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Recent studies concerning the mecha-
nism of immunosuppression induced by on-
cornaviruses such as Friend leukemia virus
(FLV) have focused attention on the var-
ious cell classes involved in impaired immu-
nologic function. For example, cell transfer
studies have suggested that antibody precur-
sor cells, rather than antibody-forming cells
per se, may be the major target for immuno-
suppressive leukemia viruses (1-3). Trans-
fer of bone marrow cells from FLV-in-
fected mice, together with thymocytes from
normal mice, resulted in markedly de-
pressed immune responses in irradiated re-
cipients. In contrast, thymus cells from in-
fected mice, at least early during the course
of FLV-induced leukemia, collaborated nor-
mally with bone marrow cells from nonin-
fected animals, indicating that the ‘‘helper”’
cell function of the thymocytes was not
impaired (3, 4).

It is also plausible that macrophages in-
volved in the initial stages of antibody for-
mation to an antigen such as sheep erythro-
cytes, presumably by ‘‘processing’’ or ‘‘fo-
cusing’’ the antigen, might be affected ad-
versely by FLV, resulting in immuno-
suppression. However, a recent study in
this laboratory showed that peritoneal exu-
date cell preparations rich in macrophages
failed to restore normal immunoresponsive-
ness when injected into FLV-infected mice
(5). It is apparent, however, that in vivo
conditions present a number of obvious ob-
stacles to the analysis not only of cell types
involved in normal immune responsiveness
but also analysis of the complex interac-
tions between an immunosuppressive virus
such as FLV and individual lymphoid cells.
Thus, the availability of completely in vitro
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methods for studying antibody formation
provided a valuable alternative to the in
vivo experiments with FLV. For example,
other studies in this laboratory showed that
splenocytes from FLV-infected mice re-
main unresponsive during in vitro immuni-
zation with sheep erythrocytes (6, 7).
Whereas normal splenocytes were readily
immunized in vitro to the erythrocyte anti-
gen, spleen cells from mice infected with
FLV prior to in vitro culture were markedly
depressed in their immune responsiveness.
In the present study, attempts to restore
antibody-forming capability with different
cell types revealed that unlike the in vivo
situation, addition of peritoneal exudate
cells from normal donor mice to FLV-sup-
pressed splenocyte cultures resulted in re-
stored antibody responsiveness.

Methods and materials. Experimental an-
imals. Young adult male Balb/c mice, 6 to 8
weeks of age, were obtained from Cumber-
land View Farms, Clinton, Tennessee, and
housed in groups of six to eight in plastic
mouse cages. They were fed Purina mouse
pellets and water ad libitum.

Leukemia virus. A stock preparation of
FLV passaged in this laboratory for the last
nine years was used for infection of Balb/c
mice. The stock virus preparation consisted
of clarified 10% spleen cell homogenates
from 8-10 day infected Balb/c mice and
contained approximately 10* IDs, virus
doses per ml. The virus preparation was
free of detectable lactic dehydrogenase and
choriomeningitis viruses and consisted of
both the lymphatic leukemia and spleen fo-
cus-forming virus components of the
Friend complex.

Antigen. Sheep erythrocytes (SRBC) in
Alsever’s solution were obtained from Balti-
more Biological Laboratories, Baltimore,
Maryland. The erythrocytes were washed
several times in saline and resuspended toa
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10% concentration (v/v). For in vivo immu-
nization, the mice were injected with 0.2 ml
of a 2% suspension of the RBC’s. For in
vitro immunization (see below), 0.1 ml of a
0.1% suspension of washed RBC was added
to each culture.

In vitro immunization. The Marbrook cul-
ture system for immunization of dispersed
cell suspensions was used for the in vitro
studies (6, 7). The chambers were obtained
from BioResearch Glassware Company,
Vineland, New Jersey. Spleen cell suspen-
sions were prepared either from normal or
FLV-infected mice, as described previ-
ously (6, 7), and 5 x 10% washed spleno-
cytes in 1.0 ml Minimal Essential Medium
(MEM) fortified with 10% fetal calf serum
(Flow Laboratories, Rockville, Md.) were
placed on the dialysis membrane in the in-
ner chamber, and 11 ml of medium were
placed in the outer reservoir chamber. The
vessels were incubated at 37° in an atmos-
phere of 5% CO, and 95% air.

Assessment of antibody-forming cells. Al-
iquots (0.1 ml) of dispersed spleen cell sus-
pensions from mice or Marbrook culture
chambers were added to 2.0 ml 1% melted
agar gel (Difco Laboratories, Detroit, Michi-
gan) containing 0.1 ml of a 10% suspension
of sheep erythrocytes. The agar-cell mix-
ture was quickly poured onto the surface of
a previously prepared petri plate containing
a base layer of 10 ml solidified agar. The
plates were incubated at 37° for 1 hr and
then treated with 2 to 3 ml of a 1:10 dilution
of guinea pig complement. After further in-
cubation at 37° for 1 hr, the numbers of
antibody plaque-forming cells (PFC) were
enumerated exactly as described earlier (6-
8). The numbers of plaques on three or
more plates containing splenocytes from a
single cell suspension were counted and
used to determine the number of plaque-
forming cells (PFC) per million splenocytes
plated or per whole spleen or Marbrook
culture.

Peritoneal exudate cells. Normal mice
were killed 3-5 days after injection with 1.0
ml 2% proteose-peptone (Difco Laborato-
ries, Detroit, Michigan). The peritoneal exu-
date cells were obtained by washing the
peritoneum with 5 to 10 ml MEM. The
resulting cell suspensions were washed by
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low speed centrifugation in the cold several
times, and the cells were resuspended to a
concentration of 5 x 107 nucleated cells per
ml. Approximately 75 to 80% of the cells
were morphologically similar to macro-
phages and readily phagocytized sheep
erythrocytes or carbon particles.

Experimental results. Immunization of
FLV-infected mice resulted in development
of markedly fewer antibody-forming cells
as compared to the responses of nonin-
fected mice. The degree of immunosuppres-
sion was directly related to the time interval
between infection of the donor mice and
challenge immunization. Splenocyte cul-
tures prepared from infected mice failed to
respond normally to sheep erythrocytes
whenimmunized in vitro in Marbrook cham-
bers, as compared to the responses of splen-
ocytes from normal donor animals immu-
nized in vitro in the same way (Table I). For
example, on the seventh day after infection
of mice with a 107! dose of FLV, there were
90 to 95% fewer PFC’s in the spleens of
FLV-infected vs control mice. Similarly,
spleen cells from these infected mice pro-
duced very few PFC’s to SRBC in vitro as
compared to the much larger number of
PFC'’s in similar cultures from normal mice
(Table I). The time of peak response for
PFC production by splenocytes from nor-
mal mice immunized either in vivo or in
vitro was on Day 5. Although the number of
PFC produced by spleen cells from infected
mice was much reduced, the peak response
was also on Day 5.

Addition of PE cells to Marbrook cham-
bers containing the immunosuppressed
splenocytes from infected mice resulted in
varying numbers of PFC’s. Addition of 103
or 10* PE cells did not alter the PFC re-
sponse. In contrast, addition of 10° to 108
PE cells to spleen cell cultures from infected
mice resulted in markedly higher PFC re-
sponses. Optimum responses occurred with
the 3 x 10° PE cell dose. This number of PE
cells resulted in a PFC response essentially
similar to that observed in chambers con-
taining normal spleen cells. Addition of PE
cells to the control spleen cell cultures had
very little effect on the expected PFC re-
sponse except when 108 or more cells were
used. The larger numbers of PE cells con-
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TABLE 1. EFFECT OF INFECTION OF DONOR MICE WITH FLV ON ANTIBODY FORMATION BY SPLEEN
CeLLS IN Vivo orR AFTER IN Vitro IMMUNIZATION WITH SRBC.

In vivo response®

In vitro response‘

Time (days) after infection Per 10 spleno- Percent of Per 10° spleno- Percent of
of mice with FLV? cytes control cytes control
None (controls) 478 + 55 —_ 892 + 75 —
-1 410 = 47 85.8 635 + 48 71.5
-3 112 = 29 23.4 195 = 11 21.9
-7 18+5 3.8 256 2.9
-10 7+3 1.5 122 1.3
-15 5 1.0 9+2 1.0

@ Group of mice injected iv with 10~ dose of FLV on indicated day before testing for PFC responsiveness to

SRBC.

® Average number of PFCs (= SD) for spleen cells from five to six mice per group 5 days after in vivo

challenge immunization with SRBC.

¢ Average number of PFCs (x SD) for four to six Marbrook cultures containing 5 X 10¢ spleen cells from
indicated mouse group 5 days after in vitro immunization with SRBC.

sistently reduced the PFC response of nor-
mal cell cultures. No enhancement was ob-
served with any PE cell concentration in
control cultures. Optimum restoration of
PFC formation occurred when the cells
were added to spleen cell cultures from
FLV-infected mice at the time of culture
initiation. Addition of PE cells to the cul-
tures 1 or 2 days after in vitro immunization
had little if any influence on PFC forma-
tion, suggesting that the restorative effect
occurred only early during the course of
immunization. Addition of splenocytes,
rather than PE cells, to the Marbrook cham-
bers containing infected spleen cells had
very little effect on the PFC response. This
ineffectiveness of normal spleen cells was
consistent with an earlier study where it
was found that even small numbers of in-
fected splenocytes could prevent the nor-
mal immune response of many more unin-
fected spleen cells (6). Furthermore, addi-
tion of glass adherent splenocytes, which
contained many more macrophages than
the unfractionated spleen cell preparations,
also had no restorative effect.

Discussion. The results of this study indi-
cate that the in vitro immunosuppression of
splenocytes from FLV-infected mice can
be readily reversed by addition of PE cell
suspensions from normal donor mice. This
finding contrasts with results of a previous
study indicating that injection of similar PE
cell preparations directly into FLV-infected
mice failed to restore immunocompetence

TABLE II. EFrect oF PE CELLS FROM NORMAL
Mice oN PFC RESPONSIVENESS OF SPLEEN CELL
CULTURES FROM NORMAL AND FLV-INFECTED
Mice IMMuUNIZED IN ViTRo wiTH SRBC.

PFC response per 10° spleen

cells?
Number of PE
cells added per FLV-infec-
culture® ted” Noninfected

None 62 + 27 612 + 80
3 x10° 123 £ 59 645 + 138
3 x 10¢ 168 + 54 690 + 180
10° 361 = 136 640 + 150
3 x 10° 386 + 204 593 + 192
108 279 + 111 442 + 163

¢ Cultures of 5 x 10° spleen cells from either FLV-
infected or normal mice incubated in Marbrook cham-
bers with indicated number of PE cells and immunized
with SRBC.

b Average response of four to eight cultures per
group 5 days after in vitro immunization of spleen cells
from infected or normal mice.

¢ Donor mice infected iv with 10! dose of FLV 7
days before obtaining spleen cells for culture.

to the same RBC antigens (5). In the in vitro
situation, splenocytes from infected ani-
mals, although markedly impaired in their
ability to respond to sheep RBC’s as com-
pared to the response of normal spleen
cells, regained their ability to do so in the
presence of PE cells. The PE cell suspen-
sions may have provided a population rich
in ‘‘activated”’ macrophages, which either
directly or indirectly influenced the anti-
body responsiveness of the immunosup-
pressed spleen cells from infected animals.
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This seems likely since more than 80% of
the morphologically identifiable PE cells ap-
peared to be macrophages. Furthermore,
results of other studies (unpublished) indi-
cated the PE cells harvested from unstimu-
lated mice had little, if any, restorative ef-
fect. Fewer than 40% of the cells in such
cell suspensions appeared to be macro-
phages. Spleen cell suspensions from nor-
mal mice, which also contain macrophages,
were also ineffective, even when added in
larger numbers. In addition, glass adherent
cells prepared from normal spleen cell sus-
pensions were without effect. Such ineffec-
tiveness of splenic macrophages might be
due to the absence of activation of these
cells in the spleen; injection of proteose-
peptone intraperitoneally probably results
in ‘‘activation’’ of macrophages only in the
peritoneum and not the spleen or other
lymphoid tissues.

A related study in this laboratory with a
lymphatic leukemia virus (Rowson—Parr vi-
rus) resulted in essentially similar restora-
tion of antibody formation with PE celis (9,
10). In vitro cultures of spleen cells from
such leukemia-virus infected mice were im-
munodeficient, but showed essentially nor-
mal immune responsiveness upon addition
of relatively small numbers of PE cells. The
Rowson-Parr virus was obtained originally
by end-point dilution procedures from the
spleens of FLV-infected mice. This virus
causes very little if any splenomegaly in
susceptible mice during the first few weeks
of infection. Addition of 10> PE cells from
proteose-peptone-stimulated donor mice re-
sulted in restoration of PFC responsiveness
similar to that observed in the present study
with FLV-suppressed splenocytes. Further-
more, treatment of the PE cells with anti-
theta or anti-Ig serum plus complement be-
fore addition to the cultures to eliminate T-
or B-lymphocytes failed to affect the immu-
nologic restorative properties of the PE
cells (9, 10).

The mechanism of restoration of PFC
responsiveness by induced PE cells may be
due to more optimum phagocytosis and/or
processing of the RBC’s in the in vitro cul-
tures, so that the antigen may be presented
to antibody precursor cells in a more effi-
cient form. It is possible that the antigen-
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processing macrophages are suppressed in
the spleen of FLV, as well as other leuke-
mia virus-infected mice (3). In addition, an
impairment of actual immunocytes is also
likely. Nevertheless, addidtion of ‘‘nor-
mal’’ PE cells containing functional macro-
phages may provide the cultures with a
more optimally ‘‘processed’’ antigen that
can serve as a more efficient immunogen
for the depressed numbers of antibody pro-
ducing cells. A quantitative or qualitative
immune defect in the cultures remaining,
even after addition of PE cells, would ac-
count for the failure to induce full restora-
tion of antibody responsiveness. This
seems due to the absence of normal num-
bers of antigen reactive or antibody precur-
sor cells in infected spleens. Even with opti-
mum *‘processing’’ of RBC’s by added PE
cells, the absence of optimal numbers of
such precursor cells would result in a less
than maximum PFC response.

The results of the present study also indi-
cate that a close contact between added PE
cells and lymphocytes may occur in vitro as
compared toin vivo. The earlier study show-
ing that adoptive transfer of PE cells to
FLV-infected mice failed to alter immuno-
suppression in vivo may be due to the possi-
bility that the transferred PE cells did not
reach the appropriate site and/or ‘‘home”’
normally into the recipient spleen. Thus,
optimum contact between transferred PE
cells and the depressed number of antibody
precursor cells may not occur in vivo. The
marked disruption of normal splenic archi-
tecture after FLV injection may also make
interaction between transferred PE cells
and resident lymphoid cells less than opti-
mum. On the other hand, in the in vitro
situation, even small numbers of antigen-
reactive or antibody precursor cells might
respond in a positive manner when normal
PE cells are added to the cultures.

Although it seems likely that the primary
immunological defect in FLV-infected ani-
mals is depletion of immunocytes and their
precursors (3), the results of the present
study suggest that impaired macrophage
function (i.e., antigen processing activities)
may also be important and that restoration
of antibody responsiveness may occur
when PE cell suspensions rich in macro-
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phages from normal mice are added to cul-
tures of spleen cells from infected mice.
However, additional studies in progress
with other cell types, including purified T-
and B-cell preparation, should also be of
value inelucidating the mechanism of immu-
nodepression by leukemia viruses.
Summary. Depressed antibody respon-
siveness to sheep erythrocytes in mice in-
fected with Friend leukemia virus contin-
ued in vitro when spleen cell cultures from
infected animals were cultured in the pres-
ence of antigen. Addition of PE cells from
normal donor mice to the immunologically
depressed splenocyte cultures resulted in a
marked restoration of antibody responsive-
ness. Restoration of the immune response
was PE cell dose-dependent; a ratio of 1 PE
cell per 10 splenocytes resulted in the larg-
est numbers of PFC’s. These results sug-
gest that impaired antibody responsiveness
by spleen cell cultures from FLV-infected
mice may be due, in part, to effects on
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antigen-processing macrophages, since res-
toration of immune responsiveness occurs
by PE cell supplements.

1. Friedman, H., and Ceglowski, W. S., Nature 218,
1232 (1968).

2. Ceglowski, W. S., and Friedman, H., J. Immunol.
103, 460 (1969).

3. Friedman, H., Israel J. Med. Sci. 10, 1052 (1974).

4. Ceglowski, W. S., and Friedman, H., Advan.
Exp. Med. 29, 499 (1973).

5. Ceglowski, W. S., and Friedman, H., Proc. Soc.
Exp. Biol. Med. 148, 808 (1975).

6. Kateley, J., Kamo, 1., Kaplan, J., and Friedman,
H., J. Nat. Cancer Inst. 53, 1371 (1974).

7. Kamo, L., Kateley, J., Kaplan, G., and Friedman,
H., Proc. Soc. Exp. Biol. Med. 148, 383 (1975).

8. Jerne, N. A., and Nordin, A. A., Science 140, 405
(1963).

9. Specter, S., Bendinelli, M., and Friedman, H.,
Fed. Proc. 34, 866 (1975).

10. Bendinelli, M., and Friedman, H., J. Nat. Cancer
Inst., to appear.

Received May 9, 1975. P. S. E. B. M., 1976, Vol. 151.



