INFECTION AND IMMUNITY, Oct. 1976, p. 1014-1021
Copyright © 1976 American Society for Microbiology

Vol. 14, No. 4
Printed in U.S.A.

Lymphocyte and Macrophage Responses After Vaccinia Virus
Infections
COLIN McLAREN,'* HELEN CHENG, DWIGHT L. SPICER, ano WAYNE A. F. TOMPKINS?

McMaster University, Department of Pathology, Hamilton, Ontario, Canada L8S 4J9

Received for publication 6 April 1976

Using a semimicromethod with washed whole blood, in vitro lymphocyte
responses of rabbits to intradermal infection with vaccinia virus were studied.
Peritoneal exudate macrophages were infected with vaccinia in vitro to deter-
mine the time of appearance of activated macrophages. After primary infection,
an increase in spontaneous incorporation of thymidine by blood cultures was
found as early as 2 days postinfection. This effect was at a maximum at 7 to 10
days, with counts up to 100-fold higher than before infection. Incubation of
these cultures with concanavalin A showed a marked decrease in stimulation
index as compared with normals. Although only a transient stimulation with
vaccinia was found during the acute infection, stimulation indexes of 2 to 3 were
obtained during convalescence. Macrophages from rabbits early after infection
supported vaccinia replication, whereas those at day 6 or later resisted infection.
Macrophage resistance persisted for 2 to 3 weeks. The response of lymphocytes
from rabbits reinfected with vaccinia after 15 weeks differed, with a small
increase in spontaneous thymidine uptake, a smaller depression in concanavalin
A stimulation, and a greater specific response to vaccinia. Macrophage activa-

tion occurred earlier and persisted for a longer time after secondary infection.

Previous studies have demonstrated the in
vivo production of activated macrophages after
bacterial or viral infections (1, 6). Other work-
ers have described the time sequence for the
production of sensitized lymphocytes of spleen
and peripheral blood after virus infections (3,
13, 14) and, although studies have shown that
sensitized lymphocytes stimulated in vitro with
the immunizing agent can produce macro-
phage-activating factors (4, 7, 9, 17), little infor-
mation is available on the in vivo temporal
relationships of macrophage activation and pro-
duction of sensitized lymphocytes.

The present study describes the time se-
quence of macrophage and lymphocyte re-
sponses after vaccinia infection of rabbits. The
in vitro responses of lymphocytes in washed
whole blood cultures to virus and to the nonspe-
cific mitogen concanavalin A were determined
after primary or secondary infections, whereas
peritoneal macrophages from similarly infected
rabbits were tested for resistance to in vitro
infection with vaccinia virus (18).
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Medicine, University of Illinois, School of Veterinary Medi-
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MATERIALS AND METHODS

Cells and culture media. Primary rabbit kidney
and chicken embryo fibroblast cultures were pre-
pared by standard methods. Vero cells (a continuous
line of monkey kidney cells) and RK13 cells (a con-
tinuous line of rabbit kidney cells) were subcultured
as required. Cultures were grown in Eagle minimal
essential medium (MEM) (GIBCO) supplemented
with 0.03% L-glutamine, 100 U of penicillin per ml,
100 ug of streptomycin per ml, and 10% inactivated
fetal calf serum (FCS), buffered with 0.075%
NaHCO;.

Whole blood cultures were grown in RPMI 1640
medium (GIBCO) supplemented with 10% FCS and
glutamine, antibiotics, NaHCO,, and HEPES (N-2-
hydroxyethylpiperazine-N’'-2-ethane sulfonic acid)
as described above.

Viruses. Vaccinia virus, WR strain, was grown in
either primary rabbit kidney or Vero cells. The cul-
tures were disrupted by freezing and thawing when
they showed almost total cytopathic effect. Cell de-
bris was removed by centrifugation (1,000 x g for 10
min), and the supernatant fluid was stored in small
aliquots at —70°C. The virus was titrated by plaque
formation on Vero cultures with a liquid overlay of
maintenance medium.

Semliki Forest virus was obtained from M. A.
Chernesky, St. Joseph’s Hospital, Hamilton. The
virus was grown in chicken embryo fibroblast cul-
tures and titrated in similar cells grown in flat-
bottomed microtest plates (Falcon).

Infection of rabbits. Young adult New Zealand
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White rabbits, 6 to 8 1b (ca. 27 to 36 kg), were
obtained from local breeders. Vaccinia virus (total of
107 plaque-forming units [PFU])) was inoculated in-
tradermally into six sites on the shaved back of each
animal.

Infection of peritoneal macrophages. Peritoneal
macrophages were induced by administration of 50
ml of a sterile 4% suspension of starch. Three days
later the anaesthetised animals were exsanguinated
by cardiac puncture, and the peritoneal exudate
cells were removed by washing with Hanks solution
containing 5 U of heparin per ml. The cells were
washed twice in Hanks solution and resuspended in
MEM (10% FCS) to a concentration of 5 x 10° cells/
ml. One-milliliter volumes of cell suspension were
distributed into 1-dram (ca. 1-g) glass vials, and the
cultures were incubated for 1 h at 37°C in an atmos-
phere of 5% CO, in air. Nonadherent cells were
removed by gentle shaking, and the culture medium
was poured off. Vaccinia virus diluted in MEM was
added (multiplicity of infection, 0.2 PFU/cell) and
allowed to adsorb for 1 h at room temperature. Non-
adsorbed virus was removed by rinsing three times
with MEM, and finally 1 ml of MEM (10% FCS) was
added to each culture. Duplicate cultures were fro-
zen at this time and after 48 h of incubation at 37°C.
Virus titers were measured after thawing and brief
sonication of the cultures.

Lymphocyte cultures. Blood was drawn from the
marginal ear vein into heparinized plastic syringes.
It was washed three times in Hanks solution (10 ml)
and suspended in RPMI 1640 medium to give a 50%
suspension. To 1 ml of RPMI 1640 medium, 25 ul of
washed-blood suspension and 0.1 ml of antigen or
mitogen were added, and the cultures were incu-
bated at 37°C in an atmosphere of 5% CO, in air (16).
The cells were resuspended by shaking at 24-h inter-
vals.

Triplicate cultures were stimulated with concana-
valin A (Calbiochem) either 1 or 5 ug/ml, whereas
other cultures were inoculated with two dilutions of
vaccinia virus antigen. This antigen was prepared
by centrifuging a stock virus pool at 100,000 x g for 1
h and resuspending the pellet in one-tenth of the
initial volume. The concentrated virus had a titer of
5.5 x 10’ PFU/ml and was inactivated by ultraviolet
irradiation. Cultures were inoculated with 0.1 ml of
a 1:7 and 1:14 dilution of this preparation. Control
cultures were incubated without concanavalin A or
virus.

The cultures were incubated for 72 h; 5 h before
termination, 1 uCi of [*H]thymidine (specific activ-
ity, 6.7 Ci/mmol; NET-027 New England Nuclear
Corp.) was added. Incubation was terminated by the
addition of 5 ml of cold phosphate-buffered saline
and cells were pelleted by centrifugation. After
freezing and thawing, the pellets were resuspended
in 5 ml of phosphate-buffered saline and filtered
through glass-fiber filters (Whatman), which were
then rinsed with 10 ml of 5% ice-cold trichloroacetic
acid followed by 5 ml of methanol. The filters were
air dried and placed in scintillation vials containing
toluene plus Fluoralloy TLA (Beckman Instru-
ments). Radioactivity was determined in a Beckman
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LS-230 scintillation counter and expressed as the
mean counts per minute of three replicates. Results
were expressed as a stimulation index (SI), which is
the ratio of counts per minute in concanavalin A- or
virus-stimulated cultures to counts per minute in
the control cultures from the same animal.

Blood cell counts. Total leukocyte counts were
performed on heparinized blood using a Coulter cell
counter. Differential counts were performed on
May-Gruenwald-Giemsa-stained smears of whole
heparinized blood.

RESULTS

Lymphocyte response to a primary vaccinia
infection. The responses of typical infected and
noninfected rabbits are described. Similar re-
sponses were observed in other animals in simi-
lar experiments, although the time of maximal
response was found to vary by 2 to 3 days.

Control blood cultures from noninfected ani-
mals showed a low level of spontaneous thymi-
dine incorporation ranging from 200 to 400 cpm.
In contrast, control cultures from infected ani-
mals showed a marked increase in incorpora-
tion of thymidine, which was evident as early
as 2 days postinfection (p.i.) and reached a peak
at 8 days, approximately 100-fold over normal
cultures (Fig. 1). A second peak in immune
cultures was observed at 15 days p.i. and spon-
taneous counts remained 10-fold greater than
normals at 33 days p.i. This secondary peak of
spontaneous thymidine incorporation was ob-
served in most but not all of vaccinia-infected
rabbits.

Incubation of blood cultures from infected an-
imals with inactivated vaccinia virus showed a
pattern of thymidine incorporation similar to
unstimulated cultures (Fig. 1); however, when
a specific SI was calculated, a twofold transient
stimulation of immune lymphocytes was ob-
served on days 7 and 9 (Fig. 2). In convales-
cence a SI of 8 was observed at day 33. In other
animals that were kept for a longer time, Sls of
2 to 3 were recorded up to 15 weeks after infec-
tion. As shown in Fig. 2, inactivated vaccinia
had a slight toxic effect on normal lymphocyte
cultures, resulting in a negative SI.

The response of blood cultures to the nonspe-
cific mitogen concanavalin A was followed
throughout ‘the experiments. Cultures from
normal animals usually showed an SI of 50 to
100. In contrast, immune lymphocyte cultures
showed an apparent marked decrease in re-
sponse to concanavalin A as early as 2 days
after infection. This persisted for 2 weeks and
returned to near normal levels late in convales-
cence (Fig. 3). However, comparison of absolute
counts in concanavalin A-stimulated cultures
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Fic. 1. [*H]thymidine incorporation of whole blood cultures from control (O) and vzwcinia‘infect.ed (Q)
rabbits after a primary intradermal infection with 10" PFU of vaccinia virus. The mean of counts per minute is
shown for nonstimulated and for vaccinia virus-stimulated cultures.
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Fic. 2. SIs for vaccinia virus-stimulated whole
blood cultures from control (O) and vaccinia-infected
(@) rabbits. The SI is the ratio of counts per minute
in virus-stimulated cultures to counts per minute in
nonstimulated cultures from the same animal.

from normal and infected animals indicates
that there is no significant difference in abso-
lute counts between the different cultures.
Thus, the apparent reduced response of im-
mune lymphocytes to concanavalin A as calcu-
lated by the SI appears to be largely an artifact
resulting from the increased spontaneous thy-
midine incorporation in these cultures.
Leukocyte counts of blood from three infected
rabbits showed an increased total leukocyte
count during vaccinia infection, from 7.7 x 103
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Fi1c. 3. Maximal response to stimulation with
concanavalin A (5 or 1 ug) of whole blood cultures
from control (O) and vaccinia-infected (®) rabbits.
The mean of counts per minute in the stimulated
cultures is shown above with the specific SI below.

cells/mm? on day 0 to 12.0 x 10 cells/mm? on
day 8, returning to near normal on day 14.
During this period significant changes were
found in the differential count characterized by
a marked increase in large cells of varying
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morphology, which sometimes contained small
vacuoles. Preliminary studies using a stain for
nonspecific esterase (20) indicate that these
cells are monocytes rather than lymphocytes.
The peak occurrence of these cells appeared to
precede the peak in spontaneous thymidine in-
corporation.

Lymphocyte response to a secondary vacci-
nia infection. Rabbits were reinfected by intra-
dermal inoculation with vaccinia virus 15
weeks after a primary infection. The lesions
produced differed from the primary lesions in
that usually no necrosis was present and local
symptoms were restricted to inflammation with
marked induration. The lesions persisted for
varying periods and were always gone by 14
days after infection. Virus replication occurred
in the lesions as demonstrated by recovery of
infectious vaccinia from homogenized lesions
removed 7 days after infection.

The responses of two infected and one unin-
fected rabbit are described. R56 showed an ele-
vated level of spontaneous thymidine incorpo-
ration and a positive in vitro response to vacci-
nia virus at the time of secondary infection and
had a more severe dermal reaction at the site of
inoculation, with slight necrosis in some le-
sions. Lymphocytes from R57 showed no in-
crease in spontaneous thymidine incorporation
or response to vaccinia virus at the time of
secondary infection, and less severe local reac-
tions were observed at the sites of inoculation.

It is evident from Fig. 4 that there is a
marked increase in spontaneous incorporation
of thymidine by unstimulated lymphocyte cul-
tures from rabbits exposed to a secondary vacci-
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nia infection. An initial fall in counts was ob-
served at day 2; this was followed by an in-
crease in counts that reached a peak on day 9,
five- to eightfold above normal cultures, and
remained elevated for 35 days —the duration of
the experiment. Spontaneous thymidine incor-
poration by these cultures at peak response was
significantly less than in corresponding cul-
tures from a primary infection.

Lymphocyte cultures from secondary infected
rabbits showed a much greater response to vi-
rus stimulation than did corresponding cul-
tures from primary infected animals. Signifi-
cant increases were first measured on day 7,
with levels 20- to 100-fold above cultures from
noninfected animals between 8 and 18 days
after infection (Fig. 4). A greater spontaneous
and virus-stimulated response was found in cul-
tures from R56 as compared with R57 at all
times tested.

Presentation of these results in the form of SI
showed a specific response to virus antigens as
early as 5 days p.i. Significant SlIs with lympho-
cytes from both rabbits persisted for approxi-
mately 2 weeks and returned to preboost levels
by 35 days (Fig. 5).

As in the period after a primary infection, a
decreased SI in response to concanavalin A was
found after secondary infection (Fig. 6). This
was not as marked as with lymphocytes from
primary infected animals but did show a simi-
lar inverse relationship with spontaneous thy-
midine incorporation found in nonstimulated
cultures (Fig. 6).

Macrophage response during primary and
secondary vaccinia infection. Glass-adherent
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Fic. 4. [*H]thymidine incorporation of whole blood cultures from control (O) and vaccinia-infected (R56,
®; R57, A) rabbits. The animals were inoculated intradermally with 107 PFU of vaccinia virus 15 weeks qﬁer
a primary infection. The mean of counts per minute is shown for nonstimulated and for vaccinia virus-
stimulated cultures.
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peritoneal macrophages from rabbits killed at
different times after infection were challenged
with live vaccinia virus. Macrophages from
normal rabbits or those examined early after
infection supported virus replication with a
mean 200-fold or greater (range, 77 to 580) in-
crease in titer (Table 1). Macrophages from
rabbits killed 4 days after infection supported
reduced replication, whereas those collected at
6 days or later were activated and did not sup-
port virus replication. This resistance persisted
for 2 to 3 weeks; reduced levels of replication
were still observed at day 56.

Macrophages collected from rabbits 15 weeks
after a primary infection demonstrated an al-
most normal level of vaccinia replication after
in vitro infection; however, activated macro-
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Fic. 5. SIs for vaccinia virus-stimulated whole
blood cultures from control (O) and vaccinia-infected
(®,R56; A, R57) rabbits after a secondary infection.
The SI is the ratio of counts per minute in virus-
stimulated cultures to counts per minute in non-
stimulated cultures from the same animal.
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phages appeared within 3 days after secondary
infection of these animals (Table 1). This resist-
ance persisted for 9 weeks, at which time the
experiment was terminated.

DISCUSSION

The aim of this study was to follow the lym-
phocyte responses of rabbits after primary and
secondary infection with vaccinia virus and to
determine whether these responses were re-
lated to the appearance and resistance of acti-
vated macrophages.

The results of this study indicate that lym-
phocytes recovered from rabbits during the
acute phase of a primary infection with the WR
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Fi1c. 6. Maximal response to stimulation with
concanavalin A (5 or 1 ug) of whole blood cultures
from control (O) and vaccinia-infected (@, R56) rab-
bits after a secondary infection. The mean counts per
minute is shown above, with the specific SI below.

N

TaBLE 1. Replication of vaccinia virus in peritoneal macrophages®

—Fold increase in virus titer® on day p.i.

Infection
0 2 3 4 6 7 8 10 11 14 17 21 56 63
Primary* 2104 290 6 03 28 11 85 6.5 33 3.0 28
(5) (1) 2 @GO @ 1) 1) (1) (1) 1) 1)
Secondary” 57 0.8 0.4 0.8 0.2 1.3

(D (2) (2)

1.2
@ @ 1 @

o Starch-iqduceq peritoneal macrophages were collected from individual animals at different times after
1r}tradermal infection with vaccinia virus. The glass-adherent cells were challenged in vitro with vaccinia
virus and the degree of virus replication was measured.

® Ratio of titer at 48 h to titer at 0 h.

¢ Rabbits were infected by intradermal inoculation of 107 PFU of vaccinia virus.

4 Mean increase in titer (number of rabbits).

¢ Rabbits were reinfected by intradermal inoculation of 107 PFU of vaccinia virus 15 weeks after a primary

infection.
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strain of vaccinia (i) incorporate high levels of
thymidine in the absence of virus stimulation,
(ii) are relatively insensitive to specific virus
stimulation in vitro in that only a transient and
low level SI is observed, and (iii) when SIs are
compared, appear to be markedly hyporespon-
sive to the nonspecific mitogen concanavalin A
as compared with lymphocytes from normal
rabbits. In comparison to primary infections,
the lymphocytes from rabbits experiencing a
secondary vaccinia infection showed (i) a simi-
lar but decreased spontaneous thymidine incor-
poration, (ii) a greater and more prolonged spe-
cific response to virus stimulation, and (iii) a
similar but less marked apparent hyporespon-
siveness to concanavalin A stimulation.

Rosenberg et al. (13) reported a peak re-
sponse of peripheral leukocytes to vaccinia vi-
rus 14 days after primary infection. These
workers did not present any evidence of in-
creased spontaneous thymidine incorporation
by lymphocytes from infected animals, al-
though this was a striking observation of the
present study. This level of spontaneous thymi-
dine incorporation was so great as to possibly
mask any specific stimulation in response to
vaccinia virus during the acute stage of the
infection.

The virus-specific lymphocyte response after
a secondary vaccinia infection was greater than
during a primary infection, but did not appear
more rapidly. In contrast, Rosenberg and Not-
kins (14) found a lower specific lymphocyte re-
sponse to secondary herpesvirus infection com-
pared with a primary infection. They also found
that after a transient increase in stimulation
levels, the in vitro lymphocyte responses fell to
pre-reinfection levels, with no evidence of a
lasting increased response. In this study the
elevated lymphocyte response to virus stimula-
tion lasted for approximately 2 weeks after sec-
ondary infection.

The production of activated macrophages ap-

peared to differ in a secondary compared with a
primary infection. Although some animal-to-
animal variation occurred, activated peritoneal
macrophages were usually only found 6 days or
later after a primary infection and persisted
usually for 1 to 2 weeks. In contrast, activated
macrophages were present in both rabbits
killed 3 days after a secondary infection and
were present in rabbits killed 56 and 63 days
after reinfection. The degree of resistance was
also greater after secondary infection; a com-
plete absence of challenge virus replication was
usually observed, compared with the low level
of multiplication found after a primary infec-
tion.
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Studies in mice have produced results similar
to those obtained in rabbits. After Listeria
monocytogenes infection, North and Deissler
(10) found a short-lived state of active immu-
nity, i.e., activated macrophages and a long-
lived state of increased immunological poten-
tial that enabled the host to respond to second-
ary infection in an accelerated manner. This
immunological potential was associated with
the presence of a small number of nonreplicat-
ing T cells. These workers observed a more
rapid appearance of activated macrophages
after a secondary infection but associated with
this was a more rapid higher increase in spon-
taneous thymidine uptake by spleen lympho-
cytes in vivo.

The finding of elevated levels of spontaneous
thymidine incorporation by peripheral lympho-
cytes after vaccinia infection of rabbits is simi-
lar to that seen after some virus infections in
man. Thus, Finkel and Dent (2) reported im-
paired lymphocyte responses to phytohemag-
glutinin during acute measles infection and
suggested that this might be related to elevated
spontaneous deoxyribonucleic acid synthesis in
leukocytes from these patients. Munyer et al.
(8) followed lymphocyte responses after immu-
nization with live measles-mumps-rubella vac-
cine and distinguished between a true de-
creased responsiveness to Candida antigen
and an apparent decreased response to con-
canavalin A. As observed in the present study,
the apparent decreased response to concana-
valin A was an artifact due to the presentation
of lymphocyte responses as Sls, calculated on
the basis of greatly elevated counts obtained
from “nonstimulated” cultures.

Although it is evident from this study that
the in vitro lymphocyte stimulation test is a
relatively insensitive measure of immune re-
sponse to vaccinia infection, spontaneous thy-
midine incorporation by lymphocytes from in-
fected animals was an extremely sensitive indi-
cator of an immune response. Lymphocyte re-
sponse to vaccinia infection could be detected as
early as 2 days after infection by this method.
Pagé et al. (12) reported that increases in spon-
taneous thymidine incorporation of leukocyte
cultures were a good indicator of impending
graft rejection in humans.

The problem of correlating macrophage and
lymphocyte responses is difficult. In a primary
infection there is a good temporal relationship
between the appearance of activated macro-
phages and increased spontaneous lymphocyte
stimulation, since both are first detectable at 4
to 6 days after infection and return to near
normal levels after 2 to 3 weeks. This relation-
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ship does not apply during a secondary infec-
tion in which a rapid appearance of activated
macrophages was observed, although increased
spontaneous lymphocyte stimulation was not
found until 7 to 9 days after reinfection. The
level of spontaneous activity was lower than in
a primary infection, yet the macrophages were
more resistant; the resistance and elevated
spontaneous activity did, however, persist
much longer after a secondary infection.

Cytophilic antibody adsorbed to the surface
of macrophages is thought not to play a signifi-
cant role in the observed resistance of activated
macrophages to in vivo infection with vaccinia
virus (15). Also, studies using herpes simplex
virus as the in vitro challenge virus showed a
parallel resistance to infection, as demon-
strated by a reduced number of cells containing
herpes simplex virus antigens demonstrable by
immunofluorescence (McLaren, unpublished
observations). In this instance antibodies to
herpes simplex virus were absent from the vac-
cinia-infected rabbits, suggesting a mechanism
of macrophage activation other than cytophilic
antibody.

Lymphocytes exert their influence on macro-
phages via soluble products, such as migration
inhibition factor, macrophage activating factor,
and interferon. Attempts in the present study
to measure serum interferon levels were incon-
clusive, since only marginally detectable titers
were found. In vitro studies using higher levels
of interferon than those found in the rabbit sera
tested here, however, showed the macrophage/
vaccinia system to be unaffected by pretreat-
ment with interferon (McLaren, unpublished
observations). It is therefore possible that pro-
duction of lymphokines other than interferon
may have produced the activation of macro-
phages. The preliminary finding of monocytosis
at the time, or even preceding, the increased
spontaneous thymidine incorporation suggests
the possibility that activated circulating mono-
cytes may produce lymphocyte-stimulation fac-
tors, assuming that the increased thymidine
incorporation is due to lymphocyte blastogene-
sis. Other work in progress indicates that the
cells responsible, directly or indirectly, for the
increased spontaneous stimulation are lost by
Hypaque-Ficoll fractionation. These results
may thus extend previous observations on mac-
rophage requirements for lymphocyte re-
sponses (5, 11, 19).
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