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Abstract

Although the majority of cancers respond to chemotherapy, most cancer types relapse, at least in part, due to the poor
immunogenicity of most tumor. We have reported before that treatment of tumor bearing mice with a combination of the
anti-cancer chemotherapy cyclophosphamide (CTX) and immunotherapy can result in complete tumor regression using
T-cell receptor (TCR) transgenic CD8* T cells specific to antigens. This study aimed to determine whether chemotherapy
can cure immunogenic tumor which expresses non-self-tumor antigen and result in antitumor immunity. Either EL4 cell
line, a poorly immunogenic thymoma, or EG7, a clone of EL4 cells transfected with ovalbumin (OVA), as a non-self-
antigen were inoculated subcutaneously into wild type or splenectomized C57BL/6 mice and then treated once with
intraperitoneal (i.p.) injection of 4mg CTX/mouse. In certain experiments, the mice were rechallenged with the same
tumor type |-2months after the primary challenge. Treatment of EL4 bearing mice with CTX induced transient antitumor
effect followed by tumor progression. Interestingly, however, treatment of EG7-bearing mice with CTX resulted in
regression of early and advanced tumors. EG7 tumor-free mice rejected the second and the third challenges with EG7
cells, but not with challenge EL4 cells. These antitumor effects did not require spleen, since splenectomized mice showed
similar antitumor effects of CTX on EG7 cells. Taken together, these data indicate that expression of non-self-antigen by
poorly immunogenic tumor might be a reliable means to increase its immunogenicity and its response to chemotherapy.
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These effects were suggested to be due, in part, to
the immunomodulatory effects of chemotherapy,
indicating that chemotherapy itself possesses para-
mount immunomodulatory effects when the tumor
microenvironment is immunogenic.’

Cyclophosphamide (CTX) is used alone or in
combination with other chemotherapeutic drugs
for the treatment of several human malignancies.*
It has shown that preconditioning of a recipient
tumor-bearing host with CTX-induced lymphope-
nia significantly improves the activation, prolifera-
tion, and functions of adoptively transferred CD8*
T cells.’> Even in the absence of adoptive T-cell
transfer, CTX preconditioning regimen was also
found to enhance T-cell responses to antitumor
vaccination, including dendritic cell-based vacci-
nation.> We have also reported that precondition-
ing with CTX enhances the antitumor effects of
adoptive T-cell therapy in a non-transgenic tumor
mouse models.? Taken together, CTX is capable of
expressing beneficial immunomodulatory effects
besides its direct antitumor effects. Whether the
antitumor effects of CTX can generate antitumor
memory immune responses toward poorly immu-
nogenic and chemoresistant tumor is of a great
interest. To address this questions, we compared
the antitumor effect of CTX on EL4, a murine thy-
moma cell line, which is poorly immunogenic and
resistant to CTX,° and EG7, which is an EL4 cell
line that is genetically engineered to express the
non-self-antigen ovalbumin (OVA) to make them
more immunogenic.” The obtained results con-
cluded that CTX acts on EG7 cells, but not on EL4
cells, and induced regression associated with the
development of memory response.

Materials and methods

Animals, reagents, and antibodies

Female adult C57BL/6 mice (6-8 weeks) were used
in all experiments. All animals were housed in
accordance with the institutional and federal guide-
lines. Ovalbumin (OVA) was purchased from Sigma
(St Louis, MO, USA), dissolved in 10% dimethyl
sulfoxide (Sigma), and diluted in phosphate-buffered
saline (PBS). CTX (Sigma) was stored at —70°C and
reconstituted in PBS before use.

Cell lines

EL4 is a cell line (T-cell thymoma) and EG7 is a
clone of EL4 cells that is transfected with cDNA

gene coding for chicken egg ovalbumin (OVA),
and upon transfection, EG7 cells express ova in a
membranous form.! Both EL4 and EG7 cells
express only class-I molecules but not class-I1I mol-
ecules. All cell lines were purchased originally
from the American Type Tissue Collection (ATCC,
Rockville, MD, USA).

Tumor challenge and CTX treatments

The cell lines were inoculated (2.5 X 103 per mouse)
via subcutaneous (s.c.) injection into the left flank of
wild type or splenectomized B6 mice. The tumor
growth was monitored by measuring the length and
width of the tumor twice a week using digital cali-
per. The tumor surface area was calculated by multi-
plying the two diameters and expressed in millimeter
square. In certain experiment, the mice were rechal-
lenged with the tumor 1-2 months after the primary
tumor inoculation. After 10days of tumor inocula-
tion, the mice were treated with intraperitoneal (i.p.)
injection of 4 mg/mouse CTX in 0.1 mL PBS accord-
ing to our previous studies>> while the control
groups received 0.1 mL PBS.

Statistical analysis. Numerical data obtained from
each experiment were expressed as mean * SD.
Statistical differences between the experimental
groups were assessed using Student’s t-test. P val-
ues less than 0.05 were considered to indicate sta-
tistical significance. All statistical analyses were
performed using SPSS statistical version 16 soft-
ware package (SPSS® Inc., USA).

Results
Transient antitumor effects of CTX on EL4 cells

First, we tested the effect of CTX treatment on EL4
cells, which are known to poorly respond to treat-
ment with CTX. As shown in Figure 1(a), EL4
cells showed progressive growth from day 10 to
day 20. CTX treatment of EL4 bearing mice on day
10 induced a transient regression of EL4 cells
between days 12 and 14 and then followed by pro-
gressive tumor growth.

Therapeutic antitumor effects of CTX against
early and advanced EG7 tumor

To test whether the transient effect of CTX treat-
ment on EL4 cells shown in Figure 1(a) can be more
effective after transfection of these cells with OVA
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Figure I. Treatment with CTX at early time points cured advanced EG7 cells coinciding with specific memory response. B6 mice
were subcutaneously injected in their flanks with viable (a) EL4 or (b) EG7 at 2.5 X 0% cells/mouse; |10days after tumor inoculation,
the mice were treated with intraperitoneal injection of 200 pL of free PBS or containing 4 mg/mouse CTX. (c) EL4 cells (2.5 X 10°)
were admixed with 2.5 X 10> EG7 cells (1:1 ratio) and subcutaneously injected into the left flank of naive B6 mice. (d) Naive B6 mice
were subcutaneously inoculated into their left flank with 2.5 X 105 EL4 cells and into their right flank with 2.5 X 105 EG7 cells. The

tumor size was monitored twice a week until day |7 of inoculation.

as a non-self-antigen (i.e. more immunogenic), mice
were inoculated into their flank with 2.5 X 10° EG7
viable cells and then were treated with CTX. As
shown in Figure 1(b), EG7 cells alone (without any
treatment) showed progressive growth from day 10
to day 17. However, CTX treatment on day 10 after
tumor inoculation resulted in rapid tumor eradica-
tion by day 13 (Figure 1(b)). The same results were
observed when CTX treatment was delayed to day
11 of tumor inoculation (Figure 1(b)).

The primary antitumor effect of CTX against
EG7 tumor

To test whether separate inoculation of EL4 cells but
simultaneously with EG7 cells inoculation or mix-
ing EL4 and EG7 cells together alters the resultant
effect of CTX on EG7 growth, we inoculated groups

of B6 mice (n=5) with 2.5 X 105 EL4 cells admixed
with 2.5X 10° EG7 cells in the left flank (Figure
1(c)). Another group of mice (n=>5) were inoculated
in the left flank with EG7 (2.5 X 10) cells and in the
right flank with the same number of EL4 cells. The
mice were treated with CTX on day 10, and the
tumor growth was monitored and measured by cali-
per on days 11, 13, 17, and 20 after inoculation. As
shown in Figure 1(c), CTX treatment of mice bear-
ing EL4/EGT7 cells induced regression of the mixed
tumor starting on day 15 followed by complete
regression on day 20. CTX treatment on day 10
(early treatment) of mice bearing EG7 and EL4
tumors in their contralateral flanks was still able to
induce complete regression of EG7 tumor (Figure
1(d)). Interestingly, EL4 in the same mice showed
only transient regression (data not shown), similar
to those shown in Figure 1(a).
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Table I. Antitumor effects of CTX against primary EG7 tumor resulted in generation of EG7-specific memory response against

tumor rechallenge.

Groups Tumor size (mm2)—10days after Tumor size (mm?2)—I3 days Tumor size (mm?2)—17 days
rechallenge (EL4 lymphoma) after rechallenge after rechallenge
EG7/CTX/EL4 100% tumor-bearing mice, all 100% tumor-bearing mice 100% tumor-bearing mice

mice showed 4—10mm?
100% tumor-bearing mice, all
mice showed 4—10mm?
100% tumor bearing mice, all
mice showed 4—10mm?

EG7/CTX/EG7 (second
challenge)
EG7/CTX/EG7/EG7
(third challenge)

(25, 25, 6, 42, and 20mm?)
All mice showed complete
tumor regression

20% tumor-bearing mice (0,
0, 0, 0, and 20mm?)

(121, 80, 20, 64, 100 mm?)
All mice cured

40% tumor-bearing mice
(0,0, 0, 80, and 16 mm?)

Curing advanced EG7 tumor by CTX associates
with specific anti-EG7 memory response

To address whether eradication of primary EG7
cells after CTX treatment associates with genera-
tion of antitumor memory responses, we repeated
the experiment as above in Figure 1(b). Treatment
of EG7-bearing mice with CTX resulted in regres-
sion of the tumor in all mice. The mice were then
rechallenged with the same number of EG7 or EL4
cells in their flank. Then, the growth of the second-
ary tumors was measured. It was found that only
EG7 but not EL4 cells were regressed when inocu-
lated into EG7-bearing mice previously treated
with CTX (Table 1). Upon the second challenge
with EG7 cells, all EG7 tumor inoculated into mice
were completely regressed measured at days 13
and 17 after rechallenge (Table 1). Interestingly,
after the third challenge with EG7 cells of the mice
that showed regression of the first and second EG7
cells, only 20% and 40% of mice showed small
tumors on days 13 and 17 (Table 1), and then, the
tumors were completely cured (data not shown).
Taken together, these data indicate that the antitu-
mor effect of CTX against EG7 tumor is specific
and associates with sustained memory responses.

Splenectomy did not alter the antitumor effect
of CTX against EG7 tumor

Given that spleen harbors a large pool of T-cells
and that CTX induces mobilization of immune
cells, in particular myeloid cells, into spleen and
induces their activation in particular dendritic
cells,* we asked whether the absence of spleen
interferes with the effects of CTX on EG7 cells. To
address this question, splenectomized mice were
subcutaneously inoculated in their right flank with
EG7 cells and then treated after 10days with CTX
(4mg/mouse). In wild-type mice, EG7 tumor

reached 36 = 8mm? and 83.0 = 8.6mm? on days
13 and 17, respectively, of tumor inoculation.
Interestingly, splenectomized mice showed similar
tumor growth profile, when the tumor size reached
45 +8.9mm? and 74.5 = 8.1 mm? on days 13 and
17, respectively. Treatment of EG7-bearing mice
wild or splenectomized mice with CTX, however,
cured the tumor in all mice measured on days 13
and 17 (data not shown). These results indicate that
spleen had no major effect on the response of EG7
tumor to CTX treatment.

Discussion

We addressed whether increasing the immuno-
genicity of tumor cells can enhance their responses
to effects of chemotherapy and induce generation
of antitumor immunity, and we compared the anti-
tumor effects of CTX, as a model of anti-cancer
chemotherapy, on EL4 and EG7 thymoma as mod-
els for poorly and immunogenic tumors, respec-
tively. We found that single treatment with CTX
induced transient antitumor effect on EL4 cells,
while induced complete regression of advanced
EG7 tumors coincided with specific antitumor
memory immunity.

Prior studies reported that combination of CTX
with doxorubicin, interleukin (IL)-2, interferons
(IFNs), and tumor necrosis factor (TNF)-a or vac-
cination with tumor antigens can induce regression
of poorly immunogenic tumors such as colon and
EG7 through induction of specific antitumor
immunity.>'%12 These effects were mediated by
making tumor cells more susceptible to lysis by
T-lymphocytes as well as induction of bystander
apoptosis of the neighboring tumor cells.!314
Uniquely, however, the results of this study show
that CTX by itself and in the absence of any other
modalities induced specific regression of advanced
poorly immunogenic thymoma after making them
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immunogenic. We found that absence of spleen,
which may mediate tumor-induced tolerance,'> did
not alter these antitumor effects of CTX. Given
that both EG7 and EL4 cells similarly express
class-I and very low class-II molecules!’ and that
EG7 but not EL4 express OVA, these antitumor
effects of CTX could be mediated by OVA-specific
CDS8* cytotoxic T lymphocytes (CTLs) against
OVA expressed in EG7 cells. The effects of CTX
can also be suggested to its capability of depleting
T, cells and inducing bystander inflammatory
microenvironment, including type-1 IFN, dendritic
cell (DC) mobilization and activation, and Thl-
type cytokines.>!2 Together, these bystander effects
may mediate inhibition of the regulatory molecules
B7-2 and PD-1/PD-L13 and upregulate the expres-
sion of the co-stimulatory molecules B7-1 and
major histocompatibility complex (MHC) class-II
on EG7 tumor and dendritic cells, resulting in
overall enhancement of antitumor immunity. In
conclusion, our results indicate that chemotherapy
following induction of immunogenic tumor micro-
environment can result in tumor regression and
antitumor immunity.
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