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After intracutaneous immunization with purified inactivated Semliki Forest
virus, a delayed-type hypersensitivity without detectable antibodies in serum was
obtained in BALB/c mice. Low doses of antigen given intraperitoneally induced
antibodies. Intracutaneous immunization with much higher doses induced no
specific antibodies, but a footpad swelling was observed after challenge with
homologous antigen. Pretreatment with cyclophosphamide before immunization
enhanced footpad swelling. Microscopic examination of footpads from sensitized
mice at 24 h after challenge showed a mononuclear infiltrate. The delayed-type
reaction could be transferred to syngenic mice with lymph node cells, but not
with spleen cells or serum. The biphasic character of the delayed-type hypersen-
sitivity is discussed.

Cellular immunity seems to be important in
infections with viruses maturing at the mem-
brane of the host cell (2). Semliki Forest virus
(SFV) belongs to this group, and glycoproteins
of the envelope appear at the cell membrane (1,
9, 18). Neutralizing antibodies appear early and
are directed against the carbohydrate moiety of
the glycoproteins (11). SFV, with its repeating
surface units, might well be a partially thymus-
independent antigen, as shown in nude mice for
the related Sindbis virus (4).

In mice, specific T cells cytotoxic for SFV-
infected cells in vitro appear at 3 to 6 days after
infection (16). Spleen cells and serum taken 6 or
7 days after virulent (16) or avirulent (14) infec-
tion can protect acceptor mice. In vivo no cel-
lular immunity or delayed-type hypersensitivity
(DTH) has yet been demonstrated, however,
and their importance in recovery and immunity
is not known.
The induction ofDTH without antibodies de-

pends on antigen structure, on the dose, and on
the route of presentation of the antigen (12, 17).
In the experiments described in this paper we
tried to induce DTH against purified inactivated
SFV. In this way presentation on host cell mem-
branes is avoided, and any effects can be as-
cribed to the antigen proper.
The inactivated virus antigen was given in

different doses and by various routes. In some
experiments cyclophosphamide was used. Cyclo-
phosphamide augments DTH against other an-
tigens (13).

MATERIALS AND METHODS
Virus strains. The virulent strain SF/LS10CI/A

was received from C. J. Bradish (3). A large plaque

variant of this strain was used for plaque reduction
tests. The avirulent strain was MRS MP 192/7 (10)
which had been passed seven times over HEL and
Vero cells.

Cells and media. L cells cultured in the medium
of Yamane et al. (20) with 0.01 M HEPES (N-2-
hydroxyethyl piperazine-N'-ethanesulfonic acid)
buffer and 10% calf serum were used throughout.
Overlay medium contained the medium of Yamane et
al. (20) with 0.7% agarose (Indubiose; l'Industrie Bio-
logique Frangaise) and antibiotics. Phosphate-
buffered saline (PBS) (6) was used as diluent.

Hemagglutination. Hemagglutination was done
with goose erythrocytes as described by Clarke and
Casals (5). Hemagglutinating units (HAU) were cal-
culated from the hemagglutinating titer, and 1 HAU
was defined as the quantity of virus agglutinating 0.3
ml of 0.5% (vol/vol) goose erythrocytes. One HAU
represents about 105 plaque-forming units.
Plaque titration. Plaque titration and plaque re-

duction tests were done in plastic palettes (24-well
tissue culture cluster dish [catalog no. 3524; Costar,
Cambridge, Mass.]). Dilutions were made in a 96-well
palette (catalog no. 3596; Costar). Infectious center
assays were done in 6-well palettes (catalog no. 3506;
Costar). Virus-containing fluids were titrated in a six-
fold series by adding 0.05-ml quantities to six mono-
layers. After 40 min of adsorption at room tempera-
ture, 0.3 ml of overlay medium was added. After 24 h
plaques were developed with 0.2 ml of 0.01% neutral
red in 0.7% agarose. For plaque reduction, 0.05-ml
serum dilutions were mixed with 0.05 ml of virus and
incubated at 370C for 1 h. A 1-ml portion of Eagle
medium was added, and 6 x 0.05 ml of each dilution
was transferred to monolayers. Controls contained
about 50 plaques per 16-mm cup.
Animal experiment. Inbred male BALB/c mice

(10 to 14 weeks old) from our own animal house were
used throughout these experiments. Blood was ob-
tained by retro-orbital puncture.
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Cell suspensions. Clean spleens or peripheral
lymph nodes were collected in Eagle medium at 40C,
passed through nylon gauze, and washed once. In a
sample of the suspension the fraction of viable cells
was counted in the presence of trypan blue. The
suspension was brought to the required concentration
and injected within 2 h after organ collection.
Assay for DTH. DTH reactions were measured as

the increase in footpad thickness (footpad swelling
test) at 24 h after injecting an eliciting dose of diluted
virus antigen in a volume of 0.05 ml of PBS. The
thickness of the footpad was measured with a semi-
electronic footpad meter (19) with a sensitivity of 0.01
mm. Reactions were recorded compared with the day
when the test dose of antigen was injected, rather than
the day upon which the reaction was measured.

Microscopic analysis of the cell types in sections of
footpads and draining lymph nodes in the groins of
immunized and control animals was kindly performed
by A. A. van den Broek, Department of Histology,
University of Groningen, The Netherlands, by the
methods of Keuning et al. (13).

Preparation of virus antigen. The avirulent
strain MRS MP 192/7 was inoculated at a multiplicity
of about 1 on monolayers of L cells in Roux flasks.
After 20 h at 370C, the fluid was collected, and fresh
medium was added. This was repeated after 6 and 12
h. The yield was 4,000 ml with 1,000 HAU/ml. The
fluid was centrifuged at low speed, and the virus in the
supernatant was concentrated at 80,000 x g at 60C in
a Measuring & Scientific Equipment model 65 centri-
fuge. Sediments were kept at -70'C until all portions
could be collected in 15 ml of PBS, pH 8.0, and
centrifuged at low speed. The supernatant with dis-
solved CsCl was centrifuged for 20 h at 45,000 x g in
an SW35 rotor. The highest virus concentration was
found at a density of 1.243. The virus-containing frac-
tions were passed over a column (30. by 1 cm) of
Sepharose B and collected in 4-ml fractions. Two
slightly turbid fractions with 105 HAU/ml were diluted
with PBS (pH 8) to 15 ml. This fluid was irradiated
(1,600 erg/per cm2) in a moving petri dish (15-cm
diameter) for 15 or 30 min without loss in HAU. No
residual infectivity could be detected in 0.5 ml of
undiluted virus suspension. Various batches with titers
of 10' to 106 HAU were prepared and kept in 0.3-ml
portions over fluid nitrogen. Standardized thawing in
ice water, dilution in ice-cold PBS, and keeping at 00C
until injection were necessary precautions for repro-
ducibility.

Cyclophosphamide (Koch Light, Colnbrook, Eng-
land) was dissolved in PBS, pH 7.2, immediately be-
fore use. A volume of 0.5 ml was given intraperitone-
ally 8 h before immunization.

RESULTS
DTH against SFV antigen. (i) Intraperi-

toneal immunization. After intraperitoneal
immunization even very small doses induced
antibody (Fig. 1). A positive footpad swelling
was only obtained after immunization with doses
above 10 HAU. The footpad swelling was maxi-
mal at 3 h but still present at 24 h. This may
have been due partly to an Arthus reaction, but

a DTH reaction cannot be excluded. Figure 1
also shows that pretreatment with cyclophos-
phamide suppressed antibody formation with
lower immunizing doses. In those animals im-
munized with 300 HAU a footpad swelling (max-
imal at 24 h) was obtained. Intraperitoneal im-
munization seemed to be unsuitable for obtain-
ing DTH without antibodies unless cyclophos-
phamide was used.

(ii) Intracutaneous immunization. Intra-
cutaneous immunization with 0.3, 3, 30, 300, and
3,000 HAU with or without Freund complete
adjuvant (FCA) did not induce antibodies in 90
mice. Only one of five animals immunized with
18,000 HAU produced antibodies. A positive
footpad swelling was present at 7 days after
intracutaneous immunization without FCA with
doses above 30 HAU (Fig. 2) but not after im-
munization with FCA. This footpad swelling de-
veloped with time as shown in Fig. 3. There was
a toxic effect of the antigen in controls and
immunized mice at 3 and 6 h and a clear-cut
difference at 24 h. At 48 h after the challenge,
no antibodies could be demonstrated in animals
immunized with 300 or 3,000 HAU, showing that
the footpad challenge did not induce antibodies
which could have participated in the reaction.
The footpad swelling test is specific; other anti-
gens gave no reaction.
About 5 days after immunization the footpad

swelling was maximal. It decreased on days 6 to
9 but rose again on days 10 to 14. This biphasic
character was observed after immunization with
(Fig. 4) or without cyclophosphamide pretreat-
ment. The late footpad swelling after 10 days
developed somewhat slower than in the first
week.

Pretreatment with cyclophosphamide re-
sulted in enhanced footpad swelling as shown in
Fig. 4 (compare Fig. 2). The maximum was
somewhat later (day 7 instead of day 5), but the

so'
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FIG. 1. Neutralizing antibodies after intraperito-
neal immunization with different doses of purified
inactivated SFV. Percentage of mice with neutraliz-
ing antibodies in undiluted serum after 5 days (0),
after 7 days (A), after 10 days (0), and after 7 days
in mice receiving, at 8 h before immunization, 2 mg
(100 mg/kg) of cyclophosphamide (A).
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biphasic character is also obvious.
The histological results are given in Table 1.

They are in agreement with an interpretation of
the footpad swelling as a DTH reaction. The
histology of the lymph nodes in the groin of
immunized animals before and after challenge in
the footpad was also studied. At 7 days after
immunization the paracortical fields were active
and rich in lymphoid cells. At 24 h after chal-
lenge the number of lymphoid cells was much
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FIG. 2. Footpad swelling after intracutaneous im-
munization with different doses of inactivated SFV.
Groups of six to eight mice were immunized with 3,
30, 300, 3,000, and 30,000HAU of inactivated SFV
(white columns). Control mice receivedPBS (hatched
column). After 7 days the mice were challenged with
450 HAU. And after an additional 24 h the footpad
swelling was measured. Vertical bars represent one
standard error of the mean.
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smaller, which could have been due to binding
of reactive T lymphocytes by the antigen in the
footpad.
Transfer of DTH with lymph node cells.

Donor mice were immunized with 300 HAU of
SFV antigen. After 7 days the footpad was chal-
lenged with 150 HAU. The mean footpad swell-
ing was 6.2 by 0.1 mm. The serum did not
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FIG. 3. Development of footpad swelling after
challenge. Six mice were immunized intracutane-
ously with 300 HAU of inactivated SFV (white col-
umns). Control mice receivedPBS (hatched columns).
After 7 days the mice were challenged with 150HAU
of SFV. Footpad swelling was measured at 3, 6, 12,
and 24 h after challenge. Vertical bars represent one
standard error of the mean.
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FIG. 4. Influence of cyclophosphamide on DTH. Mice were immunized with 10,000 HAU of inactivated
SFV after pretreatment with 2 mg of cyclophosphamide or without pretreatment. After various times groups
of 5 mice were challenged with 450 HAU. Footpad swelling was measured at 24 h (white columns) and in
some groups also after 3 h (hatched columns). Footpad swelling at 24 h after challenge in mice receiving no
cyclophosphamide is shown by the black column. Vertical bars represent one standard error of the mean.
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TABLE 1. Histology offootpads
Footpad swelling (xlO-' Presence of a

mm) mononuclear
infiltrate atIntracutaneous 24 h after

immunization
3 h 24 h challengewith 50

HAUa

600 HAU 2.0, 1.6b 3.3, 3.8 +
+

Control 1.1, 2.4 0.5, 1.7

600 HAU + 2 0.5, 1.9 4.1, 6.8 ++
mg of cyclo- ++
phospha-
mide

Control 2.3, 2.0 1.5, 1.3 ±

a Symbols: ++, dense infiltration with mononuclear
cells; +, many mononuclear cells visible; ±, some
mononuclear cells visible; -, absence of mononuclear
cells.

b Values for two individual animals are given in each
case.

contain antibodies and was not protective when
0.25 ml was injected intravenously into control
mice. Spleen cells and lymph node cells were
transferred into acceptor mice which were chal-
lenged 3 h after transfer with 150 HAU in the
left footpad (Fig. 5). It is obvious that peripheral
lymph node cells but not spleen cells confer a
DTH to acceptor mice. This experiment was
repeated after immunization with cyclophospha-
mide pretreatment with the same result.

DISCUSSION
The data presented suggest that after intra-

cutaneous immunization with purified inacti-
vated SFV a state of DTH without detectable
circulating antibodies can be obtained (Fig. 2).
This DTH can be transferred with lymph node
cells.
A purified antigen was desirable to exclude

concomitant immune reactions against L-cell an-
tigens as much as possible.
With intracutaneous immunization the anti-

gen was injected in the neighborhood of the
draining lymph nodes in groins and axillae. The
virus antigen is probably trapped in these lymph
nodes with their high T-cell content. That the
T-cell response is probably localized in these
lymph nodes is supported by the results of the
transfer experiments in which lymph node cells
were active, in contrast to spleen cells. The
addition of FCA to the antigen at immunization
produced neither neutralizing antibodies nor
DTH. Presumably FCA destroys the envelope
of the labile virus.

Intraperitoneal immunization induces an ap-
preciable antibody production. A considerable
part of the antigen presumably enters the cir-
culation (7) and may be largely trapped in the
spleen where B cells predominate. Direct con-
tact with B cells of this partially thymus-inde-
pendent antigen may favor the formation of
neutralizing antibody, which indeed proved to
consist mainly of immunoglobulin M. Pretreat-
ment with cyclophosphamide before intraperi-
toneal immunization abolished this antibody
production, but only with lower immunizing
doses. In the experiments with intracutaneous
immunization cyclophosphamide was used to
exclude antibody formation completely. Fur-
thermore, it enhanced the DTH reaction.
The second increase in footpad swelling in

week 3 after immunization is of interest. Gardner
and Blanden (8) described an analogous biphasic
character for the presence of cytotoxic T cells in
spleens after ectromelia infection. They suggest
a differentiation of T-effector cells to T-memory
cells. Such an explanation might fit our results.
Pretreatment with the low dose of cyclophos-
phamide decreases B cells and certain T-sup-
pressor cells. This might explain the increase in
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FIG. 5. Passive transfer ofDTH. Donor mice were
immunized intracutaneously with 300 HAU of inac-
tivated SFV. After 7 days they were challenged with
150 HAU of SFV. Mean footpad swelling after 24 h
was 6.2 by 0.1 mm. At day 8 cell suspensions of
peripheral lymph nodes and spleens were prepared
from killed animals after bleeding. Naive recipient
mice of cells or decomplemented donor serum were
challenged with 150 HAU at 3 h after transfer. The
footpad swelling was measured after an additional
18 h. (Bar A) Recipients of5 x 107 immune peripheral
lymph node cells (4 mice); (bar B) recipients of 5 x
107 controlperipheral lymph node cells (6 mice); (bar
C) recipients of 5 x 107 immune spleen cells (8 mice);
(bar D) recipients of 5 x 107 control spleen cells (6
mice); (bar E) recipients of0.25 ml ofundiluted serum
(6 mice). Vertical bars represent one standard error
of the mean.
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DTH (15). The DTH in this case is also biphasic
(Fig. 4). The somewhat slower development of
the DTH at 19 days might be due to a somewhat
slower reaction of memory cells compared with
effector cells.

ACKNOWLEDGMENTS
We are very grateful to A. A. van den Broek for the

histological work and to K. C. Winkler and J. M. N. Willers
for methodological support and helpful discussions.

LITERATURE CITED
1. Acheson, N. H., and L. Tamm. 1967. Replication of

Semliki Forest virus: an electron microscopic study.
Virology 32:128-143.

2. Bloom, B. R., and B. Rager-Zisman. 1975. Cell-me-
diated immunity in viral infections, p. 113-136. In A. L.
Notkins (ed.), Viral immunology and immunopathol-
ogy. Academic Press Inc., New York.

3. Bradish, C. J., K. Allner, and H. B. Maber. 1971. The
virulence of original and derived strains of Semliki
Forest virus for mice, guinea-pigs and rabbits. J. Gen.
Virology 12:141-160.

4. Burns, W. EL, L C. Billups, and A. L Notkins. 1975.
Thymua dependence of viral antigens. Nature (London)
256:654-65.

5. Clarke, D. HE, and J. Casals. 1958. Techniques for
haemagglutination and haemagglutination-inhibition
with arthropod-borne viruses. Am. J. Trop. Med. Hyg.
7:561-573.

6. Dulbecco, R., and M. Vogt. 1954. Plaque formation and
isolation of pure lines with poliomyelitis viruses. J. ERp.
Med. ":165-182.

7. Fleming, P. 1977. Age-dependent and strain-related dif-
ferences of virulence of Semliki Forest virus in mice. J.
Gen. Virol. 37:93-105.

8. Gardner, L D., and R. V. Blanden. 1976. The cell-
mediated immune response to ectromelia virus infec-
tion. II. Secondary response in vitro and kinetics of
memory T cell production in vivo. Cell. Immunol. 22:
283-296.

9. Garoff, H., K. Simons, and 0. Renkonen. 1974. Isola-

tion and characterization of the membrane proteins of
Semliki Forest virus. Virology 61:493-504.

10. Henderson, B. E., D. Metselaar, G. B. Kirya, and G.
L Timmn. 1970. Investigations into yellow fever virus
and other arboviruses in the northern regions of Kenya.
Bull. W. H. 0. 42:787-795.

11. Ksluza, G. 1976. Early synthesis of Semliki Forest virus-
specific proteins in infected chicken cells. J. Virol. 19:
1-12.

12. Kerckhaert, J. A., F.M. Hofhuis, and J. M. N. Willers.
1977. Effects of variation in time and dose of cyclophos-
phamide injection on delayed hypersensitivity and an-
tibody formation. Cell. Immunol. 29:232-237.

13. Keuning, F. J., J. van der Meer, P. Nieuwenhuis, and
P. OudendilL 1963. The histophysiology of the anti-
body response. II. Antibody responses and splenic
plasma cell reactions in sublethally X-irradiated rab-
bits. Lab. Invest. 12:156-170.

14. Rabinowitz, S. G., and W. Adler. 1973. Host defenses
during primary Venezuelan equine encephalomyelitis
virus infection in mice. I. Passive transfer of protection
with immune serum and immune cells. J. Immunol.
110:1345-1353.

15. Ram Lhw,L A., P. A. Bretscher, and C. R. Parish.
1976. Regulation of the immune response. I. Suppress-
sion of delayed-type hypersensitivity by T cells from
mice expressing humoral immunity. Eur. J. Immunol.
6:674-679.

16. Rodda, S. J., and D. 0. White. 1976. Cytotoxic macro-
phages: a rapid nonspecific response to viral infection.
J. Immunol. 117:2067-2072.

17. Salvin, S. B. 1958. Occurrence ofdelayed hypersensitivity
during the development ofArthus type hypersensitivity.
J. Exp. Med. 107:109-124.

18. Utermann, G., and K. Simons. 1974. Studies on the
amphipatic nature of membrane protein in Semliki
Forest virus. J. Mol. Biol. 85:569-587.

19. van DlJk, H., H. Versteeg, and H. J. Hennink. 1976. A
semi-electronic device for meaning delayed hypersen-
sitivity in the mouse by footpad swelling. J. Immunol.
Methods 12:261-265.

20. Yamane, L, Y. Matsuya, and K. Jimbo. 1968. An
autoclavable powdered culture medium for mammal
cells. Proc. Soc. Rip. Biol. Med. 127:335-336.

VOL. 23, 1979


