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Kupffer cells (KCs) are resident liver macrophages that play a crucial role in liver homeostasis and in the pathogenesis of
liver disease. Evidence suggests KCs have both stimulatory and inhibitory functions during tumor development but the
extent of these functions remains to be defined. Using KC depletion studies in an orthotopic murine model of colorectal
cancer (CRC) liver metastases we demonstrated the bimodal role of KCs in determining tumor growth. KC depletion with
gadolinium chloride before tumor induction was associated with an increased tumor burden during the exponential
growth phase. In contrast, KC depletion at the late stage of tumor growth (day 18) decreased liver tumor load compared
with non-depleted animals. This suggests KCs exhibit an early inhibitory and a later stimulatory effect. These two
opposing functions were associated with changes in iNOS and VEGF expression as well as T-cell infiltration. KC depletion
at day 18 increased numbers of CD3* T cells and iNOS-expressing infiltrating cells in the tumor, but decreased the number
of VEGF-expressing infiltrating cells. These alterations may be responsible for the observed reduction in tumor burden
following depletion of protumor KCs at the late stage of metastatic growth. Taken together, our results indicate that
the bimodal role of KC activity in liver tumors may provide the key to timing immunomodulatory intervention for the

treatment of CRC liver metastases.

Introductions

Resident liver macrophages (Kupffer cells; KCs) play a crucial
role in the pathogenesis of liver disease and are a major compo-
nent of the microenvironment of primary and metastatic liver
tumors. Direct and indirect activation of KCs results in the pro-
duction of growth factors and chemotactic cytokines capable
of facilitating both anti- and pro-tumor effects."® Upon activa-
tion, KCs can prevent the outgrowth of liver metastases during
early metastatic stages.*® Administration of gadolinium chloride
(GdClL,) or CI, MDP-liposomes prior to tumor cell challenge—
which depletes KC populations and inhibits their phagocytic
function—induces an increase in the load of liver metastases in
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animal models of CRC liver metastases.
of KCs with Zymosan decreases the number of liver metastases.
However, excessive macrophage infiltration has been correlated
with poor prognosis in colon, breast, lung and prostate cancer. "2
KCs are capable of facilitating tumor growth through several
mechanisms, including the release of pro-angiogenic and pro-
inflammatory factors (e.g., VEGF, IL-8, IL-6, and TNF-a) and
extracellular matrix modification.?”

Although systemic and infiltrating macrophage populations
have been extensively investigated,'™' few studies to date have
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demonstrated the bimodal role of KCs. In the present study, we
evaluated the ability of KCs to either support or inhibit tumor
growth during the progression of CRC liver metastases. In addi-
tion, we examined key processes and factors associated with
tumor growth, including cancer cell apoptosis and numbers of

CD3* T cells, as well as VEGF- and iNOS-expressing cells.
Results

Early KC depletion increased tumor growth. Mice were admin-
istered GAClI, before tumor induction (day 0) and culled at days 7,
16, and 21. Control animals received saline. Liver metastases were
not visible macroscopically until day 16 in both GdCl, treated and
control animals (Fig. 1B). KC depletion before tumor induction
increased liver tumor burden at day 16 compared with controls as
assessed by quantitative stereological analysis (P = 0.001; Fig. 1A).
However, by day 21 this effect was no longer observed (Fig. 1A).
The effectiveness of GACI, was assessed by evaluating the extent
of KC depletion and repopulation in the tumor-induced liver. KCs
were able to repopulate from 3 days after depletion and repopula-
tion was shown to be complete by day 16 (Fig. S1).

Late KC depletion decreased tumor growth. Next we evalu-
ated the heterogeneity of KCs during progression of CRC liver
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Figure 1. Early KC depletion (day 0) increases CRC liver metastases. (A) Animals were administered GdCl, at day 0 before induction of CRC liver metas-
tases. Livers were collected at days 7, 16, and 21 after tumor induction. Liver metastases were not macroscopically visible until day 16. Tumor burden
was assessed by quantitative stereological analysis as the percentage of tumor volume over total tumor-bearing liver volume. (B) Representative
macroscopic images of tumor-bearing livers treated with either GACI, or saline (control). Results are expressed as mean values + SEM, n = 6 animals per

metastases. Mice induced with CRC liver metastases were treated
with GdCI, on one of days 0, 10, 14, or 18 and finally culled
at day 21. Control animals received saline. KC depletion at the
late stages of tumor growth (day 18) significantly decreased
liver tumor load (2 < 0.001; Fig. 2A) and the number of tumor
nodules (P = 0.001; Fig. 2B) by day 21 compared with control.
However, when KCs were depleted at the earlier growth stages
(days 0, 10, and 14), both tumor load and the number of tumor
nodules were not significantly changed (Fig. 2A and B). These
results indicate that the effects of KC depletion on tumor burden
are temporary and short-lasting.

Early KC depletion altered iNOS and VEGF expression in
tumors but not CD3* or apoptotic cells. The number of CD3*
cells in the tumor remained at control levels when KCs were
depleted at early time points (day 0, 10, and 14) (Fig. 3A). CD3*
T cells accumulated around the tumor periphery and infiltrated
into the tumor stroma (Fig. 3B). The number of iNOS-express-
ing cells was also unchanged by KC depletion at day 0, 10, or 14
in tumors (Fig. 4A).

Early KC depletion at day 0 and day 10 did not alter the num-
ber of VEGF-expressing cells in the liver compared with untreated
controls at day 21 (Fig. 5A). However, tumor VEGF-expression
at day 21 significantly decreased when KCs were depleted at day
10 (P = 0.041; Fig. 5B) and 14 (P = 0.042; Fig. 5B), with a simi-
lar trend observed for day 0 (2 = 0.082; Fig. 5B) KC depletion
compared with control.

Large areas of apoptosis in the tumor center were observed
using an active caspase-3 marker (Fig. 6D). Analysis of active cas-
pase-3 immunostaining revealed the number of apoptotic cells in
liver (Fig. 6A) and tumor (Fig. 6C) were unaltered by KC deple-
tion at day 0 and day 10 compared with control. However, KC
depletion at day 14 resulted in an increase in the number of apop-
totic cells in the liver compared with controls (P = 0.030; Fig. 6A).
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Late KC depletion (exponential growth phase) decreased
VEGF expression, but increased iNOS expression, CD3* infil-
trating cells and apoptosis. KC depletion at day 18 was associated
with decreased VEGF expression in both the liver (2 = 0.036;
Fig. 5A) and tumors (P = 0.005; Fig. 5B) relative to untreated
controls. In contrast, the number of iINOS-expressing and CD3*
cells significantly increased in tumors following late stage KC
depletion (day 18) compared with controls (P = 0.030; Fig. 4A
and P = 0.013; Fig. 3A, respectively). Additionally, the number of
apoptotic cells in the liver also increased when KCs were depleted
at day 18 compared with controls (P = 0.024; Fig. 6A and B). In
the tumor however, the number of apoptotic cells remained at
control levels (Fig. 6C and D).

KC depletion did not alter tumor vessel density. Angiogenic
blood vessels were stained using the marker CD34. Tumor blood
vessels stained strongly compared with host vessels surround-
ing the tumor (Fig. 7A). KC depletion during the progression
of CRC liver metastases did not alter the density of vessels in the
tumor compared with non-depleted control tumors (Fig. 7B).

Discussion

Macrophages are highly heterogeneous cells. They are capable of
releasing a complex repertoire of growth factors and cytokines in
response to changing tumor microenvironments. In the present
study, hepatic macrophages (KCs) were found to be an impor-
tant component of the liver tumor microenvironment with a sig-
nificant role in determining the growth of metastatic CRC cells.
Importantly, KC function appears to be bimodal, with an early
inhibitory and a later stimulatory effect during the progression of
metastatic growth.

Tumor growth in this model of CRC liver metastases occurs
in three key phases: early lag phase, late exponential growth
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Figure 2. KCs display antitumor functions during established growth of
CRC liver metastases. GdCl, was administered before tumor induction
(day 0) or on one of days 10, 14, or 18 following tumor induction. Solu-
bilizing agent (saline) provided a control. Livers were collected at day
21. Quantitative stereological methods were used to determine (A) the
percentage of tumor volume over total tumor-bearing liver volume

and (B) the number of tumor nodules per liver. Results are expressed as

mean values + SEM, n = 6 animals for each group, *P < 0.001.

phase, and plateau phase.' In the present study, depletion of KCs
early during tumor progression increases tumor burden, suggest-
ing that these KCs are providing an antitumor effect. The find-
ings are in agreement with Bayon et al. who demonstrated KC
depletion strongly enhances tumor growth before day 14, but
not at the later stages in an orthotopic rat model inoculated with
syngeneic colon carcinoma cells.” In a syngeneic rat model, KCs
were also shown to initiate high tumoricidal activity in conjunc-
tion with natural killer (NK) cells as early as 24 h after induction
with CRC liver metastasis.?
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KC’s inhibition of tumor progression however, appears to be
limited to the initial seeding and/or early growth periods. We
showed that KC depletion during the later stages of tumor pro-
gression reduced tumor growth, suggesting that, at this stage,
KCs have a protumor effect. Tumor-associated macrophages
(TAMs) are known to participate in tumor immunosurveillance,
angiogenesis, and to contribute to tumor progression and metas-
tasis.?* Indeed, the presence of TAMs in human studies has
been linked with poor prognosis in patients with breast, prostate,
bladder, and colon cancer.'>%42¢

Contrary to the present findings, macrophages have also
been shown to enhance both seeding and established metastatic
growth. Using an orthotopic model of breast cancer metasta-
sis to the lung, Qian et al. showed CD11b* macrophages were
required for efficient tumor metastatic seeding and growth of
metastatic nodules.'® Recent studies have indicated that pri-
mary cancer cells may secrete factors that recruit macrophages
to the secondary sites to create a pre-metastatic niche in which
circulating tumor cells are stimulated to seed and expand.”
Additionally, macrophages display considerable tissue hetero-
geneity, and this may explain their differential effects during
tumor progression. While KCs are highly phagocytic, alveolar
macrophages produce significantly greater quantities of reactive
oxygen species and reactive-nitrogen intermediates, which can
enhance tissue damage.”®

KCs are a major source of VEGF expression in the liver
tumor microenvironment and play an important role in reg-
ulating cancer progression through stimulating tumor angio-
genesis and tumor cell invasion. However, it is unlikely that
the antitumor effects of late KC depletion described here are
solely due to the reduction in VEGF described. As evidence, we
found that tumor VEGEF-expression decreased when KCs were
depleted at day 10, 14, and 18 with a similar trend observed
for day 0. Therefore, VEGF reduction alone cannot explain the
differences in tumor growth retardation achieved by KC deple-
tion at the different stages. Genetic depletion of macrophages
was shown to lower tumor vessel density and the progression
to malignancy in polyoma middle T oncoprotein (PyMT)-
induced mammary tumors.” This effect was reversed when
the expression of VEGF was restored.? In the present study, a
decrease in the number of VEGF-infiltrating cells did not cor-
relate to changes in tumor vessel density, despite a decrease in
overall tumor burden when depletion was performed close to
the endpoint. This suggests other angiogenic effectors are able
to compensate for the reduction in VEGF. However, parameters
of vascular function, such as vessel permeability and perfusion,
were not assessed here and may still be altered by the reduction
in VEGF-infiltrating cells.

While VEGF-expressing cells were decreased by KC deple-
tion at day 18, iNOS-positive infiltrating cells in tumors were
increased. High iNOS concentrations can mediate cancer cell
apoptosis and inhibit cancer growth.*** The observed reduction
in tumor burden and increase in apoptosis following late stage
KC depletion in the present study may be due to a higher number
of cells expressing iNOS in the tumor.
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Figure 3. Depletion of KCs in established growth of CRC liver metastases increases T-cell numbers. Tumor-bearing mice were treated with GdCl, as
described in Figure 2. Livers were collected at day 21. (A) CD3* T cells were identified using immunohistochemical staining and quantified as the
number of positively stained cells/mm?in the tumor. Depending on the animal and its tumor load, 30-40 total images across 5-10 tumors were taken
for analysis. (B) Representative images of CD3* staining in tumors of day 18 GACI, treated animals compared with saline controls. T cells were stained
brown and observed predominantly at the tumor host interface and in vascular lakes of the tumor. Results are expressed as mean values + SEM, n =6
animals per group, *P = 0.013.
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Figure 4. Depletion of KCs in established growth of CRC liver metastases increases iNOS-expressing cells. Tumor-bearing mice were treated with GdCl,
as described in Figure 2. Livers were collected at day 21. (A) iNOS-expressing cells were identified using immunohistochemical staining and quantified
as the number of positively stained cells/mm?in the tumor. Analysis are as described in the materials and methods. (B) Representative images of iNOS-
expressing cells in tumors of day 18 GdCl, treated animals compared with saline controls. iNOS-expressing cells were stained brown and a majority of
them were localized to the tumor host interface. Results are expressed as mean values + SEM, n = 6 animals per group, *P = 0.03.

A dramatically higher number of T cells in tumors follow-
ing late KC depletion was observed. Increased T-cell infiltration
in tumors is associated with a favorable prognosis in many can-
cer types.**¥ TAMs can inhibit tumor-specific T-cell immunity
by increasing T-regulatory cell numbers.’® Therefore, depletion
of TAMs in an established tumor microenvironment may help

www.landesbioscience.com

enhance T-cell mediated immunity to mediate an antitumor
effect. However, further studies to define the subsets of T cells
present in CRC liver metastases will be important before firm
conclusions can be drawn on the interplay between TAM and
the regulatory role of T cells on Thl and Th2 responses during
tumor progression.
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Figure 5. KC depletion decreases VEGF-infiltrating cells in both the liver and tumor in CRC liver metastases. Tumor-bearing mice were treated with
GdCl, as described in Figure 2. Livers were collected at day 21. VEFG-expressing cells were identified using immunohistochemical staining and quanti-
fied as the number of positively stained cells/mm?in the (A) liver and (B) tumor. (C) Representative images of VEGF-expressing cells in tumors of day
18 GACl, treated animals compared with saline controls. VEGF-expressing cells were stained brown. Results are expressed as mean values + SEM, n = 6
animals per group. *P < 0.05, **P < 0.01, 70.05 < P < 0.10 considered a significant trend compared with saline control.

Materials and Methods

In vivo model and cell lines. The mouse colorectal cancer
(MoCR) cell line used for in vivo experiments was harvested
from a dimethylhydrazine-induced colon carcinoma in a CBA
mouse at a stage known to metastasize to the liver.!® CRC liver
metastases were induced as described previously.'®*” Briefly, a sus-
pension of 2.5 x 10¥ MoCR cells were injected into the spleen of
6- to 8-week-old male CBA mice and, after three minutes, the
spleen removed to confine metastases to the liver. In this model,
angiogenesis is established by day 10, with a slow growth phase

610 Cancer Biology & Therapy

from days 10-16, a rapid growth phase until day 19, followed by
a plateau phase.’® A minimum of 6 animals per group were used.
All experiments were approved by the Austin Health Animal
Ethics Committee. Liver samples were collected and fixed in
fresh 4% PFA.

Drugs/agents and treatments. KCs were depleted by two suc-
cessive doses (6 to 24 h apart) of gadolinium chloride (GdCL;
Sigma-Aldrich; 20 mg/kg) via tail-vein injection. GACI, at this
dose was previously determined to result in significant depletion
of KCs.”**" GdCl, was administered before tumor induction
(day 0) or on one of days 10, 14, or 18. The solubilizing agent
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Figure 6. Effect of macrophage depletion on cell apoptosis in the liver and tumor. Tumor-bearing mice were treated with GdCl, as described in
Figure 2. Livers were collected at day 21. (A) Apoptotic cells were identified using the active caspase-3 marker and quantified as the number of posi-
tively stained cells/mm?in the (A) liver and (B) tumor. (C) Representative images of active caspase-3 staining (brown-stained cells) showing apoptotic
cells in the liver as indicated by arrows. (D) Apoptotic cells in the tumor general localized to the necrotic regions. Results are expressed as mean values

(saline) provided a control. Animals treated before induction
of CRC liver metastases were sacrificed at days 7, 16, and 21.
Animals treated on either day 10, 14, or 18 were sacrificed on
day 21.

Tumor burden. Quantitative stereological analysis was per-
formed on whole fixed livers collected at endpoints (day 7, 16, and
21) to determine tumor burden. The fixed livers were transversely
sliced into 1.5 mm sections with a multi blade fractionator and
an image of liver sections taken using Lumenera Infinity4 digital
CCD camera. Tumor area (mm?) and the number of tumors per
liver were assessed using Image-Pro plus 6.0. The areas were con-
verted to volume measurements based on the thickness of each
tissue slice (1.5 mm) and the proportion of liver sampled. This
was subsequently used to calculate the percentage of tumor bur-
den in the liver.

Immunohistochemical staining and analyses. Apoptosis

(active caspase-3; rabbit polyclonal, R&D Systems AF835),

www.landesbioscience.com

angiogenesis (CD34 neovascularization marker; rat anti-mouse,
Abd Serotec MCA18256), macrophages (F4/80; monoclonal rat
anti-mouse, ATCC no HB-198, culture supernatant), T cells
(CD3; rabbit anti-human, DAKO A0452), iNOS (rabbit anti-
mouse Abcam ab3523), and VEGF (rabbit anti-mouse Abcam
ab46154) were assessed in PFA-fixed paraffin embedded tissues.
Active caspase-3 was used at the concentration of 1.0 pg/ml,
CD34 at 0.1 pg/ml, F4/80 at a 1:20000 dilution, CD3 at
0.6 pg/ml, iNOS at 13.3 pg/ml, and VEGF at 0.5 pg/ml. Non-
immunized rabbit IgG (Santa Cruz, sc-2027), at an equivalent
concentration to the primary antibody, was used as a negative
control. For F4/80, VEGF, and iNOS, proteinase K (I mg/
ml) antigen retrieval at 37 °C was required. Endogenous per-
oxidases were blocked with 3% H,O, and non-specific bind-
ing inhibited with 10% normal goat serum (Zymed, 01-6201).
Slides were incubated with primary antibodies at 37 °C for 1 h
and then 4 °C overnight. Slides were then incubated with the
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Figure 7. KC depletion does not alter the density of immature vessels. Tumor-bearing mice were treated with GACl, as described in Figure 2. Livers
were collected at day 21. (A) Representative images of CD34* staining on endothelial cells of immature blood vessels. CD34* cells were stained red.

(B) Newly formed (angiogenesis) blood vessels were identified using the CD34 marker and quantified as the number of positively stained vessels/mm?
in the tumor. Results are expressed as mean values + SEM, n = 6 animals per group.

secondary antibody (Dako Envision* goat anti-rabbit HRP
secondary 4011) for active capase-3, F4/80, CD3, VEGF and
iNOS and the Rat on Mouse AP-polymer kit (Biocare Medical;
RT518H) for CD34. F4/80 required incubation with a linking
polyclonal rabbit anti-rat biotinylated antibody (Dako Envision
Plus) at 37 °C prior to the secondary antibody. Visualization was
induced with diaminobenzidine (DAB) or, for CD34, Vulcan
fast red (Applied Medical FR805H). Slides were counterstained
with Mayer’s hematoxylin.

For quantitation, stereological principles were followed.
Representative images from immunohistochemically stained
sections were captured using a digital light microscope (Nikon
Coolscope, Nikon Corporation) at a magnification between 40x
and 400x. Images were captured using a pattern which ensured
unbiased selection and no overlap. Depending on the animal
and its tumor load, 30—40 total images across 5-10 tumors were
taken for analysis. Active caspase-3, F4/80, CD3, VEGF, and
iNOS were assessed as the number of positively stained cells per
high power area of tumor or liver (ImagePro-Plus Version 6.0).
Tumor vessel density, which provides an indication of angiogenic
potential, was determined by counting the number of CD34 pos-
itive vessels per tumor area.

Statistical analysis. Quantitative data are presented as
means + SEM. Statistical analyses were conducted using SPSS
(Statistical Package for the Social Sciences, version 17). Data
sets were tested for normality using the Kolmogorov—Smirnov
test. Parametric data was analyzed using ANOVA with post-hoc

612 Cancer Biology & Therapy

comparison (Tukey method). Non-parametric data was analyzed
using the Mann—Whitney U-test. Adjusted P < 0.05 was con-
sidered statistically significant and 0.05 < P < 0.10 considered a
significant trend.

Conclusion

The results presented here demonstrate the bimodal function of
KCs during CRC liver metastasis. Understanding this switch in
KC phenotype may allow for the development of therapies that
extend the initial antitumor function of KCs into later stages of
tumor growth.
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