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Department of Anatomy, Medical College of Virginia, Virginia Commonwealth University, Richmond, Virginia 23298 [A. K. S.], and Meloy Laboratories, Inc.,

Springfield, Virginia 22151 [B. A. D., K. E. B.]

ABSTRACT

Morphologically defined stages of 1,2-dimethylhydrazine
(DMH)-induced colorectal carcinogenesis were correlated with
concomitant changes in the immunological competence of
susceptible SWR/J mice. The morphogenesis of colorectal
tumors and the cellular changes occurring in the spleen, drain-
ing (mesenteric) lymph node, thymus, liver, and lung of mice
were studied during and after chronic s.c. administration of the
carcinogen (15 mg DMH per kg body weight per week for 20
weeks). The immunological competence of T- and B-lympho-
cytes of spleens and draining lymph nodes was measured
biweekly by tritiated thymidine incorporation in response to in
vitro stimulation with concanavalin A and bacterial endotoxin.

A triphasic modulation of the regional (draining lymph node)
and systemic (splenic) immunocompetence was demonstrated
in DMH-treated mice during colorectal carcinogenesis. The
three phases of modulation correlated with the latency of
appearance of colorectal lesions, tumor progression, and the
development of invasive adenocarcinomas. Cellular changes in
the draining lymph node and the spleen reflected the mitogen
reactivity of T- and B-lymphocytes in Phases | and lll. In Phase
I, however, splenic mitogen reactivity did not reflect the mor-
phologically detectable enhancement of the splenic immune
response due to the dilution effect of the extensive myeloid
metaplasia in the red pulp.

In Phase |, a depression of the regional immunocompetence
and an enhancement of the systemic immunocompetence ini-
tiated by DMH preceded the development of the initial colorec-
tal lesions. In Phase Il, an enhanced regional and systemic
immunity corresponded to morphogenetic changes in the co-
lorectal epithelium representing a transition from hyperplasia
to neoplasia. In Phase lll, a reduction in both regional and
systemic immunocompetence was associated with the growth
of adenocarcinomas. Subsequently, systemic immunity, as in-
dicated by the continued depression of mitogen reactivity and
the depletion of the splenic white pulp, was abrogated concom-
itantly with the increase in tumor burden. Regional immunity,
however, recovered and became enhanced simultaneously
with the appearance of invasive adenocarcinomas.

The observations indicated a DMH-initiated, tumor develop-
ment-mediated modulation of immunocompetence. This mod-
ulation resulted in a compromise, a dynamic tumor-host inter-
action which favors the ultimate development of invasive colo-
rectal adenocarcinomas.

' Research conducted at Meloy Laboratories, Inc.

2 To whom requests for reprints should be addressed, at Meloy Laboratories,
Inc., 6715 Electronic Drive, Springfield, Va. 22151.
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INTRODUCTION

Experimental models for the study of colon tumor develop-
ment have been described for rats, mice, and hamsters (4, 8,
9, 22, 29). Currently, models utilize DMH?® or azoxymethane,
the synthetic analogs of cycasin, for the induction of colorectal
tumors (9, 10, 29, 35, 46, 47, 50). The histological similarity
of the induced lesions to colon tumors of humans emphasizes
the relevance of these tumor models in the study of colon tumor
development (10, 24, 25, 32, 47).

A recent report from our laboratory on the sensitivity of 5
different strains of mice to DMH-induced colon tumor devel-
opment supports the functional role of genetic factors in the
determination of susceptibility to chemical carcinogenesis (9).
Among the mice studied, SWR/J and P/J mice were the most
susceptible, with colorectal tumor incidences of 85 and 80%,
respectively. The high incidence of colorectal adenocarcino-
mas, associated with only occasional anal tumors, makes the
SWR/J model especially suitable for the study of the morpho-
genesis and immunology of colorectal tumor development.

Information on the influence of DMH or tumor growth on the
immune system of animals during colorectal carcinogenesis is
not yet available. Chemical carcinogens and the progressive
growth of tumors are both known to depress immunological
competence (2, 23, 37, 38, 43, 44). While carcinogen-induced
immunosuppression is not an absolute requirement of chemical
carcinogenesis (39-41), the results of some recent studies
imply that immunocompetence during colorectal carcinogene-
sis is depressed. Immunological surveillance, which theoreti-
cally incorporates the necessity of immunosuppression for the
successful development of antigenic tumors, has recently been
reported to be functional during DMH-induced colon carcino-
genesis in rats (2). Similarly, Bacillus Calmette-Guérin immu-
notherapy, which requires for its success immunological com-
petence (19, 20, 26), has been unsuccessful in DMH-treated
animals (36). The results of these studies indicate an immu-
nological deficiency in animals undergoing DMH-induced colon
carcinogenesis.

To study the possibility of DMH- and/or tumor growth-in-
duced modulation of host immunity, we examined systemati-
cally the morphogenesis of colon tumors as related to concom-
itant changes in the immunological competence of SWR/J
mice during and after treatment with DMH. The histological
study of neoplastic development in the colon, the histological
evaluation of cellular changes in the organs of the immune
system, and the monitoring of the mitogenic responses of T-
and B-lymphocytes during carcinogenesis were utilized for this
purpose.

3 The abbreviations used are: DMH, 1,2-dimethylhydrazine; Con A, concana-
valin A; LPS, lipopolysaccharide W (Escherichia coli, serotype O111:B4:H).
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MATERIALS AND METHODS

Animals. Male SWR/J mice (The Jackson Laboratory, Bar
Harbor, Maine), 4 to 5 weeks old, were used for the carcino-
genesis studies. The SWR/J strain was selected because of
its known susceptibility for colon tumor induction by DMH (9).
The mice were maintained 5/cage and were given free access
to food and water.

Carcinogen Treatment. DMH. 2HCI (Aldrich Chemical Com-
pany, Milwaukee, Wis.) was used to induce colon tumors by
chronic administration. One hundred twenty-five mice were
given s.c. injections of 15 mg DMH per kg body weight per
week for 20 weeks. An equal number of mice treated with 0.9%
NaCl solution for 20 weeks served as age-matched controls.
Before injection, DMH-2HCI was dissolved in 0.9% NaCl so-
lution; this solution also contained 1.5 mg EDTA per 100 ml.
The pH was adjusted to 6.5 with 0.25 m NaOH.

Histology. Three DMH-treated and 3 control mice were
necropsied every 2 weeks during the study. After gross ex-
amination of the organs for tumors, the colorectal segment of
the intestine, mesenteric lymph nodes, spleen, thymus, liver,
lungs, and kidneys were prepared for histological study, using
routine techniques (9). The criterion for malignancy of colorec-
tal lesions was the invasion of the lesion through the muscularis
mucosae.

Blastogenesis Assays. Lymphocyte blastogenesis was as-
sayed according to previously described protocols (16, 17).
Lymphocyte cultures were stimulated with Con A (Calbiochem,
Los Angeles, Calif.) for T-cell blastogenesis and with bacterial
endotoxin (LPS; Difco, Detroit, Mich.) for B-cell blastogenesis.
Control experiments conducted in our laboratory with spleen
cells of conventional and athymic nude mice confirmed the
mitogenic specificity of Con A for T-cells and LPS for B-cells.

To monitor the immunological competence of mice, lympho-
cytes from spleens and mesenteric lymph nodes were isolated
for blastogenesis assays biweekly from 3 carcinogen-treated
and 3 control mice. The tritium content of cells was assayed
according to standard procedures (16, 17). The results were
calculated by subtracting the cpm obtained for nonstimulated
cultures from the cpm of mitogen-stimulated cultures. Tritiated
thymidine incorporation per 10® Con A-stimulated cells from
control mice ranged from 8,689 + 1,032 (S.D.) to 27,147 =
3,312 cpm for splenic lymphocytes and from 464 + 167 to
78,940 + 8,093 cpm for lymph node lymphocytes. For LPS-
stimulated cells of controls, the counts ranged from 2,411 +
364 to 11,510 + 800 cpm for splenic lymphocytes and from
184 + 32 to 7,961 + 1,071 cpm for lymph node cells. Since
the mitogenic response of vehicle control mice varied consid-
erably during the period of study, the mitogenic response of
DMH-injected animals was plotted as the percentage of tritiated
thymidine incorporation by lymphocytes obtained from vehicle-
treated animals. The significance of differences in the blasto-
genic response between carcinogen-treated and control ani-
mals was determined according to Student’s t test.

RESULTS
Histopathology of DMH-induced Colorectal Carcinogenesis

DMH-induced morphological changes occurring in the colo-
rectal mucosa during tumorigenesis were divided into 4 stages.
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Each successive stage represented a histologically identifiable
qualitative or quantitative change in the morphogenesis of
colorectal adenocarcinomas.

Stage 1. Development of Hyperplasia. Comparison of the
colorectal mucosa of DMH- and vehicle-treated mice showed
no significant alterations in morphology during the first 6 DMH
treatments. Hyperplasia of the colorectal epithelium became
apparent after 8 DMH injections. At this time, 1 of 3 DMH-
treated animals had moderate hyperplasia of the colorectal
epithelium (Figs. 1 and 4). The height of colonic crypts was
approximately 1.5 times the height of the crypts in controls.

Stage 2. Appearance of Atypia. By the 12th DMH treatment,
large segments of the colon showed diffuse epithelial hyperpia-
sia in all animals, and 1 of 3 mice had small focal atypia
associated with the hyperplastic colonic surface epithelium.
Between 12 and 18 DMH treatments, the number of atypical
lesions increased and were present at multiple sites in all
colons examined (Fig. 2).

Atypias associated with the hyperplastic colorectal epithe-
lium varied in size. Small areas of atypias, restricted in their
extent to the surface epithelium, were referred to as focal
atypias. Cytologically focal atypias were indistinguishable from
more extensive atypias with branching epithelial folds which
sometimes extended deep into the mucosa. These neoplastic
lesions were composed of hyperchromatic columnar cells of
increased height, which had enlarged, elongated nuclei and a
luminal brush border. The epithelium in these areas lacked
mucin droplets characteristic of the presence of goblet cells.
Atypical lesions with minimal development of glandular struc-
tures were classified as in situ carcinomas, because they
apparently gave rise to the more extensive noninvasive ade-
nocarcinomas.

Stage 3. Development of Noninvasive Carcinomas. By the
termination of DMH injections at the 20th week, the neoplastic
lesions developed a glandular structure extending in many
cases to the muscularis mucosae. These noninvasive adeno-
carcinomas tended to protrude into the lumen of the colon,
often forming grossly identifiable nodules (Fig. 5). Between the
20th and 38th weeks, in situ carcinomas and/or adenocarci-
nomas were readily identifiable in all histological preparations
of the colon. Eighty-three % of the mice examined had grossly
visible lesions. During this period, hyperplasia of the epithelium
adjacent to the neoplastic lesions was less pronounced and
appeared to be regressive.

Stage 4. Appearance of Invasive Carcinomas. Between the
32nd and 38th weeks, 3 of 9 animals examined histologically
already developed invasive adenocarcinomas, and 6 had non-
invasive adenocarcinomas. Of the invasive adenocarcinomas,
2 consisted of well-differentiated glandular structures, some of
which penetrated through the muscularis mucosae into the
submucosa. The third invasive adenocarcinoma also contained
masses of free malignant cells which had metastasized to the
surrounding areas (Fig. 3). These free malignant cells retained
their epithelial polarity, as indicated by the presence of a striate
border at a defined segment of their plasma membrane (Fig.
6). No mucinous adenocarcinomas were observed in this study.

Immune Responses during DMH-induced Colorectal Carci-
nogenesis

Significant overall changes in the immunological profile of
DMH-treated mice occurred in 3 phases. In Phase | (1 to 12
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weeks), the immunological profile was characterized by a con-
vergent change in the proliferative responses of the spleen and
draining lymph nodes. This resulted from the return of the
mitogen reactivity of the spleen and lymph nodes to control
levels from a previously enhanced state in the spleen and from
an initially depressed state in the mesenteric lymph nodes.
During Phase Il (Weeks 12 to 28), the proliferative responses
in these organs tended to continue the opposing trend, result-
ing in a somewhat depressed immunological profile in the
spleen and its enhancement in the draining lymph nodes. In
Phase Il (Weeks 28 to 38), the inverse tendency in the mito-
genic responses of the spleen and lymph nodes was further
exaggerated by a permanent depression in the spleen and its
renewed enhancement in the draining lymph node.

Phase |

Blastogenesis. Changes in the mitogenic responses of T-
and B-cells, as reflected by their reactivity to Con A and LPS,
respectively, were enhanced in the spleen. Splenic T-cell re-
sponses were 100% greater after 2 DMH injections than in
controls (Chart 1A). By the sixth DMH injection, the response
declined to control levels and remained there through the tenth
week.

Although the profile of splenic B-lymphocyte reactivity was
similar to that of T-cells, the initial increase after 2 DMH
injections was not significant (Chart 1B). At the tenth treatment,
B-cell blastogenesis was 2-fold greater than in controls but
dropped below control levels by the 12th week.

In contrast to the initial enhancement of splenic mitogen
reactivity, T- and B-lymphocyte reactivity in the mesenteric
lymph node was significantly depressed by the second DMH
injection. Recovery from this depression was complete by the
tenth week, with the Con A reactivity of T-cells recovering
slightly earlier than the LPS reactivity of B-cells.

Histology. The increased blastogenic activity of splenic lym-
phocytes after the initial DMH injections was refiected in the
histological appearance of the spleen. Before the first DMH
injection, only a few primary follicles and germinal centers were
visible in the splenic white pulp (Fig. 14). By the second and
third DMH injections, the number of primary lymphoid follicles
and germinal centers had approximately doubled per longitu-
dinal sections of the spleen (Table 1). The germinal centers
were well developed and active as judged by the large numbers
of mitotic figures. The thymus-dependent areas of lymphocytes
surrounding the central arterioles were aiso prominent (Fig.
15). In control mice during this phase, the white pulp was well
defined but contained only occasional small lymphoid follicles
with inactive germinal centers. In comparison to controls, in the
splenic red pulp an increase in the number of mononuclear
cells and an increase in granulopoiesis became apparent after
the fourth DMH injection (Fig. 18).

The depressed blastogenic activity of lymphocytes in the
mesenteric lymph nodes, in spite of considerable variation of
lymph node histology, could be correlated with the relative
sparsity of cells in the paracortical areas and the absence of
germinal centers in the cortex after the first few DMH injections.
At that time, lymph node morphology in carcinogen-treated
mice was characterized by the sharp demarcation of the cortex
and medulla typically seen in the mesenteric lymph node of
controls (Fig. 10).

In Phase |, Peyer's patches associated with the colorectal
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Chart 1. Percentage of changes in the Con A- and LPS-induced responses of
splenic and regional (mesenteric) lymph node lymphocytes in DMH (A)- and
vehicle (A)-injected mice during colorectal tumor development. Control re-
sponses were considered to be 100%. Changes in the blastogenic response of
DMH-treated animals were plotted as the percentage of the control response.
Observe the tendency for contrasting changes in the spleen and the draining
lymph node. Bars, S.D.

segment of the intestine were morphologically similar in control
and DMH-treated mice. These Peyer's patches were charac-
terized by large active germinal centers and dense crowns of
lymphocytes (Fig. 7).
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Table 1
Representative numbers of germinal centers per spleen and lymph node sections of control and
carcinogen-treated mice
No. of germinal centers at indicated times after first DMH treat-
ment
0-1 1-6 6-12 12-20 20-26 26-32 32-38
Organ Treatment wk wk wk wk wk wk wk
Spleen® Vehicle 1-2° 2.3  2-4 2-4 2-4 35 2-4
DMH 1-2 3-7 6-8 4-6 1-3 0-1 0]
Lymph node® Vehicle 0 0-1 0-1 0-1 0-1 0-1
DMH 0 1-2 1-3 0-1 0-2 1-2

2 Number of germinal centers observed per midsagittal section.
Values indicate the range for the number of germinal centers counted in sections from 3 mice biweekly.
¢ Number of germinal centers observed in the cortex per equivalent cortical area.

Phase Il

Blastogenesis. After the 12th DMH injection, at the begin-
ning of the second phase, the mitogenic response of splenic T-
cells dropped and was less than 50% of the control response.
With minor fluctuations, the mitogenic response of splenic T-
cells remained near this level until the end of this phase at the
28th week (Chart 1A).

Between the 11th and 20th DMH injections, the B-cell re-
sponse fluctuated around control levels. Toward the end of
Phase Il, the fluctuation became greater; after the last (20th)
DMH injection and again at the 28th week, the LPS reactivity
of B-cells became depressed and was only 80 to 85% of the
control responses (Chart 1B).

In contrast to the depression observed in splenic lymphocyte
reactivity to mitogens, the blastogenic responses of mesenteric
lymphocytes were primarily enhanced in Phase Il (Chart 1, C
and D). T-cell responses were characterized by increasing
periodic enhancements, which began at the tenth DMH injec-
tion and continued after the termination of the carcinogen
treatment. Periodic enhancements of 137 and 140% above
control levels were observed toward the end of Phase II.

The mitogenic response of mesenteric lymph node B-cells
was also enhanced in Phase ll. This enhancement occurred
rapidly, reaching 256% after the 12th DMH injection, reaching
a peak of 472% at the 16th DMH injection and declining to
control levels at the end of Phase Il (Chart 1D).

Histology. Early in Phase I, in the spleens of carcinogen-
treated mice, there was a 2- to 3-fold increase in germinal
center activity in comparison to controls. Subsequently, the
number of germinal centers in the spleen fluctuated and drast-
ically declined by the 26th week. This was accompanied by a
general reduction in the splenic white pulp, which correlates
especially with the depression of the mitogen reactivity of
splenic B-lymphocytes during the second part of this phase.

The gradual reduction in the splenic white pulp began si-
multaneously with the rapid development of extensive granu-
lopoiesis in the red pulp. The spleens of control animals were
characterized throughout the study by the presence of occa-
sional germinal centers in the white pulp and hemopoietic
islands, a few granulocytes, and megakaryocytes in the red
pulp (Figs. 14 and 17). The moderate increase in red pulp
granulopoiesis, first observed after 4 DMH injections, became
extensive. By the 12th DMH injection, hemopoietic islands
were considerably reduced, and the splenic red pulp was
crowded with granulocytes in various phases of their differen-
tiation (Fig. 19). The splenic red pulp of DMH-treated mice
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remained granulopoietic through the 30th week of the study.

During this period, the division between cortex and medulla
in the mesenteric lymph nodes became less distinct. This was
apparently due to an increase in the concentration of para-
cortical and medullary lymphocytes Fig. 11. The medullary
cords of control mice contained mostly plasma cells and large
lymphocytes while, in DMH-injected mice, small to medium-
sized lymphocytes were predominant in the paracortex, med-
ullary cords, and sinuses. The germinal centers in carcinogen-
treated mice were slightly more numerous than in controls
(Table 1). These germinal centers appeared larger and more
active as judged by the number of mitotic figures.

Between 12 and 14 DMH treatments, Peyer’'s patches in-
creased in size in the carcinogen-treated mice. This increase
coincided with the appearance of atypia in the colonic epithe-
lium. In several instances, the lymphocytes of Peyer's patches
appeared to infiltrate the hyperplastic epithelium. At foci as-
sociated with extensive lymphocytic infiltration, the hyperplas-
tic or neoplastic epithelium appeared to be disrupted, exfolia-
tive, or necrotic (Fig. 8). By the end of the period of carcinogen
treatment, Peyer’'s patches appeared smaller, and solitary
lymphoid nodules were seen less frequently. In general, the
morphological changes observed in Peyer’s patches tended to
follow the rise and fall pattern observed for the blastogenic
changes of B-lymphocytes in the spleen and mesenteric lymph
node.

Phase Il

Blastogenesis. After the 28th week of the study, the blas-
togenic responses of both T- and B-cells progressively dimin-
ished. By the 38th week, the Con A and LPS reactivity of
splenic lymphocytes constituted only about 10% of the control
response (Chart 1, A and B).

In the early part of Phase lll, the mesenteric lymph node T-
cell responses became temporarily depressed. After recovery
and a temporary enhancement, the blastogenic response of T-
cells returned to control levels by the 38th week of the study
(Chart 1C).

The blastogenic responses of mesenteric lymph node B-
cells, which fluctuated near control levels at the start of Phase
Ill, increased progressively after the 32nd week. At the termi-
nation of the study, the blastogenic response of B-cells was
145% greater in tumor-bearing mice than in controls (Chart
1D).

Histology. The reduction of the splenic white pulp initiated
in Phase Il continued in Phase Ill at an accelerated rate. In
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general, by the 30th week, the white pulp was reduced to a
sparsely cellular cuff of lymphocytes around the central arte-
rioles (Fig. 16).

The red pulp of DMH-treated mice remained granulopoietic
through the 30th week of the study. However, by the 35th
week, the red pulp regained its normal hemopoietic appear-
ance. The morphology of the red pulp in several animals with
adenocarcinomas of the colon was similar to that of controls at
the end of the study.

In Phase lll, the morphology of the mesenteric lymph node
continued to vary. The cortex was poorly defined, and the
number of germinal centers was only slightly greater than in
controls (Table 1). The medullary sinuses were dilated and
appeared edematous. The medullary cords contained accu-
mulations of plasmacytic cells.

Peyer’'s patches and solitary lymphoid nodules were seen
infrequently in Phase lll. Inflammatory infiltrates were primarily
associated with invasive malignant lesions and consisted of
accumulations of plasma cells, neutrophils, and a few lympho-
cytes (Figs. 12 and 13).

The morphology of the thymus, lung, kidney, and liver, which
was monitored throughout the study, showed no significant
alterations. These organs appeared to be free of pathological
lesions in both DMH-treated and control mice.

DISCUSSION

Modulation of immunocompetence was demonstrated in
DMH-treated SWR/J mice in a correlative study, utilizing mi-
togenic stimulation of T- and B-lymphocytes, histological pa-
rameters of lymphoid tissue immune responses, and morpho-
genetic changes during DMH-induced colorectal tumor devel-
opment. The morphogenesis of colorectal tumors in this DMH-
sensitive mouse strain closely paralieled the developmental
stages of chemically induced intestinal carcinomas in rats and
other mouse strains (4, 10, 22, 32, 35, 46, 49, 50). The
observed modulation of immunocompetence appeared to be a
DMH-initiated, tumor development-mediated process. This
modulation involved significant alterations in the normal re-
gional (draining lymph node) and systemic (splenic) immunity
in 3 distinct phases. The triphasic pattern of this modulation
was correlated with the latency of appearance of colorectal
lesions, tumor progression, and the development of invasive
adenocarcinomas.

The observed in vitro changes in lymphocyte mitogen reac-
tivity and the corresponding histological parameters of in vivo
immune responses indicate an active role for the immune
system during DMH-induced colorectal carcinogenesis. How-
ever, correlations between tumor development and the modu-
lation of the immunological profile of SWR/J mice would be
significant only if colon tumor development is at least partially
influenced by immunity.

That colorectal tumor growth is controlled by host immunity
was suggested by preliminary transplantation studies. Accord-
ing to these studies, the survival time of DMH-induced colorec-
tal tumor transplants doubled in immunosuppressed mice as
compared to normal syngeneic recipients.® The increase in
survival time from approximately 14 to 31 days indicated the
immunogenicity of the colorectal tumors. It is presumed that at

4 A. K. Szakal and B. A. Diwan, unpublished observations.
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least some developing DMH-induced tumors would also be
immunogenic in the original host. This assumption is supported
by the demonstration of the controlling influence of immunity
on the DMH-induced development of colon tumors in rats by
Bansal et al. (2). They reported that prolonged DMH treatment
of immunosuppressed animals resulted in reduced tumor la-
tency, increased multiplicity, and tumor incidence of colon
carcinomas. An additional report dealing with the immunologi-
cal characterization of DMH-induced colon tumors in rats dem-
onstrated the existence of colon tumor-associated antigens
(15). Therefore, it is reasonable to expect interaction between
colorectal tumor development and host immunity.

Phase | modulation, the transient depression of the regional
and the temporary enhancement of systemic immunocompe-
tence, preceded the development of diffuse colorectal hyper-
plasia. Diffuse colorectal hyperplasia is a constant feature of
DMH-induced colon carcinogenesis in SWR/J mice, but it
varied in the extent of its development in other animal models
(32, 47). It can also be elicited by a variety of irritants (3, 31,
34). Diffuse colorectal hyperplasia, while proliferative, does not
form adenomatous polyps in SWR/J mice as do the suspected
precancerous lesions in the colon or rectum of humans and
other experimental models (49-51). However, recent reports
confirmed the tumor-promoting role of colonic hyperplasia and
nonspecific injury in colon carcinogenesis (4, 31). Further-
more, epithelial atypia, a precursor to colorectal carcinoma,
consistently developed in the hyperplastic colorectal mucosa
of SWR/J mice. Thus, the temporal relationship of the earliest
stages of colorectal tumor development to the Phase | modu-
lation of immunocompetence suggests that the DMH-induced
perturbation of the normal profile of the regional and systemic
immunity supports the subsequent stages of tumorigenesis.

Specifically, since draining lymph nodes normally function in
the initiation and maintenance of cell-mediated immune re-
sponses to tumors (11, 12), the temporary suppression of
regional immunocompetence in Phase | would create a defi-
ciency in the afferent arm of the immune system. This would
prevent recognition of developing antigenic DMH-induced neo-
plastic clones in the hyperplastic mucosa. Depending on the
immunogenicity of such clones, this hypothesis would be con-
sistent with the theory of immunosurveillance (6).

The Phase | enhancement of systemic immunity was also
detectable before tumorigenesis. Therefore, it must also be
related to the influence of the initial DMH treatments. This
increase in splenic immune reactivity consisted of: (a) the
successive enhancement of splenic T- and B-cell mitogen
reactivity; and (b) the increase in the number of active splenic
germinal centers along with an increase in the cellularity of
thymus-dependent areas. These functional and morphological
components together indicate that the enhanced mitogen reac-
tivity is due primarily to an increase in the T- and B-cell fraction
of the nucleated spleen cells tested.

An increase in the number and activity (mitotic index) of
splenic germinal centers and in the cellularity of thymus-de-
pendent areas, like that observed during Phase |, has been
associated with specific humoral immune responses to exog-
enous antigens in mice (1, 18, 28, 30, 42, 48). Thus, the
increased germinal center development in Phase | is interpreted
as an indication of a DMH-initiated splenic immune response.
Since this response occurs before the development of neo-
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plastic lesions, it is not expected to represent an immunological
host resistance against colorectal carcinogenesis.

Active splenic germinal centers also persisted into the sec-
ond phase of modulation, which was associated with the tran-
sition of hyperplasia to neoplasia. Thus, the splenic immune
response is not as short-lived as indicated by mitogen reactiv-
ity. The reason for this discrepancy between splenic lympho-
cyte mitogen reactivity and white pulp morphology in Phase |l
was suggested by the extensive granulopoietic activity in the
splenic red pulp.

An increase in the nucleated cells of the red pulp is known
to dilute the mitogenic response of splenic lymphocytes during
in vitro stimulation (17). Therefore, on the basis of histological
approximations of granulocyte/lymphocyte ratios in experi-
mental and control spleens, it was estimated that a minimum of
30 to 50% reduction in the mitogenic response of spleen
lymphocytes occurred in vitro. Consequently, the sudden re-
duction in the mitogenic responses of splenic T- and B-cells at
the beginning of Phase Il (see Chart 1) may be at least partially
due to a dilution effect caused by the increase in the number
of splenic granulocytes in DMH-treated animals. Since the
accuracy of blastogenesis assays was jeopardized by the
dilution effect, we utilized morphological criteria for the inter-
pretation of the immunological status of the spleen during this
phase.

We estimated that in Phase Il (between 12 and 26 weeks) T-
cell activity in the spleen was within the control range (i.e., size
and cellularity of thymus-dependent areas were similar to those
of the controls). On the other hand, B-cell activity (i.e., number
of active germinal centers) between 12 and 22 weeks was
greater in the spleen than in controls and between 22 and 26
weeks was less than in controls. On the basis of these mor-
phological estimates, we concluded that, at least in the first
half of the Phase Il modulation, splenic immune reactivity was
enhanced and that it declined by the end of Phase Il.

Tumor progression occurring during the first half of Phase Il
modulation consisted of: (a) the transition of the hyperplastic
to the neoplastic atypical epithelium; (b) the development of in
situ carcinomas; and (c) the growth of in situ carcinomas into
noninvasive adenocarcinomas. The transition of the hyperplas-
tic to the atypical epithelium was characterized by qualitative
changes as indicated by the increased basophilia and hyper-
chromasia of epithelial cells. Pozharisski (32) classified mor-
phologically similar neoplastic lesions (atypia) in rats as in situ
carcinomas. He based this on the presence of aerobic glycol-
ysis in these lesions, which is inherent in malignant cells. In the
SWR/J model, we reserved the term in situ carcinoma for the
more advanced atypical lesions, which showed the initial de-
velopment of glandular structures. These in situ carcinomas
were qualitatively similar to surface atypia and differed only
quantitatively from the larger noninvasive adenocarcinomas.

The morphological expression of neoplastic transformation,
therefore, corresponded to the first half of the Phase Il modu-
lation, when both regional and systemic immunity was en-
hanced. The growth of adenocarcinomas, however, was closely
associated with the second half of Phase Il, which was char-
acterized by a declining regional and systemic immunocom-
petence.

The temporal association of the enhanced regional and sys-
temic immunity with tumor progression in Phase |l suggests

2480

that the functionally and histologically detectable proliferative
activities in the draining lymph node and in the spleen reflect
a tumor progression-induced stimulation of host immunity. As
proposed by the theory of ‘‘immunostimulation’ (33), a mild
degree of antitumor immunity may benefit tumor growth. The
enhanced proliferative activity, especially in the draining lymph
node, however, represents an extensive cellular response in
the afferent arm of the immune system of SWR/J mice to tumor
progression. The morphologically observable immune reactivity
associated at that time with colorectal lesions (see Figs. 8 and
9) and the less than 100% (85%) tumor incidence in this model
coupled with a significant proliferative activity in the lymphoid
organs could represent at least a partially successful immuno-
logical host defense mechanism.

The role of the spleen in DMH-induced colorectal carcino-
genesis should also be considered from the point of view of
the extensive myeloid metaplasia, especially since similar gran-
ulopoietic activity is known to occur during the growth of a
variety of transplanted tumors in the spleen and/or the bone
marrow (5, 13, 17, 21). We have accounted for the in vitro
effects of red pulp granulopoiesis on mitogenic stimulation in
Phase II; however, its in vivo effects need clarification. /n vivo,
the extensive red pulp granulopoiesis may contribute to host
defense, or it may have a detrimental microenvironmental influ-
ence on the splenic immune response.

Granulocytes have been implicated in nonspecific resistance
against tumor growth (7, 14, 27, 45). A possible expression of
this capability is seen in the prominent granulocytic infiltrations
associated with the colorectal carcinomas in their invasive
stage of development (see Figs. 6 and 13). The time of infiltra-
tion of these lesions correlated well with the disappearance of
granulocytes from the splenic red pulp. Aside from the possible
tumoricidal or bacteriocidal role of this response in carcino-
genesis, the red pulp congestion resulting from the myelo-
poietic metaplasia is suspected to impede splenic circulation.®
Such an effect of this proliferative response can be detrimental
in that it would hinder the expression of a potential splenic
antitumor immune response.

Phase Il modulation of immunocompetence began with the
simultaneous reduction in regional and systemic immunity (see
Chart 1; 28 to 31 weeks). A general reduction in the cellularity
and size of the splenic white pulp and in the cellularity of the
paracortical areas in the draining lymph node accompanied the
reduced mitogen reactivity. Peyer's patches and solitary
lymphoid nodules associated with the colorectal intestine were
also less prominent than before. This overall decline in immu-
nocompetence occurred nearly 6 weeks after the termination
of carcinogen administration and correlated with the progres-
sive increase in tumor burden. It is unlikely, therefore, that this
reduction was due to DMH, but it may be related to the effects
of the increasing tumor burden. This contention is supported
by reports on the immunosuppressive effects of tumor growth
(16, 17, 23, 37, 44).

In spite of the continued increase in tumor burden and the
abrogation of splenic immunocompetence, the proliferative ca-
pacity of lymph node lymphocytes recovered and increased

5D. Z. Wyler, T. C. Quinn, and L. T. Chen. Host defense in rodent malaria:
relationship of alterations in splenic microcirculation to resolution of acute infec-
tion, submitted for publication.
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significantly during Phase lll. This increase corresponded to
the development of invasiveness in adenocarcinomas. The
progressive increase in B-cell mitogen reactivity, the accumu-
lation of plasmacytic cells in the medulla of the draining lymph
node and along the invasive fronts of adenocarcinomas (see
Fig. 13) appears to represent a regional humoral immune
response.

Regardless of the various immune reactivities observed dur-
ing colorectal carcinogenesis of SWR/J mice, tumor develop-
ment succeeds. Thus, the DMH-initiated modulation of immu-
nity appears to represent a compromise, a dynamic tumor-host
interaction, which ultimately favors the development of invasive
colorectal adenocarcinomas.
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Note Added in Proof

A recent publication (Beinap, L. P., Cleveland, P. H., Colmerauer, M. E. M.,
Barone, R. M., and Piich, Y. H. Immunogenicity of chemically induced murine
colon cancers. Can. Res., 39: 1174-1179, 1979.) deals with the antigenicity
and immunogenicity of DMH and N-methyl-N-nitrosourethan-induced BALB/c
colorectal carcinomas. The demonstration, that mouse colon tumors possess
weak to moderately strong, individually unique tumor-specific transplantation
antigens, emphasizes the relevance of the DMH-initiated, tumor development-
mediated modulation of host immunity to colorectal tumorigenesis in mice.
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Fig. 1. Section of the colorectal mucosa from a vehicle-treated mouse. H & E, X 100.
Fig. 2. Section through the hyperplastic colorectal mucosa showing surface atypia of the epithelium after 12 DMH injections. H & E, x 100.

Fig. 3. Section showing the invasive front of an adenocarcinoma 36 weeks after the first DMH injection. The areas indicated by the arrows contain accumulations
of individual malignant cells. H & E, x 50.

Fig. 4. Section of hyperplastic colorectal mucosa from a mouse after 8 DMH injections. Compare the height of mucosa with that in Fig. 1. H & E, X 100.

Fig. 5. Section showing the localized development of noninvasive adenocarcinoma in the colon of a mouse after 20 DMH injections. LN, lymphatic nodule. H & E,
X 50.

Fig. 6. Metastatic individual malignant cells in the submucosa of the lesion illustrated in Fig. 3. Arrows, area of cell surface with a striate border. Note the
granulocytic infiltration. H & E, x 500.

Fig. 7. Section demonstrating the morphology of Peyer's patches in vehicle-treated mice. GC, germinal center. H & E, X 50.

Fig. 8. Section illustrating the spatial relationship of a Peyer's patch to the hyperplastic epithelium of the colon in a mouse after 14 DMH injections. Observe the
continuity between the lymphoid tissue and the stroma of the mucosa. Note the *‘exfoliating’’ surface epithelium (arrows). GC, germinal center. H & E, x 50.

Fig. 9. Section through an early adenocarcinoma 26 weeks after the first DMH injection showing intense lymphocytic infiltration and necrosis. H & E, x 50.

Fig. 10. Section through part of a mesenteric lymph node from a vehicle-treated mouse. Observe the clear demarcation of the cortex and medulla. GC, germinal
center. H & E, x 50.

Fig. 11. Section illustrating the densely cellular paracortical area of a draining mesenteric lymph node from a mouse after 16 DMH injections. Observe the
enlarged primary and secondary follicles in the cortex. GC, germinal center. H & E, x 50. ’

Figs. 12 and 13. Micrographs illustrating the cytology of areas with plasmacytic (Fig. 12) and granulocytic (Fig. 13) infiltration along the invasive fronts of a
colorectal adenocarcinoma in a mouse 36 weeks after the first DMH injection. Arrows, invasive edge of the carcinoma. H & E, X 500.

Fig. 14. Section of the spleen representative of white pulp and red pulp morphology in vehicle-treated mice during the first 4 weeks of the study. Arrows,
boundary of the white pulp. H & E, x 50.

Fig. 15. Section of the spleen representative of mice after 4 DMH injections. Observe the well-developed primary and secondary lymphoid follicles and the distinct
thymus-dependent area of white pulp around the central arteriole (CA). GC, germinal center. H & E, X 50.

Fig. 16. Section representative of splenic white pulp morphology between 30 and 38 weeks after the first DMH injection. Arrows, remnant of the sparsely cellular
white pulp. The red pulp is filled with proliferating (see Fig. 19 for mitotic figures) nucleated cells. H & E, x 50.

Fig. 17. Section through a representative area of splenic red pulp from a vehicle-treated mouse (corresponding to Fig. 14) populated mainly with erythrocytes,
hemopoietic precursors, and some large lymphocytes. Note megakaryocyte in center. H & E, X 500.

Fig. 18. Section through a representative area of splenic red pulp from a mouse after 4 DMH injections (corresponding to Fig. 15). Observe the increase in the
number of large mononuclear cells in comparison to Fig. 17. Many of the large cells are myelocytic precursors. H & E, X 500.

Fig. 19. Section illustrating the presence of large numbers of granulocytic precursors in the red pulp (section corresponds to Fig. 16). This morphology is
representative of the red pulp of mice between 12 and 30 weeks after the first DMH injection. Arrows, mitotic figures. H & E, X 500.
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