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Therapeutic effects of STAT3 inhibition by nifuroxazide on
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Abstract. Graft-vs.-host disease (GVHD) is a major and lethal
complication of allogeneic bone marrow transplantation
(allo-BMT). Although great development has been made,
the treatment progress of this disorder is slow. Research has
illustrated that STAT3 was critical for T cell alloactivation
in GvHD. In the present study, the authors hypothesized that
nifuroxazide, as the STAT3 inhibitor, treatment may attenuate
the development of acute GvHD (aGvHD). The results
demonstrated that nifuroxazide suppressed the development
of aGvHD and significantly delayed aGvHD-induced lethality.
Mice receiving nifuroxazide had mostly normal-appearing
skin with minimal focal ulceration, mild edema and conges-
tion in the liver, and a less-pronounced villus injury and less
inflammatory infiltrate in the small intestine. Treatment with
nifuroxazide inhibited the activation of STAT3, resulting in
the regulation of the CD4* T cells and CD4*CD25* T cells and
reduction of interferon-y and tumor necrosis factor-a levels. In
conclusion, nifuroxazide may be efficacious for post-transplant
of GVHD, providing a potent drug for use as a prophylactic or
as a second-line therapy for aGvHD in clinical trials.

Introduction

Allogeneic bone marrow transplantation (allo-BMT) can
be a lifesaving therapy for a variety of malignancies and
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non-malignant diseases. But the efficacy of allo-BMT is
hampered by a major and lethal complication, graft-versus-host
disease (GVHD) (1). GvHD can be classified into acute GvHD
(aGvHD) and chronic GvHD (cGvHD), and aGvHD usually
occurs within 100 days of allo-BMT. As a rapidly progres-
sive syndrome, aGVHD is characterized by profound wasting,
immunosuppression and tissue damage in many organs
including the gut, liver and skin (2-4). aGvHD is a serious
immune pathological response, in which naive donor T cells
recognize the host allogeneic antigen by antigen presenting
cells and finally cause recipient tissue injury (5,6). Increasing
evidence from experiments illustrated that T cell activation
was vital for the induction of aGvHD through dysregulating
of inflammatory cytokine cascades and agents that suppressed
allo-reactive T cells have shown promise in the therapy of
aGvHD (7).

It was reported that JAK-STAT signaling had a vital role
in regulating effector T cell differentiation, homeostasis and
integrating cytokine secretion (8). As the important member
of the STAT family, STAT3 is critical for T cell alloactivation
in aGvHD (9-11) and prolonged activation of STAT3, which is
a dominant event occurring in host T cells and GvHD targeted
organs (12). Murine recipients of allo-BMT with T lympho-
cytes lacking STAT3 did not exhibit the typical symptoms
of GvDH, but displayed conspicuous survival instead (13).
Hill er al (14) reported that knockout of SOCS3, which is the
negative regulator of JAK2/STAT3, markedly increased the
incidence of GvHD in the mice model. In addition, several
inhibitors or antibodies such as ruxolitinib, CP-690550,
TG101348 and PIAS3, block the JAK2/STAT3 signaling
pathway and alleviate the severity of GVHD (15-21).

Nifuroxazide has been initially identified as an intestinal
broad-spectrum antibiotic since the 1980s and illustrated as
a potent inhibitor of the JAK/STAT signaling recently (22).
Nifuroxazide has been demonstrated to inhibit STAT3 phos-
phorylation by suppressing the Jak family kinases Jak2 and
Tyk2, and cause a decrease in viability of myeloma cells but
with no cytotoxic effect of normal peripheral blood mono-
nuclear cells (22), illustrating the security to a certain extent
in clinical practice. Although not available for clinical use in
certain countries currently, nifuroxazide is available in many
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countries worldwide and may have broader efficacy as well. In
the present study, the authors hypothesized that nifuroxazide
therapy would attenuate the development of aGVHD using an
experimental murine model.

Materials and methods

Animals and drugs. The recipient mice were 8-12-week-old
BALB/c male mice (n=20 per group), and the donor mice
were 8-12-week-old C57BL/6 male mice. All mice were
obtained from the Experimental Animal Center of Zhengzhou
University (Zhengzhou, China) and were fed for about one
week to adapt to the environment. Subsequently, in the next
week, the recipient mice were fed with sterile food and acidi-
fied water. All experiments were performed according to the
Institutional Animal Care and Use Committee Guidelines
and were approved by the Ethics Committee of Xinxiang
Medical University (Xinxiang, China). The nifuroxazide used
was obtained from Sigma-Aldrich; Merck KGaA (Darmstadt,
Germany) and dissolved in dimethylsulfoxide.

Allogeneic BMT. Prior to transplantation, the recipient mice
were exposed to 7.5 Gy total body irradiation (*°Co source).
Eight donor C57BL/6 mice were sacrificed, and the bone
marrow cells and the splenocytes were isolated and adjusted to
1x10%cell/ml, respectively. Following 4 h, the mixture of bone
marrow cells (50 ul) and the splenocytes (50 ul) from donor
mice were injected through tail veins.

Treatment with nifuroxazide. The entire recipient mice were
divided randomly into two groups with 20 mice each group.
The drug of nifuroxazide (2 mg/ml) was continuously injected
intravenously into the recipient mice (100 gl/mouse) at
4-11 days following transplantation, while the control group
received saline. The survival time, clinical manifestations
and body weight changes were monitored over time and the
clinical scores of aGVHD were made according to the work
of Cooke et al (23).

Western blotting. Liver tissues were collected from nifuroxa-
zide-treated and saline-treated mice of the allo-BMT model
respectively. Tissues were lysed in radioimmunoprecipitation
assay buffer [20 mM Tris-HCI (pH 7.5), 150 mM NaCl, | mM
Na, EDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxycholate,
2.5 mM sodium pyrophosphate, I mM b-glycerophosphate,
1 mM Na;VO,, 1 mg/ml leupeptin]. Protein concentration
was determined using a bicinchoninic protein assay kit (cat
no. PO012S; Beyotime Institute of Biotechnology, Haimen,
China). A total of 50 ug sample per lane was separated by 12%
SDS-PAGE and then transferred to a polyvinylidene difluo-
ride membrane. Membranes were blocked in bovine serum
albumin blocking buffer (cat no. P0023B; Beyotime Institute
of Biotechnology) for 1 h at room temperature. Subsequently,
membranes were stained with primary antibodies against
B-actin (1:1,000), STAT3 (1:1,000) and p-STAT3 (1:500)
(cat nos. 3700, 9139 and 9145 respectively; Cell Signaling
Technology, Inc., Danvers, MA, USA) at 4°C overnight, and
subsequently incubated with an appropriate horseradish
peroxidase-conjugated secondary antibody (1:2,000; cat
nos. 129256, 127655; OriGene Technologies, Inc., Rockville,
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MD, USA) for 1 h at room temperature. Finally, the immu-
nocomplexes were visualized using a BeyoECL Plus kit
(Beyotime Institute of Biotechnology). The gray analysis of
bands were quantified using Quantity One software (version
4.62; Bio-Rad Laboratories, Inc., Hercules, CA, USA).

Histopathological analysis. Following treatment for ten days,
the liver and small intestine from mice in the GVHD control
group and nifuroxazide-treated group were fixed in 4% para-
formaldehyde and then the tissues were sectioned at 7 ym
thicknesses, deparaffinized using xylene, then dehydrated
using a gradient of ethanol, and finally stained with hema-
toxylin and eosin.

Flow cytometry analysis. Spleens were isolated and harvested
at 2 weeks following allo-BMT, passed through a 40 mm
nylon cell strainer filter, and then collected in PBS. RBCs were
removed with Red Blood Cell Lysis buffer (Beyotime Institute
of Biotechnology, Haimen, China). Cells were washed and
resuspended in PBS at 1x107 cells/ml. A total of 100 ul resus-
pended cells were placed on ice and labeled with anti-CD3,
anti-CD4, anti-CDS8, and anti-CD25 (cat nos. 05112-50-100,
06112-80-25, 10112-60-25, 07312-60-25; PeproTech, Inc.,
Rocky Hill, NJ, USA) labeled with appropriate fluorochrome
for 30 min in the dark. Then cells were washed with iced PBS
twice and resuspended in 1% paraformaldehyde. The fluo-
rescence intensity of cell was measured with flow cytometer
(Guava easyCyte; EMD Millipore, Billerica, MA, USA) with
a minimum of 10,000 cells collected.

ELISA. The peripheral blood was collected at day 14 following
transplantation, and the levels of tumor necrosis factor-a and
interferon-y in plasma were analyzed by ELISA kits (cat
nos. 0608150430 and 0608150421; RayBiotech, Norcross, GA,
USA) according to the manufacturer's instructions.

Statistical analysis. Student's t-tests or one-way analysis of
variance were performed to test whether mean values between
different groups were significantly different when appropriate.
For survival analysis, Kaplan-Meier method with log-rank test
was used. P<0.05 was considered to indicate a statistically
significant difference.

Results

Treatment of nifuroxazide ameliorated the symptoms of the
recipient mice with aGvHD and improved their living time.
Although prophylactic treatment for aGVHD is important,
perhaps equally important is the therapy for established
GVHD, which is usual refractory to frontline therapy (24).
The intravenous (i.v.) injection of lethally irradiated BALB/c
mice with 5x10° total bone marrow cells and 5x10° splenocytes
from C57BL/6 donors leads to aGVHD, which is character-
ized by gradual weight loss, depilation, lassitude, diarrhea
and death. Thus, to determine whether nifuroxazide treatment
could modulate the development of aGVHD, nifuroxazide was
injected intraperitoneal (i.p.) to the mice following allo-BMT
as described previously. Compared with the saline-treated
group, the mice in the nifuroxazide-treated group showed
attenuation of weight loss and less severe clinical scores of



aGVHD (Fig. 1A and B). Moreover, the mean survival time of
mice in the nifuroxazide treatment group extension was longer
than the control group (Fig. 1C). These results demonstrated
that aGVHD mice treated with the nifuroxazide suppressed
the development of aGVHD and significantly delayed
aGVHD-induced lethality.

The damage of GVHD target organs were alleviated by
nifuroxazide. A hallmark of aGVHD is tissue injury and
inflammation in target organs including the skin, liver and
intestinal tract. When observed 2 weeks following HSCT
(hematopoietic stem cell transplantation), saline-treated mice
exhibited marked inflammation with pustule formation and
ulceration in the skin, ballooning degeneration and severe
hepatic congestion in the liver, and blunting of villi, glandular
organ rupture and an inflammatory infiltrate in the lamina
propria of the small intestine. In contrast, mice receiving
nifuroxazide had mostly normal-appearing skin with minimal
focal ulceration, mild edema and hepatic congestion in the
liver, and a less-pronounced injury in the small intestine
(Fig. 2).

Nifuroxazide controlled the development of aGVHD through
STAT3 modulation in a mouse model of allo-BMT. As nifu-
roxazide was proven as the inhibitor of STAT3, in addition to
the vital role in the pathogenesis of GVHD, the authors next
investigated whether this drug could affect STAT3 activity.
Western blotting was carried out to quantify the STAT3
activity. The results showed that p-STAT3 activities in liver
isolated from each group were noticeably decreased by nifu-
roxazide treatment (Fig. 3).

Nifuroxazide therapy inhibited effect T cells activation and
regulated CD4*CD25" T cells expression. The inflammatory
processes that observed in aGVHD target organs are driven
by the T lymphocytes activation (25). Correspondingly, less
CD4" but not CD8" T lymphocytes were identified in the
spleen of mice treated with nifuroxazide than in saline-treated
controls (Fig. 4A and B). As the CD4*CD25" T cells serve
a negative role in GVHD progression (26), the authors next
detected the CD4*CD25* T cells following nifuroxazide treat-
ment. The results demonstrated that when compared with the
saline treated group, number of CD4*CD25" T cells in nifu-
roxazide treated group was significantly increased (Fig. 4C),
indicating that the therapeutic effect using nifuroxazide
partly not only due to the inhibition of the CD4* T cells
but also due to the increase of the CD4*CD25* T cells. The
small but statistically significant increase in CD4*CD25* T
cells is consistent with the possibility that the increase of
CD4*CD25* T cells contributes to the efficacy of the drug.

Treated with nifuroxazide suppressed the production of
inflammatory cytokine. The progression of aGvHD is
accompanied by producing and releasing proinflammatory
cytokines (27,28). Recipient mice were irradiated and trans-
planted with total bone marrow cells and splenocytes cells
and then were injected with either nifuroxazide or saline as
before. Serum samples from each group were analyzed on day
14 following transplantation for detecting levels of IFN-y and
TNF-a.. The authors reported that two weeks after allo-BMT,
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Figure 1. Nifuroxazide attenuated the severity and mortality from aGvHD.
Recipient of BALB/c mice were received the cell mixture of 5x106 total bone
marrow cells and 5x10° splenocytes from C57BL/6 mice, and nifuroxazide
or saline was injected on day 4 post allo-BMT. (A) aGvHD scores obtained
from different treated mice. (B) Body weight change of mice in each group.
(C) The survival rate of mice following treatment. "P<0.05 vs. vehicle group.
Data were combined from two independent experiments and are represented
as the mean =+ standard deviation.

serum levels of IFN-y and TNF-a were aggrandized above
baseline in saline-treated mice, while the circulating levels
of these cytokines were reduced by nifuroxazide treatment
(Fig. 5).

Discussion

Though the pathophysiology of aGvHD is complicated,
accumulating evidence suggests that suppression the activity
of alloreactive T cells can potentially limit the morbidity
associated with the disorder. However, many agents carry with
obvious side effects that restrict their usage, such as delayed
immune reconstitution and increased incidence of infec-
tion (24). The induction of aGVHD is a process of donor T cells
response to host alloantigens and causes T-cell mediated tissue
damage. It is worth noting that STAT3 binds to its ligands
and triggers the allogeneic T cells activation. Nifuroxazide,
which is used as an antimicrobial drug, has been demonstrated
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Figure 2. Histopathology of acute graft vs. host disease target tissues following allogeneic bone marrow transplantation. Lethally irradiated BALB/c mice were
underwent transplantation with bone marrow cells and splenocytes. Mice that received transplantation were treated by nifuroxazide or saline. The section was
stained with hematoxylin and eosin (magnification, x100). Examination in the (A) liver, (B) skin and (C) small intestine.
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Figure 3. Nifuroxazide blocked STAT3 expression in liver of mice with acute graft vs. host disease. (A) At 14 days following allogeneic bone marrow
transplantation, western blotting was performed for STAT3 and p-STAT3 expression. (B) Bar graph indicates the relative expression of STAT3 and p-STAT3.
“P<0.01 vs. vehicle group. Data are represented as the mean = standard deviation. STAT3 signal transducer and activator of transcription 3; p-, phosphorylated..

the potent of STAT3 inhibitor, and exhibits antitumor effect
both in hematological malignancy and solid tumors. There
are numerous STAT3 inhibitors. Among them, the authors
chose nifuroxazide because of the safeness currently avail-
able (22,29,30). The intended effect of nifuroxazide was
observed, i.e. blocking STAT3 by inhibiting its phosphoryla-
tion, however, it was unclear whether the nifuroxazide could
prevent GVHD.

As previously reported, lethal TBI (total body irradiation)
can destroy the immune system and result in an immunodefi-
ciency state of mice (31). The experiments in the current study
still indicated that the mice with TBI and without any partic-
ular treatment exhibited an obvious body weight loss within

two days, and would die from irradiation related damage or
infection very soon. Nevertheless, the mice engrafted the
donor T cells exhibited the characteristic of severe GvHD,
including less activity, arched back and ruffled fur, which led
to their intestine, liver skin injury and even death.

The doses of nifuroxazide used in the experiment are
derived from the articles and pre-experiments. Injections
occurred daily when administration was delayed until 7 days
following allogeneic BMT. The results demonstrated that
post-treatment of nifuroxazide reduced the incidence and
severity of mice with aGvHD, whereas a previous article
reported that post-treatment using JAK2 inhibition amelio-
rated GVHD syndromes (32). Consequently, the histopathology
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Figure 4. Nifuroxazide affected T cells proportion. At 14 days following allogeneic bone marrow transplantation, splenocytes were isolated from each group,
stained with relevant antibody, and then analyzed by flow cytometry. The expression of (A) CD4*, (B) CD8" and (C) CD25" T cells in the spleen. (D) The bars
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Figure 5. Injection of nifuroxazide inhibited proinflammatory cytokine production. BALB/c mice were exposed to 7.5 Gy of total-body irradiation and
transplanted with bone marrow cells and splenocytes from C57BL/6 donors. Each recipient was injected with nifuroxazide or saline on day 4 for one week.
Sera from the mice in each group (n=5/group) were obtained on day 14 following allogeneic bone marrow transplantation and analyzed for (A) IFN-y and
(B) TNF-a. “P<0.01 vs. vehicle group. IFN, interferon; TNF, tumor necrosis factor.

observation demonstrated a decrease of damage in the target
organs.

The authors then investigated whether the immunosup-
pressive effects of nifuroxazide on GvHD, which blocked
STAT3 activation, stemmed from the decrease of alloreactive
T-cells. It has been suggested that, following BMT, alloreative
T cells enter peripheral lymphoid organs rapidly within hours,
while alloreactive T lymphocytes migrate to target organs
slowly within a few days (25,33). Flow cytometry indicated
that STAT3 blockage with nifuroxazide significantly reduced
CD4* T lymphocytes activation in spleens at day 14.

Furthermore, the dysregulation of inflammatory cytokine
cascades in aGvHD initiation is known to serve a critical role
in the pathogenesis of aGvHD. In particular, IFN-y (34-36) and
TNF-a (37) have been established as vital effector factors of

tissue damage originating from BMT-conditioning regimen.
A marked decrease was identified in the concentrations of
IFN-y and TNF-a in plasma following nifuroxazide treatment.
Though not detected, nuclear factor-«B, a proinflammatory
transcription factor, having a crosstalk both with STAT3 and
TLRY signaling pathway, may also be inhibited in the treat-
ment. The immunological effects of nifuroxazide need to be
clearly illustrated through further researches.

So far, the drugs, as the therapeutic approaches of GVHD,
have usually resulted in severe immunosuppression occur-
ring at the expense of graft-versus-leukemia, while through
inhibiting STAT3 signaling pathway, nifuroxazide has proven
the antitumor effects in hematological oncology (22) and
solid tumors (38,39), suggesting that apart from attenuating
the symptom of GvHD, treatment with nifuroxazide has the
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potential to be a potent antitumor agent. Most importantly,
there were no observed severe side effects from the experi-
ment. Further studies ought to be carried out to detect the
effect of prophylactic application of nifuroxazide on GvHD
(including aGvHD or cGvHD).

In conclusion, the current study illustrated that nifuroxa-
zide therapy may attenuate GvHD and improve the survival
rate, and the existence of a potential effect in terms of regu-
lating T cell differentiation, with a significant decrease in the
secretion of IFN-y and TNF-a cytokines. These effects were
mediated by the blockade of the STAT3 pathways. On this
basis, these observations illustrated that the nifuroxazide may
be efficacious for post-transplant of GVHD, providing a potent
clinical choice as a prophylactic or as a second-line therapy
for aGvHD.
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