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Summary

Virus-specific CD8* effector T cells (eCTL) are en-
riched in the lungs of mice with primary influenza
pneumonia, though later detection of memory T cells
(mCTL) in the mediastinal lymph nodes (MLN) or
spleen by peptide-based staining protocols is at the
limits of flow cytometric analysis. Respiratory chal-
lenge with an H3N2 virus months after HIN1 priming
induces a massive recall response, which reduces vi-
rus titers 2-3 days earlier than in nave controls. Influ-
enza-specific mCTL produce interferon-y within 6 hr,
but still take 4-5 days to localize to the infected respi-
ratory tract. The delay reflects that the recall response
develops first in the MLN, which contains relatively
few mCTL. The response to a subdominant epitope is
less obvious after secondary challenge.

Introduction

The outcome of infection in a previously unexposed
individual is generally considered to reflect a race be-
tween the development of cell-mediated immunity and
the rate of virus growth (Doherty et al., 1992). The greater
the number of virus-infected cells at the stage when the
virus-specific CD8" cytotoxic T lymphocyte effectors
(eCTL) leave the regional lymph nodes and travel via the
blood to the site(s) of virus replication in somatic tissues,
the less favorable the clinical outcome is likely to be.
The techniques for measuring both the extent of virus
replication and the numbers of infected cells are both
extremely sensitive and long established. Until very re-
cently, the same could not be said for the quantitation
of the CD8" CTL response, the other half of the equa-
tion. Though CD8* T cells recovered from sites of virus-
induced pathology show evidence of potent virus-spe-
cific CTL activity (Zinkernagel and Doherty, 1973; Allan
et al., 1990; Hou et al., 1992), it had not been possible
to determine the actual eCTL numbers.

The best method available, limiting dilution analysis
(LDA) utilizing a 5-7 day microculture protocol, generally
indicated that <1:50 of the extravasated CD8" T cells
are specific for the inducing pathogen (Doherty et al.,
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1996). Such values had long been thought to underesti-
mate the size of the eCTL population. The assumption
was that LDA may provide a reasonable measure of the
CD8" memory T cells (mCTL) that can be expanded
through 10 or more rounds of in vitro culture, while fur-
ther stimulation of the virus-specific eCTLs probably
leads to activation-induced cell death (lezzi et al., 1998).
For example, in mice primed several months previously
with a parainfluenza type 1 virus (Sendai virus) and then
challenged intranasally (i.n.) with an influenza A virus,
the influenza-specific CTL precursor (pCTL) frequencies
in the inflammatory cells recovered by bronchoalveolar
lavage (BAL) were only 2- to 3-fold higher than those
for the Sendai-specific memory set (Tripp et al., 1995b).
However, such BAL populations contain potent eCTLs
specific for influenza virus but not for Sendai virus.

The development of new techniques for staining anti-
gen-specific CD8* T cells with tetrameric complexes of
MHC class | glycoprotein+peptide, or stimulating T cells
with peptide and then analyzing for the synthesis of
interferon-vy (IFNv), has greatly facilitated the dissection
of cell-mediated immunity (Altman et al., 1996; Busch
etal., 1998; Butz and Bevan, 1998; Murali-Krishna et al.,
1998). Experiments using one or more of these ap-
proaches to probe human peripheral blood lymphocytes
from individuals infected with human immunodeficiency
virus (HIV) and spleen cells from mice given lymphocytic
choriomeningitis virus (LCMV), have shown very clearly
that LDA underestimates the prevalence of virus-immune
CD8* T cells in both acute and persistent infections by
a factor of at least 10-fold (Altman et al., 1996; Butz and
Bevan, 1998; Murali-Krishna et al., 1998).

The present analysis describes the dual application
of the tetramer-staining and peptide stimulation ap-
proaches to quantitate the primary and secondary CD8"
CTL response in mice with influenza pneumonia, being
a description of the events occurring in a nonlymphoid
site of virus-induced pathology. The results establish
that the influenza-specific CD8* eCTL numbers are
much greater than previously suspected (Tripp et al.,
1995b; Doherty et al., 1996) and illustrate very clearly
the durability, benefits, and limitations of virus-specific
CD8* T cell memory.

Results

Specificity of the Tetramer-Staining Reaction

Tetrameric complexes of H-2D° + Sendai virus NPz 33,
(SEV9) or H-2D" + influenza A virus NP3 374 (NPP) were
used to stain virus-specific hybridoma T cell lines (Deck-
hut et al., 1993; Cole et al., 1997) of the corresponding
specificity (Figure 1A). The reactions in both cases were
specific for the appropriate T cells, showing no signifi-
cant overlap in the extent of binding. The NPP tetramer
was then used to probe the inflammatory lymphocytes
obtained (Allan et al., 1990) by BAL of mice challenged
i.n. 8 days previously with either the HKx31 (H3N2) influ-
enza A virus or with the B/HK influenza B virus that does
not contain the NP 37, epitope (Allan et al., 1993). While
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Figure 1. Specificity of the Staining Reaction with the NPP Tetramer

(A) The influenza H-2DP+NP3434-specific and Sendai H-2D°+
NP 3,4 33-specific T cell hybridomas were assayed by flow cytometry
for staining with either the NPP (bold line) or SEV9 (thin line) tet-
ramers.

(B) The inflammatory BAL population was obtained from B6 mice 8
days after i.n. infection with either HKx31 or B/HK influenza A or B
virus, stained for surface CD8 and the NPP tetramer, and examined
by flow cytometry. The numbers given show the percentage of BAL
cells in the lymphocyte/lymphoblast gate falling within the respec-
tive quadrants. The proportion of CD8 T cells staining with the NPP
tetramer on day 8 was consistent in five independent experiments.

the percentage of CD8™" T cells in the total lymphocyte
pool obtained by BAL was comparable between the two
infections, approximately 1:8 of the CD8" T cells in the
BAL of the HKx31-primed mice stained with the NPP
tetramer. The value for the mice given the B/HK virus
was <0.1% (Figure 1B). Other experiments (data not
shown) established that the NPP tetramer does not bind
to CD4* T cells in the BAL of mice infected with the
HKx31 virus. Thus, staining with the NPP tetramer is
very specific, both for a T cell hybridoma maintained in
vitro and for highly activated inflammatory cells obtained
directly from the pneumonic lung.

Quantitation of Virus-Specific CD8* T Cells

in the Pneumonic Lung

Preliminary studies (Figure 1B and unpublished data)
indicated that the prevalence of NPP*CD8" T cellsin the
BAL was >10-fold higher than suggested from previous
determinations of CTLp frequency. The next experiment
(Figure 2) compared the kinetics of CD8* T cell localiza-
tion and retention to the BAL following i.n. HKx31 (H3N2)
challenge of immunologically naive mice (Figure 2A, pri-
mary) and mice that had been primed 8 months pre-
viously by intraperitoneal (i.p.) injection of the A/PR/8/
34 (PR8, H1N1) virus (Figure 2B, secondary). The HKx31
virus is a recombinant that expresses the surface hem-
agglutinin (H) and neuraminidase (N) proteins of A/Aichi

(H3N2) and the internal components of PR8 (Kilbourne,
1969). The neutralizing antibody response to the surface
H and N glycoproteins of these two viruses is not cross-
reactive, so the magnitude of the secondary antigenic
challenge is, prior to the development of eCTL activity,
in every sense equivalentto that occurring in the primary
response. The top figures in the upper right quadrant
of the flow cytometry profiles shown in Figure 2 give
the percentage of the BAL population that stains for
both CD8 and NPP, those below estimate the numbers
(per mouse) of NPP*CD8" cells in the BAL, while the
bottom value is the SEV9 tetramer-staining control.

Significant numbers of NPPTCD8* T cells were first
detected in the BAL on day 7 inthe primary response and
on day 5 after secondary challenge, confirming earlier
impressions from eCTL assays that established T cell
memory confers (at best) a 2-3 day advantage in the
rate of effector T cell development and localization to
the influenza virus-infected respiratory tract (Bennink
et al., 1978). The secondary response has long been
known to be greater in overall magnitude. What could
not, however, be predicted from any previous analysis
was that >15% of the BAL CD8* T cells in the primary
response and >65% in the secondary response were
specific for the immunodominant H-2DP+NPses_374 (TOWN-
send et al., 1986). The numbers of inflammatory CD8"
NPP* T cells present at the peak of the inflammatory
process on day 10 were 5-fold higher in the secondary
response (2 X 10° cf. 1 X 1069).

Comparable profiles for the localization and accumu-
lation of NP-specific CD8* T cells to the virus-infected
respiratory tract were recorded from the same experi-
ment (as in Figure 2) analyzed using the peptide/Brefel-
din A/IFNvy protocol (Figure 3). Again, the massive
secondary response for CD8*IFNy* lymphocytes is ap-
parent 2 days earlier, and the overall magnitude is about
5-fold greater than for the primary. More than 60% of
the inflammatory CD8* T cells in the challenged mice
are IFNvy-producing H-2D"+ NP3 37.-specific eCTL or
the precursors of such eCTL.

Further sets of experiments confirmed the observa-
tions for staining BAL cells with the NPP tetramer and for
stimulation with the NP4.374 peptide in mice challenged
with the HKx31 virus and also determined the preva-
lence of CD8*IFNy™ T cells specific for the minor H-2K"-
NS2114-101 epitope (Vitiello et al., 1996) in primary and
secondary viral pneumonia (Table 1, BAL columns). The
mice utilized in Table 1 had been immunized with the
PR8 virus 56 days (Expt. 1), 42 days (Expt. 2), or 27 days
(Expt. 3; Table 1) previously, compared with 240 days
for the group analyzed in Figures 2 and 3. Taking the
results together indicates that the recall response may
be slightly delayed (though still very substantial), with
increasing time following the initial exposure to virus
(Figure 2 and Table 1) as influenza H-2DP + NPaggs374-
specific CD8" T cells were detected in the BAL as early
as 3 days after challenge in the younger mice (Table
1, 45 days). Earlier studies indicate that the primary
eCTL response also develops more slowly in older mice,
though there is no obvious age-related difference in
growth characteristics for the influenza A viruses (Ben-
der et al., 1995).
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Figure 2. Visualization of CD8*NPP* T Cells

in BAL Population Recovered from Primary
or Secondary Influenza Pneumonia

Naive (A) or PR8-immune (B) mice (primed for
8 months) were infected i.n. with the serologi-
cally distinct HKx31 virus. The BAL popula-
tions collected from each group of mice (n =
9-10) were pooled and examined by flow cy-
tometry for surface staining with anti-CD8«
and the NPP tetramer. The percentage of BAL
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Response Profiles for the Minor Epitope

The numbers of T cells specific for the subdominant
H-2KP+NS2,14.121 epitope were relatively higher in the
primary than the secondary response (Table 1, NS2-
IFNy and BAL). Comparing the results following stimula-
tion with the two peptides indicated that the eCTL
counts for this epitope were at least 33% of those for
the dominant H-2DP+NPg 57, response on days 7 and
13 in the primary compared with <6% in the secondary
(Table 1). The greater prominence of minor NS2 epitope
in the primary response was confirmed in further experi-
ments with individual mice (Table 2, B6 mice). The num-
bers of NP-specific eCTL were significantly increased
following secondary challenge, while this was not the
case for the NS2-specific population that remained at
a comparable, or lower, frequency (Table 2).

The HKx31—PR8 challenge experiment (Table 1; Ta-
ble 2, B6 mice) left open the possibility that some differ-
ence between these two viruses might influence the
immunodominance hierarchy. We thus repeated the
analysis using an HKx31 challenge in HKx31-primed
Ig~'~ wMT mice (Kitamura et al., 1991; Topham and Do-
herty, 1998), to avoid any possible confounding effect
due to neutralizing antibody. Again, the prevalence of
the NP-specific eCTL in the BAL increased dramatically

A PRIMARY HKx31

cells in the lymphocyte/lymphoblast gate is
shown for each of the quadrants. The other
numbers in the upper right-hand gate are an
estimate of the average/mouse counts for the
CD8" NPP* setand (in brackets) the percent-
age of live BAL cells staining with the SEV9
tetramer.

in the secondary response, while there was no change
in frequency for the NS2-specific set (Table 2, uMT
mice). The same effect was seen for the mediastinal
lymph nodes (MLN) (see Footnote to Table 2). Thus,
though the H-2K®+NS2,,, 1,;-specific T cells were de-
tectable in the BAL as early as 5 days after secondary
challenge, they did not show the dramatic expansion in
numbers seen for the H-2D® + NPgg 474 Set.

Virus-Specific CD8* T Cells in Lymphoid Tissue

Though as many as 10% of the CD8* mCTL in lymphoid
tissue may be specific for LCMV in the very long term
(Butz and Bevan, 1998; Murali-Krishna et al., 1998), the
influenza-NPgg6 374-specific mCTL in MLN and spleen
were at the limits of detection for both peptide-based
flow cytometry assays within 6 weeks of i.p. priming
(Table 1, days 56 and 42 and MLN and spleen). The
CD8* set was enriched prior to counting to facilitate
the FACS analysis by decreasing the number of events
acquired. The frequencies of H-2DP+NP4 34-specific
mCTL for resting mice ranged from 1:600 to 1:1400 when
corrected to total spleen or MLN lymphocyte counts,
the convention used previously for the LDA studies with
the influenza model (Doherty et al., 1996). This is gener-
ally higher than previous findings for LDA with whole

Figure 3. Quantitation of the Primary and

o7 Secondary Viral Pneumonia by Short-Term
(©5) Stimulation with Peptide and Staining for
IFNy

This analysis utilized the same mice that were
assayed in Figure 2. The BAL cells were incu-

bated for 6 hr in Brefeldin A, the NP3g 374 pep-
tide, stained for CD8«, and then permeabil-
ized by fixation and stained for IFNy. The
percentage of BAL cells in the lymphocyte/
lymphoblast gate is shown for the respective
quadrants, together with (brackets) the per-
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centage of BAL cells staining for IFNvy after
incubation in the absence of NPy 574
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Table 1. Comparison of Primary and Secondary Influenza-Specific CD8* T Cell Responses in the BAL, MLN, and Spleen

Days After Infection?2 CD8* T Cells Staining (%)

PR8 HKx31 NPP° NP-IFNy NS2-IFNyP

i.p. i.n. BAL MLN Spleen BAL MLN Spleen BAL MLN Spleen
Experiment 1

— 7 4.7 0.3 0.5 6.7 0.1 0.5 2.8 0.2 0.1

— 13 10 15 1.2 6.9 04 0.4 5.1 0.2 0.2

56 — NT 0.3 0.9 NT 0.2 0.6 NT <0.1 0.1

63 7 81 7.0 24 65 6.8 16 0.8 0.2 0.6

69 13 80 17 39 77 14 21 0.7 0.6 0.3
Experiment 2

— 3 <0.1 <0.1 <0.1 15 02 0.1 <0.1 05 0.1

— 5 0.4 <0.1 <0.1 09 04 0.1 1.3 0.7 0.2

— 7 3.4 0.1 0.2 6.7 0.4 0.3 2.2 0.2 0.1

42 — NT 0.2 0.8 NT 0.2 0.8 NT <0.1 0.2

45 3 2.7 <0.1 0.2 39 04 0.4 0.7 0.1 0.1

47 5 40 8.5 1.3 33 7.2 14 34 0.7 0.6

49 7 67 9.9 26 58 12 23 3.7 1.4 14
Experiment 3

— 5 NT 0.2+ 0.1 0.1 NT 0.6 = 0.3 0.1 +0.1 NT 03 *+0.2 0.1 +0.1
27 — NT 0.6 2.0 NT 0.5 15 NT 0.2 0.3

32 5 NT 9.5+ 5.2° 14 *05 NT 9.3 £4.3° 1.3 £ 0.4° NT 0.5 = 0.2° 0.2 +0.1

2Naive B6 mice or mice primed i.p. with 107° EIDs, of the PR8 (H1N1) influenza A virus were challenged i.n. 56, 42, or 27 days later with 10%°
EIDs, of the serologically different HKx31 (H3N2) virus.

®The CD8" T cells were stained directly with the NPP tetramer, or stimulated with the NPsg 37, or NS2,14.45, peptides for 6 hr in the presence
of Brefeldin A, fixed, and stained for IFNy. The BAL cells were first adhered on plastic to remove macrophages, while the MLN and spleen
cells were enriched for the CD8" set to >75% purity by removing the CD4" T cells, B cells, and MHC class II* cells using Dynabeads plus
the TIB120 and GK1.5 MAbs.

NT, not tested.

¢ Significantly greater (p < 0.001) than the values for the spleen. The data showing SD values is for five individual mice. The assays were done
as described in the Experimental Procedures.

virus (generally about 1:3000), butthe differenceis notas
extraordinary as that found for LCMV (Butz and Bevan,
1998; Murali-Krishna et al., 1998).

The peak frequencies detected at any stage (Table 1,
NS2-IFNy and MLN and spleen) for the minority
CD8*IFNy* H-2KP+NS2114121-specific set following i.n.
challenge with the HKx31 virus were 0.7% of (primary)
and 1.4% (secondary). Maximal counts for the immuno-
dominant NP 37-specific CD8* T cells were recorded
in the MLN and spleen on day 13 of the primary (1.5%

and 1.2%) and secondary (17% and 39%) responses,
respectively (Table 1, day 13 and day 69 and NPP* and
NP-IFNvy™). The comparable values for day 7 after the
HKx31 challenge (Table 1, days 7, 63, and 49) were 0.3
and 0.5% (primary) and 9.9% and 26% (secondary). The
most surprising finding from these results is that the
prevalence of splenic CD8™ T cells specific for the immu-
nodominant H-2D"+NP3 374 €pitope is very high (Table
1, day 69) long after the time that infectious virus would
normally have been eliminated from these mice (Allan

Table 2. Immunodominance Hierarchies in the BAL

CD8" T Cells Staining (%)

Mouse Strain Day Priming and Challenge® NP-IFNvy NS2-IFNy
B6 9 HKx31 20.8 = 9.9 5.8 + 1.8°
HKx31 — PR8 69.4 = 19.5° 3.7 + 4.1°
12 HKx31 19.2 +£10.8 4.7 +1.2°
HKx31 — PR8 79.1 £ 1.5° 1.7 £ 1.2°¢
Mt 10 HKx31 24,16 11, 4
HKx31 — HKx31 76, 82 10, 4

2The B6 mice were primed i.p. with the PR8 virus 1 month prior to challenge, while the .MT mice had been given the standard i.n. dose of
HKx31 8 months previously. Naive controls were challenged concurrently with the HKx31 virus. Groups of four or five mice were used in a
contemporary comparison with the B6 mice. The results for the wMT mice are for two naive and two primed individuals. The experimental
protocol and the peptide/BrefeldinA/IFN+y assay system is described in the Experimental Procedures and in the legend to Table 1.

b Significantly different (p < 0.01) from the value for the primary response.

¢ Significantly different (p < 0.01) from the value for the immunodominant NP epitope.

4The response profiles for the MLN were also measured for the uMT mice. The values were NP: primary, 1.6, 1.9; secondary, 12.4, 15.4; NS2:
primary, 1.4, 1.5; secondary, 2.3, 1.5.
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et al., 1990). This effect was not apparent in prior LDA
studies (Tripp et al., 1995b) and the H3N2 influenza A
viruses cannot generally be isolated from mouse spleen
at any stage of the disease process (Eichelberger et al.,
1991).

However, despite the fact that the H-2D°+NPyg4 574-
specific CD8" T cells were present at highest prevalence
in the spleen from day 7 after the HKx31 challenge (Table
1, days 63 and 49) the antigen-driven increase in virus-
specific CD8* T cell numbers was initially more promi-
nent in the MLN (Table 1, day 47). This skewing of the
host response to the MLN on day 5 was confirmed in
Expt. 3, where five individual mice were compared simul-
taneously (Table 1, day 32). The findings support the
idea that, although more mCTL are present in the resting
spleen than in the MLN (Table 1, days 56, 42, and 27),
the drainage of antigen-presenting dendritic cells via
afferent lymph triggers the secondary eCTL response
in the regional lymph node rather than the spleen (Table
1, day 32). This compartmentalization effect is also ap-
parent for the primary response (Table 1, day 5, Expt.
3, NP-IFNvy), and for the secondary response to the mi-
nority H-2K°+NS2,,, ., epitope (Table 1, day 32 and
NS2-IFNy).

Phenotype of the Virus-Specific T Cells

The BAL CD8"NPP* population showed the CD44"
CD62L" profile characteristic (Hou and Doherty, 1993;
Tripp et al., 1995a) of activated T cells (Figures 4A and
4B) from the time of initial localization to the virus-
infected lung (Figure 2) on day 5 (secondary) or day 7
(primary). Earlier cell-sorting experiments established
that this phenotype, which was maintained through-
out the response (data not shown), is characteristic of
both the influenza virus—specific eCTL killer population
and the mCTL set that can be expanded by LDA (Tripp
et al., 1995a). In fact, all of the lymphocytes (including
the CD8" T cells, Figure 4A) recovered by BAL were
consistently CD44", This may reflect that CD44 expres-
sion is required to mediate lymphocyte extravasation
into sites of virus-induced inflammatory pathology (De-
Grendele et al., 1997). Different profiles were found for
the MLN and spleen, where approximately 20% (pri-
mary) or 50% (secondary) of total CD8" T cells were
CD44" on day 7 after infection (data not shown). Simi-
larly, the staining profiles for the lymph node hom-
ing receptor (CD62L) partitioned the CD8* T cells in
lymphoid tissue into CD62L* and CD62L" subsets.
Both populations were also found in the BAL, though
the CD62L" set was much more prevalent (Figure 4B).
However, at all times examined and in all tissues, the

Figure 4. Activation Phenotype of the CD8*
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T Cells in the BAL

The BAL population was obtained from sec-
ondarily challenged mice on day 13 and as-
sayed by flow cytometry for surface staining
with anti-CD8, NPP tetramer, and (A) CD44,

10!

(B) CD62L, or (C) VB8.3. The percentage of
BAL cells in the lymphocyte/lymphoblast
CD8" gate is shown for each of the quad-
rants.
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very great majority of the CD8*NPP* T cells were
CD44"CD62L". This continued to be true for spleen cells
from B6 mice primed 2 months previously with the PR8
virus (data not shown), confirming patterns determined
previously by LDA.

Previous flow cytometric analysis, LDA subsequent
to FACS enrichment, and the generation of a range of
hybridoma T cell lines all indicated that the V8.3 T
cell receptor (TCR) chain is utilized at high frequency
(Deckhut etal., 1993) in the response to H-2DP+NP 45 37.
Sequencing studies with the hybridomas indicated that
this response is polyclonal within the V38.3* set (Deck-
hut et al., 1993). Direct staining for a spectrum of 16
different TCRVB and 3 TCRVa chains confirmed that
VR8.3 (Figure 4C) was selectively overexpressed on the
CD8*NPP* (cf. CD8*NPP~) BAL population (data not
shown). The only other TCR chain detected at enhanced
frequency on the CD8"NPP™* lymphocytes recovered
from mice with primary or secondary influenza pneumo-
nia was VB4 (data not shown).

The Extent of Protection

The results overall (Figures 2 and 3 and Tables 1 and
2) illustrate very graphically the durability of established
CD8™ T cell memory to the influenza A viruses and con-
firm earlier impressions of the limitations of the CD8" T
cell recall response as a sole protective mechanism
(Andrew et al., 1987; Doherty et al., 1989; Lawson et
al., 1994). The virus has at least 2-3 days to become
established in the respiratory tract before the conse-
quences of prior exposure are apparent (Figure 2 and
Table 1). Challenging HKx31 immune mice with the more
virulent PR8 virus led to a >100-fold reduction in lung
virus titers on day 6 when compared with primary PR8
infection (Table 3). However, though the immune mice
showed clear evidence of a secondary CD8* T cell re-
sponse, in that greater numbers of CD8"NPP* T cells
were detected earlier in the BAL, all of the HKx31 im-
mune and naive animals still succumbed to the PR8
infection. Influenza-specific CD8* T cells function in
vivo via a perforin/granzyme or Fas-mediated cytotoxic
mechanism (Topham et al., 1997), so even though the
virus-infected cells may be eliminated, the degree of
CTL-mediated damage to the respiratory epithelium
may not be survivable if the virus has disseminated too
extensively prior to the recall to eCTL function.

A difference between the PR8—HKx31 (Table 3) and
the HKx31—PR8 (Figures 2 and 3 and Table 1) challenge
experiments was that the secondary response induced
in the BAL by the lower dose of the more virulent PR8
virus looked to be smaller in magnitude than that caused
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Table 3. Early Control of Virus in the Secondary Response

% NPP* CD8" T Cells in BAL

Virus titer in Lung (10g;o EIDs)

PR8? Challenge Day 5 Day 6 Day 6
Primary 0.1 = 0.01 0.5 + 0.05 >6.5 * 0.0
Secondary 35+0.2 14.4 = 0.2 4.3 + 0.6

2 The mice were primed i.n. with the HKx31 virus and then, together with naive controls (primary), challenged i.n. 2 months later with 10*°
EIDs, of PR8 (secondary). Groups of five mice were assayed at each timepoint.

by HKx31. A further experiment with the HKx31—PR8
model gave logye EIDs lung titers of 5.7 = 0.1 and 5.9 =
0.6 on day 3 and 6.0 = 0.4 and 3.9 = 0.3 on day 5
for the primary and secondary responses, respectively.
Again, the protective effect (Table 3) of established
CD8* T cell memory was delayed in onset, though it did
lead to a substantial (100-fold) early reduction of virus
titers in the lung. Other studies with Ig~'~ wMT mice have
also shown that the secondary CD8" T cell response
to the relatively mild HKx31 virus is highly protective
(Topham and Doherty, 1998).

Discussion

Analysis of the BAL population with both the influenza
NPP tetramer and by staining NPzs 374-specific T cells
for IFNy has provided rigorous, quantitative evidence
that very substantial numbers of virus-specific CD8* T
cells are presentin a nonlymphoid site of virus-induced
inflammatory process. Application of the same technol-
ogy established previously that the prevalence of virus-
specific CD8* T cells in the spleen during the course
of primary LCMV infection is extremely high (Murali-
Krishna et al., 1998). At the peak of the response, more
than 50% of the splenic CD8* T cells are specific for
the two prominent LCMV epitopes recognized in H-2°
mice. By contrast, influenza-specific CD8* T cells are
found in much lower numbers in the regional lymph
nodes and spleen (1%-2%), though the BAL CD8* T
cells show frequencies (20%-70%) comparable to those
found for the LCMV-specific set in lymphoid tissue. This
presumably reflects the differential distribution of anti-
gen in these virus infections.

While LCMV replicates extensively in the lymph nodes
and spleen (Buchmeier et al., 1980; Ahmed et al., 1987),
productive infection with the influenza A viruses is sub-
stantially restricted to the lung (Eichelberger etal., 1991;
Hamilton-Easton and Eichelberger, 1995). The genera-
tion of infectious influenza A viruses depends on the
activity of a trypsin-like enzyme that functions to cleave
the precursor of the viral hemagglutin molecule (Walker
etal., 1992; Horimoto and Kawaoka, 1995). In mammals,
the distribution of this enzyme seems to be largely re-
stricted to the respiratory epithelium. Much of the stimu-
lus in the regional lymph nodes and spleen may result
from the migration of dendritic cells (Hamilton-Easton
and Eichelberger, 1995) that are infected in the respira-
tory tract (Holt et al., 1993; McWilliam et al., 1997) and
support a full virus life cycle, with the exception that no
infectious progeny are produced. This means that, as
there should be no secondary spread in lymphoid tissue,
the antigen load in this site will be much lower for influ-
enza than for LCMV. The consequence is that potent

eCTL tend to be found only in the BAL of mice following
primary i.n. infection with the HKx31 virus (Allan et al.,
1990) but are readily detected in the lymph nodes and
spleen of those given LCMV (Zinkernagel and Doherty,
1974; Lynch et al., 1989).

The clonal expansion of the virus-specific CD8" set
and the prevalence of mCTL that can be stained with
the tetrameric complexes is also much higher following
primary infection with LCMV than with influenza. The
influenza-specific NPP*CD8™" setis maintained at a level
of approximately 1:125 of the CD8" population in the
spleen and 1:300 in the MLN, after the acute phase
of the host response is terminated. The comparable
calculation for LCMV-specific CD8" mCTLs is closer to
1:10. Again, the difference could be thought to reflect
the extent of the clonal burst during the antigen-driven
phase of the host response (Hou et al., 1994). The caveat
to the interpretation that differential antigen concentra-
tion is the principal determinant of clonal burst size is
that the frequencies demonstrated by tetramer staining
of enriched CD8* T cells from spleens of mice infected
with an intracellular bacterium (Listeria monocytogenes)
that replicates in the lymphoid compartment are more
comparable to those found for influenza than for LCMV
(Busch et al., 1998). A further possibility is that at least
some of the difference in magnitude for the responses
to LCMV (a natural mouse pathogen) and influenza virus,
which does not normally infect mice, may reflect the
extent of the naive T cell repertoire and thus the magni-
tude of the pCTL pool (Busch et al., 1998).

It is possible that, following the establishment of a
substantial mCTL population, the prevalence of antigen-
presenting cells is a less critical determinant of the mag-
nitude of the secondary influenza-specific response in
the spleen. The HKx31 influenza A virus used for the
majority of the secondary challenge experiments causes
little, if any, productive infection in lymphoid tissue
(Hamilton-Easton and Eichelberger, 1995) and is gener-
ally eliminated from the lung by day 7 in Ig~/~ uMT mice
with a primed CD8" T cell compartment (Topham and
Doherty, 1998). Perhaps, as suggested from earlier LDA
experiments (Tripp et al., 1995c), the continued prolifera-
tion of highly activated T cells is (for a time) independent
of antigen. However, little is known about the persis-
tence of antigen-presenting cells in this system (Ham-
ilton-Easton and Eichelberger, 1995). An alternative
explanation for the massive numbers of CD8"NPP* lym-
phocytes in the spleens of the secondarily challenged
mice could be that many of these are inflammatory T
cells that have exited the lung. Clearly, these insights
into the magnitude of the influenza virus-specific CD8* T
cell response raise many questions that require further,
detailed analysis.
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The current experiments with the influenza A viruses
leave no doubts concerning the durability and extent of
virus-specific CD8* T cell memory (Hou et al., 1994; Lau
et al., 1994; Mullbacher, 1994; Ahmed and Gray, 1996;
Doherty et al., 1996). Mice primed 8 months previously
with the PR8 (H1N1) virus generate a very potent sec-
ondary CD8* T cell response following i.n. challenge
with the serologically distant HKx31 (H3N2) virus that
shares the NPy 47, epitope (Figure 2). There is no evi-
dence that influenza A virus persists in any sense in
mammalian hosts, though the possibility that (as re-
ported recently for LCMV) some viral genetic elements
may be copied back into the genome by retroviral re-
verse transcriptase (Klenerman et al., 1997) is yet to
be investigated. This seems unlikely, as productive or
nonproductive infection with the influenza A viruses in-
evitably leads to cell death.

It is intriguing that mCTL from the lymph nodes and
spleen can be induced to secrete substantial amounts
of IFNy within 6 hr of in vitro peptide restimulation (Table
1), as shown previously for influenza-specific mCTL from
human peripheral blood (Lalvani et al., 1997), but take
3 days or more to localize in substantial numbers to the
virus-infected respiratory tract. The delay in the recall
of eCTL to the lung seems to be a function of the pathobi-
ology of the host response. The fact that the secondary
response appears to be initiated in the regional lymph
nodes raises the possibility that the mCTL must first be
mobilized from the recirculating pool or be recruited to
the MLN from the much larger numbers found in resting
spleen. The spleen is not subject to the gating mecha-
nism that facilitates the entry of naive CD62L" T cells
into the lymph nodes via the high endothelial venules
(Butcher and Picker, 1996) and concurrently excludes
the CD8"CD62L" populations. These mCTLs are gener-
ally thought to gain access to the lymph nodes via the
afferent lymph, after trafficking through somatic tissues
(Mackay et al., 1992).

Enlargement of the regional lymph nodes is an early
eventin these respiratory virus infections (Doherty et al.,
1992). Some of the massive, nonselective lymphocyte
recruitment (Allan et al., 1990) that occurs may reflect
the direct influence of cytokines, such as the type 1
interferons (Gresser et al., 1981; Korngold et al., 1983;
Tough et al., 1996). Perhaps these cytokines constitute
(or act to trigger) a damage signal (Matzinger, 1994)
inducing the expression of endothelial receptors (Butcher
and Picker, 1996) that facilitate the direct extravasation
of any recirculating T cells (including the CD62L" set)
into the lymph node. It is known that CD44-hyaluronate
interactions are important for the migration of superanti-
gen-stimulated T cells to sites of inflammatory pathol-
ogy (DeGrendele et al., 1997). Previous LDA analysis
(Tripp et al., 1995a) indicates that resting influenza-spe-
cific mCTLs are constitutively CD44". The other possibil-
ity is that the initiation of the whole secondary response
in this localized virus infection is dependent on the rela-
tively small population of resting mCTL detected in the
regional lymph nodes. If this is the case, the kinetic
factors determining the recall rate for eCTLs to the lung
will be determined by the mCTL numbers in the MLN
and the time taken for the antigen-presenting dendritic
cells to exit the virus-infected respiratory tract via affer-
ent lymph (McWilliam et al., 1997).

In general, the kinetics of the primary response deter-
mined by both staining for NPP and induction of IFNvy
production with peptide reflect the results of previous
eCTL and LDA experiments (Doherty et al., 1978; Al-
louche et al., 1982; Askonas et al., 1982; Doherty et al.,
1996). The same is true for our earlier analyses of TCR
and activation phenotypes (Deckhut etal., 1993; Tripp et
al., 1995a). The availability of the NPP staining protocol
clearly makes the analysis of cell-surface phenotypes
for the virus-specific CD8*, which previously had to be
approached by LDA subsequent to FACS separation,
much more accessible. The major differences are that
the prevalence rates for mCTL in lymphoid tissue may
be 2- to 5-fold higher with the tetrameric-staining and
peptide stimulation approaches than indicated by LDA,
we had no previous measure of eCTL numbers, and the
antigen-specific component of the secondary response
is much more massive than anyone could have pre-
dicted. Earlier ideas about the size of both the eCTL
and mCTL sets (Doherty et al., 1996) need to be revised,
and there is now a very clear picture of how greatly
skewed the eCTL/mCTL ratio is during the course of
primary and secondary virus-specific T cell responses.

Being able to stain the eCTL population directly also
showed that animmunodominance hierarchy character-
istic of the primary response may be even more promi-
nent in the inflammatory process following secondary
i.n. challenge. A comparable difference between the na-
ive and memory T cell responses was not seen for some-
what similar studies with the L. monocytogenes model
(Busch et al., 1998). The Listeria experiments used an
homologous challenge system that could be compli-
cated by the effects of specific antibody to bacterial
surface components, and compared T cells at relatively
low frequency in the spleen rather than the site of pathol-
ogy. As predicted by the originators of the approach
(Altman et al., 1996; McHeyzer-Williams et al., 1996),
many new experimental possibilities, questions, and de-
bates are being opened by the availability of the tetramer
technology.

Experimental Procedures

Virus Infection and Mice

The C57BL/6J (B6) female mice were anesthetized with avertin
(2,2,2-tribromoethanol) and then infected i.n. with varying egg infec-
tious doses (log;, EIDsg) of different influenza viruses (Allan et al.,
1990, 1993). Most experiments were done using a nonlethal chal-
lenge (10°8 EIDs) with the A/HKx31 (HKx31, H3N2) influenza A virus,
a regime that was also used to prime for long-term memory. Mice
given 10* EIDs, of the A/PR8/34 (PR8, H1N1) influenza A virus i.n.
generally succumbed to the infection, while the majority survived
respiratory challenge with 10-fold less virus. Administering 107° EIDs,
of PR8 i.p. caused no obvious symptoms and was also used to
establish memory. Some controls were given a 10%¢ i.n. dose of
the noncross-reactive B/Hong Kong/73 (B/HK) influenza B virus. All
immune mice were held for at least 1 month prior to secondary
challenge.

Tissue Sampling and Treatment

Inflammatory cells were obtained from anesthetized infected mice
by BAL. The BAL cells were first absorbed on plastic petri dishes
(Falcon, Lincoln Park, NJ) for 60 min at 37°C to remove macrophages
(Allan et al., 1990). In some experiments, the lungs were frozen and
later homogenized for virus isolation in embryonated hen’s eggs
(Allan et al., 1990). Single cell suspensions were prepared from
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spleen and MLN, and erythrocytes were lysed. The MLN and spleen
populations were enriched for CD8" T cells (Hou et al., 1994) by
treatment with MAbs to CD4 (GK1.5) and MHC class Il (TIB120),
followed by sheep anti-mouse and sheep anti-rat Dynabeads (Dynal
A. S, Oslo, Norway). The final preparations from the MLN and spleen
contained 85%-95% and 75%-85% CD8* T cells, respectively.

Peptides

The H-2D-binding influenza A peptide NP3, (Townsend et al.,
1986), the Sendai virus peptide NP3y, 33, (Kast et al., 1991), and the
H-2KP-binding influenza A peptide NS2;,, 1,; (RTFSFQLI) (Vitiello et
al., 1996) were synthesized at the Center for Biotechnology, St. Jude
Children’s Research Hospital (SJCRH), using a Perkin Elmer Applied
Biosystems (Berkeley, CA) 433A peptide synthesizer.

The NPP and SEV9 Tetramers

The preparation of tetrameric complexes of MHC class | glycopro-
tein with viral peptide has been described previously (Murali-Krishna
et al., 1998). The experiments utilized the H-2D* MHC class | gly-
coprotein complexed with the influenza virus nucleoprotein (NP)
ASNENMETM peptide (NP4 57,) and the Sendai virus NPy, 55, FAP
GNYPAL peptide, being designated NPP and SEV9, respectively.
H-2DP-NP_4;, is immunodominant in the CD8* T cell response to
the influenza A viruses in H-2° mice (Doherty et al., 1978; Townsend
et al., 1986), while H-2DP- NP, 33, is a minor epitope in the response
to Sendai virus (Cole et al., 1997). The tetramers were assayed
with the VB8.3*CD8"* 12.91 influenza A-specific T cell hybridoma
(H-2D°+NP365-380) derived from B6 mice (Deckhut et al., 1993),
while the VB8.2+ H-2D°+ Sendai NPy 35,-specific hybridoma was
generated from H-2°™ animals that lack the immunodominant
H-2KP+ NP3, 33, response (Cole et al., 1997).

Flow Cytometry and FACS Analysis

Single cell suspensions of lymphocytes were blocked in purified
anti-mouse CD16/CD32 (Fc-vlll/Il receptor, Pharmingen, San Diego,
CA), then stained with the NPP and SEV9 tetramers for 1 hr at room
temperature. The two- or three-color flow cytometric analysis (Tripp
et al., 1995a) utilized various combinations of FITC-conjugated or
biotinylated MAbs (all supplied by Pharmingen) specific for CD8
(53-6.7), CD62L (MEL-14), or CD44 (IM7), and a range of TCR VB
and Va chains (Deckhut et al., 1993; Cole et al., 1994). Samples
were acquired on a FACScan flow cytometer, and the data was
analyzed using CELLQuest software (Becton-Dickinson Immunocy-
tometry Systems, San Jose, CA).

Intracellular IFNy Staining Following Peptide Stimulation

The cell populations (5-8 X 10° in 200 .l of complete medium with
10 pg/ml Brefeldin A) were cultured for 6 hr in 96-well U-bottomed
plates in the presence or absence of 1 uM viral peptides (Murali-
Krishna et al., 1998). The viral peptides were the NPzg 37, used also
to make the NPP tetramer and the subdominant NS2;,,., that binds
H-2KP. As of yet, no tetrameric complexes have been made with
H-2KP. After culture, the responder cells were washed twice in PBS/
Brefeldin A (10 wg/ml), blocked with the MADb to Fcylll/Il and stained
with rat anti-mouse CD8-FITC MAb (Pharmingen). They were then
washed again in PBS/Brefeldin A, fixed in 1% formaldehyde in PBS
for 20 min, washed in PBS, placed in PBS/0.5% Saponin (Sigma,
St Louis, MO) for 10 min, and incubated with a rat anti-mouse IFNy-
PE MAD or a rat IgG1-PE control MAb. The specificity of staining
was confirmed in separate control experiments (data not shown) by
blocking with excess recombinant IFNy.
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