syn-
cytial virus (RSV) vaccine®. In animal models, vaccination with
recombinant VVGPrsy (rVVGPrsy) shortly after acute influenza infec-
tion greatly reduces the Ty2-like eosinophilia response that occurs upon
challenge, 5 weeks later, with live RSV In addition, dengue virus—
immune individuals infected with a second dengue serotype suffer
severe immunopathological responses. These responses may occur as a
consequence of potent reactivation of cross-reactive T cells in the
absence of protective antibody responses®. Some of these examples
argue that in the absence of a completely protective immune response
that occurs with homologous infection, the reactivation of memory T
cells by heterologous agents may cause immunopathological damage.
Alternatively, as we have shown here, the reactivation of heterologous
memory T cells may also contribute to a protective response. The lung
may have a strong predilection for these effects, as memory CD8* T
cells are present at such high frequency for prolonged periods.

Methods

Virus infections of mice. Five-week-old C57BL/6 (H-2°) male mice were from The
Jackson Laboratory (Bar Harbor, ME). The mice were anesthetized by inhalation of meto-
fane (Pitman-Moore, Mundelein, IL) and infected intranasally with 4x10° PFU of the
Armstrong strain of LCMV propagated in baby hamster kidney cells (BHK21)". Other mice
were inoculated with BHK21 cell culture supernatant as controls. After the acute T cell
response had been stored and the immune system had returned to homeostasis (6 weeks or
longer), the immune and control mice were challenged intranasally with the WR strain of
VV propagated in L929 cells' and purified from serum contaminants by centrifugation on
sucrose density gradients. Because of some variability of virulence among different VV
stocks, the VV dose varied from 10* to 10° PFU. All the experiments, except for the mor-
tality study (Fig. 1), were done with sublethal doses of VV. In the mortality study, for a spe-
cific virus stock we used a dose that killed 60-80% of naive nonimmune C57BL/6 mice.
The immune mice were age-matched to the control mice and housed under exactly the same
pathogen-free conditions for the same time period. All experiments were done in compli-
ance with institutional guidelines as approved by the Institutional Animal Care and Use
Committee of the University of Massachusetts Medical School.

Virus titration. The number of VV PFU in each organ (MLN, spleen and lung) was deter-
mined by plaque assays with the use of a 10% homogenate of tissue taken from individual
mice, as described!’.

Adoptive cell transfer. Naive C57BL/6 mice were injected intravenously with one spleen
equivalent (~5x10-10x107 cells) of naive splenocytes or LCMV-immune splenocytes and
challenged intranasally with VV. On 6.5 day after infection, lungs, MLNs and spleens were
collected and titrated for VV.

Isolation of lung lymphocytes. Lung lymphocytes were isolated using an adaptation of a
previously described protocol®. The lung vascular bed was first flushed with 10 ml of
chilled Hanks’ balanced salt solution (HBSS, Gibco-BRL, Gaithersburg, MD) introduced
via cannulation of the right ventricle of the heart. The excised lungs, separated from all the
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associated lymph nodes, were minced and incubated for 1 h at 37 °C in 5 ml of HBSS (10%
fetal calf serum (FBS)) containing 125 U/ml of collagenase I (Gibco-BRL), 60 U/ml of
DNase I and 60 U/ml of hyaluronidase (Sigma, St. Louis, MO). The resulting single cell
suspension was spread over Lympholyte-M (Cedarlane Labs, Hornby, Canada) and cen-
trifuged at 500g for 20 min at 25 °C. Then the lymphocytes were collected.

Peptide-induced intracellular IFN-y staining. Based on the protocol from
Cytofix/Cytoperm Plug with Golgiplug Kit (PharMingen, San Diego, CA), the isolated cells
were stimulated with peptide (5 pg/ml) in the presence of 10 U/ml of human recombinant
IL-2 and 0.2 pl of Golgiplug for 5 h at 37 °C. The cells were stained with fluorescein isoth-
iocyanate (FITC)-conjugated anti-CD8* (clone 53-6.7), then fixed and permeabilized with
Cytofix/Cytoperm Plug solution. They were then stained with phycoerythrin (PE)-conju-
gated rat anti-IFN-y (PharMingen) or control PE-conjugated rat IgG1 isotype. The cells
were analyzed either on a FACS 440 or FACSstar plus (Becton Dickinson, San Jose, CA).
For each experiment, we pooled lymphocytes from three mice because we wished to sam-
ple a large number of mice in experiments. This involved large numbers of samples and, at
the same time, we examined responses to five peptides plus isotype controls at four differ-
ent time-points in three organs. In addition, we could not obtain enough lymphocytes to test
five peptides from the lung or MLN of one mouse.

H-D"- and H-K"-IgG1 MHC dimer staining and modified intracellular staining for
in vivo IFN-y. Immediately after isolation from mouse lungs, lymphocytes were stained
with a mouse H-D"- or H-K*-IgG1 fusion protein conjugated to ,-microglobulin and the
appropriate peptide’?. Briefly, 1 pg of the peptide-H-D*-IgG1 or peptide-H-K"-IgG1
MHC dimer mixture was incubated with cells for 1.5 h at 4 °C. The cells were then stained
with FITC-anti-CD8" (clone 53-6.7) and biotinylated anti-mouse IgG1 (PharMingen) for
30 min at 4 °C, followed by incubation with PE-streptavidin (PharMingen) for 20 min at 4
°C. The cells were then fixed and permeabilized with Cytofix/Cytoperm Plug solution. They
were stained with allophycocyanin-conjugated anti—IFN-y (clone R4-6A2, PharMingen) or
control allophycocyanin-conjugated IgG1 isotype. As no in vitro stimulation or incubation
was carried out, any positive staining for intracellular IFN-y indicated that the CD8" T cells
producing IFN-y would have been directly activated in vivo by the infection. All staining
with the isotype control was consistently <0.04%. A second control was also done using
purified anti—IFN-y (clone R4-6A2, PharMingen), which specifically blocked intracellular
IFN-y staining with allophycocyanin-conjugated anti—IFN-v. The cells were analyzed either
on a FACS 440 or FACSstar plus (Becton Dickinson).

Cytokine RNase protection assay. Total RNA was extracted from the whole lung tissue
with Trizol agent (Gibco-BRL). Detection and quantification of a variety of murine
cytokine mRNAs was done with the multiprobe RNase protection assay system
(PharMingen). Briefly, a mixture of [y-*>PJUTP-labeled antisense riboprobes was generated
from a panel of different cytokine templates plus the template for the control murine house-
keeping gene encoding glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The RNA
sample (20-40 pg) was hybridized overnight at 56 °C with *?P-labelled riboprobe mixture,
then digested with RNase. RNase-protected RNA fragments were purified and then
resolved on 5% PAGE. The protected bands were observed after exposure of the gels to
phosphor imager and X-ray films and quantified by densitometric analysis with Image
Quant densitometric software.

Cytokine ELISA assay. Serum concentrations of IFN-y and IL-6 were measured by
ELISA, as per PharMingen’s protocol. The sera isolated from the blood of LCMV-immune
and control mice 3, 5, 6 and 7 days after acute i.n. VV challenge was analyzed by a
PharMingen mouse IFN-y ELISA assay, as per the manufacturer’s protocol. Sera from
groups of three mice each were pooled before ELISA.

In vivo IFN-y depletion. /n vivo depletion of IFN-y was done daily by i.v. (days 0 and 3)
and i.p. injection of 100 ul of ascites of rat anti—-IFN-y (ATCC R4-6A2) or a control rat
IgG1 isotype (clone A110-1, PharMingen) after VV challenge. At day 6.5 after VV infec-
tion, the lungs, MLNs and spleens were collected and underwent virus titration and histo-
logical analysis.

Direct ex vivo cytotoxicity assay. Cell-mediated cytotoxicity was determined with a stan-
dard 5'Cr-release CTL assay, as described'. 5'Cr-labeled YAC cells were used as NK cell tar-
gets. 3'Cr-labeled MC57G cells, either uninfected or infected with LCMV or VV at a mul-
tiplicity of infection of 0.1 and 10 PFU/cell, respectively, were used as targets for CTL.

Lung histological evaluation. At various time-points 3-30 days after VV challenge, lungs
from LCMV-immune and control mice were collected, fixed in 10% neutral buffered
formaldehyde and then paraffin-embedded. Tissue sections (5 um) were stained with hema-
toxylin and eosin and analyzed microscopically. Scores for lung pathology were graded con-
currently by two pathologists who were blinded in regards to treatments the mice had received.

In situ MHC-tetramer staining and confocal laser scanning microscopy (CLSM) of
lung tissue sections. NP396-specific H-D® tetramers were prepared as described®’. Lungs
from the control and LCMV-immune mice were frozen in OCT compound (Miles Co.,
Eikhart, IN). Sections (20 um) were cut, mounted on microscope slides and blocked by
purified 2.4G2 antibody (PharMingen) specific for Fc receptors for 15 min at 4 °C, then
incubated overnight at 4°C with FITC-anti-CD8" (6 ug/ml, clone 53-5.8, PharMingen) and
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PE-labeled NP396-specific MHC tetramer (20 pg/ml) in PBS—-10% normal mouse serum,
followed by washing three times with PBS—10% normal mouse serum?. Sections were pro-
tected by The ProLongTM antifade kit (Molecular Probe, Eugene, OR) before CLSM.
Green (FITC) and red (PE) signals were collected on a Leica TCS NT (Leica Microsystems,
Heidelberg, Germany) confocal system. Images were taken with a 40x NA1.4 objective.
Possible overlapping signals between the different fluorochromes were subtracted.

Statistical analysis. The Student’s r-test was used for data analysis.
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