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ABSTRACT Dissection of the primary and secondary
response to an influenza A virus established that the liver
contains a substantial population of CD8* T cells specific for
the immunodominant epitope formed by H-2DP and the in-
fluenza virus nucleoprotein peptide fragment NP3s6-374
(DbNP366). The numbers of CD8* DbNP366™ cells in the liver
reflected the magnitude of the inflammatory process in the
pneumonic lung, though replication of this influenza virus is
limited to the respiratory tract. Analysis of surface pheno-
types indicated that the liver CD8* DbNP366* cells tended to
be more “activated” than the set recovered from lymphoid
tissue but generally less so than those from the lung. The
distinguishing characteristic of the lymphocytes from the liver
was that the prevalence of the CD8* DbNP366* set was always
much higher than the percentage of CD8* T cells that could
be induced to synthesize interferon vy after short-term, in vitro
stimulation with the NP3¢6_374 peptide, whereas these values
were generally comparable for virus-specific CD8* T cells
recovered from other tissue sites. Also, the numbers of apo-
ptotic CD8™ T cells were higher in the liver. The results overall
are consistent with the idea that antigen-specific CD8* T cells
are destroyed in the liver during the control and resolution
phases of this viral infection, though this destruction is not
necessarily an immediate process.

The quantitative dissection of virus-specific CD8* T cell-
mediated immunity (1) has been revolutionized by a new
technology, the development of tetrameric complexes of major
histocompatibility complex class I glycoprotein and viral pep-
tide for the direct flow-cytometric staining of responding
lymphocyte populations (2-6). Similar fluorescence-activated
cell-sorter profiles (3, 4) are found for virus-specific CD8* T
cells after in vitro stimulation for 6 h with viral peptide in the
presence of brefeldin A (to block protein secretion), fixation,
and staining for intracellular interferon y (IFN-vy). These
flow-cytometric approaches show that the numbers of virus-
specific precursor and effector cytotoxic T lymphocytes (CTL)
generated during the control of an acute infectious process are
10- to 100-fold greater than indicated by limiting dilution
analysis, a protocol that requires the T cells to undergo at least
10-11 cycles of replication in microculture wells before assay
for effector-CTL function (1, 3, 4, 7). Furthermore, the
long-term prevalence of memory CD8* CTL is also 5-10 times
higher than that measured by limiting dilution analysis (1, 3, 4).

The pneumonia caused by the respiratory exposure of
C57BL/6J (B6) mice to an H3N2 influenza A virus (8) has
been analyzed with both the tetramer and IFN-y-staining
approaches (4). This analysis showed that as many as 12.5% of
the CD8™" set recovered by bronchoalveolar lavage (BAL)
from the virus-infected lung are specific for the immunodom-
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inant viral nucleoprotein (NP366_374) peptide presented by the
H-2DP major histocompatibility complex class I glycoprotein
(DbNP366). This frequency increases to >70% after the
intranasal (i.n.) H3N2 challenge of mice that have first been
primed with a serologically non-cross-reactive HIN1 virus that
shares the internal NPsg6_374 epitope (9, 10). Infectious H3N2
virus can be recovered from the lung only up to 11 or 8 days
after the primary or secondary challenge, respectively. Infec-
tious H3N2 virus is never detected in distal sites, such as the
spleen, liver, or kidney (8, 11, 12).

The high prevalence of virus-specific CD8* T cells detected
in mice with influenza pneumonia, together with comparable
findings for lymphocytic choriomeningitis virus, highlights the
question of the fate of these very large effector- and precursor-
CTL populations (3, 4). Earlier studies with superantigens and
with antigen-driven responses in mice that are transgenic for
an appropriate T cell receptor (TCR) « and B chain indicated
that many, if not all, of the responding effector CTL are
eliminated in anatomically defined “grave-yards” (13, 14).
These graveyards are located particularly in the gastrointesti-
nal mucosa and the liver, though there is also evidence that the
lung and the kidney may be involved (15). Similar experiments
suggested the contrary—that this editing of the antigen-
specific set occurs predominantly in the responding lymphoid
tissue (16).

The correlation between CD8* T cell phenotype and func-
tional status (17) is explored here for the control and resolu-
tion phases of primary and secondary influenza pneumonia.
The CD8" T cell populations that bind the DbNP366 tetramer
are compared for the site of pathology (BAL and lung), for the
lymphoid tissue (spleen), and for the potential focus of elim-
ination in the liver.

MATERIALS AND METHODS

Animals and Virus Infection. Specific pathogen-free, female
B6 mice were purchased from The Jackson Laboratory. They
were anesthetized at 8—10 weeks of age by i.p. injection with
avertin (2,2,2-tribromoethanol). They were then infected ei-
ther i.n. with 30 ul of PBS containing 108 egg 50% infective
dose units of the A/HKx31 (HKx31, H3N2) influenza A virus
to analyze the primary response or i.p. with 108° egg 50%
infective dose units of the A/PR8/34 (PR8, HIN1) influenza
Avirus to establish CD8* T cell memory (8). The HKx31 virus
is a laboratory strain that shares the internal components of
PRS8 but has serologically distinct hemagglutinin (H) and
neuraminidase (N) surface glycoproteins (9). The PRS-

Abbreviations: B6 mice, C57BL/6J mice; BAL, bronchoalveolar la-
vage; CTL, cytotoxic T lymphocyte; DbNP366, tetrameric complex of
H-2DP + influenza virus NPsg6-374 peptide; IFN-v, interferon v; i.n.,
intranasal; NP, viral nucleoprotein; TCR, T cell receptor; TdT,
terminal deoxynucleotidyltransferase; TUNEL, TdT-mediated UTP
end labeling.
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immune mice were held for at least 2 months before receiving
a secondary i.n. challenge, as above, with the HKx31 virus.

Tissue Sampling and Perfusion. The mice were anesthetized
and exsanguinated from the axillary artery. Inflammatory cells
were obtained (8) from the lung by BAL, and the adherent
cells, which are principally monocyte/macrophages, were re-
moved by adsorption on plastic Petri dishes (Falcon) for 60 min
at 37°C. Mononuclear cells were isolated from heparinized
blood by ammonium chloride lysis of erythrocytes. Single-cell
suspensions were depleted of erythrocytes by hypotonic lysis,
then enriched for the CD8™ set by treatment (10) with mAbs
to CD4 (GK 1.5) and major histocompatibility complex class
II glycoproteins (M5/114.15.2), followed by sheep anti-mouse
and sheep anti-rat Dynabeads (Dynal, Oslo). After sampling
the blood, BAL, and spleen, the livers, kidneys, and lungs were
perfused in situ via the left, then the right ventricle, giving a
total of 40-50 ml of PBS to remove the intravascular blood
pool. The inferior vena cava was cut to allow outflow. Samples
of lung and liver were excised, rinsed in PBS, and forced
through a fine stainless-steel mesh before gentle digestion with
collagenase (Sigma). The cell populations were filtered twice
before the digestion process with 100-um mesh strainers
(Becton Dickinson). They were then washed with 40 ml of
Click’s Eagle-Hanks’ amino acid medium (Click’s medium)
and incubated for 30 min at 37°C in 20 ml of Click’s medium
containing 50 units/ml collagenase IV and 0.001% DNase 1
(Sigma; ref 13). The digested cell suspensions were washed
once in 40 ml of Click’s medium and resuspended in Hank’s
balanced salt solution containing 1% BSA, and then erythro-
cytes were lysed. The cells were washed and resuspended in
Click’s medium, and lymphocytes were isolated by density
centrifugation over 30% metrizamide/PBS (13). The final cell
populations were pooled from six mice.

Phenotyping Virus-Specific CD8* T Cells. Single-cell sus-
pensions of lymphocytes were stained (18) in PBS containing
1% BSA and 0.02% sodium azide (stain buffer) with antibod-
ies purchased from PharMingen. Binding to Fc receptors was
blocked with anti-CD16/CD32 (FcyIII/II receptor; PharM-
ingen). The various lymphocytes subsets were characterized by
using conjugated mAbs (PharMingen) to CD4 (H129-19),
CD8 (53-6.7), CD45/B220 (RA3-6b2), LFA-1 (2D7), CD44
(IM7), CD49d (VLA-4), CD62L (MEL-14), CD69 (H1.2F3),
CD122 (IL-2RB), and CD152 (9H10). Influenza virus-specific
CD8" T cells were stained with the DbNP366 tetramer, and
the Sendai virus DbNP324 tetramer was used as a control. The
specificity of tetramer staining was confirmed by using virus-
specific hybridoma T cell lines (4, 19, 20) and lymphocytes
obtained by BAL (9). Cell viability was estimated by flow
cytometry after staining with propidium iodide (5 pg/ml) 10
min before examination to detect dead cells. Stained cells were
analyzed in two- or three-color mode on a fluorescence-
activated cell sorter (FACScan with CELLQUEST software;
Becton Dickinson).

Stimulation with Influenza Virus Peptides. The H-2DP
restricted influenza A nucleoprotein NP3g-374 (ASNEN-
METM,; ref. 21) peptide was synthesized at the Center for
Biotechnology, St. Jude Children’s Research Hospital by using
a Perkin—Elmer 433A peptide synthesizer and purified by
HPLC. The lymphocytes were cultured for 6 h in 96-well
round-bottom plates (Corning) at a concentration of 5-8 X 10°
cells per well in 200 ul of RPMI medium 1640 containing 10%
fetal calf serum, 50 units/ml human recombinant IL-2, and 5
pg/ml brefeldin A (Epicentre Technologies, Madison, WI) in
the presence or absence of 1 uM of the viral peptides NP3¢6_374
or 50 pg/ml anti-mouse CD3e (145-2C11, PharMingen). After
being cultured, the cells were washed once in stain buffer/
brefeldin A (5 pg/ml), blocked with mAb to FeyIII/II, and
stained with rat anti-mouse CDS8-fluorescein isothiocyanate
(53-6.7) antibody. They were then washed twice in PBS/
brefeldin A, fixed in 1% formaldehyde in PBS for 20 min,
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washed in PBS, placed in PBS/0.5% saponin (Sigma) for 10
min then incubated with phycoerythrin-conjugated rat anti-
mouse IFN-y-E (XMG 1.2) or an isotype control (rat IgG1).
Specificity of the staining was determined initially by blocking
with excess purified cytokines. In some assays of lymphocyte
populations obtained from the liver, EL4 (H-2P) cells were
added to the culture wells to ensure that the responder profiles
were not influenced by a lack of antigen-presenting cells. Flow
cytometry readily distinguishes lymphocytes from EL4 cells by
their forward and side-scatter characteristics. In each assay, the
percentage of IFN-y* without specific peptide (<0.5) or the
percentage of staining with the tetrameric complex of H-2D"/
Sendai virus NPzz4_332 peptide (<0.3) from the CD8* lym-
phocytes was subtracted from the percentage of IFN-y* with
peptide or DbNP366 tetramer, respectively, to give the per-
centage of specific staining.

Terminal Deoxynucleotidyltransferase (TdT)-Mediated
UTP-End-Labeling (TUNEL) Assay. Evidence of DNA frag-
mentation was detected by using the end-labeling method (22).
Briefly, after surface staining, 4 X 10° lymphocytes were
washed twice in PBS and fixed with 1% paraformaldehyde in
PBS for 15 min on ice, followed by another wash in PBS,
fixation in 70% ethanol, and storage at —20°C. The cells were
then washed twice in PBS and incubated in the presence or
absence of 0.25 unit/ul TdT (Boehringer Mannheim) and
digoxigenin-11-dUTP at 37°C for 30 min. After washing in
PBS, the cells were incubated for 30 min with fluorescein
isothiocyanate-conjugated anti-digoxigenin-11-dUTP (Boehr-
inger Mannheim). Jurkat cells exposed to etoposide (Sigma)
for 6 h and thymocytes treated with 107! M dexamethasone
(Sigma) for 18 h were used as positive controls.

RESULTS

Localization of the Virus-Specific CD8* T Cells. The char-
acteristics of the virus-specific CD8* T cell response in the
BAL and spleen of B6 mice with primary and secondary
influenza pneumonia have been described (4), but there has
been no analysis of the situation in the liver. The numbers of
CD8" T cells recovered from perfused, collagenase-digested
liver were calculated from the total cell counts and the
percentage of staining by flow cytometry (data not shown) for
naive and H1N1-primed mice challenged i.n. with the H3N2
virus (Fig. 14). More CD8* T lymphocytes were present in the
liver during the secondary than the primary response, reflect-
ing the difference in magnitude of the inflammatory responses
described (4) for the BAL. However, the relative distribution
of the two major lymphocyte subsets differs for these two
anatomical sites; the CD4" and CD8" T cells each ranged
between 18% and 28% of the total lymphocyte pool recovered
from the livers of mice with influenza pneumonia, whereas the
BAL CD8" population is always 2- to 4-fold more prevalent (8,
10, 12). This distribution could reflect the fact that the process
of lymphocyte localization to (or retention in) the liver is much
more random.

The NP366-374 specific CD8* set was as readily detected in
the liver as in the BAL (Fig. 2, Left). Calculating virus-specific
CD8* T cell numbers from the percentage of CD8"
DbNP366* and the total lymphocyte counts indicated a re-
markable similarity in localization profiles for the BAL and
liver during the primary response (Fig. 1B), although, of
course, the efficiency of recovery is likely to be much higher
after a simple lung lavage than after the more complex
procedure used to separate lymphocytes from solid tissue. The
peak counts for the virus-specific CD8" DbNP366" set were
>4-fold enhanced for the secondary response and remained at
a high level for longer (Fig. 1C). The numbers of virus-specific
CD8* T cells isolated from lavaged, collagenase-digested,
perfused lung were somewhat lower than those from the liver.
However, no great significance can be attached to this differ-
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Fic. 1. (A) Total CD8* T cells isolated from the liver during
primary and secondary influenza-virus infection. Naive (0O, HKx31,
primary) and PR8-immune (O, HKx31 — PRS, secondary) B6 mice
were infected with the HKx31 virus, and the lymphocytes were isolated
from liver after collagenase IV digestion and separation by 30%
metrizamide. (B and C) Mononuclear cells were counted after staining
by trypan blue (1%) exclusion with a hemocytometer. Flow-cytometric
analysis of CD8* DbNP366* T cells recovered from BAL, lung, and
liver during primary (HKx31; B) and secondary (HKx31 213 — PRS;
C) viral infection. Cells were pooled from six mice for each time point,
and the mean numbers of each cell type per mouse were derived from
the total cell counts and the proportions stained specifically by flow
cytometry. In PR8-immune animals, 800 CD8* DbNP366" T cells
were isolated from lungs at day 0 of HKx31 infection, 64 days after i.p.
priming with 108> egg 50% infective dose units of the PR8 virus. No
influenza virus-specific CD8* T cells were detectable in liver at day 0
of the primary or secondary infection. Each point shows the mean of
one to four determinations. 0, BAL; <, lung; O, liver.

ence, because the efficiency of lymphocyte recovery from the
lung is low (23). The analysis with the lung-derived cells was
done only to control for the possible effects of the digestion
procedure on lymphocyte function and phenotype (see below).

Thus, the recruitment of virus-specific CD8* T cells to the
liver of mice with primary and secondary influenza pneumonia
is not greatly different from the pattern found for the site of
inflammatory pathology in the lung (Figs. 1 and 2). Though the
profile in the lung is likely to be determined by the extensive
virus replication that occurs in the respiratory epithelium, the
HKx31 influenza A virus used for both the primary and
secondary challenge is not known to replicate in or localize to
the liver. The obvious question is whether the CD8"
DbNP366* T cell populations recovered from the liver and the
lung are the same or different.

Cell-Surface Phenotype of the Virus-Specific CD8* T Cells.
Previous analysis of T cells recovered by collagenase digestion
of the liver has indicated more varied levels of both CD8 and
TCR expression than those customarily associated with normal
lymphoid tissue (17, 24). Though we do not present the data
here, we found that both the total CD8" population and the
CD8* DbNP366™" set were uniformly CD8* TCRB* CD3e™.
They tended, however, to be TCR'®¥ CD8!°¥, a phenotype
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FI1G. 2. Comparison of influenza virus-specific DbDNP366 tetramer
staining of CD8* T cells and the NP peptide-specific response (IFN-y)
of liver (Upper) and BAL (Lower) and lymphocytes isolated 10 days
after i.n. infection of PR8-immune mice with HKx31. Lymphocytes
were pooled from six mice, then stained with anti-CD8 and DbNP366
tetramer and analyzed by flow cytometry (Left) or cultured for 6 h in
complete medium/brefeldin A in the presence or absence of the NP
peptide (Center) or anti-CD3e (Right), then stained for surface CDS8
and intracellular IFN-vy. For samples incubated without peptide, IFN-y
staining was <0.2%. The numbers give the percentage of gated
lymphocytes stained. The total CD8* and CD8*" DbNP366" popula-
tions recovered from the liver were found to be uniformly CD3e™ in
other experiments (data not shown).

more comparable to that found in the spleen than in the BAL.
There was, however, no evidence for the presence of a
significant CD8* TCR~ set (data not shown), as described for
experiments with nonviral systems (14).

A number of cell-surface glycoproteins are known to influ-
ence the localization patterns of T lymphocytes. The CD8*
DbNP366* T cells detected in all sites from mice with influ-
enza pneumonia were consistently CD44Meh and the great
majority were CD62LIV (data not shown), the characteristic
phenotype of the effector-CTL and recently generated mem-
ory-CTL populations (18, 25, 26). The total CD8" population
recovered from the livers of uninfected mice normally contains
more LFA-1hgh and VLLA-4high cells than the spleen, indicating
that there is a tendency for “activated” CD8* T cells to localize
to the liver (Fig. 3). The levels of LFA-1 and VLA-4 were
generally high on the CD8" DbNP366™ set isolated from the
lung, BAL, liver, and spleen (27, 28) 8 days after secondary
challenge, with a tendency for the amount of VLA-4 to fall by
day 13 in all tissues but not the BAL (Fig. 3).

In general, staining the CD8" DbNP366™ set for levels of
CDS8, the clonotypic TCR (data not shown), LFA-1, and
VLA-4 indicates that the population recovered from the liver
is more comparable to that in the spleen than in the BAL or
the lung (Fig. 3). The same was true for the early activation
marker, CD69 (29), when the lymphocytes were analyzed 8
days after secondary challenge; the profiles in the liver and
spleen reflected those in the blood rather than in the BAL or
lung (Fig. 4, day 8). However, by day 13, the relative prevalence
of CD69Nieh cells had increased for the CD8+ DbNP366™ set
in the liver but not in the spleen or in the blood (Fig. 4, day 13).
This fact suggests that at least a proportion of the inflamma-
tory CD8" DbNP366™ CD69Meh T cells are exiting the lung
after the resolution of the infectious process and are being
rapidly and selectively (compared with the spleen) removed
from the blood by the liver.

Functional Status of the CD8* DbNP366* Set. The pheno-
typing experiments (Figs. 3 and 4) indicated that there was
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FiG. 3. Expression of LFA-1 and VLA-4 on CD8* DbNP366* T
cells during secondary influenza infection. Flow-cytometric analysis of
cells within a CD8" lymphocyte gate isolated from lung, BAL, liver,
and spleen is shown for total CD8* T cells on day 0 (thin line), and
for the CD8* DbNP366™ set on day 8 (thick gray line) and day 13
(thick black line) after i.n. challenge of PR8-immune mice with the
HKXx31 virus.

nothing unusual about the virus-specific CD8* population
recovered from the liver. Experiments with the influenza
model have established that the percentage of CD8" T cells
that express the DbNP366 tetramer is essentially identical to

lung BAL

Proc. Natl. Acad. Sci. USA 95 (1998) 13815

Table 1. Comparison of tetramer staining and IFN-vy response
profiles for different tissues

Percentage of CD8* T cells

Day 8 primary Day 8 secondary

Tissue DbNP366 IFN-y DbNP366 IFN-y
Liver 12.4 7.7 53.1 8.4
BAL 12.6 11.7 72.7 65
Lung 16.5 16.4 64.2 60
Spleen 1.3 1.1 24 18
Kidney <0.1 — <0.1 —

CD8* T cells were enriched from various tissue sites, as described
in Materials and Methods, and assayed by the protocols used in Figs.
2 and 5. The samples were pooled from six mice, and the level of IFN-y
staining without peptide stimulation was <0.2%.

the percentage of staining for IFN-vy after stimulation with the
NP366-374 peptide in the presence of brefeldin A. Comparison
of these two parameters for CD8" T cells recovered from the
BAL and liver showed, however, that although this compara-
bility was maintained for the CD8* DbNP366* set from the
BAL, the functional status of many of the liver T cells was
compromised severely (Fig. 2). This defect was apparent for
the virus-specific T cells stimulated with the immunodominant
NP366-374 peptide and for the total CD8" population after
cross-linking CD3e with the 2C11 mAb (Fig. 2). The CD8*
DbNP366* T cells from the spleen and the collagenase-
digested lung behaved like those in the BAL, so the lack of
responsiveness was not a consequence of damage during the
tissue processing (Table 1). Kinetic analysis indicated that the
defect was least apparent in the late stages (day 13) of both the
primary and the secondary response (Fig. 5). In both cases, this
is long after the virus has been eliminated from the lung. The
only other situation in which this divergence between tetramer
and IFN-vy staining profiles has been described is for the
“immune exhaustion” that follows exposure to a very high dose
of lymphocytic choriomeningitis virus (30).

Evidence of Cell Death. An earlier study of the BAL, spleen,
and lymph nodes completed before the DbNP366 tetramer
became available showed relatively few TUNEL-positive

liver spleen blood

DbNP366 tetramer

CD69

ay 13

[1=% of CD8+ T cells staining for Sendai virus DbNP324 tetramer

FiG. 4. The CD8" DbNP366™ T cells isolated from different anatomical sites express varying levels of the CD69 “early activation” marker.
Mononuclear cells were recovered from the lung, BAL, liver, spleen, and blood 8 and 13 days after HKx31 challenge of B6 mice primed i.p. with
the PR8 virus 72 days earlier. The numbers given show the percentage of CD8* T cells in the lymphocyte gate (forward-light scatter vs. side-scatter
characteristics) within the respective quadrants. Lymphocytes from BAL and liver were pooled from six mice at each time point.
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FiG. 5. The percentage of CD8% T cells staining for DbNP366
(open bars) or for IFN-y after peptide stimulation (hatched bars) are
shown for the primary (4 and B) and secondary (C and D) responses
in the BAL (A4 and C) and liver (B and D). Flow-cytometric analysis
showing secondary data for a single time point is presented in Fig. 2.

TdT* CD8" cells during the course of either the primary or
secondary response to the influenza viruses. The maximum
value (1.15%) was found in the BAL. The prevalence of TdT™*
CD8" cells was much higher in the liver than in any of the other
sites assayed (Fig. 6). Furthermore, both isolated TdT* CD8*
cells and focal accumulations could be detected by immuno-
cytochemical staining of the liver parenchyma; these accumu-
lations were most apparent in mice with secondary influenza
pneumonia (data not shown). However, there were also many
TdT~ CD8" lymphocytes in these sections of perfused liver.

DISCUSSION

The involvement of the liver in the fate of a conventionally
antigen-specific CD8" T cell population has been analyzed in
normal mice throughout the course of a specific host response
to a pathogen, an approach that has only recently become
possible with the development of the tetramer technology
(2-7). A previous study of the consequences of stimulating
TCRap-transgenic mice with the influenza NP peptide (AS-
NENMDAM) expressed in the NT60 influenza A virus
showed an increase in the prevalence of apoptotic T cells in the
liver, lung, and most strikingly, the kidney (15). This obser-
vation contrasts with the finding that, subsequent to the
administration of an ovalbumin peptide to mice transgenic for
a cognate TCR, most of the apoptotic CD8* T cells were found
in the lymphoid tissue, with little involvement of the liver (16).
Neither set of experiments reflected what we found here for
normal B6 mice infected with the HKx31 influenza A virus,
despite the generation of very substantial numbers of CD8"
DbNP366™ T cells, particularly in the secondary response. In
fact, TCR-transgenic mice may be too abnormal to allow any
useful analysis of lymphocyte homeostasis. The present results
are most like those found for conventional mice exposed to
bacterial superantigens (13).

The localization kinetics of the CD8" DbNP366™ T cells to
the BAL and liver were remarkably similar, particularly for the
primary response. This profile is not what would be expected
for the elimination of effect or for exhausted cells late in the
course of a disease (14). Previous analysis has established that
that the influenza-specific CD8" T cells develop first in the
lymphoid tissue, principally in the mediastinal lymph nodes (1,
8, 12, 18). The precursor CTL must then extravasate from the
blood before they can access the lung or any other somatic
tissue. The BAL and liver localization profiles suggest that
exiting from the blood, though it will obviously be influenced
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FiG. 6. Apoptosis of CD8" lymphocytes in peripheral tissues.
Lymphocytes isolated from liver, BAL, spleen, and mediastinal lymph
nodes were analyzed by flow cytometry for CD8 expression and DNA
fragmentation (TUNEL assay) 10 days after infection of naive mice
with HKx31 influenza virus. TUNEL staining (+ TdT, Left) and
negative control staining (— TdT, Right) are shown for each tissue. The
percentages represent the proportion of cells analyzed in a lymphocyte
gate found in each quadrant respectively (forward-light scatter vs.
side-scatter characteristics).

by the expression of various adhesion molecules and their
ligands on both the lymphocytes and endothelium (26-29), is
essentially a stochastic process, with the antigen-specific T cells
being as likely to enter the liver as the lung. The difference
between these two sites is that there are high levels of antigen
in the influenza-infected respiratory tract, whereas there is
little, if any, virus in the liver (refs. 8 and 11; unpublished
results).

The question then becomes whether it is lack of antigen or
the micro-environment of the liver that tends to drive the liver
T cells toward dysfunction (measured by the failure to make
IFN-v) and apoptosis. Diminished IFN-vy production is a more
sensitive measure of functional impairment than loss of cyto-
toxic activity (31). As such, >!Cr release assays were not done,
because they require substantial numbers of cells, and lym-
phocyte availability was a constraint in these experiments. We
have not been able to detect virus in the spleens of mice
infected with the HKx31 influenza A virus (refs. 8 and 11;
unpublished results), but the CD8" DbNP366* set in the
spleen shows little evidence of apoptosis. We conclude, based
on this and previous analyses, that generally CD8" DbNP366*
cells in the spleen are able to synthesize IFN-vy (4). Whether
the liver is in some sense a hostile environment for activated
CD8* T cells could be investigated further by using, for
example, the hepatotrophic variant of lymphocytic choriomen-
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ingitis virus that grows extensively in this site. Also, hepato-
cytes are known to produce galectins, which can induce
apoptosis in CD8* T cells (32, 33).

Perhaps the liver is a graveyard (14, 34, 35) for any activated
CD8* T cells that enter the parenchyma and do not encounter
their cognate antigen in that site. Histological analysis showed
some focal accumulations of TdT* CD8* lymphocytes, but
many others seemed to be scattered throughout the tissue. If
the liver is a cemetery it should also, perhaps, be regarded as
“death row.” By no means were all the CD8" lymphocytes
recovered from the liver or detected by histological analysis
dysfunctional or apoptotic. The question remains whether
activated CD8* T cells that enter the liver can ever exit to
become part of the effector- or memory-CTL pool.

The profiles of CD69 staining late in the course of the
secondary response also suggested that the resolution of the
inflammatory process in the lung could result in the return of
some of these effector CTL to the blood, followed by their
elimination in the liver. The expression of CD69 has been
correlated with apoptosis (36), at least for thymocytes. How-
ever, the patterns of response and staining in the BAL and the
liver indicate that CD69 expression, dysfunction, and apoptosis
may be mutually exclusive for mature, antigen-activated CD8"
T cells. Also, there is no evidence that CD8" T cells that have
localized to the lung can indeed reenter the circulation. It
seems more likely that most of these lymphocytes are elimi-
nated by retrograde mucus flow and are coughed up or
swallowed.
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