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Humoral and cellular immunity was assessed serially in preleukemic AKR mice
and Gross virus-injected C3H/HeJ mice over a period of 10 to 12 months. Quanti-
tative gamma globulin, hemagglutinin and hemolysin titers after immunization with
sheep red blood cells, and macrophage-migration inhibition were determined. Nor-
mal production of gamma globulins as well as humoral antibodies was found in
both of these experimental groups of mice, whereas macrophage-migration in-
hibition, which is believed to be a correlate of cellular immunity, appeared to be
abnormal throughout the life of these animals, which were destined to develop a
high incidence of lymphoma. Some aspects of this apparent dissociation between
humoral and cellular immune response are discussed with regard to the mouse virus
lymphoma system, primarily involving the thymus, which was used in these studies.

Impaired immune responsiveness in the pres-
ence of malignant disease poses the question of
whether malignancy preferentially develops in in-
dividuals with impaired immunity. Virus-induced
mouse leukemia is a useful model for answering
this question, because one is dealing with a popu-
lation in which the ultimate development of malig-
nancy can be predicted. Several studies have been
made in animals with the rapidly developing leu-
kemias that follow the injection of Friend or
Rauscher virus (3, 11, 18, 19, 22, 23). These dis-
eases become overt only a few weeks after inocu-
lation of the virus (2, 15). Immunological reac-
tivity has been assessed by measuring humoral
antibody titers, which have been shown to be de-
pressed from shortly after virus inoculation to a
stage of advanced disease. The short latent period
between the inoculation of the virus and the ap-
pearance of overt malignant changes makes it
difficult to evaluate true preleukemic immune
responses in studies of these leukemias.

In lymphomas induced by the Moloney or
Gross virus, the latent period from inoculation
of the virus to the development of overt disease is
several months. During much of this time, the
morphology of the lymphoid tissues remains nor-
mal (9, 10). The infected animals ultimately show
a high incidence of lymphoma, originating in the
thymus and disseminating to lymphoid and other
tissues (14). These diseases lend themselves to the
study of immune response in a period when the
animal is essentially normal, but destined to de-
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velop lymphoma. Cellular immunity has been
shown to be depressed by measurement of skin-
graft survival in Gross virus-infected preleukemic
C3H mice (7) and in Gross virus-carrying pre-
leukemic AKR mice (8). No serial studies have
been done to follow the extent of impairment of
cellular immunity at different times in the preleu-
kemic period. Some controversy exists with regard
to the impairment of humoral immunity in pre-
leukemic Moloney and Gross virus-infected ani-
mals: some studies show depression of antibody
formation before the appearance of overt lym-
phoma (4, 5, 21), whereas others deny an impair-
ment of humoral immune response during the in-
duction phase of this disease (16, 22).

In the present investigation, humoral and cellu-
lar immunity as well as immunoglobulins were
studied in preleukemic, Gross virus-infected
C3H/HeJ mice and in AKR mice, presumably
congenitally infected with virus, at intervals
during the prelymphoma period, to determine
the extent and time of development of changes
in the immune responsiveness of these ani-
mals.

MATERIALS AND METHODS

Animals. Two groups of mice from the inbred colo-
nies maintained in this laboratory were used-the
AKR strain, which naturally harbors Gross leukemo-
genic virus, transmits it to its progeny, and dies from
lymphoma usually between the ages of 6 and 12
months; and the C3H/HeJ strain, which does not
carry the virus but 50% of whose members die from
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lymphoma between the ages of 3 and 9 months when
injected with Gross virus as newborns.

Mice were assigned to experiments in groups at the
time of birth. Animals dying before the time of the
experiment were autopsied to determine the cause of
death. The thymus, lymph nodes, and spleen were ex-
amined. The diagnosis of lymphoma was made if a
characteristic massive enlargement of the thymus was
present. This was often accompanied by enlargement
of the spleen, lymph nodes, and liver. This enlarge-
ment is caused by an infiltration of cells with the
microscopic morphology of a lymphoblastic
lymphoma. The words lymphoma and leukemia in
this paper are used interchangeably to describe this
disease.

Virus. The virus originally was supplied by L.
Gross in the form of a leukemic C3Hf/Bi mouse and
has been maintained in this laboratory by repeated
passage into 3- to 5-day-old AKR mice in which it
produces a 100% incidence of accelerated lymphoma.
Cell-free filtrates were made from leukemic tissues of
AKR mice with accelerated lymphoma according to a
procedure detailed previously (26). A 0.1-ml amount
of filtrate was injected intraperitoneally into 3- to 5-
day-old C3H/HeJ mice.

Protein studies. For quantitative protein determina-
tion, fresh tail blood was placed in nonheparinized
capillary tubes and centrifuged; the serum was stored
at -68 C until further processing. Total protein was
measured by the method ofLowry et al. (13); 0.025-ml
samples of serum were used. The amount of protein
was read from a standard curve prepared from bovine
serum albumin dilutions of known concentrations.
Serum electrophoresis was done with a Phoroslide
Micromethod (Millipore Corp., Bedford, Mass.).
Electrophoresis strips were evaluated on a densitom-
eter with electric integrator, and the different protein
fractions were computed from the integrator's
tracings.

Hemagglutinin and hemolysin titers. Five days
prior to the collection of blood, mice were injected
intraperitoneally with 0.3 ml of a 40% suspension of
sheep red blood cells (SRBC). The animals were anes-
thetized and bled from the axillary artery. Prior to
processing, serum was inactivated at 56 C for 30 min.
Serial dilutions of individual sera were prepared by use
of a microtiter apparatus. A 2% suspension of washed
SRBC was used for hemagglutinin tests, and a 2% sus-
pension of SRBC plus an equal volume of 5% guinea
pig complement was used for hemolysin tests. Titers
were read after 1 or 2 hr of incubation at 37 C for
hemolysins and hemagglutinins, respectively, and re-
corded as the log2 of the last dilution of serum showing
1+ agglutination or hemoloysis.

Macrophage-migration inhibition (MMI). Cellu-
lar type reactions were assessed by means of the MMI
test as developed by George and Vaughan (12) and
David et al. (6). Groups of mice were injected into the
four footpads (0.05 ml in each foot) and the neck mus-
cles (0.1 ml) with complete Freund's adjuvant 3 weeks
prior to being studied for cellular immunity. At the
time of the experiment, the animals were anesthetized
and killed by bleeding from the axillary artery. By

washing the peritoneal cavity several times with small
amounts ofcold saline through a small incision in the
abdominal wall, peritoneal cell suspensions were ob-
tained, containing 3 X 106 to 9 X 106 cells in 12 to 15
ml of saline, of which 60 to 90% were macrophages
and 10 to 40% were lymphocytes. Lymph node cell
suspensions were prepared from the same animals by
grinding axillary and inguinal lymph nodes in a tissue
grinder with cold saline, and 0.2 to 0.5 ml of this lymph
node cell suspension containing 2 X 106 to 5 X 106
cells was added to the peritoneal cell suspension. The
cell mixture was then centrifuged at 900 rev/min for 6
min; the supematant was removed, and the cells were
washed twice with cold Eagle's minimal essential
medium. After the second washing, the cells were sus-
pended in a small amount of the medium and placed
into two to four capillary tubes 0.7 mm in inner di-
ameter and 75 mm long. These tubes were sealed with
plastic clay, and the cells were sedimented by centrifu-
gation. The tubes were then cut at the cell-fluid
interphase, and the cell-containing ends were placed
into two Sykes-Moore culture chambers, one of which
was filled with 15 ,ug of PPD (tuberculin, purified pro-
tein derivative) in Eagle's medium; the other was filled
with Eagle's medium only, to serve as a control. The
prepared chambers were incubated for 18 to 24 hr at
37 C. At that time, macrophage migration was ob-
served under a dissecting microscope, the samples
were photographed, and two diameters of the migra-
tion area, which had the shape of an elipse, were
measured on black and white enlargements (X 35).
The results are expressed as the percentage of migra-
tion area (obtained by multiplying the two diameters)
in the antigen-containing chamber, based on the full
migration area in the uninhibited control chamber as
100%.

RESULTS
Mortality from leukemia. Data from 168 AKR

mice showed that the majority of the animals die
with lymphoma between the ages of 7 and 11
months, and that by the age of 18 months 100%
of these animals are dead from lymphoma. Mor-
tality from lymphoma of C3H/HeJ mice was cal-
culated for the 206 experimental animals used in
this study. Between the ages of 3 and 10 months,
about 50% of virus-injected C3H mice died from
leukemia. These data compare very well with pre-
vious results obtained in this laboratory (26).
Lymphoma did not develop in the breeding
colony of C3H/HeJ mice during the first year of
life.

Protein studies. Albumin and protein fractions
of serum were determined quantitatively from
serum electrophoresis and total protein measure-
ments. As shown in Table 1, there were no sig-
nificant differences between the serum levels of
albumin and globulin in the three groups of ani-
mals studied. Similarly, total protein and gamma
globulins in normal and virus-injected C3H/HeJ

VOL. 2, 1970 399



FREY-WET[STEIN AND HAYS INFEC. IMMUN.

TABLE 1. Summary of serial seruim proteini studies in nzormal C3H/HeJ, viruis-inijected C3H/HeJ, and
AKR mice

Animal group

C3H/HeJ normal
1.5 months
2.5 months
4 months
7 months
10 months
12 months

C3H/HeJ virus-
injected

1.5 months
2.5 months
4 months
7 months
10 months
12 months

AKR
1.5 months
2.5 months
4 months
7 months
10 months
12 months

No. of Total Gamma
animals protein globulins Albumin

7ng,"'100 7ml vig"'100 1W %o

14 4.8 0.13 40.4
11 6.2 0.35 34.1
8
6
10
10
;I

12
12
11
9
7
6

7
11
13
11
7
2

v.0L

6.0
6.0
6.6
5.1

5.8
6.0
6.5
7.2
6.4
7.4

4.7
5.1
5.9
7.0
5.4
5.2

0.34
0.47
0.42
0.36

0.10
0.45
0.45
0.53
0.42
0.38

0.11
0.29
0.34
0.39
0.33
0.14

JU-T. 1

40.6
34.9
40.2
37.8

47.6
36.3
37.3
35.2
36.2
39.6

41.5
41.4
37.1
41.7
36.8
40.0

Globulins

0 1 a2-3 d '

C.. C, C- C'

18.0 17.1 20.5 2.7
15.5
13.5
17.4
13.5
15.1

13.5
18.6
15.0
18.0
17.6
15.0

17.9
17.0
13.9
17.3
21.1
24.6

13.2
17.0
14.4
13.2
14.4

14.8
13.0
15.9
16.2
13.6
14.9

16.5
16.6
16.3
13.6
12.2
11.1

23.9
22.9
25.3
27.6
26.0

22.0
24.8
24.6
23.2
26.2
27.1

22.0
19.1
25.5
21.7
23.5
21.6

5.7
5.7
7.9
6.3
6.6

1.7
7.5
6.9
7.4
6.5
4.4

2.4
5.7
5.8
5.6
6.2
2.7

mice showed no significant or consistent differ-
ences. However, in AKR mice the protein and
gamma globulin levels appeared to be somewhat
lower than in C3H/HeJ mice. This most likely
was due to the difference in strain and may not be
related to the presence of virus. Low Gamma
globulin levels were found in 12-month-old AKR
mice with lymphoma.

Hemagglutinin and hemolysin titers. In Fig. 1,
the mean values for hemagglutinin and hemolysin
titers of AKR mice and virus-injected and normal
C3H mice are presented. No specific alteration in
the immune response to SRBC could be demon-
strated in animals with natural or induced viral
infection. At 12 months, reduced titers were
found in two AKR mice with generalized lym-
phoma, and one mouse with lymphoma had a
normal immune response.
MMI. The results of the study of cellular im-

mune response as assessed with the MMI test are
represented in Fig. 2 and 3. The inhibition of
macrophage migration is due to the production
of MMI factor by immunologically stimulated
lymphocytes (1). This is a qualitative rather than
a quantitative method, which is dependent on the
reactivity of a given animal to a specific antigen.
The normal range of the results appeared to be
quite wide, and individual animals were not
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FIG. 1. Means of sheep red blood cell hemagglutinin
and hemolysin titers in untreated C3H/HeJ mice,
Gross virus-injected C3H/HeJ mice, and preleukemic
AKR mice at different ages. The numerals refer to the
number ofanimals studied in each group.
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FIG. 2. Macrophage migration in Freund's adjuvant-immunized and unimmunized nzormal C3H/HeJ mice?
virus-injected C3H/HeJ mice, and preleukemic AKR mice. Each point represents the value for an individual
animal. Crossed points indicate animals with macroscopic evidence of lymphoma at the time of the macrophage
migration study.
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FIG. 3. Means of the data presented in the scatter-
gram in Fig. 2, comparing Freund's adjuvant-immunized
mice in the three groups with 4-month-old unimmunized
controls. Symbols: 0---.O, AKR mice; 0-0,
virus-injected C3H/HeJ mice; 0-*, nzormal
C3H/HeJ mice.

necessarily representative of a whole group. The
scattergram in Fig. 2 demonstrates the wide
range of values found. However, when mean

values were compared (Fig. 3), it was clear that
macrophage migration was inhibited in immun-

nized, normal C3H/HeJ mice in the presence of
antigen throughout life to an average level of
60%. Such inhibition could not be demonstrated
in preleukemic AKR mice or in C3H/HeJ mice
given neonatal inoculation of the Gross leukemo-
genic virus. In these animals, macrophage migra-
tion was similar to that found in the unimmu-
nized controls of the same experimental group.
This difference between normal and preleukemic
mice persisted throughout the observation period
from the age of 1.5 to 10 or 12 months. This
difference in MMI between normal animals and
those with naturally occurring or induced virus
infection for most points was highly significant
as calculated with the Student t test (Table 2).

DISCUSSION
This study was concerned with the immuno-

logical response during the latent phase of tumor
development in potentially leukemic mice. Im-
munity was tested in two basically different
strains of animals. Mice of the AKR strain
transmit causative virus from mother to offspring.
Eventually, lymphoma develops in 100% of the
animals. Mice of the C3H/HeJ strain develop
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TABLE 2. Significance of difference in macrophage migration between animals with natural and induced
Gross virus infection and normal animals

pa
Experimental groups compared

C3H normals/C3H virus-in-
jected.......................

C3H normals/AKR...........

a Determined by the Student t test.

lymphoma only when inoculated with Gross virus
and then with a lower incidence, but shorter
latent period, than that found in the "spon-
taneous" disease of the AKR strain. Lymphoma,
in these two situations, is known to develop first
in the thymus, from which the malignant cells
disseminate to produce a generalized disease.
Metcalf demonstrated that transplantation of
AKR preleukemic thymus into young AKR mice
did not induce leukemia unless lymphoma cells
could be shown to be present in the graft at the
time of transplantation, and such cells could not
be found earlier than 4 or 6 weeks before death
from lymphoma (14). Thus, the assumptions can
be made that AKR mice are free from lymphoma
cells before the age of 4 months, and that malig-
nant cells are probably not present in virus-
injected C3H mice until after 2 months of age.
Therefore, observations made in the early months
of life in AKR and virus-inoculated C3H/HeJ
mice are considered to be in animals with estab-
lished viral infection but without lymphoma cells.

In the present study, no impairment of humoral
immunity, as assessed indirectly by quantitative
gamma globulin determination and directly by
hemagglutinin and hemolysin responses to SRBC,
was found at any age. As mentioned previously,
impaired humoral antibody responses have been
found during the preleukemic period after inocu-
lation of Friend and Rauscher viruses. Because
the viruses produce almost immediate morpho-
logical alterations in the lymphoid system and
cause leukemia within a few weeks after inocula-
tion, their effects on humoral immunity cannot be
directly compared with the long latent period
system used in the present study. In Moloney
virus-infected rats, Cremer showed an increasing
depression of gamma globulin levels and a
moderate though consistent reduction in he-
molysin and hemagglutinin titers during the pre-
leukemic period (4, 5). Peterson and co-workers,
using a Gross virus-infected C3H strain, also
showed some impairment of antibody production
against T2 phage (21). On the other hand, Sala-
man and Wedderburn did not find defective pro-

duction of hemagglutinins in Moloney virus-
infected preleukemic Balb/c mice (22). Metcalf
and Moulds, in a similar study of humoral im-
munity in preleukemic AKR mice, reported
normal formation of the hemolytic plaques by
spleen cells and normal hemagglutinin or he-
molysin titers after stimulation of these animals
with SRBC, unless obvious lymphoma was
present (16).

In the present report, the MMI test when
adapted to mice demonstrated that the MMI
factor is depressed in the prelymphoma period in
animals with both virus-induced and spontaneous
disease. If, as has been shown by others (6, 12, 24,
25), MMI is a true correlate of delayed hyper-
sensitivity or, in other terms, cellular immunity,
these results agree with published studies (7, 8)
showing impaired cellular immune response in
preleukemic C3H and AKR mice as assessed
by prolonged skin allograft survival.
The finding of an impaired cellular immune

response but intact humoral immunity in the
mice used in the present studies should not be
unexpected. The thymus has been shown to be
necessary for the development of normal cellular
immunity (17), and this same organ is the target
for the development of lymphoma in the two host
systems studied. This fact allows for speculation
as to the mechanisms of lymphomagenesis. It
could be postulated that impaired cellular im-
munity is the result of a viral attack on thymus
cells. This might then cause a derangement of
thymus function which, occurring over a period
of time, could ultimately result in lymphoma.
Alternatively, the fact that impaired cellular im-
munity occurs long before overt lymphoma sug-
gests a dual role for the virus: immunosuppression
and malignant transformation. Tumor-specific
antigens have been demonstrated in Gross virus-
induced lymphomas (20); therefore, lymphoma
could result when the virus-transformed malig-
nant cell found itself in an environment of im-
paired host cellular immunity. The present
studies do not provide sufficient evidence to allow
conclusions along these lines, but they do show
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that specific functional changes in the immune
mechanism occur in the prelymphoma period
that must be related to the organ in which the
malignant disease is ultimately found.

ACKNOWLEDGMENTS

The technical assistance of Luz Artaza, Jeanne Carr, Ione
Crawford, and Sallie Tucker is greatly appreciated. We are in-
debted to Norman Simmons for advice and help in doing the paper
electrophoresis studies.

This study was supported by contract AT(04-I)GEN-12 be-
tween the Atomic Energy Commission and the University of Cali-
fornia, Los Angeles; by the Hal Walls Foundation and the Cali-
fornia Institute of Cancer Research; and by the Swiss Academy of
Medical Sciences Foundation for Biomedical Fellowships.

LITERATURE CITED

1. Bloom, B. R., and B. Bennett. 1967. Studies on the migration
inhibitory factor associated with delayed-type hypersensi-
tivity: cytodynamics and specificity. Transplantation 5:996-
1000.

2. Boiron, M., J. P. Levy, S. Oppenheim, and J. Bernard. 1965.
Pathogenesis of Rauscher leukemia. J. Nat. Cancer Inst.
35:865-884.

3. Ceglowsky, W. S., and H. Friedman. 1968. Immunosuppres-
sive effect of Friend and Rauscher leukemia disease viruses
on cellular and humoral antibody formation. J. Nat. Cancer
Inst. 40:983-995.

4. Cremer, N. E. 1967. Selective immunoglobulin deficiencies in
rats infected with Moloney virus. J. Inmunol. 99:71-81.

5. Cremer, N. E., D. 0. Taylor, and S. J. Hagens. 1966. Anti-
body formation, latency and leukemia: infection with
Moloney virus. J. Immunol. 96:495-508.

6. David, J. R., S. Al-Askari, H. S. Lawrence, and L. Thomas.
1964. Delayed hypersensitivity in vitro. I. The specificity of
inhibition of cell migration by antigens. J. Immunol. 93:
264-273.

7. Dent, P. B., R. D. Peterson, and R. A. Good. 1965. A defect in
cellular immunity during the incubation period of passage
A leukemia in C3H mice. Proc. Soc. Exp. Biol. Med. 119:
869-871.

8. Doell, R. G., C. deVaux St. Cyr, and P. Grabar. 1967. Im-

mune reactivity prior to development of thymic lymphoma
in C57B1 mice. Int. J. Cancer 2:103-108.

9. Dunn, T. B., J. B. Moloney, A. G. Green, and B. Arnold. 1961.
Pathogenesis of a virus-induced leukemia in mice. J. Nat.
Cancer Inst. 26:189-221.

10. Furth, J., and M. C. Boon. 1945. The time and site of origin
of the leukemic cell. A.A.A.S. Research Conference on

Cancer, American Association for the Advancement of
Science, Washington, D.C., p. 129-138.

11. Gelzer, J., and F. M. Deitrich. 1968. Hemagglutinin produc-
tion in tumor-bearing and leukemic mice. Int. J. Cancer
3:51-60.

12. George, M., and J. H. Vaughan. 1962. In vitro cell migration
as a model for delayed hypersensitivity. Proc. Soc. Exp.
Biol. Med. 111:514-521.

13. Lowry, 0. H., N. J. Rosebrough, A. L. Farr, and R. J.
Randall. 1951. Protein measurement with the Folin phenol
reagent. J. Biol. Chem. 193:265-275.

14. Metcalf, D. 1966. Histologic and transplantation studies on

preleukemic thymus of the AKR mouse. J. Nat. Cancer Inst.
37:425-442.

15. Metcalf, D., J. Furth, and R. F. Buffett. 1959. Pathogenesis of
mouse leukemia caused by Friend virus. Cancer Res. 19:
52-58.

16. Metcalf, D., and R. Moulds. 1967. Immune responses in pre-

letukaemic and leukaemiic AKR mice. Int. J. Cancer 2:53-
58.

17. Miller, J. F. A. P., and D. Osoba. 1967. Current concepts of
the immunological function of the thymus. Physiol. Rev.
47:437-520.

18. Millian, S. J., and M. Schaeffer. 1968. Antibody production
by mice infected with selected murine oncogenic agents.
Cancer 21:989-999.

19. Odaka, T., H. Ishii, K. Tamaura, and T. Yamamoto. 1966.
Inhibitory effect of Friend leukemia virus infection on the
antibody formation to sheep erythrocytes in mice. Jap. J.
Exp. Med. 36:277-290.

20. Old, J., E. A. Boyse, and E. Stockert. 1965. The G (Gross)
leukemia antigen. Cancer Res. 25:813-819.

21. Peterson, R. D., R. Henrickson, and R. A. Good. 1963. Re-
duced antibody forming capacity during incubation period
of passage A leukemia in C3H mice. Proc. Soc. Exp. Biol.
Med. 114:517-520.

22. Salaman, M. H., and N. Wedderburn. 1966. The immunode-
pressive effect of Friend virus. Immunology 10:445-458.

23. Siegel, B. V., and J. S. Morton. 1966. Serum agglutinin levels
to sheep red blood cells in mice infected with Rauscher
virus. Proc. Soc. Exp. Biol. Med. 123:467-470.

24. S0borg, M. 1967. In vitro detection of cellular hypersensitivity
in man. Specific migration inhibition of white blood cells
from Brucella-positive persons. Acta Med. Scand. 182:167-
174.

25. Thor, D. E., and S. Dray. 1968. A correlate of human de-
layed hypersensitivity: specific inhibition of capillary tube
migration of sensitized human lymph node cells by tubercu-
lin and histoplasmin. J. Immunol. 101:51-61.

26. Vredevoe, D. L., and E. F. Hays. 1969. Effect of antilympho-
cytic and antithymocytic sera on the development of mouse
lymphoma. Cancer Res. 29:1685-1690.

VOL. 2, 1970 403


