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ABSTRACT Mice exposed to live or #-propiolactone-inac-
tivated rabies virus generated a strong, specific cell-mediated
cytotoxic response which was generally maximal 6 days after
inoculation. Release of 51Cr was apparently a function of im-
mune thymus-derived lymphocytes (T cells) because it was
abrogated by prior incubation of spleen cells with anti-thymus
antiserum and complement but was undiminished by passage
of spleen cells through nylon-wool columns. Cytotoxicity was
always maximal for interactions in which thymus-derived cells
and targets shared H-2 genes but, unlike the situation found in
other assays of this type, considerable lysis of allogeneic,
virus-infected' target cells may also occur. Perhaps the most
significant finding from these experiments is that an inactivated
virus has been shown to stimulate a potent cytotoxic thymus-
derived cell response. Manipulation ofthis experimental model
may allow analysis of the antigens required for stimulation of
cell-mediated immunity. A more practical consequence may be
the development of' more rational protocols for postexposure
vaccination 'against rabies. Prior treatment of mice with
antirabies antibody severely depressed the generation of cell-
mediated immunity.

The possible role of cell-mediated immunity in rabies infection
is poorly understood (1-3) but is worth investigating. Rabies,
because of its prolonged incubation period, is' the only virus
disease in which postexposure vaccination is routinely practiced.
However, despite the fact that such postexposure treatment has
been applied since 1885 (4), the mechanisms underlying its
mode of action have remained obscure. In addition, treatment
failures are not uncommon (5, 6) and there is no experimental
basis for determining optimal immunization schedules for man.
Analysis of the cellular immune response in rabies may eluci-
date some of the critical events occurring in rabies virus-host
cell interactions and help in establishing the most effective
protocol for postexposure treatment.

MATERIALS AND METHODS
Mice. C57BL/6 (B6), A/J, BALB/c, CBA/J, C57BL/10

(B10), BLO.A, and B10.A (5R) inbred mice were purchased from
the Jackson Laboratories, Bar Harbor, Maine.

Virus Preparations. The ERA strain of rabies virus (7) was
plaque-purified and grown in BHK21 cells (8); the infectivity
titer of the virus stocks was 108.0 plaque-forming units (PFU)/
ml. The same ERA virus was used as an inactivated vaccine
after 20-fold concentration by ultrafiltration and inactivation
by fl-propiolactone (8). The antigenicity of this vaccine prep-
aration, as evaluated by the standard potency tes~tin mice (9),
was 25 times that of reference National Institutes of Health
vaccine lot 180.

Adult (8- to 10-week-old) mice were generally inoculated
intraperitoneally with 107.0 PFU of live ERA virus or with 0..1
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FIG. 1. Time course of 5'Cr release from rabies virus-infected
(0 0) and control (.*) MNB target cells caused by immune (0 U)
or normal (0 o) spleen cells, overlaid at a ratio of 100:1. Syngeneic
A/J mice were immunized intraperitoneally with 107.0 PFU of live
ERA rabies virus 7 days prior to assay. Results are presented as total
% 51Cr release (17), to show background levels of lysis.

ml of undiluted fl-propiolactone-inactivated vaccine, and im-
mune spleen cells were assayed 6 or 7 days later.

Specificity experiments were done with the Westminster
(WES) strain of lymphocytic choriomeningitis virus (LCMV),
using techniques described previously (10).

Processing of Lymphocytes. Single cell suspensions of spleen
were prepared by standard methods and erythrocytes were
removed by treatment with NH4C1 (11). Depletion of thy-
mus-derived cells (T cells) was achieved by treatment with
antithymus antiserum (anti-Thy-i serum; AKR/J anti-
C3H/HeJ, Bionetics, Kensington, Md.) and guinea pig com-
plement (12); B cells were removed by passage through
nylon-wool columns (13).

Target Cells. A neuroblastoma cell line of A/J (H-2a) origin
(MNB) (14) (kindly supplied by E. M. Levine, Wistar Institute)
and a fibrosarcoma cell line derived from B6 (H-2b) mice
(MC57G) (15) (generously supplied by B. B. Knowles, Wistar
Institute) were found suitable as target cells-i.e., they were

Abbreviations: PFU, plaque-forming units; LCMV, lymphocytic
choriomeningitis virus; T cells, thymus-derived cells; EMEM10, Eagle's
minimal essential medium with 10% fetal bovine serum.
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FIG. 2. Development of cell-mediated cytotoxicity after intra-
peritoneal immunization with 107.0 PFU of live ERA virus. (0), results
of separate experiments; 0, mean value of indicated day's experi-
ments. These results are for the syngeneic A/J, MNB lymphocyte-
target system (H-2a). The data for the B6-MC57G interaction (un-
published) were identical.

readily infected with rabies virus and showed immunofluo-
rescent evidence (16) of surface viral antigen expression but did
not develop cytopathic effects during the course of the assay
as a result of virus infection.

Trypsinized target cells (5 X 106) were incubated at 370 for
10 min with ERA rabies virus, at a concentration of 5 PFU per
cell. They were then diluted in 6 ml of Eagle's minimal essential
medium supplemented with 10% fetal bovine serum

(EMEM10) and seeded in plastic bottles (T25 Falcon 3013).
After incubation for 20 hr at 37° they were trypsinized again,
taken up in 10 ml of medium, and sedimented at 150 X g. Cells
were then resuspended in 1 ml of EMEM10 containing 200,gCi
of 51Cr (Na25ICrO4, New England Nuclear, Boston, Mass.) and
incubated for 60 min at 37°. They were then washed twice in
50 ml of EMEM10 and dispensed into flat-bottomed, 96-hole
tissue-culture trays (Microtest II Tissue Culture Plates, Falcon
3040) at a concentration of 2 X 104 cells per well in 50,ul of
medium. Uninfected target cells were labeled and dispensed
in the same way for use as controls.

Cytotoxicity Assays. Spleen cell suspensions were added to
the target cells in 250 y1 of EMEM10, using replicates of four
wells. The assay was incubated for 16 hr at 370 in 5% C02/95%
air at 100% humidity. Plates were then centrifuged at 150 X
g for 10 min, and 150 y1 of supernatant was removed from each
well and assayed for radioactivity in a scintillation spectro-
photometer.

Results were generally calculated as specific 51Cr release (17),
by the formula: (Ii - Ni)/(Wi - Ni), in which I = immune
spleen cells, N = normal spleen cells,W = water lysis, and i =

Table 2. Cell-mediated lysis* is maximal for interactions
sharing H-2 genes

MC57G (bb) MNB (kd)
Mouse H-2 type
straint KD 100:1 50:1 100:1 50:1

B6 bb 43 29 14 7
B1O.A (5R) bd 29 16 72 30
B1O.A kd 12 18 87 50
A/J kd 15 3 62 40
CBA/J kk 10 10 46 25
BALB/c dd 6 8 20 8

* In terms of percent specific 51Cr release.
t Spleen cells from mice were assayed at 7 days after intraperitoneal
inoculation with 107.0 PFU of live ERA virus.

virus-infected target cells. Similar calculations were made for
control target cells, but 5'Cr release in this case was always at
background levels. The values given in Fig. 1 were not cor-
rected for background, in order to show levels of absolute 51Cr
release which occur in this assay system.
Immunosuppression. Mice were immunosuppressed by

intraperitoneal inoculation with cyclophosphamide (Cytoxan,
Mead Johnson, Ind.), 150 mg/kg, or hydrocortisone acetate
(Wolins, Melville, N.Y.), 2.5 mg. In some experiments, mice
were also passively immunized with 10 international units per
mouse of antirabies serum (18).

RESULTS
Preliminary experiments (unpublished data) showed that, of
several established cell lines tested, only MNB cells from A/J
(H-2a) mice and MC57G of C57BL/6 (B6, H-2b) origin were
suitable for use as targets for virus infection. In both lines, re-
lease of 51Cr was substantially linear over the first 20 hr of assay.
The results for the MNB line are shown in Fig. 1, expressed as
total 51Cr release (10) to illustrate the background levels of lysis
occurring in this system. For simplicity of presentation, how-
ever, all subsequent data were calculated as specific 51Cr release
(17).
Maximal lymphocyte-mediated lysis was detected at 6 days

after the immunization with live rabies virus (Fig. 2) and
showed kinetics similar to those found in other virus systems
(19, 20). Effector function was virus-specific (Table 1) and was
always greater for interactions in which target and spleen
populations shared H-2 genes mapping at the H-2K or H-2D
locus (Table 2). The levels of cross-reactivity between H-2-
incompatible systems, however, were considerably greater than
those found previously for other viruses (17).
A potent cell-mediated cytotoxic response was also generated

Table 1. Specificity* I of cytotoxic activity of spleen cells from rabies-immune or LCMV-immune mice

Target cells

Rabies-infected LCMV-infected

Spleen/target cell ratio 100:1 50:1 100:1 50:1

Spleen cells from B6 mice:
Rabies-immunet 37 24 0 0
LCMV-immunet 7 2 43 24

* In terms of percent specific 51Cr release from MC57G target cells.
t Injected intraperitoneally 7 days previously with 107.°PFU of live ERA virus.
$ Injected intraperitoneally 8 days previously with 1033median lethal doses (LD50) of LCMV.

Immunology: Wiktor et al.
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FIG. 3. Cytotoxicity of immune B6 (H-2b) spleen cells for H-2
compatible (MC57G) (-) and H-2 incompatible (MNB) (0) virus-
infected target cells. Mice were immunized with 0.1 ml of undiluted,
f-propiolactone-inactivated rabies vaccine.

after intraperitoneal inoculation of mice with ,B-propiolac-
tone-inactivated rabies virus (Fig. 3). Specific 51Cr release was
maximal in the syngeneic targets, but considerable lysis also
occurred in allogeneic, or H-2-incompatible, virus-infected
targets. Depletion of cell-mediated cytotoxicity in both syn-

geneic and allogeneic targets, mediated by spleen cells from
mice immunized with live or inactivated virus, was achieved
by prior treatment of spleen cells with anti-thymus antiserum
and complement (Table 3). Specific 51Cr release, however, was

not diminished by passage of lymphocyte populations through
nylon-wool columns (Table 3), which remove most bone mar-

row-derived cells (13). Lysis of both H-2 compatible and H-
2-incompatible virus-infected cells would thus seem to reflect
activity of virus-immune T cells. Furthermore, attempts to
demonstrate antibody-dependent cell-mediated cytotoxicity
(21, 22) in this system met with failure (Fig. 4).

Further characterization of the cell-mediated cytotoxic re-

sponse in rabies infection revealed that, as for LCMV (19),
cytotoxicity was completely abrogated by immunosuppression
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FIG. 4. Virus-infected MNB target cells were exposed for 1 hr to
different dilutions of antirabies antibody (Ab) and then overlaid
(100:1) with spleen cells from normal A/J mice in the presence or

absence of guinea pig complement (C). The assays were incubated for
16 hr at 37°. 0, Ab alone; o, Ab + C; *, Ab + spleen cells; *, Ab +
spleen cells + C.

of mice with cyclophosphamide (Table 4). Cortisone had no

effect when administered on day 2 after immunization, but a

considerable decrease in lytic activity was observed in two ex-

periments when the drug was given on day 4 (Table 5 and un-

published data). The cell-mediated cytotoxic response of mice
to live virus was totally prevented by prior inoculation with
specific antibody (Table 6), though mice still generated cyto-
toxic T cells when injected with the f3-propiolactone-inactivated
vaccine (Table 6). This probably reflects the higher concen-

tration of antigen in the vaccine (8) than in live virus prepara-
tion (Fig. 5). The events necessary for T cell stimulation are

Table 3. Characterization* of lymphocyte populations by treatment with anti-thymus serum or passage through
nylon-wool columns

Spleen/target cell ratio
Mouse
strain Immunogent Target cells Treatment* 100:1 50:1 25:1

A/J (H-2a) Virus MNB (H-2a) Anti-Thy-1+c 1 3 0
C 70 25 13

Nil 62 40 26
B6 (H-2b) Virus MNB (H-2a) Anti-Thy-l+c 1 0 0

C 13 8 3
Nil 15 3 0

B6 (H-2b) Vaccine MC57G (H-2b) Anti-Thy-1+c 8 4 0
C 48 15 0

Nil 60 28 3
B6 (H-2b) Vaccine MNB (H-2a) Anti-Thy-1+c 0 0 0

C 20 8 0
Nil 35 9 3

B1O.A (H-2a) Virus MNB (H-2a) Nylon-wool 41 45 15
Nil 43 34 15

B1O.A (H-2a) Virus MC57G (H-2b) Nylon-wool 16 8 7
Nil 0 0 0

* In terms of percent specific 51Cr release.
t Mice were injected intraperitoneally 7 days previously with either 107.0 PFU of live ERA virus or 0.1 ml of rabies vaccine.
4 Spleen populations were treated with either anti-thymus serum and guinea pig complement (Anti-Thy-l+c) (12) or by passage through
nylon-wool columns (13) or were untreated (Nil).

* *0
o- 0 c

101M6 Immunology: Wiktor et al.
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Table 4. Immunosuppressive effect* of cyclophosphamide

Spleen /target cell ratio
Day

treatedt 100:1 50:1 25:1

-2 6 0 0
+1 0 0 0

Control 93 54 26
* In terms of percent specific 51Cr release from MNB target cells.
t A/J mice were injected intraperitoneally with cyclophosphamide,
150 mg/kg at 2 days before or 1 day after intraperitoneal inoculation
with 107.°PFU of live rabies virus (day 1). Spleen populations were
assayed 7 days after exposure to virus.

apparently established by 24 hr after immunization, because
antibody given at this time had little effect (Table 6).

DISCUSSION
Virus-immune T cells generated in mice inoculated with live
or inactivated rabies virus showed, in some experiments, sub-
stantial cytotoxicity for H-2-incompatible virus-infected target
cells. This is contrary to the situation found for LCMV, the
poxviruses, paramyxoviruses, and myxoviruses (ref. 17 and
unpublished data), with which lytic interactions are only rec-
ognized when T cell and target cell share genes mapping at
H-2K or H-2D. This discrepancy, however, should not be given
undue emphasis. Release of 51Cr from rabies virus-infected cells
was always maximal in the syngeneic situation. Furthermore,
the experiments with rabies were all performed with two es-
tablished tumor cell lines; we have not yet found primary cell
cultures that function satisfactorily as targets. Most of the H-2
genetic mapping studies of other viruses has been done with
mouse peritoneal macrophages as target cells (23, 24). Specific
cell-mediated lysis of trinitrophenyl-modified lymphocytes also
requires a sharing of H-2 genes, but tumor cells used in this
assay system also have shown cell-mediated cytotoxicity in
H-2-incompatible situations (25).

Another apparent anomaly in the rabies system is that, unlike
the situation for LCMV (19), late treatment (i.e., 4 days after
infection) with cortisone diminishes the T cell response. Perhaps
this indicates that the cortisone is removing a stimulator cell
population required for continuing lymphocyte proliferation
(26), rather than directly damaging the T cells themselves.
Treatment with cortisone 2 days after antigen inoculation may
allow recovery of such cells or reprocessing of the antigen. The
fact that this situation differs from that with LCMV may reflect

Table 5. Diminution* of cell-mediated cytotoxicity in
mice by immunosuppression with cortisone

Target cells

MC57G (B6) MNB (A/J)
Day

treatedt B6 B1O.A4 B6 B1O.A

+2 80 4 26 87
+4 35 0 0 38

Control 90 4 16 83

* In terms of percent specific 51Cr release.
t Intraperitoneal injection of hydrocortisone acetate, 2.5 mg, at 2 or
4 days after immunization.

I Mice were immunized with a single intraperitoneal injection of 0.1
ml of rabies vaccine (lot 2636/11) 7 days previously, and spleen cells
were assayed at a ratio of 100:1.

Table 6. Effect* of antibody treatment on cell-mediated
cytotoxic response

Treatmentf
Day

treatedt Live ERA Vaccine

-1 -1 35
+1 48 79

Control 67 70

* In terms of percent specific 51Cr release from MC57G targets.
t Injected intraperitoneally with 10 international units of rabies
antibody at 1 day before or 1 day after immunization.

t Immune spleen cells were assayed (100:1) at 7 days after injection
with 107-0 PFU of live ERA virus or with 0.1 ml of rabies vaccine.

the fact that the rabies virus multiplies exclusively in nerve cells,
whereas LCMV replicates to high titers in many tissues. Even
in the LCMV model, however, administration of cortisone 3
or 5 days prior to the processing of spleen cells enriches the
population of cytotoxic T cells, whereas treatment 24 hr before
sampling results in no increase in T cell activity (19).

Possibly the most important finding from these experiments
is that immunization with a fi-propiolactone-inactivated virus
preparation generates a strong cytotoxic T cell response. Fur-
thermore, this concentrated vaccine (8) is apparently more
immunogenic than is live virus. This has not been shown pre-
viously in other virus systems, perhaps because insufficient
concentrations of antigen were used. A similar inactivated ra-
bies vaccine produced from human diploid cell cultures does
not cause adverse side-effects in man (27, 28). Field studies
indicate that, insofar as protection against rabies is concerned
(29), it is an extremely effective immunogen.

Treatment of animals with rabies immune serum before the
administration of antigen effectively blocks the generation of
specific immune T cells, just as it blocks the formation of
virus-neutralizing antibody (30).
Our immediate experimental task is to elucidate the cellular

basis of vaccine treatment. This should be feasible now that an
in vitro T cell assay is available. Hopefully, this may allow
development of optimal vaccination schedules for use in people
exposed to rabies. The preliminary findings reported here in-
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FIG. 5. Dose-dependence of the cell-mediated cytotoxic response

after immunization with fivefold dilutions of live (0) or,-propio-
lactone inactivated (0, concentrated; 0, purified) ERA virus prepa-
rations. Lymphocyte populations from AiM mice were taken 7 days
after primary immunization and overlaid on virus-infected H-2-
compatible MNB target cells at a ratio of 100:1.
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dicate that interference between passive antibody and active
induction of antibody by vaccine could be prevented if the
rabies antiserum is administered some time after vaccine in-
oculation and not simultaneously as is generally practiced (31).
Adoption of such protocols depends, however, on demonstration
that the T cell response in rabies is protective. At present there
is only indirect evidence to support this viewpoint.
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