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efficacy of radiotherapy, we first tested whether a TGFb
inhibitor could change the tumor immune environment. SM16
is readily bioavailable and has been successfully formulated in
the diet for oral delivery in animals. Studies have demonstrated
that chronic administration of dietary SM16 suppresses tumor
growth andmetastases, repolarizes tumor-infiltrating myeloid
cells with antitumor activity without apparent toxicity (36–38),
and synergizes with T cell–targeted immunotherapies (36). We
injected CT26 colorectal carcinoma cells into the right hind
limb of immunocompetent BALB/c mice. Seven days later, we
began the treatment with either control or SM16 chow for 1
week. Effective TGFb inhibition in the tumor was demonstrat-
ed by reduced SMAD signaling in tumor lysates (Supplemen-
tary Fig. S1). Mice were euthanized on day 14 and tumors were
analyzed for immune-cell infiltrate. Mice fed with SM16 chow
had a statistically significant increase in T-cell infiltrate as
detected byCD3þ cells, increased early-activated CD8T cells as
detected byCD8þCD25þ cells, and decreased Tregs as detected
by CD4þCD25þFoxP3þ cells (Fig. 1A). These changes are
consistent with the known ability of TGFb to suppress CD8
T-cell effector function and to drive Treg differentiation in the
tumor. The effects of TGFb inhibition could not be explained
by modulation of gd or NKT cells as the CD3þCD4�CD8�

population represented less than 20% of the T-cell population
and was not altered by SM16 treatment (data not shown). No
difference was seen in the myeloid populations (Fig. 1A). Other
immune-cell populations were evaluated, including CD3, CD4,
CD8, CD25, FoxP3, granzymeB, Ki67, live/dead, CD11b,MHCII,
and Gr1, but none was altered in a statistically significant
manner (data not shown). Given the differences in immune-
cell infiltrate and activity, we aimed to determine whether
radiotherapy at this time point would be more efficacious.
Seven days after tumor cell injection, mice were fed with either
control or SM16 chow for 1 week. TGFb inhibition was dis-
continued to exclude its potential effect on immune function in
the posttreatment environment. Similar to many small-mole-
cule inhibitors, SM16 has a short half-life in vivo, with SMAD
signaling in the tumor returning within 24 hours after treat-
ment cessation (39). We delivered 20 Gy of radiation in a single
fraction to the right hind limb onday 14.Micewere followed for
tumor growth, and were euthanized when tumor diameter
reached 12 mm. The tumors in mice fed with control or SM16
chow alone had similar growth kinetics and survival (Fig. 1B
andC). At very early timepoints, SM16 chow seemed to provide
a small growth delay compared with control chow–fed ani-
mals, but once treatment was discontinued, this difference
rapidly corrected itself and provided no survival advantage.
While mice fed with SM16 chow had tumors that were on an
average 1 mm smaller at the time of radiotherapy, within each

experimental group there was tumor size variance that did not
demonstrate variable radiation responses, such that 4-mm
tumors in control chow–fed mice were not cured by radio-
therapy, whereas 6-mm tumors in SM16 chow–fed mice were
cured, suggesting that tumor size at the time of radiotherapy
could not account for the differences observed (Supplementary
Fig. S2A). Mice treated with control chow and radiotherapy
showed a period of tumor control followed by tumor out-
growth leading to euthanasia in all mice (Fig. 1B and C). Mice
pretreated with SM16 chow followed by radiotherapy demon-
strated prolonged tumor control, with a proportion of mice
having tumor resolution without recurrence (Fig. 1B and C).
Modification of the tumor environment by treatment with
SM16 followed by radiotherapy provided a statistically signif-
icant survival benefit compared with all other groups.

Previous studies have reported that TGFb inhibition
increases radiosensitivity (40). To evaluate whether SM16 treat-
ment increased the efficacy of radiotherapy by increasing the
radiosensitivity of CT26 cells, we performed an in vitro clono-
genic assay. SM16 increased radiosensitivity for single doses up
to 6 Gy, but for larger single doses, radiosensitivity was equiv-
alent to that of the control chow (Fig. 2A). Given that we
delivered 20 Gy per fraction, altered radiosensitivity is unlikely
to explain our observed effect. Because TGFb drives epithelial–
mesenchymal transition (EMT), it is possible that TGFb inhi-
bitionmay restore cells in vivo to amore differentiated state and
affect radiosensitivity. To address this, we evaluated the treated
tumors for expression of the epithelial marker, E-cadherin, and
mesenchymal marker, SMA. Control structures demonstrated
clear membranous E-cadherin, whereas cancer cells poorly
expressed E-cadherin and its distribution did not change in
the presence or absence of TGFb inhibition (Fig. 2B). Similarly,
SMA was expressed on stromal structures but not cancer
cells, and was not affected by TGFb inhibition (Fig. 2C).
Histologic analysis showednoevidence ofmorphologic changes
associated with EMT in vivo. These findings suggest that these
tumors are highly undifferentiated and do not regain epithelial
differentiation following TGFb inhibition.

TGFb inhibitors have been used successfully inwound injury
and tumor models to reverse TGFb-induced fibrosis, vessel
density, tumor vascularity, and angiogenesis (41, 42). Remo-
deling of the tumor vasculature could increase oxygen delivery
to the tumor by reversing tumor-directed neoangiogenic vas-
culature. Because oxygenation is a critical feature of radiation-
mediated cell killing, improved vascular function could explain
the increased efficacy of radiotherapy following TGFb inhibi-
tion. SM16 treatment did not alter the vascularity of CT26
tumors at the time of radiotherapy, as evaluated by quantifi-
cation of staining for the endothelial marker CD31 (Fig. 2D and

Figure 4. Orthotopic pancreatic adenocarcinomas demonstrate treatment effect of radiotherapy (RT) and SM16. A, cone-beam CT scan of C57BL/6 mice
bearing orthotopic Panc02 tumors with lipiodol for CT localization (white arrow). 8-Gy RT delivered using a 180� arc treatment and a 5� 5mmcollimator, with
dose cloud. B, mice treated with control or SM16 chow for 1 week beginning day 7. 8-Gy RT delivered on day 14 and every other day for three treatments.
Tumor size determined by weight of (i) pancreas and (ii) cross-sectional area via histology; n ¼ 5 mice per group (mpg). C, quantitation of CD3 cell infiltrate
from immunofluorescence images; n ¼ 5 mpg, a minimum of three fields per tumor measured for infiltrate quantification. D, H&E staining of tumors given,
(i) control chow (NT), (ii) SM16 chow, (iii) control chow plus 8 Gy� 3 fractions, or (iv) SM16 chow plus 8 Gy� 3 fractions; n¼ 5 mpg. E, immunofluorescence
for E-cadherin (red), F4/80 (green), CD3 (magenta), and DAPI nuclear staining (blue) in tumors treated as per C; n ¼ 5 mpg. Scale bar, 50 mm. NS, not
statistically significant; �, P < 0.05; ����, P < 0.0001. ANOVA, tumor area; Mann–Whitney, histology.
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Supplementary Fig. S2). To evaluate vascular function, mice
were treated i.v. with FITC-dextran and tumors were harvested
to evaluate drug penetration into the tumor. CT26 tumors
showed relatively high penetration of FITC-dextran into the
tumor, with levels comparable with those in the liver, which
has a readily penetrable fenestrated vasculature, and is signif-
icantly above that of the relatively impenetrable brain (Fig. 2E).
SM16-treated tumors did not exhibit any change in penetration
(Fig. 2E). To evaluate tumor oxygenation, tumor-bearing mice
were treated with Hypoxyprobe, which forms detectable
adducts in the presence of hypoxia. Immunohistology for
Hypoxyprobe adducts demonstrated regions of hypoxia in
CT26 tumors, but the distribution of hypoxia was not changed
following TGFb inhibition (Fig. 2F). These data demonstrate
that the improved efficacy of radiotherapy following TGFb
inhibition cannot be explained by vascular modification.
We evaluated whether SM16 provided a similar therapeutic

benefit in a less favorable model. Pancreatic adenocarcinomas
are highly angiogenic and fibrotic tumors, and TGFb over-
expression in pancreatic cancer correlates with decreased
survival (43,44). The Panc02 murine pancreatic adenocarcino-
ma cell line is highly resistant to chemotherapy and radio-
therapy when injected into syngeneic mice (32). While in vitro
Panc02 cells are similarly radiosensitive as CT26 cells, in vivo
CT26 tumors are markedly more radiosensitive (Supplemen-
tary Fig. S1). To determine the effect of TGFb inhibition on the
immune environment of Panc02 tumors, C57BL/6 mice were
inoculated with 2� 105 Panc02 cells in the right hind limb and
7 days later were given control chow or SM16 chow for 1 week.
On day 14,mice were euthanized and tumors were analyzed for
tumor-infiltrating leukocytes (TIL) via flow cytometry. The TIL
alterations in Panc02 tumors following SM16 treatment were
different than those in CT26 tumors (Fig. 3A and 1A). Control
Panc02 tumors exhibited a high myeloid infiltrate, comprising
approximately 50% of live cells within the digested tumor
suspension (Fig. 3A). SM16 treatment significantly decreased
the myeloid infiltrate, including the Gr1hi population, consis-
tent with decreasing both macrophages and MDSCs (Fig. 3A).
There was a trend to increased CD8 infiltrate (although not
statistically significant; Fig. 3A). Nevertheless, a decrease in the
proportion of immune-suppressive myeloid cells mediated by
TGFb inhibition could be a positive change in the tumor
immune environment (45), as myeloid depletion has been
shown to improve the response to radiotherapy (46). To
determine whether this change in the tumor immune envi-
ronment improved the efficacy of radiotherapy, mice were
injected with Panc02 cells, then treated with control chow or

SM16 chow for 1 week, and on day 14, mice underwent 20 Gy of
radiotherapy daily for 3 consecutive days, totaling 60 Gy (33).
Chow was discontinued before radiotherapy to minimize the
effects on the postradiation immune environment. Panc02
tumor-bearing mice treated with SM16 chow alone showed
slightly improved growth kinetics and survival compared with
mice receiving control chow (median survival, 27 days vs. 32
days; P < 0.05), and the combination of SM16 chow and
radiotherapy improved the efficacy of radiotherapy (median
survival, 56 days vs. 70 days; P < 0.05; Fig. 3B and C), but it did
not generate long-term tumor-free mice.

To determine whether TGFb inhibition changed the vascu-
lar function of Panc02 tumors in mice, the in vivo permeability
of Panc02 tumors was measured via FITC-dextran, as
described above. FITC-dextran penetration was between those
for the liver and the brain, consistentwith Panc02 tumors being
less permeable than CT26 tumors at baseline (Fig. 3D). Per-
meability of Panc02 tumorswas not altered by SM16 treatment
(Fig. 3D). Similarly, we saw no difference between groups in the
hypoxic area (Fig. 3E).

We developed an orthotopic pancreatic tumormodel to test
the effect of therapy on the posttreatment tumor immune
environment. One week after tumor implantation, mice were
fed with either control chow or SM16 chow. Subsequently, the
mice underwent image-guided stereotactic radiotherapy using
the SARRP, with 8 Gy per fraction doses delivered on days 14,
19, and 21 (Fig. 4A). One week after the final radiation treat-
ment, which resulted in markedly smaller tumors, only the
SM16-treated tumors exhibited a statistically significant
reduction in pancreatic weight and tumor area following
radiotherapy (Fig. 4B). This finding was similar to results with
subcutaneous Panc02 tumor in which there was no difference
in leg diameter 1 week after radiotherapy between the radio-
therapy-alone group and the SM16 plus radiotherapy group,
but the extension in survival in the subcutaneous experiment
results from a delayed outgrowth of recurrent tumors (Fig. 3B
and C). Interestingly, changes in immune infiltrate remained,
despite the discontinuation of TGFb inhibition 2 weeks before
tumor harvest (Fig. 4D and E). Similar to the subcutaneous
tumors, quantitation of immunofluorescent images demon-
strated that mice that received SM16 alone had a nonsignif-
icant decrease in macrophages, as stained by F4/80 (Fig. 4E,
quantitation not shown); and only mice that received both
SM16 and radiotherapy had an increased CD3 infiltrate com-
pared with untreated mice (Fig. 4C and E).

To compare differences in CD4 and CD8 memory, effector,
and activated phenotypes within the tumor-draining lymph

Figure 5. The increased efficacy of radiotherapy (RT) with SM16 is dependent on CD8 T cells. Mice bearing CT26 tumors were fed with control chow or SM16
chow for 1 week beginning on day 7, and treated with 20-Gy RT on day 14. TDLNs were harvested on day 15. A, CD4 and B, CD8 T cells analyzed
via flow cytometry for (i) naïve, (ii) memory, (iii) effector, and (iv) activated subpopulations. Each symbol represents one animal; n¼ 5 mice per group (mpg). C,
concomitant CT26 tumors established in bilateral hind limbs and treated with control or SM16 chow for 1 week followed by 20 Gy of RT to the right hind
limb tumor on day 14. i, average tumor diameter; and ii, the untreated left hind limb tumors on day 20. D, CT26 tumor-bearingmice treatedwith control or SM16
chow as described above. Anti-CD8 antibody was injected i.p. on days 10, 17, and 24. Flow cytometry of peripheral blood for (i) CD8 T cells and (ii) CD4 T
cells (ii) to confirm selective depletion; n ¼ 4 mpg. E, i, average tumor size for mice treated as in C, with control or SM16 chow as described above (gray).
Day14 tumorRT (dotted) andCD8-depletion (dashed). At day 22,mean tumor areaof the treated tumors is significantly smaller than that of theuntreated (control
P < 0.001; SM16 P < 0.01) but not when CD8 T cells are depleted. ii, survival of mice treated as in i with control chow treated (left graph) and SM16 treated
(rightgraph).Mediansurvival: control, 31days; controlRT,55days; controlþRTþanti-CD8,38days;SM16,36days;SM16þRT, undefined;SM16þRTþanti-
CD8, 38 days; n ¼ 6 mpg. NS, not statistically significant; �, P < 0.05; ��, P < 0.01; ���, P < 0.005. t test, infiltrates; ANOVA, tumor means; log-rank, survival.
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nodes (TDLN) between mice receiving radiotherapy alone or
SM16 pretreatment followed by radiotherapy, TDLNs were
harvested 1 day after radiotherapy in mice pretreated with 1
week of control chow or SM16 chow. We found that mice
pretreated with SM16 chow had an increase in memory,
effector, and activated CD4 T cells within the TDLNs (Fig.
5A). SM16 pretreatment did not significantly alter CD8 T cells
in the TDLNs in the first 24 hours after radiotherapy (Fig. 5B),
despite increases in activatedCD8T cells in the tumor (Fig. 1A).
Thus, the major change within the TDLNs within 24 hours of
radiotherapy is within the CD4 T-cell compartment.

To address the effect of combination treatment and the role
of immunity, we established a model of concomitant tumor
control in which CT26 tumors were established on opposing
limbs, and treated with SM16 or control chow, and only one
tumor site was irradiated. Improved tumor control was dem-
onstrated in the opposing unirradiated tumor only when both
SM16 and radiation treatments were applied to the primary
tumor (Fig. 5C). These data demonstrate that enhanced adap-
tive immune response is necessary for the improved efficacy of
TGFb pretreatment before radiotherapy. To test whether the
effect of TGFb inhibition before radiotherapy was mediated by
adaptive immune control of residual disease, we evaluated the
role of CD8 T cells in tumor control. CD8 T cells were depleted
weekly beginning on day 10 for three total doses, and their loss
was confirmed by a quantitative FACS analysis of peripheral
blood (Fig. 5D). CD8 depletion limited the efficacy of radio-
therapy in the control group [median survival: radiotherapy, 55
days; radiotherapy þ aCD8, 38 days; P < 0.01), consistent with
previous reports demonstrating its necessity for the efficacy of
hypofractionated radiation (Fig. 5E; refs. 12, 14). CD8 depletion
also abrogated the synergistic effect of SM16 and radiotherapy
(median survival: radiotherapy þ SM16, not reached; radio-
therapyþ SM16þaCD8, 38 days; P < 0.01), such that therewas
no survival benefit of adding SM16 to radiotherapy to mice in
which CD8 T cells were depleted (Fig. 5E).

To determine whether immune-mediated clearance of resid-
ual disease following radiotherapy had a tumor-specific pro-
tective effect, mice cured of local CT26 tumors by radiotherapy
preceded by TGFb inhibition were rechallengedwith CT26 cells
on one flank and syngeneic but immunologically distinct 4T1
mammary carcinoma cells on the opposing flank. Both tumors
grew in control na€�ve mice; mice cured with SM16 and radio-
therapy all had outgrowth of 4T1 tumors, while none developed
CT26 tumors, indicating that long-term tumor-specific immu-
nity to CT26 cells was developed with the combined therapy
(Table 1). These data indicate that remodeling the tumor
immune environment before radiotherapy both enhances local
tumor control and establishes protective immunity.

Discussion
Patients with colorectal cancer can present with distinct

immune environments in their tumors, which can affect
disease outcome (7). We tested the hypothesis that an
improved tumor immune environment will increase the effi-
cacy of radiotherapy. TGFb is an important immunosuppres-
sive factor in tumors, and we demonstrate that inhibition of

TGFb using the orally available TGFb inhibitor, SM16, resulted
in an improved tumor immune environment at the time of
radiotherapy, leading to significantly increased tumor control
by radiation. This effect could not be accounted for by changes
in radiosensitivity, EMT, or vascular organization, but was
dependent on the presence of CD8 T cells. This report demon-
strates that therapies aimed to alter the quantity and quality of
the tumor immune infiltrate can improve therapeutic efficacy,
resulting in durable remission and long-term immunity. The
mechanism by which this occurs may differ by tumor type
related to the tumor immune environment; however, in each
case, TGFb inhibition was able to improve the local tumor
environment and improve the efficacy of radiotherapy.

Although we saw a statistically significant survival advan-
tage in the combination of SM16 with radiotherapy over
radiotherapy alone in each model, we only saw long-term
survivors in the CT26 tumor model. One possible explanation
for this improved response is that TGFb inhibition is more
effective in enhancing an already "positive" immune environ-
ment. As noted above, CT26 tumors are markedly more
radiosensitive in vivo compared with Panc02 tumors, T-cell
depletion has little effect on the radiotherapy response in the
Panc02 model (data not shown), and the Panc02 tumors are
dominated by highly immunosuppressive macrophages that
infiltrate the tumors following radiotherapy (33). We have
shown previously that redirecting the differentiation of these
macrophages is key to control of Panc02 tumors by radiother-
apy (33). Thus, pretreatment with TGFb inhibitors may be
insufficient to cure tumors if a different immunosuppressive
environment can reform later.We opted tomaintain our TGFb
treatment regimen for comparability between tumor types, but
a higher dose, longer duration, or rescheduling of inhibition
may be required for synergy with radiotherapy (40). Further
experiments will determine the ideal duration of treatment in
this setting.

Given the complex role of TGFb in tumor formation and
progression, we must carefully consider translation of preclin-
ical studies. TGFb signaling components can act as tumor
suppressors before the development of invasive cancer (21).
Before using TGFb inhibitors clinically, considerations must
be given to the duration of inhibition, particularly in patients
that have a "field cancerization effect" who may have other

Table 1. Long-term tumor-specificprotection in
cured mice

Tumor 4T1 CT26

Tumorþ mice 7 0
Mice challenged 7 7

NOTE: Mice cured of CT26 tumors by SM16 pretreatment
followed by radiotherapy were rechallenged on opposing
flanks with 4T1 and CT26 cells. Mice were followed for
development of palpable tumors at the injection site. Table
shows the number of mice developing palpable tumors
(Tumorþ) as compared with the number of mice challenged.

Cancer Immunol Res; 2(10) October 2014 Cancer Immunology Research1020

Young et al.

on November 29, 2020. © 2014 American Association for Cancer Research. cancerimmunolres.aacrjournals.org Downloaded from 

Published OnlineFirst July 21, 2014; DOI: 10.1158/2326-6066.CIR-13-0207 

http://cancerimmunolres.aacrjournals.org/


subclinical in situ disease that may progress to malignancy
after prolonged exposure to TGFb inhibitors. In an early-phase
trial of an anti-TGFb ligand antibody in patients with meta-
static melanoma, higher dose and prolonged exposure were
associated with development of eruptive keratoacanthomas
and squamous cell carcinomas, which resolved upon discon-
tinuation of anti-TGFb therapy (47). Careful monitoring for an
increased rate of secondary malignancy should be part of any
translational use of TGFb inhibitors.
In conclusion, in this study, we demonstrate that TGFb

inhibition alters the immune environment of both colorectal
and pancreatic syngeneic murine tumors. The dose, timing,
and duration of TGFb inhibition in combination with radio-
therapy may depend on tumor type and immune infiltrate.
Although it seems that our hypothesis is correct, that an
improved immune environment in the tumor at the time of
treatment will increase the efficacy of radiotherapy, it may be
optimal to extend TGFb inhibition to prevent inflammatory
resolution in the posttreatment tumor (45) and to decrease the
negative effects of radiation-induced fibrosis (26).
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