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Toll-like receptor-5 agonist Entolimod broadens the therapeutic
window of 5-fluorouracil by reducing its toxicity to normal
tissues in mice
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ABSTRACT:
Myelosuppression and gastrointestinal damage are common side effects of
cancer treatment limiting efficacy of DNA-damaging chemotherapeutic drugs. The
Toll-like receptor 5 (TLR5) agonist Entolimod has demonstrated efficacy in mitigating
damage to hematopoietic and gastrointestinal tissues caused by radiation. Here, using
5-Fluorouracil (5-FU) treated mice as a model of chemotherapy-induced side effects,
we demonstrated significant reduction in the severity of 5-FU-induced morbidity and
increased survival accompanied by the improved integrity of intestinal tissue and
stimulated the restoration of hematopoiesis. Entolimod-stimulated IL-6 production
was essential for Entolimod’s ability to rescue mice from death caused by doses
of 5-FU associated with hematopoietic failure. In contrast, IL-6 induction was not
necessary for protection and restoration of drug-damaged gastrointestinal tissue
by Entolimod. In a syngeneic mouse CT26 colon adenocarcinoma model, Entolimod
reduced the systemic toxicity of 5-FU, but did not reduce its antitumor efficacy
indicating that the protective effect of Entolimod was selective for normal, nontumor, tissues. These results suggest that Entolimod has clinical potential to broaden
the therapeutic window of genotoxic anticancer drugs by reducing their associated
hematopoietic and gastrointestinal toxicities.

INTRODUCTION

of Toll-like receptor 5 (TLR5) and has demonstrated
tissue protective effects against multiple types of insults.
Entolimod treatment rescued lethally irradiated mice and
non-human primates from HP, GI and cutaneous acute
radiation syndromes by preventing radiation-induced
loss of HP stem cells and early progenitors in the bone
marrow, rescuing proliferating stem cells in crypts of the
small intestine, and reducing the severity of dermatitis
and mucositis [7, 8]. Entolimod also demonstrated tissue
protective efficacy in mouse models of renal ischemiareperfusion injury [9] and Fas-mediated hepatotoxicity
[10], indicating that its protective effects are not restricted
to radiation-induced damage. Importantly, Entolimod
does not protect tumors from radiation therapy, but rather

Severe adverse side effects continue to be a major
challenge of use of many conventional anticancer drugs.
These include gastrointestinal (GI) damage with such
symptoms as diarrhea, vomiting, GI mucositis and body
weight loss, and hematopoietic (HP) damage causing
leukopenia, thrombocytopenia, myelosuppression leading
to immunosuppression and uncontrolled bacteremia [14]. These toxicities frequently prevent administration of
sufficiently effective drug doses and can severely affect
quality of life or even be fatal [4-6].
EntolimodTM (previously called CBLB502) is a
derivative of bacterial flagellin that functions as an agonist
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suppresses tumor growth through stimulation of antitumor
immune responses [8, 10-12]. TLR5 agonistic agents like
Entolimod have a notable advantage over other TLR
agonists that have been considered for clinical use (TLR3,
4 and 7 [13]) in that the specific profile of cytokines
induced following TLR5 stimulation does not include
those that can lead to a harmful uncontrolled “cytokine
storm”, such as IL-1 and TNF [13, 14].
Entolimod’s mechanism of action involves TLR5dependent NF-B- (and STAT3-) mediated induction of
multiple factors that suppress apoptosis, scavenge reactive
oxygen species (ROS), and induce tissue regeneration.
Given the similarity in toxicities induced in normal
GI and HP tissues by radiation and DNA-damaging
chemotherapeutic drugs and the potent efficacy of these
Entolimod-induced mechanisms in reducing radiation
damage, we expected that Entolimod might demonstrate
similar protective effects in the context of genotoxic
chemotherapy. Therefore, in this study, we focused on
5-Fluorouracil (5-FU), a DNA-damaging anticancer
drug commonly used alone or in combination with other
chemotherapeutics for treatment of a number of different
types of cancer including colon, stomach, head and neck,
breast, etc. [15-21]. High-dose continuous treatment with
5-FU causes DNA damage in proliferating cells through
inhibition of thymidylate synthase, a key component of
DNA synthesis and repair pathways. In addition to tumors,
HP and GI cells demonstrate 5-FU sensitivity [22, 23].
Hematological toxicity of 5-FU involves p53-mediated

induction of ribosomal stress, which blocks translation
[24, 25]. In addition, 5-FU stimulates inflammatory
responses that cause additional damage through
production of reactive oxygen species (ROS) and secretion
of IL-1 and TNF [3] which may be mediators of a p53independent mechanism of 5-FU toxicity in the small and
large intestine [22]. Inhibition of IL-1 activity in small
intestinal tissue was shown to prevent 5-FU-induced GI
injury [26]. IL-6 is another cytokine found to be associated
with toxic effects of chemotherapeutic drugs [3]; however,
it has also been reported to protect intestinal tissues from
toxic doses of 5-FU [27].
In this study, we demonstrated significant
protective effects of Entolimod on the toxicity of 5-FU
in two mouse strains, BALB/c and C57BL/6. IL-6 was
defined as an essential component of the mechanism by
which Entolimod protects mice against an HP but not GI
damage. Importantly, the protective effect of Entolimod
against 5-FU toxicity was selective to normal tissues as
demonstrated in the mouse model of colon cancer.

RESULTS
Effect of Entolimod on 5-FU-induced mortality in
mice
To determine whether Entolimod is capable of
protecting normal tissues from the toxicity of 5-FU, we

Figure 1: Effect of Entolimod on 5-FU-induced mortality in mice. Body weight (A) and survival (B) of BALB/c mice treated

with 5-FU (200 mg/kg or 400 mg/kg given in two equal fractions 6 h apart) alone or with subsequent injection of Entolimod (1 µg/mouse)
24 and 48 h after the last 5-FU dose (10 animals/group). Body weight is shown as a percentage of starting weight; mean ± SEM. C. Survival
of C57BL/6 mice injected with a single dose of 400 mg/kg 5-FU or 3 daily doses of 100 mg/kg 5-FU with or without Entolimod (1 µg/
mouse) injected 24 and 48 h after the last 5-FU dose; n=10 mice/group. The differences in mortality kinetics between corresponding 5-FU
and 5-FU+Entolimod groups were statistically significant: (*) p<0.001; (**) p<0.03 by Log-rank test for 30-day survival.
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used two mouse strains, BALB/c and C57BL/6, which
differ in their sensitivity to 5-FU. Mice were administered
5-FU alone or in combination with subsequent Entolimod
treatment using different doses and schedules. Toxicity
was assessed by monitoring body weight loss and
mortality.
In BALB/c mice, we found that injection of 100 mg/
kg 5-FU induced only transient body weight loss without
mortality, but that a single injection of 200 mg/kg 5-FU
caused severe weight loss and 80-100% mortality within
2 weeks after 5-FU injection (Fig. 1A and B). The kinetics
of body weight loss showed an initial drop in mean body
weight during the first 3-5 days after injection, partial
improvement by day 7-8, and then a second drop with no
recovery. A higher dose of 5-FU (400 mg/kg) caused more
rapid single-phasic body weight loss and death of 100%
of animals within 7 days. At both tested doses of 5-FU,
administration of Entolimod (two s.c. injections given 24

and 48 h after 5-FU) significantly reduced body weight
loss and prevented mouse mortality. With 200 mg/kg
5-FU + Entolimod, mean body weight loss was minimal
(<10%) and all mice survived to the end of the 30 day
observation period. With 400 mg/kg 5-FU + Entolimod,
the initial 5-FU-induced drop in mean body weight was
observed, but this was reversed at Day 5, and on Day
30, mean body weight was restored to normal and 80%
of animals were alive. Improved resistance of BALB/c
mice to 5-FU-induced toxicity was also observed when
Entolimod was applied 24 h (single injection), or 1, 48 and
96 h (three injections) after 200 mg/kg 5-FU as evidenced
by substantially reduced weight loss and an increase in
30-day survival to 90% (versus 0% in the group given
5-FU alone) (Supplementary Fig. S1). Under the same
conditions, two injections of Entolimod given 1 h and 24
h post-5FU prevented weight loss and mortality in only
3/10 mice, a statistically non-significant benefit.

Figure 2: Protection and restoration of hematopoiesis. Complete blood cell analysis was performed using blood samples from

mice treated with vehicle (n=5), 5-FU alone (n=10) or 5-FU+Entolimod (n=10). 5-FU was injected i.p. at a dose of 200 mg/kg (A) or 100
mg/kg (B) followed by three s.c. Entolimod (1 µg/mouse) injections 1, 48 and 96 h post-5-FU. Mean concentrations (K/µl peripheral blood)
of white blood cells (WBC), neutrophils, lymphocytes and platelets ± SEM are shown for the indicated days after 5-FU injection. The
differences between 5-FU and 5-FU+Entolimod groups were statistically significant: (*) p<0.001; (**) p<0.05 by two-tailed unpaired t-test.
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C57BL/6 mice were more resistant to 5-FU toxicity
than BALB/c mice. Administration of 200 mg/kg 5-FU
to C57BL/6 mice was not lethal, but caused transient
body weight loss (only about 10-15%) with complete
recovery by Day 10 (data not shown). However, 400 mg/
kg 5-FU, which caused early death of BALB/c mice by
day 7, was lethal for majority of C57BL/6 mice by day
15 (Fig. 1C). Toxicity with similar kinetics was observed
after three injections of 100 mg/kg 5-FU given 24 h apart,
with severe weight loss and death occurring about 2 weeks
post-treatment (Fig. 1C, Supplementary Fig. S2A-B).
With both toxic regimens of 5-FU treatment, injection of
Entolimod (1 µg/mouse) 24 and 48 h after injection of the
last fraction of 5-FU resulted in significant reduction of
body weight loss and improved survival. With addition of
Entolimod to 400 mg/kg 5-FU treatment, 30-day survival
was increased from 10% to 70% (p=0.0079, Fig. 1C).
Similarly, when Entolimod was given to mice treated with
3x100 mg/kg 5-FU, mortality was significantly delayed.
Mean survival time was increased from 11.5 days to 14
days (p= 0.0002) and 30-day survival was increased from
0% to 30%. The ability of Entolimod to reduce 5-FUassociated mortality was confirmed to be TLR5-specific
since the effect was not observed in similarly treated
TLR5 knockout mice (Supplementary Fig. S2C).

Effect of Entolimod
hematopoietic damage

on

induced HP damage, we next evaluated whether Entolimod
specifically reduces HP damage caused by 5-FU. As shown
in Figure 2, treatment of BALB/c mice with 200 or 100
mg/kg 5-FU resulted in rapid elimination of practically all
types of blood cells, including neutrophils, lymphocytes
and platelets, correlating with lethality observed within
11-14 days after 5-FU administration. Entolimod treatment
after 200 mg/kg 5-FU did not significantly ameliorate
5-FU-induced depletion of blood cell populations as
observed on Days 7 and 11 post-5-FU (Fig. 2A). However,
in contrast to mice treated with 200 mg/kg 5-FU alone,
mice treated with Entolimod after 200 mg/kg 5-FU
administration showed gradual recovery of hematopoiesis
leading to complete restoration of normal WBC and
neutrophil levels by Day 14 and improved mouse survival.
With sub-lethal doses of 100 mg/kg and 150 mg/kg 5-FU
(Fig. 2B and Supplementary Fig. S3, respectively), mice
treated with Entolimod after 5-FU consistently displayed
more rapid recovery of peripheral blood cell populations
than mice given 5-FU alone. In some cases in response to
5-FU with or without Entolimod, surviving mice displayed
temporary overcompensation for the loss of HP cells:
numbers of lymphocytes, neutrophils and platelets were
higher in treated mice than in intact controls at the day 1415 time-points (Fig. 2B), but normalized by day 21 (data
not shown).
The effect of Entolimod treatment on 5-FU-induced
HP damage in BALB/c mice was also assessed through
morphological analysis of H&E-stained bone marrow
(BM) sections (Fig. 3). This showed that application
of 200 mg/kg 5-FU resulted in severe aplasia of the
BM, with near-complete absence of HP cells, remnants
of stromal cells, expanded sinusoids and hemorrhage

5-FU-induced

Since 5-FU-induced mortality can be prevented
by Entolimod and is known to involve HP damage and
Entolimod was previously shown to ameliorate radiation-

Figure 3: Effect of Entolimod on 5-FU-induced changes in bone marrow morphology. Representative pictures of H&E-

stained bone marrow sections (10x objective magnification) prepared 3 and 7 days after 5-FU injection. BALB/c mice were treated with
200 mg/kg 5-FU with or without injection of Entolimod 24 and 48 h post-5-FU; 5 mice/group. The lower row shows selected areas outlined
in white at two fold higher magnification.
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observed in BM sections prepared on Day 3 (72 h) after
5-FU administration. Treatment with Entolimod (1 µg/
mouse) 24 and 48 h after 200 mg/kg 5-FU had no or very
little beneficial effect on BM morphology at this time
point. In both 5-FU-treated mice and those given 5-FU
in combination with Entolimod, the BM was drastically
depopulated in contrast to BM samples from mice treated

with Entolimod alone or intact mice which displayed
normal morphology with a meshwork of bony spicules,
open areas with active hematopoiesis and sinusoids filled
with erythrocytes.
At Day 7, the BM of mice treated with 200 mg/kg
5-FU alone contained only single HP and stromal cells that
were rounded and detached from each other (indicative

Figure 4: Effect of Entolimod on 5-FU-induced changes in small intestine morphology. A-B. Representative H&E-stained

transverse sections (250x objective magnification) of small intestines from vehicle injected BALB/c mice (intact) and treated with 5-FU
(200 mg/kg (A) or 400 mg/kg (B)) alone or in combination with Entolimod 24 and 48 h post-5-FU. Sections were prepared 3 and 7 days
after 5-FU treatment. Enterocytes lining the villi are indicated by arrows, lamina propria by asterisks, and crypts by arrowheads. The lower
row shows selected crypt areas outlined in white at two fold higher magnification. C. The average injury score of small intestine sections, as
described in (A-B). The degree of pathimorphological changes in the surface epithelium, villi, crypts, lamina propria, stroma, transitory and
lymphoid elements and submucosa was scored as: 4 – Severe; 3 – Markedly abnormal; 2 – Moderately abnormal; 1 – Mild; and 0 – Normal,
including non-integer scores. The average morphological score for 5 mice/group is shown ± SEM. Differences between corresponding
5-FU and 5-FU+Entolimod groups were statistically significant: (*) p<0.05; (**) p<0.001. D. Mitotic index in mice treated as described in
(A-B) was calculated in crypts of 4 transverse sections of small intestine per mouse as the number of mitoses per crypt (12 samples/ group).
The mitotic index of vehicle treated animals is plotted as “No-5-FU” control; mean ± SEM; (*) Differences between corresponding 5-FU
and 5-FU+Entolimod groups were statistically significant (p<0.05).
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of necrosis and necrobiosis). In addition, hemorrhage
and an abundant fat component were observed in these
BM samples. In contrast, the BM of mice injected with
Entolimod after 200 mg/kg 5-FU showed signs of HP
recovery including islets of preserved HP cells with
prevalent hyperplastic megakaryocytes suggesting that
Entolimod promotes recovery of hematopoiesis in the

BM and restoration of peripheral HP cell populations after
5-FU-induced damage.
Taken together, these data demonstrate that 5-FU
causes severe myelosuppression, neutropenia and
thrombocytopenia which likely contribute to the lethality
of the treatment in BALB/c mice. Furthermore, Entolimod
promotes recovery of hematopoiesis in the BM and

Figure 5: Effect of Entolimod on 5-FU-induced changes in colon morphology. A-B. Representative H&E-stained transverse

sections (250x objective magnification) of colon from untreated “intact” BALB/c mice and those treated with 5-FU injections (200 mg/kg
(A) or 400 mg/kg (B)) alone or in combination with Entolimod treatment 24 and 48 h post-5-FU. Sections were prepared 3 or 7 days after
5-FU treatment. Morphology of crypt areas outlined in white is shown at two fold higher magnification in the lower rows. Atrophic and
degenerative changes in the surface epithelium are indicated by arrows and in the crypt cells and mucin globules by arrowheads. C. The
average injury score was determined by pathomorphological changes in the surface epithelium, number of surface enterocytes and goblet
cells, size and shape of crypts, lymphoid elements and state of the submucosa in colon sections from mice described in (A-B); 5 mice/group;
mean ± SEM. Differences between corresponding 5-FU and 5-FU+Entolimod groups were statistically significant (*) p<0.05.
www.impactjournals.com/oncotarget
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restoration of peripheral HP cell populations after 5-FUinduced damage.

Effect of Entolimod
gastrointestinal damage

on

the small intestines and number of surface enterocytes
and goblet cells in the small and large intestines; (b)
status of crypts (depth, size and shape, presence of
apoptotic bodies, number of and granules in Paneth’s
cells, luminal migration of epithelial nuclei, loss of
goblet cells, presence of atrophy and distortion); and (c)
state of the lamina propria (presence of transitory cells,
lymphoid accumulations, edema, blood vessel congestion
and hemorrhage). The extent of damage related to these
features was scored according to the following semiquantitative scale: 4 – Severe, 3 – Markedly abnormal,
2 – Moderate, 1 – Mild and 0 – No damage.
Administration of 5-FU (200 mg/kg or 400 mg/
kg) into BALB/c mice caused dose-dependent damage
in the small and large intestines. The small intestine
showed atrophy and necrosis in the crypts and surface
epithelium at 3 and 7 days after 5-FU administration

5-FU-induced

Previous studies in mice have shown that 5-FU
can induce GI damage in the small and large intestines,
causing diarrhea and body weight loss leading to
mortality [26, 28, 29]. To assess the effect of Entolimod
treatment on the GI toxicity of 5-FU, we compared tissue
morphology in H&E-stained transverse sections of small
and large intestines from untreated “intact” mice and
mice treated with different regimens of 5-FU with or
without Entolimod. Specific morphological features were
evaluated, including (a) the height and width of villi of

Figure 6: Effect of Entolimod on 5-FU toxicity in IL-6 knockout mice. A. Survival of WT BALB/c and IL-6-KO mice after
treatment with 200 mg/kg 5-FU, with or without Entolimod treatment (1 µg/mouse) 24 and 48 h after 5-FU. B. The kinetics of body
weight changes in IL-6-KO mice treated with 5-FU (400 mg/kg) and Entolimod injected 24 and 48 h after the last 5-FU dose (mean ±
SEM). C. Survival of IL-6-KO and wild type (WT) mice treated with 5-FU (400 mg/kg) or 5-FU+Entolimod. The combined results of two
independent experiments are presented in (B) and (C). (*) Differences between corresponding 5-FU and 5-FU+Entolimod groups were
statistically significant (p<0.001). D. H&E-stained small intestine sections showing crypts from IL-6-KO mice euthanized on Day 3 after
5-FU (400 mg/kg) with or without Entolimod. Enterocytes lining the villi are indicated by arrows, lamina propria by asterisks and crypts
by arrowheads. Normal morphology of crypts in an intact mouse is shown as a control. E. Concentrations of white blood cells (WBC)
in blood samples from IL-6-KO mice treated with Entolimod alone (n=3), 5-FU alone (n=5) or 5-FU+Entolimod (n=5). 5-FU (100 mg/
kg) was followed by Entolimod 24 and 48 h later; m ± SEM. (**) Differences between the 5-FU and 5-FU+Entolimod groups were not
statistically significant (p<0.05).
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(Fig. 4). 5-FU-induced injury was most pronounced in the
crypt layer, with smaller and more dense crypts, scarce
and degranulated Paneth’s cells, abnormal differentiation
and maturation of the crypt epithelium, absence of goblet
cells, and enlarged and vesicular nuclei. As expected, the
observed toxicity was dose- and time-dependent, with
greater damage observed after treatment with 400 mg/kg
5-FU versus 200 mg/kg 5-FU and at day 3 versus day 7
indicating GI recovery at the latter time point. However,
after 400 mg/kg 5-FU, crypt damage remained significant
even at day 7. In addition to the above described changes

in the crypts, severe 5-FU-induced injury was seen in
the surface epithelium of the villi, in the lamina propria
and in the submucosa. For both tested 5-FU doses,
Entolimod injection at 24 and 48 h post-5-FU led to
significant mitigation of 5-FU-induced damage to the
small intestine mucosa and morphology closer to normal
(Fig. 4A-C). The most dramatic evidence of this was the
preservation of secretory Paneth’s cells in the crypts of
all mice treated with Entolimod in addition to 5-FU. The
beneficial effect of Entolimod was clearly illustrated by
the near-complete restoration of normal small intestine
morphology on day 7 after 5-FU injection in Entolimodtreated mice, while those given 5-FU alone showed severe
damage with no signs of recovery at the same time point.
In addition, the average overall GI injury scores obtained
by semi-quantitative scoring of the stained tissue sections
confirmed efficacy of Entolimod in reducing small
intestine toxicity of 200 or 400 mg/kg doses of 5-FU at
both day 3 and day 7 (Fig. 4C).
Similar analysis of the morphology of the large
intestine (colon) in BALB/c mice after 200 mg/kg or 400
mg/kg 5-FU treatment showed dose-dependent injury
of the colonic mucosa on day 3 and 7 post-5-FU, with
atrophic and degenerative changes observed mainly in the
crypt cells (e.g., loss of mucin globules, loss of distinct
boundaries between adjacent cells, disappearance of the
apical cytoplasm, and extended crypt lumens) (Fig. 5).
Treatment of 5-FU-injected mice with Entolimod led to
improved preservation of crypt cells and mucin globules
and overall closer-to-normal morphology in the large
intestine. The beneficial effect of Entolimod on 5-FUinduced large intestine injury at day 3 and day 7 post5-FU was found to be statistically significant for groups
treated with high dose (400 mg/kg) 5-FU (Fig. 5C).
The GI toxicity of 5-FU and potential mitigative effect
of Entolimod were examined further by determining
the number of mitoses per crypt (“mitotic index”) in
transverse small intestine sections as an indicator of the
proliferative capacity/health of the crypts (Fig. 4D). 5-FU
administration (200 or 400 mg/kg) was found to cause a
dose-dependent reduction in mitotic index on day 3 postinjection. At both 5-FU dose levels, Entolimod treatment
ameliorated the drop in mitotic index on day 3 (although
only significantly so with 400 mg/kg 5-FU). By day 7
after 200 mg/kg 5-FU injection, the mitotic index was
restored to normal in both mice treated with 5-FU alone
and those treated with 5-FU+Entolimod; however, on day
7 after 400 mg/kg 5-FU injection, efficacy of Entolimod in
promoting restoration of the small intestine mitotic index
was evident. The mitotic index on day 7 in mice treated
with Entolimod after 400 mg/kg 5-FU was the same as
in intact mice, while that in mice treated with 5-FU alone
remained ~50% lower than normal (Fig. 4D).
Taken together, the results of these direct analyses
of the GI tract demonstrate that Entolimod counteracts the
GI toxicity of 5-FU, primarily by stimulating regeneration

Figure 7: Protection of mice, but not tumors, from
5-FU toxicity by Entolimod in CT26 tumor-bearing
mice. A. Kinetics of s.c. CT26 tumor growth in mice treated

with vehicle (“untreated”), 5-FU alone (100 or 200 mg/kg),
or 5-FU + Entolimod injected 1, 48, and 96 h post-5-FU (10
mice, 20 tumors per group in 5-FU treated groups, and 5 mice,
10 tumors, in “untreated” group, mean ± SEM). B. The kinetics
of body weight changes (percentage of starting weight) and (C)
survival of mice described in A. (*) – Body weight and tumor
volume are shown for only 4/10 mice injected with 200 mg/
kg 5-FU alone that were surviving on Day 18 after CT26 cell
inoculation; mice in this group died due to 5-FU toxicity with
small or no tumors. In the other groups, mice were euthanized
due to large size or ulceration of tumors; 2/10 mice in the group
treated with 200 mg/kg 5-FU + Entolimod remained tumor-free
for the entire period of observation (60 days). (**) Differences in
mouse survival between 5-FU (200 mg/kg) + Entolimod group
and any other group were statistically significant (p<0.05 by
Log-rank test for mean survival).
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of damaged GI tissue.

5-FU toxicity can be mediated by the development
of inflammation following from induction of proinflammatory cytokines and ROS formation in GI
tissues. In particular, IL-1 has been identified as an
essential mediator of 5-FU GI toxicity [26]. Natural
mechanisms by which IL-1 activity can be suppressed
include increased production of soluble IL-1 receptor
and/or IL-1 receptor antagonist (IL-1RN) proteins [34].
Notably, IL-1RN expression was previously shown to
be induced in the colon of flagellin-treated mice and to
contribute to the amelioration of colitis in the treated
mice [14]. Here, we found that the plasma concentration
of soluble IL-1 receptor was significantly elevated in
mice treated with Entolimod alone or following 5-FU as
compared to untreated “intact” mice (Supplementary Fig.
S6A). In addition, upregulation of IL-1RN expression
in the small intestine was detected following Entolimod
treatment of mice (Supplementary Fig. S6B). These
data suggest neutralization of IL-1 activity as a possible
mechanism underlying Entolimod-mediated mitigation of
5-FU toxicity in GI tissues. Additionally, our finding that
production of the antioxidant enzyme SOD2 in the small
intestine was increased following Entolimod treatment of
mice presents neutralization of ROS as another possible
mechanism involved in the protective effects of Entolimod
against 5-FU-induced tissue damage (Supplementary Fig.
S6C, [35]).

Role of IL-6 in the protective effects of Entolimod
against 5-FU toxicity
The NF-B-regulated cytokine IL-6 is strongly
upregulated in response to Entolimod treatment [30].
IL-6 is a candidate mediator of the tissue protective
effects of Entolimod since it is known to have protective
and hematopoiesis stimulating properties (particularly
for the thrombocytic lineage) [30-33]. Induction of IL-6
by Entolimod was previously shown to be critical for
mitigation of HP acute radiation syndrome and prevention
of death in mice after total body irradiation [30]. Here,
we found that Entolimod injection also causes induction
of IL-6 in 5-FU-treated mice. A strong Entolimoddependent spike in plasma levels of IL-6 (58-fold over the
level observed with vehicle treatment) was observed in
BALB/c mice at 7 days after 200 mg/kg 3-FU treatment
(Supplementary Fig. S4). In order to determine whether
Entolimod-induced IL-6 plays a role in the drug’s ability
to protect mice against 5-FU toxicity, we compared the
effects of Entolimod treatment on 5-FU-associated body
weight loss, mortality and morphological GI damage
in IL-6-KO mice versus wild type (WT) BALB/c mice.
IL-6-KO and WT mice displayed similar sensitivity to 3
different does of 5-FU as determined by body weight loss
and survival (100, 150 and 200 mg/kg) (data not shown).
However, while Entolimod was able to rescue WT mice
from death induced by 200 mg/kg 5-FU, it did not reduce
the lethality of the same dose of 5-FU in IL-6-KO mice
(Fig. 6A). In contrast, with a higher dose of 5-FU (400
mg/kg), Entolimod treatment did provide some survival
benefit to IL-6-KO mice, increasing mean survival time
from 8 to 10 days (P<0.001) (Fig. 6C). This improvement
in survival of IL-6-KO mice dosed with 400 mg/kg 5-FU
was associated with Entolimod-mediated recovery of body
weight after initial 5-FU-induced weight loss (Fig. 6B),
consistent with mitigation of GI damage in KO animals
with preservation of crypt cells in small intestine and
higher mitotic index (Fig. 6D and Supplementary Fig.
S5) as in WT animals (Fig. 4B and D). Entolimod did
not, however, prevent mouse lethality and all KO mice
treated with 400 mg/kg 5-FU + Entolimod died by day
13 post-5-FU (Fig. 6C). Using a sub-lethal dose of 5-FU
(100 mg/kg), we confirmed that Entolimod-mediated
acceleration of HP recovery was absent in IL-6-KO mice
(Fig. 6E) in contrast to WT mice (Fig. 2B). Together with
the knowledge that in BALB/c mice 200 and 400 mg/
kg doses of 5-FU induce primarily HP and GI damage,
respectively, these data demonstrate that IL-6 production is
an essential mechanism of Entolimod-mediated restoration
of hematopoiesis after 5-FU treatment, but is not required
for mitigation of GI toxicity under the same conditions.
In addition to its direct cytotoxic effects,
www.impactjournals.com/oncotarget

Entolimod does not protect tumors from 5-FU
Clearly, use of Entolimod to improve anticancer
chemotherapy by reducing its adverse side effects requires
that the protective effects of the drug are strictly limited
to normal (non-tumor) cells and tissues. Since 5-FU is
commonly used as a single agent or in combination with
other chemotherapeutic drugs to treat colorectal cancer
[36, 37], we used the mouse CT26 colorectal carcinoma
model to test the effect of Entolimod on tumor sensitivity
to 5-FU. CT26 cells do not express TLR5 and their
growth as s.c. tumors is not suppressed by Entolimod
treatment (Supplementary Fig. S7) [10]. CT26 tumors
were, however, sensitive to 5-FU treatment as expected,
showing 5-FU dose-dependent reduction of tumor growth
(Fig. 7A). Inclusion of Entolimod in the treatment regimen
with either 100 mg/kg or 200 mg/kg 5-FU did not have
any significant effect on 5-FU-induced tumor suppression
(Fig. 7A).
Entolimod treatment also did not significantly
change survival of tumor-bearing mice treated with
100 mg/kg 5-FU; 100% of mice in these two groups
were euthanized by Day 29 after tumor cell inoculation
due to tumors reaching the size endpoint or developing
ulcerations (Fig. 7B). In contrast, 100 % of mice injected
with 200 mg/kg 5-FU without Entolimod died due to
5-FU toxicity by Day 27 post tumor cell implantation
(Day 23 post 5-FU injection), while those treated with
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the combination of 200 mg/kg 5-FU and Entolimod
experienced significantly less toxicity. Tumor-bearing
mice given Entolimod after 200 mg/kg 5-FU displayed
less weight loss (Fig. 7B) and significantly prolonged
survival (Fig. 7C) compared to those treated with 200
mg/kg 5-FU alone. Moreover, 2 of the 10 mice treated
with 200 mg/kg 5-FU+Entolimod survived tumor-free for
the entire period of observation (>60 days). These results
illustrate that treatment of CT26 tumor-bearing mice with
Entolimod in combination with 5-FU reduced the systemic
toxicity of 5-FU without affecting its antitumor efficacy.

that the protective/ regenerative effects of the drug
could potentially reduce the antitumor efficacy of the
chemotherapy. However, in numerous experiments with
multiple mouse tumor models (e.g., colon adenocarcinoma
CT26, breast 4T1, etc.), we have never observed any
stimulation of tumor growth or induction of tumor
recurrence by Entolimod treatment [7, 8, 10]. In the
current study, mice bearing syngeneic CT26 tumors were
protected from the systemic toxicity associated with 5-FU
treatment by injection of Entolimod, but Entolimod did
not reduce the tumor suppressive effect of 5-FU. The
difference between normal and tumor cell responses to
Entolimod is likely due to the fact that most tumor cells
commonly acquire impairment of pathways controlling
cell cycle and DNA repair (e.g., p53), frequently resulting
in constitutively active NF-B and STAT3 [38, 44, 45] thus
making TLR5 stimulation ineffective. In addition to its
failure to protect tumors from radiation and chemotherapy,
Entolimod actually demonstrates antitumor efficacy in
itself. This has been shown for subcutaneously growing
TLR5-positive tumors as well as tumors growing in
TLR5-positive tissues (e.g., liver) regardless of the TLR5
status of the tumor cells [8, 10]. The tumor suppressive
effects of Entolimod appear to be due to induction of
cytokines leading to development of antitumor immune
responses [11, 12]. Therefore, we have multiple reasons
to expect that Entolimod has strong potential to improve
the therapeutic index of anticancer chemotherapeutics by
mitigation of chemotherapy-induced adverse side effects
in hematopoietic and gastrointestinal tissues without
reducing tumor suppression.

DISCUSSION
Our previous work showing that the TLR5 agonist
Entolimod rescues mice and non-human primates
from lethal irradiation by protecting and stimulating
regeneration of HP and GI tissues [7] suggested that the
drug might have similar protective effects in the context
of genotoxic chemotherapy. Systemic administration
of Entolimod leads to NF-B- and STAT3-mediated
induction of numerous bioactive factors including antiapoptotic proteins, scavengers of ROS, cytokines and antiinflammatory agents which can contribute to protection of
normal tissues from the damaging effects of radiation- or
drug-related genotoxicity [10, 38]. For example, one of
the strongest responders to Entolimod treatment IL-6 is
known to have protective properties through activation of
the STAT3 signaling [31, 39-42].
Here, using 5-FU as a model, we show that
Entolimod is indeed capable of reducing the toxicity of
genotoxic chemotherapy to GI and HP tissues resulting
in overall improvement in health and survival of treated
mice. Entolimod did not prevent 5-FU-induced depletion
of HP cell populations, but did accelerate their recovery to
normal levels in an IL-6-dependent manner. This suggests
that Entolimod does not directly interfere with 5-FU HP
toxicity, but rather reduces the severity of damage and
stimulates tissue regeneration. In the GI tract, Entolimod
treatment both reduced the extent of 5-FU-induced damage
and promoted tissue recovery, but Entolimod-stimulated
IL-6 production was not responsible for these effects.
Elevated levels of the antioxidant enzyme SOD2 and
IL-1 receptor antagonist (IL-1RN) detected in the small
intestine and inhibitory soluble IL-1 receptor detected
in the plasma of Entolimod-treated mice suggest that
reduction of ROS activity and inhibition of IL-1-mediated
inflammation may contribute to the Entolimod’s ability to
reduce the GI toxicity of 5-FU [26]. The latter possibility
is consistent with previous work showing that induction of
IL-1RN in intestinal epithelia and macrophages following
flagellin-mediated TLR5 stimulation was important for
limiting inflammatory responses to Salmonella infection
and reducing inflammasome-associated colitis [14, 43].
A major potential concern with applying Entolimod
to reduce the toxicity of chemotherapeutic drugs is
www.impactjournals.com/oncotarget

MATERIALS AND METHODS
Mice
BALB/c and C57BL/6 female mice, 10-14 weeks
old (Jackson Laboratory, Bar Harbor, ME) were used
in the study. IL-6 deficient mice C.129S2-IL6tm1/kopf/J
(BALB/c background) were originally purchased from
Jackson Laboratory; TLR5 knockout mice B6.129P2Tlr5tm1Aki (C57BL/6 background) were a generous gift of
Dr. Shizuo Akira (University of Tokyo, Japan); mice of
both strains were bred at Roswell Park Cancer Institute
(RPCI). All animal experiments followed protocols
approved by the RPCI IACUC.

Reagents
EntolimodTM , a TLR5 agonistic agent [7] was
obtained from Cleveland BioLabs, Inc. (Buffalo, NY).
5-Fluorouracil (5-FU) was purchased from Sigma (St.
Louis, MO).
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Tumor cells

(H&E) staining and analyzed in a blinded fashion
by a trained pathologist using ImagePro software
(at 10x magnification unless otherwise stated).
Pathomorphological changes in intestinal sections were
scored as: 4 – Severe; 3 – Markedly abnormal; 2 –
Moderate; 1 – Mild l; or 0 – Normal, with intermediate
non-integer scores assigned based on the pathologist’s
judgment. The mitotic index was determined by counting
the mitotic figures in crypt cells of the small intestine
using light microscopy at 100× magnification. The mitotic
index is calculated in longitudinally sectioned crypts as
an average value per crypt in each treatment-group (4
samples per mouse, 3 mice/group).

Murine colon undifferentiated carcinoma CT26 cells
(ATCC) were cultured in RPMI media with 10% FBS,
standard supplements (2 mmol/L L-glutamine, 100mol/L
nonessential amino acids) and 1% penicillin-streptomycin
(Invitrogen) at 37°C in a 5% CO2 incubator.

In vivo model of 5-FU toxicity
Mice were weighed and randomly divided into
treatment groups. 5-FU was diluted in DMSO (40%) and
injected i.p. (100 or 200 mg/kg / 200 l/ injection). High
dose 5-FU (400 mg/kg) was given as two i.p. injections of
200 mg/kg 6 h apart. Entolimod (1 g/ 100 l) was injected
s.c. at the indicated times after the first 5-FU injection.
When mice were given three i.p. injections of 5-FU
(100 mg/kg/day, once/day), Entolimod (1 µg/mouse) was
injected 24 and 48 h after the last 5-FU injection. DMSO
(40%) and PBS were used as vehicle controls for 5-FU and
Entolimod, respectively. Mice were monitored daily or at
least 3 times a week for survival and signs of morbidity,
including changes in body weight.

Statistical analysis
Differences in body weight loss (expressed as
percent initial body weight) between groups were
analyzed by two-way (time and treatment) repeated
measures ANOVA; differences in histomorphological
scores of tissue damage and mitotic index were analyzed
by Student’s t-test (two-tailed, unequal variances);
differences in survival kinetics (mean survival time)
were analyzed by log-rank test using GraphPad Prism
software; differences in discrete blood cell populations
between treatment groups were determined using twotailed unpaired Student’s t-test. Significance level was set
at P <0.05.

In vivo model of 5-FU antitumor therapy
CT26 tumor cells (5x105 /100 µl PBS) were injected
s.c. into syngeneic BALB/c mice (2 flanks/mouse). When
tumors reached ~5 mm in diameter, mice were randomly
divided into 5 treatment groups. 5-FU (100 or 200 mg/kg)
was injected i.p. with Entolimod (1 µg/ 100 µl) or PBS
injected s.c. 1, 48 and 96 h after 5-FU. A group of mice
injected with vehicle solutions was used as an “untreated”
control. Tumors were measured by two diameters with a
digital caliper every second day. Tumor volume (V) was
calculated as: V= x d12 x d2, where d1< d2. Mice were
euthanized according to IACUC protocol when signs of
morbidity were observed or tumors reached about 13 mm
in diameter or developed ulceration.

ACKNOWLEGMENTS
We thank Liliya Novototskaya and Ratan Maitra
for their contributions to our experiments with genetically
modified mice and Patricia Stanhope-Baker and Catherine
Burkhart for help with manuscript preparation. This work
was supported by grants from NIH R01AI080446 to
A.V.G. and Cleveland BioLabs, Inc. CBL536001-06 to
L.G.B.

REFERENCES

Complete blood cell analysis

1.

25 µL of whole blood from the orbital sinus were
analyzed to determine complete and differential blood cell
counts using a Hemavet 950 Hematology System (Drew
Scientific, Dallas, TX).

Petrelli F, Cabiddu M and Barni S. 5-Fluorouracil or
capecitabine in the treatment of advanced colorectal cancer:
a pooled-analysis of randomized trials. Med Oncol. 2012;
29(2):1020-1029.

2.

Blijlevens NM, Logan RM and Netea MG. The changing
face of febrile neutropenia-from monotherapy to moulds
to mucositis. Mucositis: from febrile neutropenia to febrile
mucositis. The Journal of antimicrobial chemotherapy.
2009; 63 Suppl 1:i36-40.

3.

Logan RM, Stringer AM, Bowen JM, Gibson RJ, Sonis
ST and Keefe DM. Is the pathobiology of chemotherapyinduced alimentary tract mucositis influenced by the type
of mucotoxic drug administered? Cancer chemotherapy and
pharmacology. 2009; 63(2):239-251.

Histological analysis
Immediately after euthanasia on day 3 or 7 after
5-FU injection, 1.0 cm samples of duodenum, jejunum,
ileum, colon and femora with bone marrow (BM) were
harvested from mice processed for hematoxylin-eosin
www.impactjournals.com/oncotarget

812

Oncotarget

4.

5.

6.

7.

8.

9.

Elting LS, Cooksley C, Chambers M, Cantor SB, Manzullo
E and Rubenstein EB. The burdens of cancer therapy.
Clinical and economic outcomes of chemotherapy-induced
mucositis. Cancer. 2003; 98(7):1531-1539.

antagonist (sIL-1Ra) and reduces inflammasome-associated
tissue damage. Mucosal immunology. 2011; 4(1):102-111.
15. Hare JI, Neijzen RW, Anantha M, Dos Santos N, Harasym
N, Webb MS, Allen TM, Bally MB and Waterhouse DN.
Treatment of colorectal cancer using a combination of
liposomal irinotecan (Irinophore C) and 5-fluorouracil. PloS
one. 2013; 8(4):e62349.

Billan S, Kaidar-Person O, Atrash F, Doweck I, Haim N,
Kuten A and Ronen O. Toxicity of induction chemotherapy
with docetaxel, cisplatin and 5-fluorouracil for advanced
head and neck cancer. The Israel Medical Association
journal : IMAJ. 2013; 15(5):231-235.

16. Kumler I, Brunner N, Stenvang J, Balslev E and Nielsen
DL. A systematic review on topoisomerase 1 inhibition
in the treatment of metastatic breast cancer. Breast cancer
research and treatment. 2013; 138(2):347-358.

Montagnani F, Chiriatti A, Turrisi G, Francini G and
Fiorentini G. A systematic review of FOLFOXIRI
chemotherapy for the first-line treatment of metastatic
colorectal cancer: improved efficacy at the cost of increased
toxicity. Colorectal disease : the official journal of the
Association of Coloproctology of Great Britain and Ireland.
2011; 13(8):846-852.

17. Hegde SR, Sun W and Lynch JP. Systemic and targeted
therapy for advanced colon cancer. Expert review of
gastroenterology & hepatology. 2008; 2(1):135-149.
18. Kato H and Nakajima M. Treatments for esophageal cancer:
a review. General thoracic and cardiovascular surgery.
2013; 61(6):330-335.

Burdelya LG, Krivokrysenko VI, Tallant TC, Strom E,
Gleiberman AS, Gupta D, Kurnasov OV, Fort FL, Osterman
AL, Didonato JA, Feinstein E and Gudkov AV. An agonist
of toll-like receptor 5 has radioprotective activity in mouse
and primate models. Science. 2008; 320(5873):226-230.

19. Cao H, Le D and Yang LX. Current status in chemotherapy
for advanced pancreatic adenocarcinoma. Anticancer
research. 2013; 33(5):1785-1791.
20. O’Shaughnessy JA, Kaufmann M, Siedentopf F, Dalivoust
P, Debled M, Robert NJ and Harbeck N. Capecitabine
monotherapy: review of studies in first-line HER-2-negative
metastatic breast cancer. The oncologist. 2012; 17(4):476484.

Burdelya LG, Gleiberman AS, Toshkov I, Aygun-Sunar
S, Bapardekar M, Manderscheid-Kern P, Bellnier D,
Krivokrysenko VI, Feinstein E and Gudkov AV. Tolllike receptor 5 agonist protects mice from dermatitis and
oral mucositis caused by local radiation: implications for
head-and-neck cancer radiotherapy. International journal of
radiation oncology, biology, physics. 2012; 83(1):228-234.

21. Meyerhardt JA and Mayer RJ. Systemic therapy for
colorectal cancer. The New England journal of medicine.
2005; 352(5):476-487.

Fukuzawa N, Schenk AD, Petro M, Nonomura K, Baldwin
WM, 3rd and Fairchild RL. High renal ischemia temperature
increases neutrophil chemoattractant production and tissue
injury during reperfusion without an identifiable role for
CD4 T cells in the injury. Transplant immunology. 2009;
22(1-2):62-71.

22. Bach SP, Williamson SE, O’Dwyer ST, Potten CS and
Watson AJ. Regional localisation of p53-independent
apoptosis determines toxicity to 5-fluorouracil and
pyrrolidinedithiocarbamate in the murine gut. British
journal of cancer. 2006; 95(1):35-41.
23. Can G, Akpinar B, Baran Y, Zhivotovsky B and Olsson
M. 5-Fluorouracil signaling through a calcium-calmodulindependent pathway is required for p53 activation and
apoptosis in colon carcinoma cells. Oncogene. 2013;
32(38):4529-4538.

10. Burdelya LG, Brackett CM, Kojouharov B, Gitlin, II,
Leonova KI, Gleiberman AS, Aygun-Sunar S, Veith J,
Johnson C, Haderski GJ, Stanhope-Baker P, Allamaneni S,
Skitzki J, Zeng M, Martsen E, Medvedev A, et al. Central
role of liver in anticancer and radioprotective activities of
Toll-like receptor 5 agonist. Proceedings of the National
Academy of Sciences of the United States of America.
2013; 110(20):E1857-1866.

24. Burger K, Muhl B, Harasim T, Rohrmoser M, Malamoussi
A, Orban M, Kellner M, Gruber-Eber A, Kremmer E,
Holzel M and Eick D. Chemotherapeutic drugs inhibit
ribosome biogenesis at various levels. The Journal of
biological chemistry. 2010; 285(16):12416-12425.

11. Cai Z, Sanchez A, Shi Z, Zhang T, Liu M and Zhang D.
Activation of Toll-like receptor 5 on breast cancer cells by
flagellin suppresses cell proliferation and tumor growth.
Cancer research. 2011; 71(7):2466-2475.

25. Longley DB, Harkin DP and Johnston PG. 5-fluorouracil:
mechanisms of action and clinical strategies. Nature reviews
Cancer. 2003; 3(5):330-338.

12. Rhee SH, Im E and Pothoulakis C. Toll-Like Receptor 5
Engagement Modulates Tumor Development and Growth
in a Mouse Xenograft Model of Human Colon Cancer.
Gastroenterology. 2008.

26. Wu ZQ, Han XD, Wang Y, Yuan KL, Jin ZM, Di JZ,
Yan J, Pan Y, Zhang P, Huang XY, Wang ZG and Zheng
Q. Interleukin-1 receptor antagonist reduced apoptosis
and attenuated intestinal mucositis in a 5-fluorouracil
chemotherapy model in mice. Cancer chemotherapy and
pharmacology. 2011; 68(1):87-96.

13. Akira S and Takeda K. Functions of toll-like receptors:
lessons from KO mice. Comptes rendus biologies. 2004;
327(6):581-589.

27. Jin X, Zimmers TA, Zhang Z, Pierce RH and Koniaris LG.
Interleukin-6 is an important in vivo inhibitor of intestinal

14. Carvalho FA, Aitken JD, Gewirtz AT and Vijay-Kumar M.
TLR5 activation induces secretory interleukin-1 receptor
www.impactjournals.com/oncotarget

813

Oncotarget

epithelial cell death in mice. Gut. 2010; 59(2):186-196.

Rev Immunol. 2005; 5(10):749-759.

28. Sakai H, Sagara A, Matsumoto K, Hasegawa S, Sato K,
Nishizaki M, Shoji T, Horie S, Nakagawa T, Tokuyama S
and Narita M. 5-Fluorouracil induces diarrhea with changes
in the expression of inflammatory cytokines and aquaporins
in mouse intestines. PloS one. 2013; 8(1):e54788.

39. Turkson J and Jove R. STAT proteins: novel molecular
targets for cancer drug discovery. Oncogene. 2000;
19(56):6613-6626.
40. Dalton WS. Drug resistance and drug development in
multiple myeloma. Seminars in oncology. 2002; 29(6 Suppl
17):21-25.

29. Pritchard DM, Potten CS and Hickman JA. The
relationships between p53-dependent apoptosis, inhibition
of proliferation, and 5-fluorouracil-induced histopathology
in murine intestinal epithelia. Cancer research. 1998;
58(23):5453-5465.

41. Takeda K, Kaisho T, Yoshida N, Takeda J, Kishimoto
T and Akira S. Stat3 activation is responsible for IL-6dependent T cell proliferation through preventing apoptosis:
generation and characterization of T cell-specific Stat3deficient mice. J Immunol. 1998; 161(9):4652-4660.

30. Krivokrysenko VI, Shakhov AN, Singh VK, Bone F,
Kononov Y, Shyshynova I, Cheney A, Maitra RK, Purmal
A, Whitnall MH, Gudkov AV and Feinstein E. Identification
of granulocyte colony-stimulating factor and interleukin-6
as candidate biomarkers of CBLB502 efficacy as a medical
radiation countermeasure. The Journal of pharmacology and
experimental therapeutics. 2012; 343(2):497-508.

42. Taub R. Hepatoprotection via the IL-6/Stat3 pathway. The
Journal of clinical investigation. 2003; 112(7):978-980.
43. Carvalho FA, Koren O, Goodrich JK, Johansson ME,
Nalbantoglu I, Aitken JD, Su Y, Chassaing B, Walters
WA, Gonzalez A, Clemente JC, Cullender TC, Barnich
N, Darfeuille-Michaud A, Vijay-Kumar M, Knight R, et
al. Transient inability to manage proteobacteria promotes
chronic gut inflammation in TLR5-deficient mice. Cell host
& microbe. 2012; 12(2):139-152.

31. Senchenkova EY, Komoto S, Russell J, Almeida-Paula
LD, Yan LS, Zhang S and Granger DN. Interleukin-6
mediates the platelet abnormalities and thrombogenesis
associated with experimental colitis. The American journal
of pathology. 2013; 183(1):173-181.

44. Karin M. Nuclear factor-kappaB in cancer development and
progression. Nature. 2006; 441(7092):431-436.

32. Carrington PA, Hill RJ, Levin J and Verotta D. Effects of
interleukin 3 and interleukin 6 on platelet recovery in mice
treated with 5-fluorouracil. Experimental hematology. 1992;
20(4):462-469.

45. Haura EB, Turkson J and Jove R. Mechanisms of disease:
Insights into the emerging role of signal transducers and
activators of transcription in cancer. Nature clinical practice
Oncology. 2005; 2(6):315-324.

33. Takatsuki F, Okano A, Suzuki C, Miyasaka Y, Hirano
T, Kishimoto T, Ejima D and Akiyama Y. Interleukin 6
perfusion stimulates reconstitution of the immune and
hematopoietic systems after 5-fluorouracil treatment.
Cancer research. 1990; 50(10):2885-2890.
34. Dinarello CA. Why not treat human cancer with
interleukin-1 blockade? Cancer metastasis reviews. 2010;
29(2):317-329.
35. Yasuda M, Kato S, Yamanaka N, Iimori M, Utsumi D,
Kitahara Y, Iwata K, Matsuno K, Amagase K, YabeNishimura C and Takeuchi K. Potential role of the NADPH
oxidase NOX1 in the pathogenesis of 5-fluorouracilinduced intestinal mucositis in mice. American journal of
physiology. 2012; 302(10):G1133-1142.
36. Leichman CG, Fleming TR, Muggia FM, Tangen CM,
Ardalan B, Doroshow JH, Meyers FJ, Holcombe RF, Weiss
GR, Mangalik A and et al. Phase II study of fluorouracil and
its modulation in advanced colorectal cancer: a Southwest
Oncology Group study. J Clin Oncol. 1995; 13(6):13031311.
37. Saltz LB, Leichman CG, Young CW, Muggia FM, Conti
JA, Spiess T, Jeffers S and Leichman LP. A fixed-ratio
combination of uracil and Ftorafur (UFT) with low dose
leucovorin. An active oral regimen for advanced colorectal
cancer. Cancer. 1995; 75(3):782-785.
38. Karin M and Greten FR. NF-kappaB: linking inflammation
and immunity to cancer development and progression. Nat
www.impactjournals.com/oncotarget

814

Oncotarget

