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A CRITICAL ROLE OF FEBRILE TEMPERATURE IN REGULATING
INTERLEUKIN (IL)-17 PRODUCING CELLS VIA SMAD4

TECHNICAL FIELD

Embodiments of the present disclosure generally relate to the field of
bio-pharmaceutical, more particularly, to a method of promoting or suppressing the
differentiation or maturation of IL-17 producing cells, a method of promoting or suppressing
IL-17 production, a method of improving or suppressing the immunity of a patient, a method
of treating a patient with IL-17 related autoimmune diseases and cancers, an apparatus to
promote or inhibit the differentiation or maturation of IL-17 producing cells or IL-17
production or improve or suppress the immunity of a patient, a method of screening a
medicament suitable to be used in a treatment or prevention of IL-17 related autoimmune
diseases and a method of screening a medicament suitable to be used in enhancing
anti-tumor immunity.

BACKGROUND

Fever, a physiological response commonly associated with infections, injuries and
neoplasia (Pasikhova et al., 2017), is evolutionarily conserved in both endothermic and
ectothermic animals. Febrile range temperatures (1 °'C -4°C above basal core body
temperature) are suggested to have a survival advantage in infectious diseases, possibly
through inhibiting pathogen growth and boosting protective immune responses (Evans et al,
2015; Hasday et al., 2014; Lin et al., 2019). A key role of fever in immune system is to
stimulate innate immune system, such as release of neutrophils in periphery, production of
cytokines and nitric oxide from macrophages or dendritic cells, promotion of leukocyte
trafficking, and enhancement of their phagocytic, bacteriolytic, cytolytic or antigen
presentation functions (Evans et al.,, 2015; Hasday et al., 2014). Fever is also a shared
clinical symptom in many autoimmune diseases, including rheumatoid arthritis, systemic
lupus erythematosus, adult onset still’s disease, rheumatic fever and inflammatory bowel
disease (Limper et al., 2010; Shang et al., 2017). Fever can be observed at both early and
active stages of autoimmune diseases, and ~20% of patients with clinical fever of unknown
origins are diagnosed later with autoimmune diseases (Limper et al., 2010; Shang et al.,
2017), suggest a possible pathogenic role of fever in autoimmune diseases. In addition, fever
can be also observed in a number of tumor patients (called as neoplastic fever)(Cornely and
Mellinghoft, 2017; Pasikhova et al., 2017), suggesting fever might also regulate anti-tumor
or tumor prone immune responses.

Interleukin (IL)-17 plays an important protective role in host defense against fungal and
extracellular bacterial infections, as well as in mucosal barrier maintenance. IL-17 producing
cells mainly include Th17 cells, a unique CD4™ T cell subset identified in 2005 expressing
signature cytokines (IL)-17, as well as IL-21, IL-17F and IL-22 (Eming et al., 2017;
Stockinger and Omenetti, 2017). In addition, IL-17 can be also produced by a number of
other immune cell subsets, including Tc17 cells (a CD8™ T cell subset), & T cells, ILC3
cells, NK cells, NKT cells and etc., and these cells share many similar functions and features
in various immune responses (Liang et al., 2015; Veldhoen, 2017). However, excessive
IL-17 production causes chronic tissue inflammation associated with many human
autoimmune diseases (Stockinger and Omenetti, 2017). Up to date, FDA has approved 9
drugs targeting the Th17 cell developmental program in treatment of psoriasis, psoriatic
arthritis, ankylosing spondylitis, rheumatoid arthritis and Still’s diseases (Fasching et al.,
2017). In addition, Th17 cells and IL-17 have been shown to be increased in many cancer
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patients or tumor tissues, including melanoma, ovarian cancer, colorectal cancer, lung cancer,
ovarian cancer, lung cancer, gastric cancer, etc.,, and may have a pro-tumor activity or
anti-tumor activity, dependent on specific tumor types (Chang, 2019; Qian et al., 2017).

The differentiation of Th17 cells is initiated by interleukin (IL)-6 and transforming
growth factor (TGF)-B. IL-6 acts mainly through activating the STAT3 transcription factor
(Yang et al., 2007). Downstream signaling of TGF-B involved in Th17 cell differentiation
has also been studied. Canonically, TGF-B activates SMAD2 and SMAD?3, which form a
heterotrimeric complex with SMAD4 and translocate into nucleus to mediate downstream
gene expression. SMAD?2 is required for Th17 cell differentiation (Malhotra et al., 2010,
Martinez et al., 2010), while SMAD3 may play a negative role (Martinez et al., 2009), but
also compensate for SMAD2 deficiency (Zhang, 2018). Our earlier report demonstrated a
dispensable role of SMAD4 for Th17 cell differentiation in vitro (Yang et al., 2008), which
was supported by several subsequent studies (Hahn et al., 2011; Zhang et al., 2017).
However, a recent publication reported a negative role of SMAD4 in suppressing IL-17
expression when T cells were cultured under IL-6 only conditions, via recruiting the
transcription repressor SKI (Zhang et al., 2017). In contrast, under complete Th17 cell
polarizing conditions, TGF-B causes degradation of SKI to release the inhibitory effect of
SMAD4 (Zhang et al., 2017), and together with IL-6 induce robust expression of RORyt, the
lineage-specific transcriptional factor directly controlling production of IL-17 and IL-17F
(Stockinger and Omenetti, 2017), the major effect cytokines in Th17 cells.

Under in vivo settings, there is growing evidence that Th17 cells generated in the
mucosal tissue, associated with hemostatic barrier regulatory function, are phenotypically
distinct from those in the inflamed tissues of autoimmune diseases (Esplugues et al., 2011,
Gaublomme et al., 2015), and their pathogenicity could be affected by surrounding
microenvironments, including cytokines TGF-B3, IL-1B and IL-23, salt and microbiota
(Kleinewietfeld et al., 2013; Lee et al., 2012; Stockinger and Omenetti, 2017; Wu et al.,
2013).

Non-steroid anti-inflammation drugs generally featured with antipyretic properties,
including aspirin and rofecoxib, not only reduce inflammation in human patients (Li et al.,
2017), but also alleviate experimental autoimmune encephalomyelitis (EAE) model (Mondal
etal., 2018; Ni et al., 2007).

SUMMARY

In this study, we examined the role of fever in adaptive immunity and found that febrile
temperature significantly enhanced Th17 cell differentiation in vitro and in vivo and
promoted their pro-inflammatory activity and pathogenic function in vivo in animal models.
Mechanistically, febrile temperature enhanced global amounts of protein SUMOylations, a
common response to various stress stimuli (Saitoh and Hinchey, 2000), dependent on HSP70
and HSP90 related heat shock response. We showed that genetic ablation of UBC9, the only
E2 SUMOylation conjugating enzyme, or inhibition of HSP70 or HSP90 activity using small
molecular inhibitors completely abolished febrile temperature dependent Thl17 cell
differentiation. Of note, SMAD4, though not required for Th17 cell differentiation under
normal temperature, was selectively required for febrile temperature-dependent Th17 cell
differentiation in vitro and in vivo, through SUMOylation at its K113 and K159 residues.
Genome-wide RNAseq analysis identified SMAD4 as a critical master transcription factor in
controlling febrile Th17 cell differentiation. Genetic ablation of SMAD4, or mutation of the
SMAD4 K113/159 SUMOylation sites, abolished the effect of febrile temperature on Th17
cell differentiation in vitro and in vivo, and alleviated induction of experimental autoimmune
encephalomyelitis in mice, a classical Th17-dependent autoimmune disease model. In
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addition, febrile temperature could also enhance the differentiation of Tc17 cells (a CD8™ T
cell subset that expresses IL-17 and shares many similar developmental features to Th17
cells (Liang et al., 2015)) and associated IL-17 expression, likely in a similar mechanism as
in Th17 cells. Therefore, our studies reveal a novel mechanism whereby fever promotes
IL-17-associated inflammatory responses, including various related autoimmune diseases
and pro-tumor or anti-tumor immune response through regulating the differentiation and
maturation of Th17 cells, as well as Tcl7 cells, or possibly other IL-17 producing cells,
including 6 T, NK, NKT and ILC3 cells

Embodiments of a first broad aspect of the present disclosure provide a method of
promoting the differentiation or maturation of an IL-17 producing cell, through modulating
environmental temperature. According to the embodiments of present invention, the method
comprises: increasing the environmental temperature to enhance the differentiation or
maturation of an IL-17 producing cell or IL-17 production in vitro or in vivos

It should be noted that the “the environmental temperature” described above is the
temperature which IL-17 producing cell can sense during their differentiation or maturation
process in vitro and in vivo.

It should be noted that the “the differentiation or maturation of an IL-17 producing cell”
described above indicates the process for naive T cells or immature T cells or innate immune
cells to develop into mature IL-17 producing cells. A naive T cells includes a naive CD4+ T
cell or naive CD8+ T cell. An immature T cell includes a NK T cell or y& T cell. An innate
immune cell includes an ILC3 cell.

According to the embodiments of present invention, wherein the temperature could be
increased up to 39.5°C or above.

According to the embodiments of present invention, wherein an IL-17 producing cell
include at least a CD4" T cell (also refer to Th17 cell in the application), CD8" T cell (also
refer to Tcl7 cells in the application), y6 T cell, ILC3 cell, NK cell and NK T cell.
According to the embodiments of present invention, wherein the in vivo environmental
temperature is achieved by means of infra-red radiation, hot water, heat-inducing chemical
or biological approaches, electronical devices or other physical methods.

Embodiments of a second broad aspect of the present disclosure provide a method of
inhibiting the differentiation or maturation of an IL-17 producing cell, through modulating
the environmental temperature, in order for reducing IL-17 associated inflammatory
response. According to the embodiments of present invention, the method comprises: reduce
the environmental temperature to suppress the differentiation or maturation of an IL-17
producing cell in vitro or in vivo, through using physical, chemical or biological approaches,
including anti-pyretic drugs.

Embodiments of a third broad aspect of the present disclosure also provide a method of
inhibiting the differentiation or maturation of an IL-17 producing cell, through inhibiting
SMAD4. According to the embodiments of present invention, the method comprises: 1) using
a chemical or biological inhibitor to suppress the activity of SMAD4 protein; 2) using a chemical
or biological regent to reduce the amount of SMAD4 protein under both in vitro or in vivo
settings.

Embodiments of a fourth broad aspect of the present disclosure also provide a method
of inhibiting the differentiation or maturation of an IL-17 producing cell, through inhibiting
a SUMOylated SMAD4 protein. According to the embodiments of present invention, the
method comprises: 1) using an anti-pyretic drug to reduce the amount of SUMOylated SMAD4
protein; 2) using a HSP70 inhibitor to reduce the amount of SUMOylated SMAD4 under both in
vitro or in vivo settings; 3) using a HSP90 inhibitor to reduce the amount of SUMOylated
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SMAD4 chemical or biological regent to reduce the amount of SMAD4 protein under both in
vitro or in vivo settings, 4) using a chemical or biological regent to inhibit the activity of
SUMOylated SMAD4 protein under both in vitro or in vivo settings;, or 5) using a chemical or
biological regent to reduce the amount of SUMOylated SMAD4 protein under both in vitro or in
Vivo settings..

SUMOylated SMAD4 or SMAD4 SUMOylation refers to a SMAD4 protein that is
covalently conjugated with one or more small ubiquitin-like modifier (SUMO) moiety. This
include SUMOylation at the K113 or K159 residue of SMAD4

Embodiments of a fifth broad aspect of the present disclosure also provide a method of
inhibiting the differentiation or maturation of an IL-17 producing cell, through inhibiting
UBC9-dependent SUMOylation pathway. According to the embodiments of present
invention, the method comprises: 1) using a chemical or biological inhibitor to inhibit the
activity of UBC9 protein under both in vitro and in vivo settings; 2) using a chemical or
biological regent to reduce the amount of UBC9 protein under both in vitro and in vivo settings;
3) using a chemical or biological inhibitor to inhibit UBCO related SUMOylation pathway under
both in vitro and in vivo settings.

Embodiments of a sixth broad aspect of the present disclosure also provide a method of
inhibiting the differentiation or maturation of an IL-17 producing cell, through inhibiting
heat shock response. According to the embodiments of present invention, the method
comprises: 1) using a chemical or biological inhibitor to inhibit the activity of HSP70 protein
under both in vitro and in vivo settings; 2) using a chemical or biological regent to reduce the
amount of HSP70 protein under both in vitro and in vivo settings; 3) using a chemical or
biological inhibitor to inhibit the activity of HSP90 protein under both in vitro and in vivo
settings; 4) using a chemical or biological regent to reduce the amount of HSP90 protein under
both in vitro and in vivo settings.

Embodiments of a seventh broad aspect of the present disclosure also provide a method
of promoting the differentiation or maturation of an IL-17 producing cell, through activating
SMAD4. According to the embodiments of present invention, the method comprises: 1) using
a chemical or biological regent to enhance the activity of SMAD4 protein under both in vitro and
in vivo settings; 2) using a chemical or biological regent to increase the amount of SMAD4
protein under both in vitro and in vivo settings.

Embodiments of an eighth broad aspect of the present disclosure also provide a method
of promoting the differentiation or maturation of an IL-17 producing cell, through activating
SMAD4 SUMOylation. According to the embodiments of present invention, the method
comprises: 1) using a chemical or biological regent to increase the amount of SUMOylated
SMADA4 protein under both in vitro and in vivo settings;

Embodiments of a ninth broad aspect of the present disclosure also provide a method of
promoting the differentiation or maturation of an IL-17 producing cell, through activating
UBC9-dependent SUMOylation pathway. According to the embodiments of present
invention, the method comprises: 1) using a chemical or biological regent to enhance the
activity of UBC9 protein under both in vitro and in vivo settings; 2) using a chemical or
biological regent to increase the amount of UBCO9 under both in vitro and in vivo settings; 3)
using a chemical or biological regent to activate UBC9 related SUMOylation pathway under
both in vitro and in vivo settings.

Embodiments of a tenth broad aspect of the present disclosure also provide a method of
promoting the differentiation or maturation of an IL-17 producing cell, through activating
heat shock response. According to the embodiments of present invention, the method
comprises: 1) using a chemical or biological regent to enhance the activity of HSP70 protein
under both in vitro or in vivo settings; 2) using a chemical or biological regent to increase the
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amount of HSP70 under both in vitro and in vivo settings; 3) using a chemical or biological
enhance the activity of HSP90 under both in vitro and in vivo settings; 4) using a chemical or
biological regent to increase the amount of HSP90 protein under both in vitro and in vivo
settings.

Embodiments of an eleventh broad aspect of the present disclosure provide a method of
treating a patient with IL-17 related autoimmune diseases, comprising: administrating an
anti-pyretic agent to the patient in need of such treatment; administrating an inhibitor for
SMAD4; administrating an inhibitor for SUMOylated SMAD4; administrating an inhibitor
for HSP70; administrating an inhibitor for HSP90; administrating an inhibitor for UBC9.

Embodiments of an twelfth broad aspect of the present disclosure provide a method of
treating a patient with IL-17 related cancers in which IL-17 has an pro-tumor activity;
comprising: administrating an anti-pyretic agent to the patient in need of such treatment;
administrating an inhibitor for SMAD4; administrating an inhibitor or for SUMOylated
SMAD; administrating an inhibitor for HSP70; administrating an inhibitor for HSP90;
administrating an inhibitor for UBC9.

Embodiments of an thirteenth broad aspect of the present disclosure provide a method
of treating a patient with IL-17 related cancers in which IL-17 has an anti-tumor activity,;
comprising: administrating an pro-pyretic agent to the patient in need of such treatment;
administrating an activator for SMAD4; administrating an activator for SUMOylated
SMAD4; administrating an activator for HSP70; administrating an activator for HSP90;
administrating an activator for UBC9.

According to the embodiments of present invention, wherein the IL-17 related
autoimmune disease comprising at least one of the following: psoriasis, psoriasis-like
arthritis, ankylosing spondylitis, rheumatoid arthritis, adult’s still’s disease and multiple
sclerosis.

According to the embodiments of present invention, wherein the IL-17 related cancers
comprising at least one of the following: melanoma, ovarian cancer, colorectal cancer, lung
cancer, ovarian cancer, lung cancer, gastric cancer.

According to the embodiments of present invention, wherein the anti-pyretic agent
comprising at least one of the following: aspirin and related salicylates, ibuprofen,
ketoprofen, metamizole, nabumetone, acetaminophen, phenazone and docosanol.

Embodiments of a fourteenth broad aspect of the present disclosure provide use of an
agent in the preparation of a medicament for improving the immunity of a patient, wherein
the agent is suitable to allowing the IL-17 producing cell growing under a condition with an
in vivo environmental temperature above 37°C.

Embodiments of a fifteenth broad aspect of the present disclosure provide use of an
agent in the preparation of a medicament for suppressing the immunity of a patient, wherein
the agent is suitable to allowing the IL-17 producing cell growing under a condition with an
in vivo environmental temperature below 42°C.

Embodiments of a sixteenth broad aspect of the present disclosure provide an apparatus
to modulate the differentiation or maturation of an IL-17 producing cell or IL-17 expression
for improving the immunity of a patient, comprising: an unit suitable to allow the IL-17
producing cell growing under a condition with an in vivo environmental temperature from a
range of 37°C or below to 39.5°C or above.

Embodiments of a seventeenth broad aspect of the present disclosure provide use of
reagent in preparing medicament, wherein the reagent is used for inhibiting SMAD4
protein, wherein the medicament are used for at least one of the following: inhibiting IL-17
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producing cells differentiation; inhibiting production of IL-17; treatment or prevention of
IL-17 related autoimmune diseases or cancers.

Embodiments of an eighteenth broad aspect of the present disclosure provide use of
reagent in preparing medicament, wherein the reagent is used for inhibiting UBC9, wherein
the medicament are used for at least one of the following: inhibiting IL-17 producing cells
differentiation; inhibiting production of IL-17; treatment or prevention of IL-17 related
autoimmune diseases or cancers.

Embodiments of a nineteenth broad aspect of the present disclosure provide use of
reagent in preparing medicament, wherein the reagent is used for inhibiting HSP70, wherein
the medicament are used for at least one of the following: inhibiting IL-17 producing cells
differentiation; inhibiting production of IL-17; treatment or prevention of IL-17 related
autoimmune diseases or cancers.

Embodiments of a twentieth broad aspect of the present disclosure provide use of
reagent in preparing medicament, wherein the reagent is used for inhibiting HSP90, wherein
the medicament are used for at least one of the following: inhibiting IL-17 producing cells
differentiation; inhibiting production of IL-17; treatment or prevention of IL-17 related
autoimmune diseases or cancers.

According to the embodiments of present invention, wherein the IL-17 producing cells
are Th17 cells, Tc17 cells, y8 T cells, ILC3 cells, NK and NK T cells.

Embodiments of a twenty-first broad aspect of the present disclosure provide a method
of screening a medicament suitable to be used in a treatment or prevention of IL-17 related
autoimmune diseases, comprising: contacting a candidate agent with IL-17 producing cells,
determining SMAD4 SUMOylation level in the IL-17 producing cells before and after the
contacting; the decreased SMAD4 SUMOylation in the IL-17 producing cell after the
contacting is an indication that the candidate agent is the medicament.

Embodiments of a twenty-second broad aspect of the present disclosure provide a
method of screening a medicament suitable to be used in enhancing anti-tumor immunity,
comprising: contacting a candidate agent with IL-17 producing cells, determining SMAD4
SUMOylation level in the IL-17 producing cell before and after the contacting; the increased
SMAD4 SUMOylation in the IL-17 producing cell after the contacting is an indication that
the candidate agent is the medicament.

According to the embodiments of present invention, the present disclosure provides a
method of promoting a maturation of an IL-17 producing cell. According to the
embodiments of present invention, the method comprises: allowing the IL-17 producing cell
growing under a condition with an environmental temperature higher than a body
temperature.

According to the embodiments of present invention, present disclosure provides a
method of promoting a secretion of IL-17, comprising: allowing the IL-17 producing cell
growing under a condition with an environmental temperature higher than a body
temperature.

It should be noted that the “ temperature” described above is the temperature which the
IL-17 producing cell can sense.

According to the embodiments of present invention, wherein the temperature is
sufficient to a SUMOylation of SMAD4.

According to the embodiments of present invention, wherein the temperature is higher
than normal body temperature, for example, in a range of 37°C to 42°C.
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According to the embodiments of present invention, wherein the temperature is 38.5°C
or39.5C.

According to the embodiments of present invention, wherein IL-17 producing cell is at
least one of Th17 and CDS.

According to the embodiments of present invention, the present disclosure provides a
method of improving an immunity of a patient, comprising: allowing the IL-17 producing
cell growing under a condition with an in vivo environmental temperature higher than a body
temperature.

According to the embodiments of present invention, wherein the in vivo environmental
temperature is achieved by means of infra-red radiation, hot water, heat-inducing chemical
or biological approaches, electronical devices or other physical methods

According to the embodiments of present invention, the present disclosure also
provides a method of promoting a maturation of an IL-17 producing cell or promoting
secretion of IL-17. According to the embodiments of present invention, the method
comprises: making SMAD4 in IL-17 producing cells SUMOylation.

According to the embodiments of present invention, the present disclosure also
provides a method of improving an immunity of a patient, comprising: administrating a
reagent used for enhancing SMAD4 SUMOylation in the IL-17 producing cells.

According to the embodiments of present invention, the present disclosure provides a
method of treating a patient with IL-17 related autoimmune disease, comprising:
administrating an anti-febrile agent to the patient in need of such treatment.

According to the embodiments of present invention, comprising lowering a body
temperature of the patient sufficient to suppress a SUMOylation of SMADA4.

According to the embodiments of present invention, the present disclosure provides use
of an anti-febrile agent in the preparation of a medicament for the treatment of IL-17 related
autoimmune disease.

According to the embodiments of present invention, the present disclosure provides use
of an agent in the preparation of a medicament or kit for a maturation of an IL-17
producing cell or promoting a secretion of IL-17, wherein the agent is suitable to allow the
IL-17 producing cell growing under a condition with an environment temperature higher
than a body temperature.

According to the embodiments of present invention, the present disclosure provides use
of an agent in the preparation of a medicament for improving an immunity of a patient,
wherein the agent is suitable to allowing the IL-17 producing cell growing under a condition
with an in vivo environmental temperature higher than a body temperature.

According to the embodiments of present invention, the present disclosure provides an
apparatus to promote the maturation of an IL-17 producing cell or promote a secretion of
IL-17 or improve an immunity of a patient, comprising: an unit suitable to allow the IL-17
producing cell growing under a condition with an environmental temperature higher than a
body temperature.

According to the embodiments of present invention, the present disclosure provides use
of reagent in preparing medicament, wherein the reagent is used for inhibiting SMADA4
SUMOylation, wherein the medicament are used for at least one of the following: inhibiting
IL-17 producing cells differentiation; inhibiting production of IL-17; treatment or prevention
of IL-17 related autoimmune diseases.

According to the embodiments of present invention, wherein inhibiting SMADA4
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SUMOylation is performed through inhibiting UBC9-depedent SUMOylation pathway.

According to the embodiments of present invention, the present disclosure provides use
of reagent in preparing medicament, wherein the reagent is used for enhancing SMADA4
SUMOylation, wherein the medicament is used for at least one of the following: enhancing
secretion of IL-17; enhancing IL-17 producing cells differentiation; enhancing anti-tumor
immunity.

According to the embodiments of present invention, wherein enhancing SMADA4
SUMOylation is performed through activating UBC9-depedent SUMOylation pathway.
BRIEF DESCRIPTION OF THE DRAWINGS

These and other aspects and advantages of embodiments of the present disclosure will
become apparent and more readily appreciated from the following descriptions made with
reference the accompanying drawings, in which:

Figure 1 shows febrile temperature promoted Th17 cell differentiation & IL-17
expression;

Naive CD4" T cells were polarized under Thl (IFN-y+IL-12+anti-IL-4+IL-2), Th2
(IL-4+anti-IFN-y+IL-2), Th17 (IL-6+TGF-B1 or IL-6+IL-1B+IL-23+ TGF-B1) or iTreg
(TGF-B1+IL-2) culture condition for 3-4 days at 37°C or 39.5°C, respectively, and the cells were
restimulated with phorbol-12-myristate-13-acetate, ionomycin and Golgi-stop for intracellular
staining or with aCD3 for mRNA expression analysis. (A) Top Left: intracellular staining of
lineage-specific cytokines or transcriptional factors in Th1, Th2 and iTreg cells; Top right: statistic
data of iTreg cells polarized under 37°C or 39.5°C (n=4); Bottom Left: intracellular staining of
IL-17 and FOXP3 in Th17 cells polarized under 37°C, 39.5°C or 38.5°C; Bottom right: statistic
data of iTreg cells polarized under 37°C or 39.5°C (n=10). (B) Realtime PCR data of mRNA
expression in Th17 cells after 3 days’ culture under 37°C or 39.5°C. The statistics were performed
by Student t-test. *: P<0.05; **: P<0.01; ***: P<0.001.

Figure 2 shows febrile temperature promoted in vitro Th17 cell differentiation & IL-17
production via heat shock response;

A. Time-course mRNA expression of Hsp40, Hsp60, Hsp70, Hsp90aa, Hsp90ab and
Hsp110h genes in Th17 cells cultured at 37°C or 39.5C as determined by realtime PCR
assay (student’s t test, ** P<0.01; *** P<0.001). B. The protein level of HSF1 and HSF2 in
Th17 cells cultured at 37°C or 39.5°C as determined by western blot. The integrated densities
(X 105) were measured with Image J software and listed in the figure. The results shown
here represents one of two independent results. C. Th17 cells were cultured in the presence
or absence of 0.2 uM HSP90 inhibitor (NMS-E973) or 10 uM HSP70 inhibitor (VER 155008)
under Th17 culture condition (IL-6+TGF-B1) at 37°C or 39.5°C, respectively. Intracellular
staining of IL-17A and FOXP3 in Th17 cells after 3 days’ culture.

Figure 3 shows febrile temperature promoted in vivo Th17 cell differentiation & IL-17
production via heat shock response

Naive OT-II cells were intravenously transferred into 7crbd”™ mice (~2x10° cells/mouse),
followed by OVA+CFA immunization. The mice were treated by oral gavage with aspirin (2 mg/kg
body weight, dissolved in 0.5% methyl cellulose solution, n=7) and control solution (n=7) twice a
day or ibuprofen (50 mg/kg body weight, dissolved in 0.5% methyl cellulose, n=5) and control (n=5)
daily throughout the experiment. The transferred OT-II T cells (CD4"CD3") were isolated from the
draining lymph nodes at different time points as indicated and analyzed for heat shock-related gene
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expression. (A) Relative mRNA expression of Hsfl, Hsf2, Hsp60, Hsp90 and Hsp110h (For each
time points, 2-3 mice were sacrificed and the OT-II cells were isolated and pooled together for
realtime PCR analysis. The results shown here represents one of the three independent results). (B)
Left: Intracellular staining of IL-17 and IFN-y in the donor OT-II T cells after aspirin or ibuprofen
treatment for 7 days; Right: statistic data of IL-17A expression in the donor OT-II T cells after
aspirin or ibuprofen treatment. The statistics were performed by Student’s t-test. *: P<0.05; **:
P<0.01; ***: P<0.001

Figure 4 shows febrile temperature increased the proinflammatory or pathogenicity of
Th17 cells;

Th17 cells induced at 37°C or 39.5°C with IL-6 and TGF-1 were collected and used for
whole genome transcriptome analysis. (A) Volcano plots of differential gene expression pattern
between Th17 cells induced at 39.5°C and 37°C. (B) Overlap of febrile temperature upregulated
genes (= 1.5 fold increase) with those upregulated by TGF-f3 + IL-6 (T36) or IL-1B+ IL-6
+IL-23(B623) versus TGF-B1+ IL-6 (T16). (C) GSEA analysis of RNAseq data obtained from
febrile Th17 cells versus IL-23 induced Th17 cells, referred to as Th17 (23), or Th17 cells derived
in the central nerve system (CNS) of EAE model or homeostatic lamina propia tissues (LP). (D)
Left: intracellular staining data of Th17 cells induced using the APCs-OT-II co-culture system at
37°C and 39.5°C, respectively; Middle: intracellular staining data of neutrophils (CD11b"Ly6G")
infiltrated in the bronchoalveolar lavage fluid (BALF) and lung tissue; Right: statistic data of the
percentage of infiltrated neutrophils.

Figure 5 shows febrile temperature promoted Th17 cell differentiation via enhancing
UBC9 and SMAD4 SUMOylation,;

(A) WT (Smad4™™) and Smad+" (Smad4""CD4“%) naive T cells were polarized with
complete Th17 polarizing conditions (IL-6 + TGF-B1 or IL-6 + IL-1B+IL-23 + TGF-B1) or IL-6
culture conditions (IL-6 + anti-TGF-f or IL-6 + IL-1p + IL-23 + anti-TGF-p) at 37°C or 39.5°C,
and analyzed by flow cytometry. The results shown here represent one of the two independent
experiments. (B) Immuno blot of total cellular SUMO2-conjugated proteins and SUMOylated
SMAD4 (immunoprecipitated with aSMAD4 and then blotted by aSUMO?2) in Thl7 cells
induced at 37°C and 39.5°C for 24 hours in the presence of IL-6 and TGF-p1. B-Actin was blotted
as a loading control. (C) Immuno blot of total cellular SUMO2-conjugated proteins and
SUMOylated SMAD4 (immunoprecipitated with aSMAD4 and then blotted by aSUMO2) in T
cells polarized under Th17 cell condition (IL-6+TGF-B1) cultured with or without HSP70
inhibitor (10 uM) or HSP90 inhibitor (0.2 uM) at 37°C and 39.5°C for 24 hours. B-Actin was also
blotted as control. (D) Intracellular staining of IL-17A and FOXP3 in WT (Ubc9™) and
Ubc9-deficient (Ubc9"™ERT2) Th17 cells induced with IL-6 and TGE-B1 at 37°C and 39.5°C
in the presence of tamoxifen.

Figure 6 shows SMAD4 SUMOylation sites (K113 and K159) were required for febrile
Th17 cell differentiation and associated IL-17 production;

(A) Naive CD4" T cells were polarized with complete Th17 cell condition (IL-6+TGF-B1),
IL-6 only condition (aTGF-B+IL-6) or TGF-B1 only condition at 37°C and 39.5°C for 24 hrs. The
cells were collected, spun down to a cytospin microscope slide, fixed and stained with aSMAD4
followed by staining with Alexa Fluor 488 conjugated secondary antibody. The cellular
distribution of SMAD4 was visualized using a confocal fluorescence microscopy. Shown here
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represents the merged photos of SMAD4 (green) and DAPI (blue, indicated for nuclear location)
staining. Right: Statistic data of SMAD4 nuclear translocation ratio, which was determined by
manually counting the percentage of cells containing higher SMAD4 staining intensity in the
nucleus versus cytoplasm in 3 representative fields revealed by Image-Pro Plus software. The
results shown here represent one of the two independent experiments. (B) Smad4" naive T cells
were activated under neutral condition at 37°C and infected with retrovirus harboring WT Smad4
or the K113R/159R mutant Smad4 gene, and then polarized under Th17 cell culture condition
(IL-6+TGF-B1) at 37°C or 39.5°C for reconstituting febrile Th17 cell differentiation. Intracellular
staining of IL-17 data were gated on GFP" cells infected with retroviruses. (C)
Immunofluorescence staining data of SMAD4 (red) in Th17 polarizing cultures (24 hours post
retrovirus infection) as shown in (B). Left: immunofluorescence staining data (merged photo, and
GFP signal represents retrovirally infected cells and blue DAPI staining represents nuclear
location). Right: quantification data of SMAD4 nuclear translocation ratio

Figure 7 shows SMAD4-deficiency abolished febrile Th17 cell differentiation in vivo
and reduced experimental autoimmune encephalomyelitis (EAE);

(A) Adoptive T cell transfer experiment: WT 2d2" (CD45.1°CD45 2" Smad4"") and Smad+"
2d2" (CD45.2"Smad4""CD4“") naive T cells were mixed together at 1:1 ratio and transferred into
Terbd”™ mice followed by MOGss.ss immunization, and the donor cells were isolated from
draining lymph nodes and analyzed 7 days later (n=10). When indicated, the mice were treated
with aspirin or control solution (0.5% methyl cellulose) by oral gavage at a dose of 2 mg/kg body
weight twice a day for 7 days after immunization. Left: intracellular staining of the CD45.1 &
CD45.2 congenic markers, IL-17 and IFN-y in donor cells; Middle: statistic data of the left
staining data; Right: statistic data of IL-17 and IFN-y expression in the WT 2d2 and Smad4"" 2d2
mixed T cell co-transfer experiment followed by aspirin or control treatment. The statistic data
shown here represent a combination of 3 independent experiments. (B) Clinical EAE scores in
WT (n=8) and Smad4™ (n=7) mice after second MOGss.ss immunization, and the difference in
disease scores were analyzed by Two-way ANOVA analysis (Smad4 genetic factor®**; time
factor***: P < 0.001). (C) Left: intracellular staining IL-17 and IFN-y in CD4" T cells infiltrated
in the central nerve system of EAE mice; Right: statistic data of IL-17", IFN-y" and FOXP3™ T
cells in percentages in the CNS as determined by Student’s t test (* £<0.05; ** P<0.01). (D)/(E)
Smad4*®* (Smad4™™Cd4Cre) 2D27 T cells were first retrovirally infected with wild-type Smad4
or the K113/159R-mutant Smad4, and then adoptively transferred into Rag/™™ mice (n=6-7 for
each group) followed by MOG35-55 immunization to induce EAE disease. The CNS-infiltrating
T cells were then isolated from the central nervous system and analyzed for IL-17A and IFN-y
expression. (D) Clinical EAE scores in Ragl™" mice receiving Smad4-WT and Smad4-K113/159R
transduced T cells followed second MOGss.ss immunization. The difference in disease scores were
analyzed by two-way ANOVA analysis (Smad4 genetic factor***; time factor***: P <0.001). (E)
Left: Intracellular staining of IL-17A and IFN-y in T cells infiltrated in the central nervous system;
Right: statistic data of IL-17" % and IFN-y+ % T cells in the CNS as determined by Student’s t
test (* P<0.05).

Figure 8 shows SMAD4 served as the master transcription factor in regulating febrile
Th17 cell differentiation.

WT (Smad4™™) and Smad4*“®* (Smad4™"Cd4“) Th17 cells induced at 37°C or 39.5°C with
IL-6 and TGF-B1 for 3 days were collected and used for whole genome transcriptome analysis. (A)
Heat map of genome-wide differentially expressed genes in WT and Smad4*“®* Th17 cells
induced at 37°C and 39.5°C. (B) Overlap of Smad4 upregulated or downregulated genes versus
the genes induced (left) or repressed (right) at 39.5°C, respectively. (C) Heat map of 42 genes of
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febrile temperature induced genes enriched in the “Th17 cell differentiation” and
“cytokine-cytokine interaction” pathways (>1.5 fold upregulation)

Figure 9 shows febrile temperature promoted Tcl7 cell differentiation & IL-17
expression.

Naive CD8" T cells obtained from C57BL/6 mice were cultured with IL-6 and TGF-p
(similar to Th17 polarizing condition) and cultured under 37°C and 39°C for 4 days, and the
cells were collected and restimulated with phorbol-12-myristate-13-acetate, ionomycin and
Golgi-stop for intracellular staining of IL-17 and FOXP3.

DETAILED DESCRIPTION

Fever, an evolutionarily conserved physiological response to infection, is also commonly
associated with many autoimmune diseases, but its role in T cell differentiation and autoimmunity
remains largely unclear. T helper 17 (Th17) cells are critical in host defense and autoinflammatory
diseases, with distinct phenotypes and pathogenicity. Here, we show that febrile temperature,
selectively regulated Th17 cell differentiation in vifro in enhancing interleukin-17 (IL-17), IL-17F
and TL-22 expression. Th17 cells generated under febrile temperature (38.5-39.5°C), compared to
those under 37°C, showed enhanced pathogenic gene expression, with increased pro-inflammatory
activities in vivo. Mechanistically, febrile temperature promoted SUMOylation of SMAD4
transcription factor to facilitate its nuclear localization; Smad4 deficiency selectively abrogated
the effects of febrile temperature on Th17 cell differentiation both in vifro, and ameliorated an
autoimmune disease model. Our results thus demonstrate an unexpected role of fever in shaping
adaptive immune responses, with implications in autoimmune diseases.

Reference will be made in detail to embodiments of the present disclosure. The embodiments
described herein with reference to drawings are explanatory, illustrative, and used to generally
understand the present disclosure. The embodiments shall not be construed to limit the present
disclosure. The same or similar elements and the elements having same or similar functions are
denoted by like reference numerals throughout the descriptions.

Materials and Methods

Primers, inhibitors and antibodies: The primers used for cloning and realtime PCR were
listed in Supplementary Table 1 or below. The inhibitors used in this study including: HSP90
inhibitor NMS-E973 (Selleckchem, Cat#S7282), HSP70 inhibitor VER155008 (Selleckchem,
Cat#S7751) and TGF-B RI inhibitor SB431542 (Selleckchem, Cat# S1067). The anti-pyretic drugs
used in this include: Aspirin (Selleckchem, Cat# S3017), Ibuprofen (Selleckchem, Cat# S1638)
and Methyl cellulose (Sigma, Cat# M0262) for its 0.5% solution. The antibodies used in this study
include: anti-SUMO2 (Invitrogen, Cat# 519100), anti-SMAD4 for western blotting (Santa Cruz,
Cat# sc-7960), anti-HSF1 for western blotting (cell signaling technology, Cat# 4356s), anti-HSF2
for western blotting (Santa Cruz, Cat# sc-13517), anti-SMAD4 for ChIPseq and
immunoprecipitation (Abcam, Cat# ab40759), anti-TGF-B (R&D, Cat#MAB1835) for cell culture,
as well as antibodies against CD45.1 (eBioscience, Cat#25-0453-81), CD45.2 (eBioscience, Cat#
56-0454), CD11b (eBioscience, Cat# 25-0112-81), CD11c (eBioscience, Cat#48-0114-82), F4/80
(Biolegend, Cat# 123110), Singlec-F (BD, Cat# 562680), Gr-1 (eBioscience, Cat# 45-5931),
IL-4 (BD, Cat# 554435), IL-13 (eBioscience, Cat# 12-7133-81), IFN-y (BD, Cat# 557724),
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IL-17A (BD, Cat# 559502) and FOXP3 (eBioscience, Cat# 48-5773-82) for flow cytometry.

Mice. The Smad4™™ mice were previously described (Chu et al., 2004), and were crossed
with Cd4Cre (Lee et al., 2001) to generated conditional Smad4 "’ mice. The Terbd”, CreERT2,
CD45.1, OT-II TCR and 2D2 TCR transgenic mice were purchased from Jackson Laboratories.
The 2D2 mice and CD45.1 were crossed with Smad4™"Cd4“" when indicated. The Ubc9™ mice
were previously described (Demarque et al., 2011), and were crossed with CreERT2 mice for
preparing inducible Ubc9 knockout T cells. All the mice were housed in the SPF animal facility at
Tsinghua University. All the animal experiments were performed according to the protocols
approved by the Institutional Animal Care and Use Committee.

Plasmid construction and retroviral transduction. The WT Smad+4 gene (gene access ID:
17128) was PCR amplified using the primers below:
CACGCGTTACTCCAGAAATTGGAGAGTTGGAT (forward) and
CGGAATTCTCAGTCTAAAGGCTGTGGGTC (reverse), cloned into the pRVKM retroviral
vector, and then used for constructing the Smad4-K113/159R mutant plasmid by site-direct
mutagenesis. The Smad4 or control plasmids were transfected together with pcl-ECO into 293T
cells for preparing retrovirus. Naive CD4" T cells were activated with plate-bound anti-CD3 plus
anti-CD28 for 24 hours under neutral condition, and were infected with virus harboring the WT
and Smad4 mutant genes by spinning. The infected T cells were washed and changed to Th17
polarizing condition for additional two days cultured at 37°C or 39.5°C.

In vitro T cells differentiation and flow cytometry. CD4" T cells were isolated using
MACS mouse CD4" T cell isolation kit (Miltenyi) and CD4"CD25"CD44"°YCD62L"" naive CD4”
T cells were sorted by FACS Aria ITI cell sorter (BD). Naive CD4" T cells were cultured in RPMI
1640 medium (Gibco) supplemented with 100 U/mL of penicillin, 100 ug/mL of streptomycin,
0.05 mM of B-mercaptoethanol and 10% fetal bovin serum (Gibco) and differentiated in 48-well
plates coated with 2 pg/mL aCD3 (BioXcell) and 2 pg/mL aCD28 (BioXcell) in the presence of
different cytokine cocktails: Th1: IL-12 (15 ng/mL), IL-2 (25 U/mL) and alIL-4 (10 pg/mL); Th2:
IL-4(20 ng/mL), IL-2 (25 U/mL), aIlFN-y (10 pg/mL); non-pathogenic Th17: IL-6 (15 ng/mL),
TGF-B1 (2 ng/mL), pathogenic Th17: IL-6 (15 ng/mL), TGF-B1 (2 ng/mL), IL-23 (25 ng/mL),
IL-1B (10 ng/mL); iTreg: TGF-B1 (2 ng/ml), IL-2 (25 U/ml).

For flow cytometry, the cells were re-suspended in 1xPBS for staining with fixable live/dead
cell dye (eBioscience, Cat# 65-0866), followed by various surface markers as indicated, and then
fixed using the eBioscience Fix/Perm or BD Fix/Perm buffer kit for intracellular staining of
FOXP3, IFN-y, IL-4, IL-13 or IL-17A as indicated, and finally analyzed with the LSR Fortessa
cell analyzer (BD) and FlowJo software. For cytokine staining, the cells were first re-stimulated
for 5 hours in the presence of phorbol-12-myristate-13-acetate (50 ng/mL), ionomycin (500
ng/mL) and Golgi-stop (2 uM, BD Biosciences, Cat#554724) before staining. The cells obtained
in in vivo models were blocked by aCD16/CD32 before staining, and the neutrophils were gated
as Gr1"CD11b" population

Acute lung inflammation model. Naive CD4" T cells were sorted from OT [I mice and
co-cultured with antigen presenting cells (APCs) (1:2 ratio) in the presence of OVA peptide (3
ug/ml) under neutral condition (aIFN-y + all-4) for two days at 37°C, and the culture system was
then changed to Th17 polarizing condition for another 3 days at 37°C or 39.5°C. One million
OVA-specific Th17 cells were then transferred to CD45.1 congenic recipients followed by
intra-nasal inhalation of OVA peptide (25 pg/mouse). The mice were then sacrificed and the
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BALF and lung tissue were then collected for further analysis according to previous studies.

Adoptive T cell transfer assay and EAE model. Naive T cells isolated from CD45.1"
CD45.2'2d2" Smad4"" (CD45.1°CD45.2" WT) and CD45.2" 2d2" Smad#™" CD4“* (CD45.2"
Smad4*“"*) mice were mixed at 1:1 ratio and transferred into the Zerbd” recipient mice (1
million/mouse), followed by subcutaneous immunization at the tail base with MOGss.ss peptides
emulsified in complete Freund’s adjuvant (CFA). When indicated, the mice were treated by
gavage with aspirin at 2 mg/kg body weight or ibuprofen in 0.5% methylcellulose twice a day
throughout the experiment. The mice were sacrificed 7 days later and the draining lymph nodes
were then collected for further analysis.

The active EAE was induced by subcutaneous immunization at the tail base with 150ug/mice
MOGss.ss peptides emulsified in 100 ul of complete Freund’s adjuvant (CFA, 5 mg/ml) on day 1
and day 7, followed by 1.p. injection of 500 pg/mice pertussis toxin dissolved in 1xPBS on day 2
and day 8. The disease was scored based on the following standards: 0, no clinical sign of disease;
1, loss of tail tonicity; 2, wobbly gait; 3, complete hind limb paralysis; 4, complete hind and fore
limb paralysis; 5, moribund or dead. The central nerve system tissues from EAE mice were then
isolated and analyzed as previously described (Wang et al., 2012).

Cytospin and immunofluorescence staining. Naive T cells were polarized under Th17
culture condition for 24 hours and then re-suspended in culture medium at 1 million/mL. ~100 puL.
of each cell suspensions were added to a slide chamber, and spun down onto the slide using a
cytocentrifuge (800 rpm/5 min). The cells were fixed on slide with 4% PFA, permeabilized with
0.01% TrionX-100, blocked with goat serum and stained with aSMAD4 antibody (Santa Cruz,
Cat# sc-7966) overnight. The slides were washed and then incubated with goat anti-mouse IgG
(Biolegend, Cat# 405319) or APC conjugated goat anti-mouse IgG (Biolegend, Cat# 405308)
secondary antibody for 2 hours at room temperature, and finally mounted with mounting medium
containing DAPI. The images were obtained by LSM780 fluorescence microscope (Zeiss). The
translocation ratio was measured using Image-Pro Plus 6.0 software and calculated based on the
relative intensity of SMAD4 staining in the nucleus or cytoplasm.

SUMOylation assay. Total CD4"™ T cells, enriched by the MACS mouse CD4™ T cell
isolation kit (Miltenyi), were cultured under Th17 polarizing condition at 37°C or 39.5°C for 24
hours, and then harvested and lysed by 1% SDS containing 20 mM NEM to preserve
SUMOylation. The cell lysates (containing 50 mM DTT) were denatured at boiling temperature
for 10 min followed by sonication to reduce viscosity. After 10-fold dilution using RIPA buffer,
the immunoprecipitation was performed using aSMAD4 (Abcam, Cat# ab40759) and Dynabeads
Protein A (Life Technologies, Cat# 10002D) to enrich the targeted protein, and SUMOylated
bands were detected by western blotting with aSUMO2 antibody (Invitrogen, Cat#519100).

ChIPseq. The ChIP assay was performed using Active Motif’s ChIP assay kit (53035)
according to manufacturer’s instructions with slight modifications (Jiang et al., 2018). Briefly,
Th17 cells were harvested and then cross-linked with 1% paraformaldehyde for 10 min and
stopped with 125 mM glycine for 5 min at room temperature. The cells were lysed and digested
with shearing enzyme followed by 10 cycles’ sonication. The cell lysate was then used for
immunoprecipitation with antibodies aSMAD4 (Abcam, Cat# ab40759) or control IgG (Abcam,
Cat# ab46540) followed by Dynabeads Protein A (Life Technologies, Cat# 10002D) pulldown.
The precipitated DNA was then washed, eluted, de-crosslinked and purified for realtime PCR
analysis or for deep sequencing carried by BGI Genomics. The sequence data were deposited in



WO 2021/146850 " PCT/CN2020/073271
the GEO database under the accession codes: GSE125263. The primers used for ChIP-QPCR are
listed in supplementary table.

Clean reads after filtering were aligned to the reference sequence mm10 genome by using
bowtie2 (Langmead and Salzberg, 2012). PCR duplicates were removed using picard
MarkDuplicates. The uniquely mapped reads were used to call peak with MACS2 (Zhang Y, 2008)
using a p value cutoff 0.01. ChIPseeker was used for peak annotation (Yu et al., 2015). Deeptools
was used to generate coverage track file (bigWig) which can be visualized in IGV

RNAseq. Th17 cells were collected after 3 days culture and the total RNA was extracted
with Trizol (Life Technologies) according to manufacturer’s instructions, and the RNA-seq library
was constructed and sequenced with BGIS00 platform by BGI Genomics. Low quality reads and
adaptor sequences were removed by Trim Galore v0.4.4. The clean reads were mapped to the Mus
musculus genome (version mm10) by bowtie2 with default parameter. The unique mapping reads
were summarized by featureCounts (from Subread package). Differentially expressed genes were
identified by at least 1.5 fold change and FDR adjusted p-value 0.01 (Wang et al., 2010). The
pathway analysis was performed with ClusterProfiler (R package) (Yu et al., 2012). The sequence
data were deposited in the GEO database under the accession codes: GSE125264.

For comparison, febrile temperature induced genes were compared with previously reported
pathogenic Th17 cells induced by TGF-f3 (GSE39820), or generated in the EAE model versus
homeostatic state, by overlay or GSEA. The pathogenic and non-pathogenic gene-sets used for
comparison was determined by differential expressed genes between TGF-B3 versus TGF-B1
induced Th17 cells, or Th17 cells induced with IL-23 versus without IL-23 (GSE23505), or Th17
cells induced in the EAE model versus homeostatic state.

Realtime PCR. T cells derived from the adoptive T cell transfer models will be sorted based
on CD4"CD3" surface markers and used for mRNA preparation. T cells collected in in vitro
cultures will be first restimulated with plate bound aCD3 for 4 hours to stimulate cytokine gene
expressions before harvesting. The total RNA from these cells was extracted by TRIzol
(Invitrogen) according to manufacturer’s instruction. The cDNA was synthesized by reverse
transcription using M-MLV Reverse Transcriptase (Promega) according to the manufacturer’s
instructions and used for realtime PCR assay, performed in 1x Hieff gPCR SYBR Green Master
Mix (Yeasen) together with 0.2 pM forward and reverse primers. The mRNA amounts of
indicated genes were normalized against that of B-Actin, and the ChIP-QPCR data were
normalized to input.

Statistical analysis. All our in vifro and in vivo data were repeated at least 2-5 times with
consistent results. When indicated, the statistical significance was shown as mean + SD and
generally determined by Student's t test, or Two-way Anova analysis when indicated. (* represents
P <0.05; ** represents P < 0.01; *** represents P <0.001).

Results

Febrile temperature selectively promotes Th17 cell differentiation in vitro via heat shock
responses.

To understand the role of fever in T cell response and related autoimmunity, naive CD4™ T
cells were cultured in vitro under Thl, Th2, Th17 and T regulatory (Treg) cell-polarizing
conditions at 37°C or 39.5°C for 3-4 days. Febrile temperature did not affect Th1, Th2 or iTreg
cell differentiation, but selectively and robustly enhanced Th17 cell differentiation as determined
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by intracellular staining of IL-17A (~2 fold increase) under both sub-optimal (IL-6 plus TGF-1)
and optimal conditions (IL-6, TGF-B1, IL-1p plus IL-23) (Figure 1A). It is noticed that a mild
temperature increase (38.5°C) caused a similar degree of enhancement of Th17 cell differentiation
further confirmed a general phenomenon of temperature-sensitive Th17 cell differentiation
(Figure 1A). At the mRNA level, febrile temperature significantly enhanced the expression of key
Th17 cell cytokine genes including ///7a, 1117f and /22, as well as cytokine receptor genes ///r/
and //1r2, but greatly reduced the expression of anti-inflammatory cytokine ///0 (Figures 1A-B).
However, the mRNA amounts for Rorc and Rora were not significantly affected (Figure 1B).

2

Heat shock responses are characterized by activation and induction of heat shock factors and
heat shock proteins (Singh and Hasday, 2013). Consistently, expression of heat shock proteins,
including Hsp40, Hsp60, Hsp70, Hsp90 and Hspl10h, and the master heat shock factors HSF1
and HSF2 were rapidly induced in Th17 cells cultured at 39.5°C at mRNA or protein levels,
respectively (Figure 2A and 2B). Heat shock protein inhibitors, such as NMS-E973 for HSP90 or
VER 155008 for HSP70, inhibited febrile temperature-enhanced Th17 cell differentiation (Figure
2C). Additionally, shRNA silencing Hsp70 mRNA expression abolished febrile
temperature-associated Th17 cell differentiation, though its overexpression had no effect on Th17
cell induction at normal or febrile temperature (Figures 2D and 2E), suggesting that Hsp70
upregulation is necessary but not sufficient to potentiate Th17 cell differentiation at febrile
temperatures. In multiple experiments, treatment with HSP70 inhibitor slightly but consistently
reduced Th17 cell differentiation under 37°C, suggesting a possible minor role for HSP-dependent
stress response in normal Th17 cell differentiation.

Febrile temperature regulates Th17 cell differentiation in vivo

To investigate the in vivo effect of fever, naive OT-II T cells were adoptively transferred into
Terbd” mice, followed by OVA+CFA immunization. As expected, fever was readily induced as in
the WT C57BL/6 mice post immunization, and was associated with increased expression of heat
shock response related genes in the donor OT-II cells, including Hsf1, Hsf2, Hsp60, Hsp90 and
Hspl10 (Figure 3A), as well as IL-17 expression (Figure 3B). Treatment with antipyretic drugs,
such as aspirin or ibuprofen, not only reduced fever and fever-related gene expression (Figure 3A),
but also decreased Th17 cell differentiation in the recipient mice (Figure 3B). These data strongly
suggest a T-cell intrinsic effect of fever in regulating in vivo Th17 cell differentiation.

Febrile temperature increases the pathogenicity of Th17 cells

To further understand the effect of febrile temperature, an RNA-sequencing assay was
performed with Th17 cells generated at both 37°C and 39.5°C. Overall, 1083 genes were
upregulated in Th17 cells generated at 39.5°C (P<0.01, fold change>=1.5), compared to those at
37°C (Figure 4A). Pathway analysis revealed that the top listed pathways included genes involved
in cytokine-cytokine receptor interaction and Th17 cell differentiation, such as 7//7, 1117f, 1122 as
well as I/1r1,lir2 and 1123r, which are critical for Th17 cell differentiation or effect function
(Stockinger and Omenetti, 2017) (Figures 4A ). Moreover, Thl-related transcription factors 7bx2/
and Stat4, necessary for Th17-cell mediated autoimmune diseases (Bettelli et al., 2004; Chitnis et
al., 2001), were also upregulated by febrile temperature (Figure 4A). In addition, differentiation at
39.5°C led to upregulation of transcription factors Nr4a2 and Nfatcl, both of which directly
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regulate IL-17 expression and are important in EAE induction (Doi et al., 2008; Reppert et al.,
2015; Zhu et al., 2017), as well as Cd24a, a positive regulator for Th17 cells and related
autoimmunity (Bai et al., 2000; Zhu et al., 2017) (Figure 4A).

Febrile temperature also repressed 392 genes in Th17 cells (Figure 4A), enriched mostly with
biosynthetic and metabolic pathways, including in fatty acids, sugar and carbon backbone
metabolism or biosynthesis, possibly due to heat-induced stress response. The most highly
repressed genes included Gpr83, encoding a Treg cell surface marker involved in suppressive
activity (Hansen et al., 2006; Sugimoto et al., 2006), and Cd62! (sell), a naive T cell marker for T
cell homing to peripheral lymphoid tissues (Wedepohl et al., 2012) (Figure 4A).

Th17 cells induced by IL-6 plus TGF-1 are relatively non-pathogenic, and those generated
in the presence of IL-23, or IL-6 in combination with TGF-B3 or IL-1 and IL-23 are more
pathogenic (Ghoreschi et al., 2010; Lee et al., 2012). Among the 99 genes upregulated over 1.5
folds in pathogenic (TGF-B3 + IL-6) versus non-pathogenic (TGF-B1 + IL-6) Th17 cells (Lee et
al., 2012), 30 of them were upregulated in Th17 cells induced at febrile temperatures (Figure 4B),
including 22 genes also upregulated in Th17 cells induced by IL-1pB, IL-6 plus IL-23 (Lee et al.,
2012), including Ccl3, Cxcl3, Tnfsfll, Thx21 and Stat4 (Figure 4B). GSEA (gene set enrichment
analysis) showed that Th17 cells cultured at febrile temperature were more similar to the ones
induced by IL-6, IL-1 and IL-23 than those induced by IL-6 plus TGF-B1 (Ghoreschi et al., 2010)
(Figure 4C). In addition, they also exhibited gene expression patterns strongly correlated with
those in pathogenic Th17 cells derived from inflamed CNS in EAE, but not with those from
non-pathogenic, gut-associated Th17 cells (Gaublomme et al.,, 2015) (Figure 4C). These data
together indicate that Th17 cells generated under febrile temperature exhibit strong correlation
with pathogenic Th17 cells in the literatures, supporting that Th17 cells generated in vivo may be
under the influence of febrile temperature in the draining lymph nodes.

To validate the above findings, an acute lung inflammation model was performed in CD45.1
mice by adoptive transfer of CD45.2 OT-II Th17 cells that were induced by OVA-peptide and
antigen-presenting cells (APCs) in vitro at 37°C°C or 39.5°C. Following intranasal administration
of OVA protein, as expected, Th17 cells generated with febrile temperature induced significantly
increased neutrophil infiltration in both the lung tissue and bronchoalveolar lavage fluid (BALF)
than those generated at 37°C (Figures 4D), supporting a highly pro-inflammatory feature of Th17
cells induced at febrile temperatures.

Febrile temperature promotes Th17 cell differentiation through enhancing SMAD4
SUMOylation and its nuclear localization

To understand the mechanism underneath febrile Th17 cell differentiation, we first focused
on STAT3 and SMAD2 & SMAD3, critical downstream transcription mediators of IL-6 and
TGF-p signaling, respectively. However, febrile temperature did not affect their phosphorylation
activation status, and could still upregulate IL-17 expression in SMAD2-deficient T cells, though
both IL-6 and TGF-B were indispensable for Th17 cell differentiation, suggesting alternative
mechanism(s) involved.

A recent study reported that SMADA4-deficient T cells can differentiate into Th17 cells under
IL-6-only culture condition (Zhang et al., 2017), we therefore tested if febrile temperature could
further increase IL-6-induced yet SMAD4-independent Th17 cell program. Consistent with
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previous findings (Hahn et al., 2011; Yang et al., 2008; Zhang et al., 2017), SMAD4-deficiency
did not affect Th17 cell differentiation induced with complete Th17 polarizing cytokine cocktails
(IL-6 + TGF-B1 or IL-6 + IL-1B + IL-23 + TGF-B1) under normal 37°C culture condition, but
resulted in increased Th17 cell differentiation when cultured with cytokine cocktails containing
IL-6 but lacking TGF-B1 signaling (IL-6 plus anti-TGF-f1 or IL-6 + IL-1p + IL-23 +
anti-TGF-B1), in which anti-TGF-B1 was used to neutralize endogenous TGF-B1 in the culture
(Figure 4A). Under 39.5°C, Smad4"“"? T cells failed in upregulating IL-17 expression under both
IL-6 only and complete Th17-polarizing culture conditions (Figure 5A), suggesting a necessary
positive role of SMAD4 in controlling Th17 cell differentiation at febrile temperatures.

The nuclear localization and transcription activity of SMADA4 is regulated by SUMOylation
at its K113 and K159 residues (Lin et al., 2003), and an important consequence of heat shock
response is the rapid increase of cellular amounts of protein SUMOylations (Gareau and Lima,
2010). These prompted us to speculate a role of SUMOylation pathway in Th17 cell
differentiation at febrile temperatures. We therefore collected T cells activated and cultured under
Th17 polarizing conditions for 24 hours at 37°C or 39.5°C, and then analyzed cellular proteins
conjugated to SUMO2, a key SUMO moiety in the SUMOylation pathway. As expected, febrile
temperature increased total cellular amounts of SUMOylated proteins in Th17 cells, as determined
by increase in SUMO2-containing high molecular weight proteins (Figure 5B). Consistently, the
amount of SUMOylated SMAD4 was also increased at 24 hours (Figure 5B), which was detected
as early as 4 hours post febrile temperature treatment, indicating a direct role of heat-induced
stress response in promoting SMAD4 SUMOylation. To further confirm this, T cells were
polarized under Th17 cell culture condition (IL-6 +TGF-1) in the presence of HSP70 and HSP90
inhibitors. These inhibitors reduced global cellular amounts of SUMOylated proteins, including
SUMOylated SMAD4 (Figure 5C), and also abrogated increased IL-17 expression at 39.5°C
(Figure 2C), suggesting a functional role of heat shock response in regulating SMAD4
SUMOylation and Th17 cell differentiation.

To confirm the functional of SUMOylation in Th17 cell differentiation, UBC9, the only E2
conjugating enzyme in the SUMOylation pathway (Gareau and Lima, 2010), was selectively
ablated in activated T cells using the CreERT2-mediated inducible deletion strategy. As expected,
UBC9 deficiency completely abolished the effect by febrile temperature on Th17 cell
differentiation (Figure 5D), suggesting an essential role of SUMOylation for febrile Th17 cell
differentiation. It is noticed that UBC9 deficiency also reduced IL-17 expression at 37°C,
suggesting a role for SUMOylation in Th17 cells at normal physiological temperature, likely in a
SMAD4-independent manner (Figure 5D).

To investigate whether SMAD4 SUMOylation indeed regulates Th17 cell differentiation at
febrile temperatures, we first examined the subcellular localization of SMAD4 by
immunofluorescence microscopy. Not surprisingly, SMAD4 was found mostly localized in the
nuclei of Th17 cells 24 hours post culture at 39.5°C, but barely at 37°C (Figure 6A). This
phenomenon was dependent on TGF-p since IL-6 alone could not cause SMAD4 nuclear
localization, whereas TGF-B alone culture condition was sufficient to induce SMAD4 nuclear
localization at elevated temperature (Figure 6A). In addition, when we overexpressed wild-type
(WT) SMAD4 or the SMAD4- K113R/K159R double mutant in Smad4" T cells (infected cells
carry GFP reporter signal derived from the retroviral plasmid). WT but not the mutant Smad4
restored T cell responsiveness to febrile temperature in IL-17 expression in Smad4" T cells
(Figure 6B). As expected, the mutant SMAD4 protein did not respond to the febrile temperature in
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their nuclear localization (Figure 6C).

SMAD4 is indispensable for febrile temperature-mediated Th17 cell differentiation in
vivo and associated autoimmunity

To further investigate whether Smad4 is involved in regulating fever-dependent Th17 cell
differentiation in vivo, we mixed naive CD45.1°CD45.2" Smad#"" (WT) T cells and CD45.2"
Smad4""Cd4“" (Smad4") T cells both carrying the MOG-specific 2D2 TcR transgene at 1:1 ratio
and transferred them into 7erbd”™ mice, followed by MOG+CFA immunization. SMAD4
deficiency did not alter the ratio of T cells in recipient mice, but significantly reduced the
expression of IL-17A but not IFN-y (Figure 7A). Importantly, treatment with antipyretic drug
significantly reduced IL-17A expression in WT 2d2” T cells, down to amount similar to Smad4™"
2d2" T cells, but barely affected IL-17A expression in Smad4~ 2d2" T cells (Figure 7A). These
data together thus demonstrated an indispensable role of Smad+4 in regulating Th17 response in
Vivo.

To validate the above results, we conducted an active EAE model in Smad#"™" (WT) and
Smad4™ x Cd4“" (Smad4*“"*) mice . Smad4*“’mice showed delayed disease onset and greatly
reduced disease scores (Figure 7B). IL-17" T cells were reduced in CNS in these mice when
compared with WT mice, whereas the IFN-y" and FOXP3™ T cells were comparable between two
groups of mice (Figures 7C). To further examine if SMAD4 regulation of EAE requires its
SUMOylation, we infected Smad+" 2d2™ T cells with retroviruses containing either wild type or
the K113R/159R mutant Smad4 under neutral culture condition (anti-IL-4 + anti-IFN-y), and the
infected T cells (GFP™ cells) were sorted and introduced into Rag/”™™ mice, followed by MOG
immunization for induction of EAE diseases. Consistent with EAE model performed with WT and
Smad4"“P? mice, mice receiving the Smad4-K113R/159R-transduced 2d2” T cells developed less
severe diseases (Figure 7D), with reduced Th17 cells in the central nervous system, compared
with those receiving WT Smad4-transduced T cells (Figure 7E).

SMAD4 orchestrates febrile temperature associated gene expression at genome-wide
level

To examine the SMAD4-downstream regulated genes, RNAseq assays were performed with
WT and Smad4"" Th17 cells induced at both 37°C and 39.5°C. DEG2 analysis showed over 5000
genes were differentially expressed (£<0.01, fold change>=1), clustered into 4 groups (Figure 8A).
Group 1 and Group 3 represent genes most highly expressed or repressed at 39.5°C, respectively,
dependent on Smad4 (Figure 8A). In contrast, Group 2 and 4 represent genes most highly
repressed or expressed at 37°C, respectively, also regulated by Smad4 (Figure 8A). We then
focused on the genes with > 1.5-fold difference between 37°C and 39.5°C. Among the 1083 genes
induced at 39.5°C, 405 of them were dependent on Smad+4 (Figure 8B). Among the 392 genes
repressed at 39.5°C, 127 were regulated by Smad4 (Figure 8B). KEGG analysis showed that Th17
cell differentiation and cytokine-cytokine receptor interaction pathways are among the top listed
pathways upregulated by febrile temperature, which include 42 genes and 30 of them showed a
strong Smad4 dependence at 39.5°C, but were largely unaffected by Smad+4 at 37°C, including
genes critical for the differentiation and effect function of Th17 cells, such as //17a, I117f, 1121,
Ilrl, 1123r, Tbx21, Nfatcl, etc (Figure 8C). These data further confirm the necessary role of
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Smad4 in regulating the pathogenicity of febrile Th17 cells.

Febrile temperature promotes the differentiation of Tc17 cells

Tc17 cells represent a CD8™ T cell subset that shared many similar features with Th17 cells.
In this study, we isolated naive CD8" T cells and cultures them under Th17-polarizing condition
(IL-6 + TGF-P) for 4 days at 37°C or 39°C. These cells were then restimulated for intracellular
staining for cytokine expression. Same as Th17 cells, febrile temperature could also promote Tc17
differentiation as showed by increased IL-17 expression (Figure 9).

In addition, terms such as "first" and "second" are used herein for purposes of description
and are not intended to indicate or imply relative importance or significance.

Reference throughout this specification to "an embodiment," "some embodiments," "one
embodiment", "another example," " a specific examples," or "some examples,"
means that a particular feature, structure, material, or characteristic described in connection with
the embodiment or example is included in at least one embodiment or example of the present

disclosure. Thus, the appearances of the phrases such as "in some embodiments," "in one
embodiment”, "in an embodiment", "in another example, "in an example," "in a specific
examples," or "in some examples," in various places throughout this specification are not
necessarily referring to the same embodiment or example of the present disclosure. Furthermore,
the particular features, structures, materials, or characteristics may be combined in any suitable

manner in one or more embodiments or examples.

an example,

Although explanatory embodiments have been shown and described, it would be appreciated
by those skilled in the art that the above embodiments cannot be construed to limit the present
disclosure, and changes, alternatives, and modifications can be made in the embodiments without
departing from spirit, principles and scope of the present disclosure.
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Claims

1. A method of inhibiting the differentiation or maturation of an IL-17 producing cell or
IL-17 producing, comprising:

1) using a chemical or biological inhibitor to suppress the activity of SMAD4 protein,
2) using a chemical or biological regent to reduce the amount of SMAD4 protein .

2. A method of inhibiting the differentiation or maturation of an IL-17 producing cell or
IL-17 producing, comprising:

1) using an anti-pyretic drug to reduce the amount of SUMOylated SMAD4 protein,
2) using a HSP70 inhibitor to reduce the amount of SUMOylated SMAD4;

3) using a HSP90 inhibitor to reduce the amount of SUMOylated SMAD4 chemical or
biological regent to reduce the amount of SMAD4 protein;

4) using a chemical or biological regent to inhibit the activity of SUMOylated SMAD4
protein; or

5) using a chemical or biological regent to reduce the amount of SUMOylated SMAD4
protein.

3. A method of promoting the differentiation or maturation of an IL-17 producing cell,
comprising:

1) using a chemical or biological regent to enhance the activity of SMAD4 protein;
2) using a chemical or biological regent to increase the amount of SMAD4 protein.

4. A method of promoting the differentiation or maturation of an IL-17 producing cell,
comprising:

using a chemical or biological regent to increase the amount of SUMOylated SMAD4
protein.

5. Method of any one claim of 1~4, wherein IL-17 producing cells include at least Th17,
Tcl7, vo T cells, ILC3 cells, NK and NK T cells.

6. A method of treating a patient with IL-17 related autoimmune diseases, comprising:
administrating an anti-pyretic agent to the patient in need of such treatment;
administrating an inhibitor for SMAD4;

administrating an inhibitor for SUMOylated SMAD;

administrating an inhibitor for HSP70;

administrating an inhibitor for HSP90; or

administrating an inhibitor for UBC9.

7. The method of claim 6, wherein IL-17 related autoimmune diseases comprising at least
one of the following: psoriasis, psoriasis-like arthritis, ankylosing spondylitis, rheumatoid
arthritis, adult still’s disease and multiple sclerosis.

8. A method of treating a patient with IL-17 related cancers in which IL-17 plays an
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pro-tumor activity, comprising:
administrating an anti-pyretic agent to the patient in need of such treatment;
administrating an inhibitor for SMAD4;
administrating an inhibitor or for SUMOylated SMAD;
administrating an inhibitor for HSP70;
administrating an inhibitor for HSP90; or
administrating an inhibitor for UBC9.

9. A method of treating a patient with IL-17 related cancers in which IL-17 has an anti-tumor
activity, comprising:

administrating a pro-pyretic agent to the patient in need of such treatment;
administrating an activator for SMAD4;

administrating an activator for SUMOylated SMAD4;

administrating an activator for HSP70;

administrating an activator for HSP9O0; or

administrating an activator for UBCO.

10. Method of claim 8 or 9, wherein the IL-17 related cancers comprising at least one of the
following: melanoma, ovarian cancer, colorectal cancer, lung cancer, ovarian cancer, lung cancer,
gastric cancer.

11. Method of claim 8, wherein the anti-pyretic agent comprising at least one of the
following: aspirin and related salicylates, ibuprofen, ketoprofen, metamizole, nabumetone,
acetaminophen, phenazone and docosanol.

12, A method of screening a medicament suitable to be used in a treatment or prevention of
IL-17 related autoimmune diseases, comprising:

contacting a candidate agent with an IL-17 producing cell,

determining SMAD4 SUMOylation level in the IL-17 producing cell before and after the
contacting;

the decreased SMAD4 SUMOylation in the IL-17 producing cell after the contacting is an
indication that the candidate agent is the medicament.

13. A method of screening a medicament suitable to be used in enhancing anti-tumor
immunity, comprising;

contacting a candidate agent with an IL-17 producing cell,

determining SMAD4 SUMOylation level in the IL-17 producing cell before and after the
contacting;

the increased SMAD4 SUMOylation in the IL-17 producing cell after the contacting is an
indication that the candidate agent is the medicament.
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