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A pore-forming protein (PFP;t also termed perforin or cytolysin) has previously
been identified in the granules of CTL and NK cells (1-4) . In the presence of cal-
cium, isolated PFP/perforin lyses a variety of target cells nonspecifically. The pore
formation model for cell killing, taking into account the lytic function of perforin,
is attractive in that it provides a unifying concept that explains cytotoxicity medi-
ated by both CTL and NK cells . Since all previous biochemical analyses of perforin
have been conducted with CTL and NK cells propagated in long-term cultures in
vitro, it is not clear whether perforin is expressed in vivo by lymphocytes actively
engaged in cell-mediated killing. Moreover, the reported absence of measurable
amounts of perforin in CTL primed in vivo (5-7) has led to the suggestion that ex-
pression of perforin is inextricably driven by IL-2 in vitro, raising the question as
to whether this mechanism of lymphocyte-mediated killing occurs in vivo.
To address this issue, we investigated the expression of perforin in animals under-

going acute viral infections . CTL and NK cells have long been associated with an-
tiviral immunity (8-12), and in some instances have been implicated directly in the
development of immunopathologic injury (11-14) . We chose to analyse the murine
infection produced by lymphocytic choriomeningitis virus (LCMV), a member of
the arenavirus family. During acute infection it produces intense but localized inflam-
matory changes, like leptomeningitis and choroiditis or hepatitis, with massive ac-
cumulation of CTL and NK cells in the diseased tissues (11-14). Using two strains
ofLCMV (one primarily causing leptomeningitis and the other primarily hepatitis)
andby means ofimmunohistochemical analysis, we show here that perforin is found
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PERFORIN EXPRESSION IN VIVO

abundantly in vivo, in lymphocytes ofboth the CTL and NK cell phenotypes . Thus,
perforin may play an important role in limiting viral infections by lysing virus-infected
cells and in underlying the immunopathology of viral disorders .

Materials and Methods
Mice.

	

6-8-wk-old BALB/C/byj (H-2d), C57BL/6 (H-26), and SWR/J (H-2q) mice were
obtained from the breeding colony at the Research Institute of Scripps Clinic (LaJolla, CA) .

Antibodies.

	

Three rabbit polyclonal anti-mouse perforin antisera, prepared as described
(15, 16), were used. These three antisera were prepared against different batches of purified
perforin but gave similar staining patterns at dilutions ranging from 1 :50 to 1 :200 . These
antisera were raised against the nonreduced form of perforin and have been shown not to
react with either human (15) or murine (unpublished) complement components . In some
experiments IgG preparations were obtained from these antisera by affinity chromatography
on protein A-agarose (Boehringer Mannheim Biochemicals, Indianapolis, IN) (15) . Poly-
clonal antigangliotetraosylceramide (anti-asialo GM,) antisera were purchased from Wako
Chemicals (Dallas, TX) and were used at a dilution of 1 :800 . Hybridoma supernatants con-
taining mAbs specific for CD4 (TIB 207, rat IgG2b), CD8 (TIB 105, rat IgG2a), Thy-1 (115-
3, rat IgG2b), a common leukocyte antigen (TIB 122, rat IgG 2a), and a macrophage antigen
(F4/80, rat IgG2b) were generously obtained from Dr. R . Steinman's laboratory (The Rocke-
feller University, New York) and were used at 1 :5 dilutions . TIB 105 (anti-CD8) IgG 2a was
obtained by affinity purification, as above . The origins and characteristics ofthese antibodies
have been summarized elsewhere (17) . A mouse mAb specific for NK 1 .1 alloantigen (H-26)
(18) was generously provided by Dr. R . D. Welsh, University ofMassachusetts Medical School,
Worcester, MA.

Viruses .

	

Two strains of LCMV were used : the neurotropic isolate, Armstrong CA 1371,
(LCMVARM, clone 53b) and the hepatotropic isolate, WE (LCMVWE, clone 54) . The
viruses were cloned and plaque purified three times on Vero cells . Virus stocks were there-
after grown in BHK-21 cells as described (19) .

Virus Infection In Vivo.

	

Groups of five mice each were infected intraperitoneally with 2 x
10 5 plaque-forming units (PFU) of LCMVWE, or intracerebrally with 5 x 10 2 PFU of
LCMVARM. On the days indicated, mice were anaesthetized and perfused with 4°Jo parafor-
maldehyde in 0 .1 M sodium phosphate buffer. Tissues were post-fixed 1 h at room tempera-
ture, cryoprotected in 18% sucrose overnight, snap-frozen in TissueTekO.C.T. (Miles Scientific,
Naperville, IL), and prepared for immunohistochemistry as described (20) .

Immunohistochemistry and Histologic Procedures.

	

Cryostat sections ofbrain or liver (10-12-pm
thick) were cut and dried onto gelatin-coated slides, preincubated with 15% normal goat serum
(NGS) in PBS for 1 h at 4oC, and incubated with the indicated antibodies overnight at 4oC.
After washing for 1 h, the slides were incubated with either biotin-conjugated goat anti-rabbit
or anti-rat IgG (Boehringer Mannheim Biochemicals) overnight at 4oC for immunoperoxi-
dase staining or with FITC-conjugated goat anti-rabbit or anti-rat IgG (Boehringer Mann-
heim Biochemicals) for 1 h at 4oC for immunofluorescence staining. For monoclonal anti-
NK 1.1, slides were blocked first with unlabeled goat anti-mouse IgG before anti-NK 1 .1
staining, which was then followed by staining with FITC-goat anti-mouse IgG (Boehringer
Mannheim Biochemicals) . The slides were washed for 1 h . Those prepared for immunoperox-
idase staining were first incubated for 30 min in 0.3% H202 in PBS to quench endogenous
peroxidase activity and washed in several changes of PBS . The sections were then incubated
with avidin-biotinylated peroxidase complex (ABC-immunoperoxidase kit, Vector Labora-
tories, Inc., Burlingame, CA, prepared according to the manufacturer's instruction) for 1 h
at 4oC, washed, and reacted with diaminobenzidine tetrahydrochloride (0 .5 mg/ml ; Poly-
sciences, Inc., Warrington, PA) . After peroxidase reaction, the slides were washed, dehydrated
in increasing concentrations of ethanol, and mounted in Permount (Fisher Scientific Co.,
Pittsburgh, PA) . The slides prepared for immunofluorescence staining were mounted in glycerol
and viewed with fluorescence optics .

For double-labeling immunofluorescence staining, NGS-blocked slides were incubated with
a mixture of monoclonal rat anti-CD8 and polyclonal rabbit anti-PFP (or anti-asialo GM,)
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antisera as before. Afterwashing, the slides were incubated with FITC-conjugated goat anti-rat
IgG and rhodamine isothiocyanate (RITC)-conjugated goat anti-rabbit IgG for 1 h at 40C.
In preliminary specificity control experiments, these labeled secondary antibodies were tested
separately against sections stained with primary IgG ofmismatched species : no specific staining
was obtained (data not shown). For anti-asialo GM, and antiperforin staining, a serial
double-labeling protocol was used, e.g., slides were first stained with anti-PFP antiserum,
counterstained with RITC-conjugated goat anti-rat IgG as before, washed, and then blocked
with unlabeled goat anti-rabbit Ig (Cappel Laboratories, Malvern, PA) at 40 pg/ml for 2 h .
After additional washes, slides were stained with anti-asialo GM, antiserum, followed by
washing and staining with FITC-conjugated goat anti-rabbit IgG . The blocking performed
with unlabeled goat anti-rabbit Ig after the first round of staining was sufficient to remove
all unreacted sites, since addition ofFITC-conjugated goat anti-rabbit IgG before anti-asialo
GM, antiserum did not produce any specific signal (not shown) . Additional controls included
the direct use offluoresceinated IgGs specific for perforin (polyclonal IgG) and CD8 (mono-
clonal) for immunofluorescent staining . Staining patterns were similar to those obtained by
indirect immunofluorescence .

For hematoxylin and eosin (H&E) staining, tissues were formalin fixed, embedded in
paraffin, and stained as described (21) .

Cerebrospinal Fluid(CSF) SamplingandImmunoblot Analysis.

	

Aliquots ofCSF were obtained
from the cisternamagna of mice that had been exsanguinated under anaesthesia, as described
(22) . Cells in CSF were collected by centrifugation, washed three times in PBS, lysed in PBS
containing 1 % NP-40, and processed for immunoblot analysis using 1070 SDS-polyacrylamide
gels, exactly as described (15, 16) . Blots were reacted with antiperforin antiserum at 1 :50
dilution .

Results
Mononuclear Cell Infiltration ObservedDuringLCMVInfection.

	

Two strains of LCMV
were used : Armstrong (LCMVARM) andWE(LCMVWE). These have been shown
to produce distinct pathologies, with choriomeningitis predominantly associated with
LCMVARM and hepatitis with LCMVWE. Groups ofC57BL/6 and SWR/J mice
at 8 wk of age were inoculated with LCMVARM or LCMVWE (see Materials
and Methods) . At days 4, 5, and 6 (and 7 for C57BL/6) post-infection, brains or
livers were processed for histological and immunohistochemical analysis . The brains
of mice inoculated with LCMVARM revealed marked mononuclear cell infiltra-
tion of the meninges (compare Fig . 1, a vs . b) and choroid plexus (compare Fig.
1, c vs. d) . The livers of mice inoculated with LCMVWE also showed extensive
mononuclear cell infiltration (Fig . 1, e vs .f) . The inflammatory changes seen in SWR/J
mice were more pronounced and occurred 1-2 d earlier than those observed in
C57BL/6 mice . Mononuclear cell infiltrations peaked on days 5-6 for SWR/J mice
and on day 7 for C57BL/6 mice . At the viral doses used here, infected SWR/J mice
died on days 6-7, while C57BL/6 mice died on days 8-9.

Phenotypes ofLymphocyte Subsets in Infiltrates.

	

Several mAbs were used to assess the
phenotypes of leukocytes present in the brains of C57BL/6 and SWR/J mice in-
fected with LCMVARM. Staining ofvirus-infected brains with mAbs directed against
a common leukocyte antigen (not shown) or Thy-1 (Fig . 2 a), using the ABC-
immunoperoxidase method, confirmed the presence oflymphocytes and other leu-
kocytes infiltrating the meninges and choroid plexus . Other lymphocyte markers
expressed on infiltrating lymphocytes found in the brain include CD8 (Fig . 2 b),
asialo GMt (Fig. 2 c), and CD4 (Fig. 2 d) . The relative distribution of these markers
in virus-infected SWR/J and C57BL/6 mice is shown in Table I .
The predominant markers found on infiltrating lymphocytes were CD8 (Lyt-2)
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FIGURE 1 .

	

Histological analysis of normal and LCMVinfected mice using H&E staining . (a)
Normal meninges and cortex ; (b) brain ofLCMVARM-infected mouse, showing marked thick-
ening ofmeninges secondary to mononuclear cell infiltration; (c) normal choroid plexus ; (d) in-
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FIGURE 2.

	

Immunoperoxidase staining ofLCMVARM-infected brain with leukocyte markers:
(a) rat anti-mouse Thy-1; (b) rat anti-mouse CD8; (c) rabbit anti-asialo GMI; and (d) rat
anti-mouse CDC Sections were obtained from a SWR/J mouse on day 5 post-infection. Bar
= 21 gm .

and asialo GMt (Table 1) . Asialo GMt is a marker mainly found on NK cells but
may also be present on activated T cells and macrophages (14, 23, 24). CD8' and
asialo GMI+ cells increased sharply during the course of infection, with -70-85%
of lymphocytes becoming positive for these two markers during the terminal stages
of infection (Table I) . CD8' and asialo GMI+ cells typically contained reniform
nuclei, high cytoplasm-to-nucleus ratios, andabundant cytoplasmic granules, a mor-
phology consistent with that of large granular lymphocytes (LGL).
The simultaneous presence of large numbers of CD8' and asialo GMI+ LGL

during LCMV infection suggested that the asialo GMI' cells were also predomi-
nantly CD8+ . This inference was confirmed by double-labeling immunofluores-

fection as in (b), showing cellular infiltration ofchoroid plexus ; (e) normal liver; (flliver ofLCMV
WE-infected mouse, revealing marked cellular infiltration. The brain sections (b and d) were
obtained from infected C57BL/6 mice on day 7 post-infection and the liver section (f) from a
SWR/J mouse on day 7 post-infection . Bar = 21 pm .
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TABLE I

Relative Distribution of Phenotypic Markers among the Infiltrating
Lymphocytes Found in the Brains of Mice Infected with LCMV-ARM

The doses of LCMV-ARM used for infection are given in Materials and Methods .
A total of 200 cells were enumerated from each animal . Numbers represent aver-
ages of three animals .

cence analysis (Fig . 3) . Approximately 85% of CD8+ cells (ranging between 80 and
90% in different sections) also colabeled with asialo GM1 . The remaining double-
label-negative cell population was distributed about equally between CD8+/asialo
GM- (Fig . 3, a and b, arrows) and CD8-/asialo GM' (Fig . 3, c and d, arrowheads)
cells. CD8+ cells were CD4- and predominantly Thy-1' (staining done on adjacent
sections, data not shown) .
The small population of CD8-/asialo GM1' cells appeared to correspond to NK

cells, as indicated by the presence ofthe NK-specific alloantigen NK 1 .1 (18) in brain

FIGURE 3 .

	

Double-labeling immunofluorescence of cryostat sections of LCMVARM-infected
brain with anti-CD8 (a, c; fluorescein) and anti-asialo GM, (b, d; rhodamine) . The arrows in
a and b indicate CD8'/asialo GMi - cells, while the arrowheads in c and d indicate CD8-/asialo
GM' cells . Sections were obtained from a SWR/J mouse on day 5 post-infection. Bar = 18 Am .

Mice
Days post-
infection CD4'

Percentage of cells
CD8'

that are :
asialo GMt'

SWR/J 4 45 50 52
5 30 62 65
6 15 81 85

C57BL/6 4 55 35 40
5 43 51 53
6 33 62 65
7 23 68 76
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FIGURE 4 .

	

Double-labeling immunofluorescence of a cryostat section ofLCMVARM-infected
brain with anti-asialo GMI antiserum (top ; fluorescein) and F4/80 rat antimacrophage mAb
(bottom ; rhodamine) . The section was obtained from a SWR/J mouse on day 5 post-infection .
Bar = 18 um .

sections of infected C57BL/6 mice that also colabeled for asialo GMI (data not
shown). About 10-20% of asialo GMI ' cells also colabeled as NK 1.1' (not shown) .
To rule out the possibility that asialo GM,' cells might represent macrophages,
double-labeling studies were carried out using the macrophage-specific mAb F4/80
and anti-asialo GMI antiserum (Fig . 4) . Asialo GMI' cells were predominantly
F4/80 - .

Expression of Perforin in Tissues of Virus-infected Mice .

	

Three different antiperforin
polyclonal antisera with high specificity (15, 16) were used to stain sections of LCMV
infected animals . Theperforin antigen wasfound to be absent from resident tissues
of mice . However, a large number of perforin-positive cells were found at the sites
ofvirus-induced inflammation (Fig. 5) . In the brains of animals infected with LCMV
ARM, perforin-positive cells were seen usually located deep in the thickened meninges,
in close proximity to the adjacent cortex . All perforin-positive cells displayed the
LGL morphology, with intense staining oftheir cytoplasmic granules (Fig . 5). About
80-90% ofall perforin-positive cells colabeled as CD8+ (Fig. 6, a and b) or as asialo
GMI+ (Fig. 6, c and d) . However, only 25-30% of CD8+ cells were also perforin-
positive . After infection with LCMVARM, the number of perforin-positive cells
peaked on day 5 for SWR/J mice and day 7 for C57BL/6.

Perforin-positive cells were also seen in liver sections of mice infected with LCMV
WE (Fig . 7) . As in the brain, the majority of the lymphocytes was CD8'/asialo
GMl +/Thy-1 +/CD4- . A small proportion of the cells was also CD8-/asialo
GM1+/CD4-/NK 1.1+ (in C57BL/6 mice) and F4/80 - , possibly representing NK
cells . The majority of perforin-positive cells also colabeled as CD8+ (Fig . 7) . How-
ever, the proportion of perforin-positive cells as a fraction of total CD8+ cell popu-
lation was only of the order of 15% in LCMVWE-infected livers under the condi-
tions studied here .
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FIGURE 5 .

	

Immunofluorescent staining (left) and ABC-immunoperoxidase staining (right) of frozen
sections ofLCMV-ARM-infected brains with rabbit anti-PFP/perforin antiserum (a, b, d-J) and
pre-immune serum (c) . Selected images are shown here offrozen sections obtained from SWR/J
mice on day 5 post-infection . Note the intense granularity of stain seen in some cells (b, d-f) .
Bar = 12 Am (a-c) and 9 Am (df) .

FIGURE 6 .

	

Double-labeling immunofluorescence of frozen sections of an LCMVARM-infected
brain with antiperforin antiserum (a ; fluorescein) and anti-CD8 mAb (b; rhodamine) and an-
tiperforin (c ; fluorescein) and anti-asialo GMI (d; rhodamine) antisera . Bar = 28 Am .
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FIGURE 7 .

	

Double-labeling immunofluorescence ofa frozen section ofLCMVWE-infected liver
with antiperforin (a) and anti-CD8 (b) antisera. Note that perforin-positive cells colabel with
the CD8 marker. Bar - 15 p.m.

Specificity ofAntiperforin Staining.

	

To verify the specificity ofstaining obtained with
the polyclonal antiperforin antisera used here, cells obtained from theCSFofC57BL/6
mice infected with LCMVARM (see Materials and Methods) were submitted to
immunoblot analysis with these antisera. The results for one of the three antisera
are shown in Fig. 8. A faint reactive band of 70 kD was observed in cells collected
on day 3 post-infection (Fig . 8, lane 1), while a much stronger band was observed
in the same number of cells by day 7 (lane 2), in accord with the time course of
appearance of perforin-positive cells in brain sections . The position of this reactive
band was identical to that of partially purified perforin reacted with the same an-
tiserum (not shown). Preimmuneserum did not react with any protein band ofCSF-
derived cells (Fig. 8, lanes 3 and 4) . Perforin-specific antisera also did not react with
murine serum proteins (not shown), ruling out the possibility of any immunological
crossreactivity with complement components . It should be pointed out that, to date,
crossreactivities between perforin and complement components have been observed
only when the immunogens/antigens used are disulfide reduced (15) .

Discussion
The results presented here demonstrate for the first time the presence of PFP/per-

forin antigen in tissues of animals undergoing an acute viral infection. To date, all
previous studies on perforin have been performed with effector lymphocytes that
have been cultured and maintained in vitro. This fact has fueled speculation that
perforin may represent a product of cultured lymphocytes only, and not of CTL
that have been primed in vivo (5-7). Our results demonstrate that perforin is in

FIGURE 8.

	

Immunoblot analysiswith antiperforin antiserum. Cells
were obtained from the CSF of LCMVARM-infected C57BL/6
mice, on days 3 (lanes 1 and 3) and 7 (lane 2 and 4) post-infection.
Lanes 1 and 2 were treated with antiperforin antiserum and lanes
3 and 4 with preimmune serum. The nucleus-free lysates from
5 x 10 4 cell equivalents were analyzed on each lane. Autoradiog-
raphy was performed for 24 h with intensifying screens.
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fact present in CD8+ lymphocytes that have been primed in vivo during the course
of LCMV infection. The presence of massive numbers of CD8+ cells in LCMV
infected tissues, as shown here, is consistent with the notion introduced in the past
that CD8+ cells are responsible for the immunopathology associated with this viral
infection (11-14) . In addition to CD8+/perforin-positive cells, we also detected per-
forin in a small population of NK 1.1 +/asialo GMi+/CD8-/F4/80 - cells, presum-
ably NK cells . In fact, NK cells have been shown to accumulate in tissues early on
during LCMV infection, before CD8+ cell infiltration (14, 25, 26). Thus, although
a small number ofthe perforin-positive cells observed by us mayrepresent NK cells,
it is clear that the majority ofthe perforin-positive cells displays the CTL phenotype
(CD8+/NK 1.1-/Thy-1+).

It should be pointed out that perforin was detected primarily in CD8+ lympho-
cytes displaying the LGL morphology. It is thus possible that in addition to being
present in NK cells, perforin is primarily associated with LGL-like CTL under-
going blastogenesis, as suggested earlier (27) . This finding is not surprising since
all perforin-containing CTL clones studied to date morphologically resemble LGL.
The question remains as to whether LGL- or blast-like CTL play a significant role
in cytolytic reactions carried out in vivo. Recent studies by Welsh and his colleagues
(14, 28) and our results presented here suggest that blast-like CTL are particularly
prominent during some viral infections. As many as 20-30% of CD8+ cells may
become LGLlike in tissues of LCMVinfected animals (14, 28). This condition may
reflect the acute inflammatory and stimulatory microenvironment surroundingCTL
in a viral focus that may drive these cells to become more active killers as well as
to proliferate vigorously. It remains to be seen whether pathological conditions other
than viral infections may also result in the accumulation of LGL-like CTL carrying
perforin . We are currently investigating the presence of perforin in CTL actively
engaged in tumor rejection in vivo.
With the cloning ofmouse and human perforin (29-32), and several lymphocyte-

specific serine esterases (33-40), it is now possible to carry out detailed in situ hy-
bridization studies on diseased tissues in which CTL are thought to play a role in
immunopathogenesis . Initial tissue hybridization studies, using serine esterase HF
as probe, have already been performed by Weissman and his colleagues (41, 42).
The combination of cDNA probe hybridization and antibody staining should pro-
vide a wealth of information regarding the distribution ofCTL in various immuno-
logical disorders .

Summary
CTL and NK cells cultured in vitro have been shown to contain a cytolytic pore-

forming protein (PFP/perforin/cytolytin) . To date, it has not been determined whether
perforin is expressed by CTLthat have been primed in vivo . Here, we have infected
mice with two strains oflymphocytic choriomeningitis virus (LCMV), oneof which
mainly produces choriomeningitis and, the other, hepatitis . Brain and liver cryostat
sections obtained from LCMVinfected mice were stained for various lymphocyte
markers, including perforin . We were able to detect a large accumulation of per-
forin antigen in CD8+/Thy-1 +/asialo GMi+/CD4- lymphocytes, which in fact rep-
resent the main infiltrating cell type found in brain and liver sections obtained during
the late acute stage of LCMV infection . Perforin was also detected in a smaller popu-



lation ofCD8-/asialo GMt+/NK 1.1 +/F480- cells, presumably corresponding to NK
cells. Perforin-positive cells were found to have the morphology of blasts or large
granular lymphocytes (LGL). These observations, together with in vitro studies per-
formed in the past, indicate that perforin may be associated exclusively with LGL-
like CTL blasts and NK cells . Our results demonstrate for the first time the presence
of perforin in CTL that have been primed in vivo and suggest that perforin-positive
CTL may be directly involved in producing the immunopathology associated with
the LCMV infection .

We thank Nancy Benegas for excellent technical assistance, Dr. Zanvil A. Cohn for his con-
tinuous advice and support, and Drs . R. Steinman, S . Joag, D. Ojcius, and C.-C . Liu for
valuable suggestions and for critical reading of the manuscript . We are especially indebted
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