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The Ras family of GTPases plays an important role in signaling nodes downstream
to T cell receptor and CD28 activation, potentially lowering the threshold for T-cell
receptor activation by autoantigens. Somatic mutation in NRAS or KRAS may cause
a rare autoimmune disorder coupled with abnormal expansion of lymphocytes. T cells
from rheumatoid arthritis (RA) patients show excessive activation of Ras/MEK/ERK
pathway. The small molecule farnesylthiosalicylic acid (FTS) interferes with the inter-
action between Ras GTPases and their prenyl-binding chaperones to inhibit proper
plasma membrane localization. In the present study, we tested the therapeutic and
immunomodulatory effects of FTS and its derivative 5-fluoro-FTS (F-FTS) in the rat
adjuvant-induced arthritis model (AIA). We show that AIA severity was significantly
reduced by oral FTS and F-FTS treatment compared to vehicle control treatment. FTS
was as effective as the mainstay anti-rheumatic drug methotrexate, and combining
the two drugs significantly increased efficacy compared to each drug alone. We also
discovered that FTS therapy inhibited both the CFA-driven in vivo induction of Th17
and IL-17/IFN-y producing “double positive” as well as the upregulation of serum
levels of the Th17-associated cytokines IL-17A and IL-22. By gene microarray anal-
ysis of effector CD4+ T cells from CFA-immunized rats, re-stimulated in vitro with the
mycobacterium tuberculosis heat-shock protein 65 (Bhsp65), we determined that FTS
abrogated the Bhsp65-induced transcription of a large list of genes (e.g., l117a/f, 1122,
Ifng, Csf2, Lta, and Il1a). The functional enrichment biocinformatics analysis showed
significant overlap with predefined gene sets related to inflammation, immune system
processes and autoimmunity. In conclusion, FTS and F-FTS display broad immuno-
modulatory effects in AIA with inhibition of the Th17-type response to a dominant
arthritogenic antigen. Hence, targeting Ras signal-transduction cascade is a potential
novel therapeutic approach for RA.
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INTRODUCTION

Rheumatoid arthritis (RA) is a chronic systemic inflammatory
autoimmune disorder that principally affects synovial joints (1).
Th17 cells have been postulated to play a key role in the patho-
genesis of several autoimmune diseases (2) and in animal models
of human autoimmune diseases including autoimmune colitis
(3), experimental autoimmune encephalomyelitis (4), collagen-
induced arthritis (5), and rat adjuvant-induced arthritis (6).

Ras-GTPases are molecular switches that regulate key cel-
lular processes, such as proliferation, differentiation, apoptosis,
and motility. In T cells, Ras-family GTPases (e.g., K/N-Ras) are
crucial for proper T-cell receptor (TCR)-dependent activation
following antigen recognition. Defective activation of Ras/Raf/
MEK/ERK1/2 cascade has been associated with T cell anergy,
and accordingly increased expression of active Ras was shown to
reverse anergy and to restore IL-2 production (7-9). Moreover,
T cells from patients with RA have been found to express signifi-
cantly higher levels of K-Ras and its downstream effector B-Raf
that mediate the increased levels of phospho-ERK1/2 observed
in RA patients’ T cells (10, 11). Importantly, over expression of
K-Ras in CD4* T cells from healthy donors enabled the induc-
tion of autoreactive T cells that reacted citrullinated vimentin-
derived peptides, postulated to be a pathogenic autoantigen in
RA. Thus, hyperactivity of the Ras signal transduction cascade
has been postulated to increase TCR-sensitivity to low-affinity
antigens, including many clinically relevant autoantigens
(10, 11). Interestingly, previous reports suggest that inner plasma
membrane (PM)-anchored Ras proteins can transfer from anti-
gen-presenting B cells to T cells both through the immunological
synapse and through actin supported long-range PM extensions
termed tunneling nanotubes. These findings further support
the importance of Ras GTPases in immunity, by showing that
active Ras-GTPase signals can spread between immune cells
(12, 13) and even from cancer cells expressing oncogenic Ras
to T cells (14).

Activating mutations in the proto-oncogenes KRAS and NRAS
are frequent in human cancers (15, 16). This has led to ongo-
ing efforts to develop drugs that target Ras signaling (16-20).
To be active, Ras GTPases have to associate with membranes,
and hence they require several posttranslational modifications
in their carboxy-terminal domain, such as the addition of the
hydrophobic farnesyl isoprenoid molecule to Cysteine 186 that
is conserved in all Ras family members (16, 21-23). Based on an
innovative concept, Kloog and colleagues (24, 25) discovered a
potent non-toxic inhibitor of active (GTP-bound) Ras proteins,
the small molecule farnesylthiosalicylic acid (FTS/Salirasib).

In recent years, it has been discovered that following posttran-
scriptional processing Ras proteins interact with prenyl-binding
chaperones (26-29). These chaperones with prenyl-binding
hydrophobic pockets are vital for proper PM localization and
effective downstream Ras signaling (30). In agreement with this
concept, it was found that FTS, by competing for Ras-chaperon
interactions, effectively dislodges the oncogenic Ras proteins
from the PM and inhibits Ras mediated oncogenesis (31-33).

The central role of Ras signaling in T cells strongly suggests
that targeting Ras might be an effective therapeutic approach for

this disease. Over the past decade the effects of FTS and related
analogs have been extensively studied in multiple pre-clinical
animal models of autoimmune. For example, FTS can attenuate
disease manifestations in experimental autoimmune encephalo-
myelitis (34, 35), Type 1 diabetes in NOD mice (36), experimental
colitis (37), and other autoimmune diseases such as systemic
lupus erythematosus (38). Preliminary studies by Aizman et al.
(39) in the adjuvant-induced arthritis (AIA) model in rats suggest
that prophylactic treatment with FT'S may attenuate the clinical
score of the disease; however, the biology behind the effect of
FTS was not comprehensively elucidated. AIA is an experimental
animal model of polyarthritis, which can be induced in inbred
Lewis rats by immunization with Complete Freund’s adjuvant
containing Mycobacterium tuberculosis (Mtb). Importantly,
mycobacterial heat-shock protein 65 (Bhsp65) reactive T cells
have been implicated in the pathogenesis of AIA. The AIA
model and human RA have many overlapping characteristics,
such as genetic susceptibility, T cell dependence, and pathogenic
contribution of synovial CD4* cells. Therefore, this model has
been extensively employed for preclinical testing of numerous
anti-arthritic agents, including biologics used for latest therapy in
RA (40, 41). As previous studies imply that the main mechanism
of action of FTS is down modulation of the T cell response (36),
and the major role of T cells in AIA pathogenesis (42), we chose
this pre-clinical model to assess the therapeutic potential of FTS
in human RA.

Here, we provide a comprehensive insight into the molecular
mechanisms that mediate the therapeutic action of small mole-
cule Ras-inhibitors in ATA. Moreover, we determined that prophy-
lactic treatment with FTS as an add-on to methotrexate (MTX)
inhibits almost completely the development of AIA by all clinical
and immunological/molecular outcome measures.

MATERIALS AND METHODS

Animals

Lewis rats obtained from Harlan Biotech (Rehovot, Israel). All
rats were subjected to regular health status controls. Male rat,
8 weeks of age were used for experiments. All animal experiments
were conducted in accordance with relevant laws of the state of
Israel and guidelines of the Tel Aviv University and approved by
the Institutional Animal Care and Use Committee (Approval #
L-14-018).

Arthritis Induction and Drug

Administration

To induce AIA, the rats have been injected intradermal (i.d.)
at the base of the tail with 100 pl CFA produced by suspending
heat-killed M. tuberculosis (Difco) in mineral oil at 10 mg/ml.
For drug administration, on day +1 after AIA induction, the
rats were randomly divided into four groups. Rats in the first
group were treated daily (starting on day 1 after AIA induction)
with oral (intragastric) FTS (100 mg/kg). Rats in the second
group (control) received oral vehicle [0.5% carboxy methyl cel-
lulose (CMC)] daily. Rats in the third group were treated with
i.p MTX (0.5 mg/kg) on days 3, 10, and 17 after AIA induction.
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Rats in the fourth group (FTS + MTX) were treated daily (start-
ing on day 1 after AIA induction) with oral (intragastric) FTS
(100 mg/kg) as well with i.p MTX (0.5 mg/kg) on days 3, 10,
and 17 after AIA induction. 20 days after the experiment has
been terminated. As negative control, we used naive healthy
rats without any treatment. For determining the clinical scores,
each paw is scored on a scale of 0-4 for the degree of swelling,
erythema, and deformity of the joints with a maximum total
score of 16 (43).

Lymphocyte Isolation, Intracellular
Cytokine Staining, and Flow Cytometric

Analysis

Single-cell suspensions of splenocytes and inguinal lymph
nodes (LN) were prepared by mechanical disaggregation fol-
lowed by lysis of red blood cells with a commercial ammonium
chloride buffer (Gibco, Thermo Fisher Scientific, Inc.). T cells
were stained as indicated with the following anti-rat CDs
monoclonal antibodies (mAbs): CD3-PE, CD4-FITC, CDS8-
PE-Cy7, and CD25-PE (all from eBioscience). For intracellular
cytokine staining, freshly isolated lymphocytes were activated
for 5 h ex vivo in RPMI medium with 1x Cell Stimulation
Cocktail in the presence of a commercial Protein Transport
Inhibitor Cocktail according to the manufacturer’s protocol
(eBioscience). Thereafter, cells were surface-stained with
anti-CD4-FITC, washed, fixed, and permeabilized using BD
Cytofix/Cytoperm™ kit, per manufacturer’s instructions (BD
Biosciences). Intracellular staining was performed with anti-rat
IL-17A-PE and IFN-y-APC (both mAbs from eBioscience)
and the BD Perm/Wash™ Buffer. For Treg cells staining, the
cells were surface stained for CD4 and CD25, washed, fixed,
and permeabilized using the Foxp3 Staining Buffer Set, and
then immunostained with anti-mouse/rat Foxp3-APC mAbs
(all reagents from eBioscience). Samples were acquired using a
FACSAria flow cytometer (BD Bioscience) and further analyzed
using the FlowJo v10 software (TreeStar, Inc.).

Measurement of Cytokines and CRP in
Serum and Cell Culture Supernatant by
ELISA

The serum levels of the inflammatory mediator CRP were deter-
mined by the rat specific CRP Elisa Kit (R&D Systems, Inc.). The
levels of cytokines IL-17A and IL-22 from the collected rats sera
and in cell culture supernatant were determined by rat specific
IL-17A (homodimer) ELISA Ready-SET-Go kit (eBioscience)
and by the rat IL-22 ELISA Kit (R&D Systems, Inc.), respectively.

Processing and Evaluation of Joint
Histology

At study termination, the tibiotarsal joint was transected at the
level of the medial and lateral malleolus for Histopathological
Assessment. Ankle joints were then collected into 4% paraform-
aldehyde, for at least 24 h, and then placed in a decalcifier solution
with 10% hydrochloric acid. When decalcification was completed,
the ankle joint was transected in the longitudinal plane and joints

were processed for paraffin embedding, sectioned, and stained
with hematoxylin and eosin. Tissue section slides of arthritic
ankles were examined by an experienced pathologist, blinded to
the animal treatment protocol, and scored for inflammation and
bone resorption on a scale of 0-5, as previously described (44).

Antigen-Specific T Cell Activation and Cell

Cultures

Freshly isolated splenocytes were plated in 24 well plates at
2 % 10° and re-challenged in vitro with Bhsp65 (5 pg/ml) or con-
trol vehicle, and cultured for additional 72 h in complete RPMI
medium supplemented with 10% FCS. At culture termination,
we first collected the supernatants for relevant analyses and then
harvested the cells and isolated the CD4* T cell population using
Rat CD4 MicroBeads and the MACS cell separation platform
(Miltenyi Biotec, Germany), according to the manufacturer’s
instructions.

GeneChip Microarray Analysis

The purified CD4" T cell was lysed with the TRIzol® Reagent
(Invitrogen, Carlsbad, CA, USA), and total RNA was purified
using the Direct-zol™ RNA Kit (Zymo Research Corporation,
Irvine, CA, USA) for subsequent downstream analysis. Gene
expression was determined using the GeneChip® Rat Gene 2.0 ST
Array System (Affymetrix, Inc.), according to the manufacturer’
instructions. The 2100 Bioanalyzer (Agilent Technologies) was
used to determine RNA quality, and biotinylated target DNA
was prepared from each suitable RNA sample according to the
manufacturer’s instructions. Gene level RMA sketch algoritm was
used for crude data generation (Affymetrix Expression Console
and Partek Genomics Suite 6.2). Genes were analyzed using
unsupervised hierarchical cluster analysis (Spotfire DecisionSite
for Functional Genomics; Somerville, MA, USA) to get a first
assessment of the data, and filtered according to fold change
calculations. For further functional bioinformatics analysis to
discover molecular processes and biological pathways enriched
in the experimental dataset, we used the Gene Set Enrichment
Analysis (GSEA) software available online (http://software.
broadinstitute.org/gsea/msigdb/annotate.jsp). The primary
microarrays data from this research have been deposited in the
NCBI Gene Expression Omnibus data repository under accession
number GSE100280.

Reverse Transcription and Real-time

qPCR

Total RNA was extracted from CD4" cells using TRIzol® Reagent
(Invitrogen, Thermo Fisher Scientific, Inc.), and total RNA
was purified using Direct-zol™ RNA Kits (Zymo Research
Corporation), followed by treatment with 1 U of RNase-free
DNase (Roche). Reverse transcription reactions were performed
on 1 pg total RNA using the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Thermo Fisher Scientific,
Inc.), according to the manufacturer’s instructions. The quantita-
tive PCR (qPCR) analyses for the relative mRNA expression of
Ccl20, 1122, 1117A, 1117F, and Csf2 (normalized to Actb) were
performed with premade QuantiTect bioinformatically validated
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primer sets (from Qiagen) and the SYBR Green Real-Time PCR
Kit (Applied Biosystems) on an ABI Prism 7900 SDS Instrument
(Applied Biosystems), as recommended by the manufacturers, in
reactions containing 50-100 ng cDNA. All reactions were done in
triplicates and relative mRNA quantities (RQ) were determined
using the 2724 method.

Statistical Analysis

Statistically significant differences between group means were
determined either by the one-way ANOVA test with Bonferroni’s
post hoc multiple comparison test or the Students t-test, as
appropriate, using the Prism win V.5.02 software (GraphPad
Software, Inc.).

RESULTS

FTS Treatment Attenuates Disease
Severity in AIA

To determine whether treatment with FT'S suppresses the clinical
signs of AIA, we started daily treatment of rats from day +1 after
immunization in the experimental arm with oral FT'S (100 mg/kg).
Control rats received oral solution of 0.5% CMC (vehicle). As a
“positive control,” we treated a group of Lewis rats with weekly
i.p injection of the anti-rheumatic drug MTX (0.5 mg/kg). AIA
progression and severity was scored on a clinical index of 0-16
(0-4 scale for each paw). In parallel, we also assessed arthritis
severity and progression by successive caliper measurements of
ankle joint diameter. We found that in the FT'S treatment arm the
arthritis was significantly attenuated (P < 0.001) as compared to
CMC vehicle treated rats by both clinical scoring and ankle joint
diameter measurements (Figures 1A,B). The clinical effects of
FTS, with respect to arthritis severity and joint swelling, were of
similar magnitude to the effects of MTX. Moreover, we also dis-
covered that treatment with FT'S as an add-on to MTX provided a
very strong protective effect such as that the combined treatment
almost completely inhibited the development of clinically evident
arthritis (Figure 1A) and ankle joint swelling (Figure 1B). To
further evaluate the effects of FT'S on arthritis development, we
examined ankle joint sections stained with hematoxylin and
eosin from the various treatment arms (Figure 1C). Ankles of
rats treated with adjuvant were given scores of 0-5 for bone
resorption and inflammation, as previously described (44).
The histological joint tissue sections from 0.5% CMC vehicle
treated rats showed extensive infiltration with mononuclear cells
(inflammation scores ranging from 4 to 5, n = 5), and significant
bone destruction (bone resorption scores ranging from 4 to 5). In
comparison, the sections from FTS treated rats showed less joint
tissue infiltration by mononuclear cells (inflammation scores
ranging from 2 to 3, n = 5), and less destruction of trabecular
and cortical bone in the distal tibia (bone resorption scores rang-
ing from 2 to 3). Moreover, the tissue sections from rats treated
with FTS as an add-on to MTX showed only mild joint tissue
infiltration with mononuclear cells (inflammation scores ranging
from 2 to 3) and only rare areas of trabecular or cortical bone
resorption not readily apparent on low magnification (average
bone resorption scores of <2).

FTS Inhibits the Upregulation of
Pathogenic Serum Cytokines and

Relevant Biomarkers

To investigate the immunomodulatory effect of FTS on the
response to immunization with mTb containing CFA, we ana-
lyzed the levels of the key TH17 cell cytokines, IL-17A and IL-22,
in serum samples collected at day 14 of the experiment. We found
that treatment with FTS or MTX alone significantly reduced
(P <0.001) serum IL-17 levels compared to control CMC-treated
arthritic rats (Figure 2A). Furthermore, combined treatment with
FTSand MTX was extra potent in suppressing IL-17 upregulation,
as compared to single agent therapy (P < 0.01). As predicted CFA
immunization also induced a strong upregulation of serum IL-22
as compared to naive healthy unimmunized littermate rats. The
IL-22 response observed in CMC treated rats was significantly
inhibited by either FT'S or MTX therapy (P < 0.001) (Figure 2B).
Interestingly, treatment with FTS alone or as an add-on to MTX
had a more significant capacity to inhibit IL-22 production,
as compared to MTX as a single agent (P < 0.01 for FTS and
FTS + MTX vs. MTX).

In parallel, we analyzed the levels of serum CRP, a typical
acute phase reactant protein in humans and in the rat (45). As
expected, CFA injection induced a substantial increase in CRP
levels in control CMC treated rats compared to naive healthy
littermate rats. Next, we found that FTS, MTX, and FTS as an
add-on to MTX treatments equally and significantly reduced the
arthritis-associated upregulation of serum CRP levels at day 14 of
the experiments (Figure 2C).

Characterizing the Inmunomodulatory
Effects of FTS on the In Vivo T Cell
Response

The use of this adjuvant model also offers an opportunity to
study the pathological changes in a variety of tissues other than
the joints. For example, the splenomegaly that develops as part
of the systemic inflammation induced by CFA (40, 44). Thus, at
study end, we could study the effects of the immunization and the
various treatment protocols on the cellular immune response to
CFA, principally analyzing by polychromatic flow cytometry the
single cell suspension of spleens and peripheral blood samples
for changes in CD4* and CD8* T cell percentages. Our results
show that CFA immunization itself induced a significant decline
(P < 0.05) in the percentage of circulating CD3* T cells but not
in splenic T cells. However, the various treatment regimens had
only a marginal effect on the percentage of circulating and splenic
CD3* T cells. Moreover, we found that the various treatments had
no significant effects on CD3*, CD4*, and CD8* T cells percent-
age both in the spleen and the blood at study end. Nevertheless,
we observed a trend (P = 0.08) for an increased CD4* to CD8*
T cell ratio in the FTS therapy arm (Figures 3A-C).

As both IL-17* and IL-17*IFN-y* Th17-type cells have been
shown to be instrumental for the pathogenesis of autoimmune
responses (46), we analyzed the effects of FTS and other treat-
ment protocols on the induction of IL-17 and IFN-y expressing
T cells in arthritic rats spleens by intracellular cytokine staining.
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FIGURE 1 | Farnesylthiosalicylic acid (FTS) treatment reduces the severity of adjuvant-induced arthritis. Rats were immunized with CFA and then graded regularly for
signs of arthritis by a clinical disease severity score (A), and by caliper measurements of ankle joint diameter (B). Rats in the experimental arms were treated starting
day +1 with either oral FTS (100 mg/kg), 0.5% carboxymethyl cellulose (CMC) vehicle solution, weekly i.p injection of MTX (0.5 mg/kg), or FTS combined with MTX.
Statistical analysis of the AUC of the effect of the various treatments on the clinical score (A) and ankle diameter (B) was done by one way ANOVA with post hoc
Bonferroni’s multiple comparison test. The results of the analysis are summarized in the table inset. One representative of three independent experiments is depicted
(*P <0.05, **P < 0.01, and ***P < 0.001). (C) Tibiotarsal (ankle) joint tissue sections were stained with H&E for histopathological assessment, and scored on a scale
of 0-5 for inflammation and bone resorption. The bar graph represents the quantification and statistical analysis of histopathology of ankles of arthritic rats in the
various treatment arms. Shown bars from >3 experiments performed with n = 8 rats in each treatment arm.

Our data show that CFA immunization induced a significant
induction of IL-17* (~20-fold increase; P < 0.001) and of
IL-17*IFN-y* Th17 cells (4.6 + 0.34 vs. 0.04 + 0.01, P < 0.01)
compared to naive unimmunized rats. Moreover, FT'S therapy
alone as well as the other treatments all induced a significantly
lower induction of pathogenic Th17 cells in the spleens of FT'S
treated rats compared to CMC vehicle treated arthritic rats
P < 0.001. Interestingly, FTS as an add-on to MTX therapy
induced a more significant reduction in the percentage of the
highly pathogenic IL-17*IFN-y* T cells, as compared to either

drug alone P < 0.01 (Figures 4A,B). Thus, the Th17 cell response
data showed a positive and significant correlation with the clini-
cal outcomes data of the various treatment protocols.

Next, we analyzed the effects of FTS and the different treat-
ments on the induction of IFN-y* Thl cells in the spleens. We
found that, in contrast to the Th17 data, CFA immunization did
not produce a significant increase in splenic Th1 cells percentage
compared to naive unimmunized rats. Additionally, FTS therapy
did not significantly reduce the induction of Thl cells in the
spleens of treated rats compared to CMC control arthritic rats.
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FIGURE 2 | Farnesylthiosalicylic acid (FTS) treatment reduces serum Th17-cytokines and CRP levels during arthritis development. Sera from rats treated with
carboxymethyl cellulose (CMC), FTS, FTS + MTX, or MTX was collected at Day 14 post adjuvant injection (day +3 from arthritis onset) and analyzed for (A) IL-17A,
(B) IL-22, and (C) CRP levels by ELISA kits. Bars represent mean + SD of triplicates from a representative experiment out of three performed (n = 4 rats analyzed
per group). ND, not detectable. Statistical significance among groups was analyzed by the Student’s t-test (*P < 0.05, **P < 0.01, and ***P < 0.001).
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FIGURE 3 | Effects of farnesylthiosalicylic acid (FTS) therapy on splenic and peripheral blood T cell populations. At study termination, single cell suspension of
spleens (A,B) and peripheral blood (C) from the various groups of treated rats (n = 8 per group) were analyzed by flow cytometry for CD3* CD4+*, and CD8* T cell

frequencies. Samples were acquired on a FACSAria instrument (~50,000 single cell events per sample) and analyzed using the FlowJo software. The results shown
represent a typical experiment out of >5 performed.

Frontiers in Immunology | www.frontiersin.org July 2017 | Volume 8 | Article 799


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Zayoud et al. Ras-Inhibitors Target Arthritogenic Th17 Cells
A Naive CMC FTS FTS+MTX MTX
3,82 0,04 3,08 4,6 2,35 2,07 {2,05 1,36 12,00 3,03
A 3 3 E
956 | 0559859 641934 2,16 1954 1,20 7921 2,87
IL-17A
B
5 8- 6-
IFN-g+ IL-17A+ IL-17A+/IFN-g+
4' 6_
o\o 3 |—|ns 4- *kk
+ ns ' ns 4 ns " ek
<t % ns "
D 24 —= *kk ’:—* 2_
O 2. x *kk
14
0- T 0- T - .
c Naive CMC FTS FTS+MTX MTX
10,45 1,96 12,02 2,59 12,72 292 2,40 3,51 11,22 3,13
A 3 ] 3 3
To 1NE E ] 3 3
AN
o
o
. 543
D 4- 1.5+ I ctr
Bl cMmc
ns *% [ FTs
.| Treg ns ns Bl FTS+MTX
B 10 L] MTX
S =
+ £
S 7 E
= g
= 0.57 —=
1-
0- T 0.0- T
FIGURE 4 | Continued
Frontiers in Immunology | www.frontiersin.org 7 July 2017 | Volume 8 | Article 799


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Zayoud et al.

Ras-Inhibitors Target Arthritogenic Th17 Cells

FIGURE 4 | Continued

comparison test (‘P < 0.05, **P < 0.01, and ***P < 0.001).

Immunomodulatory effect of farnesylthiosalicylic acid (FTS) treatment on the induction of Th1, Th17, and Treg subsets post CFA immunization. (A) Representative
flow cytometry plots of intracellular staining for Th1 and Th17 cytokines producing CD4+ T cells. (B) Bars represent the percentage (mean + SD) of the indicated
Th-subsets in spleens of the various rat groups harvested at day 20 post CFA immunization (n = 5 per group). (C) Representative flow cytometry plots for Treg cells
identification (CD3*CD4+*FoxP3* events). (D) Left hand Bars graph represent the percentage (mean + SD) of Treg cells in the various rat groups (n = 5 per group).
Right hand plot represents the Treg to Th17 ratio in these rats. Statistical significance was assessed by one way ANOVA with post hoc Bonferroni’s multiple

The combined FTS and MTX therapy only induced a marginally
significant reduction in the percentage of Th1 cells as compared
to FTS alone therapy (Figures 4A,B). Our results suggest that
the improved clinical outcome produced by FTS therapy is less
dependent on the inhibition of Th1 polarization.

As the balance between the inductions of antigen-specific
pathogenic Th17 versus peripheral CD4*Foxp3* regulatory T cells
(Treg) can influence the outcome of the T cell response (47),
we also determined the percentage of Treg cells in the spleens
of the various rats. We found a statistically insignificant trend
of increased Treg cells percentage in the spleens of FTS and
FTS + MTX treated rats vs. CMC treated control arthritic rats
(Figures 4C,D). Importantly, the ratio of Treg to Th17 cells was
significantly increased (P < 0.01) when FTS and MTX therapy
were combined, but not by the single drug therapy with either
FTS or MTX (P = 0.07).

FTS Therapy Modulates the
Bhsp65-Induced Inflammatory Genes
Expression Program of CD4+ T Cells

from Treated Rats

The mycobacterial heat-shock protein 65 (Bhsp65), present in
CFA, has been implicated in the immune-pathogenesis of AIA
(41, 48). Hence, we used in vitro antigenic re-stimulation with
Bhsp65 as an additional approach to study the effects of FTS
therapy on the antigen-specific T cell response at the molecular
level. Briefly, following immunization with CFA the animals were
treated with FT'S or CMC vehicle. At day +12 (onset of obvious
clinical arthritis), the rats were euthanized, spleen, and draining
superficial inguinal and para-aortic LN were harvested, and a
single-cell suspension of a mixture of spleen and LN cells was
prepared. Subsequently, the cells were cultured for four days with
or without recombinant Bhsp65 protein (5 pg/ml), as previously
described (49) and total RNA was purified at termination of the
experiment.

To gain a more comprehensive insight into the gene networks
that are associated with the therapeutic action of Ras-inhibitor
in AIA, we analyzed by GeneChip® microarrays the changes in
global gene expression (primarily mRNAs) associated with FTS
treatment. Thus, at day +12, we purified CD4* T cells from the
spleen and relevant draining LNs of FTS treated and control rats,
re-stimulated them with Bhsp65 in vitro and then cultured them
for additional 4 days. At the end of experiment, total RNA was
purified and used for the downstream transcriptome analysis.

The bioinformatics analysis of the various CD4* T cell
samples showed that the antigenic re-stimulation with Bhsp65,
as expected, induced a robust upregulation of multiple (n = 50)
genes in CD4* T cells (Figure 5A). As seen in the plotted heat

map, depicting the signal intensity of the list of Bhsp65-induced
and differentially expressed genes (transcripts with >twofold
change; 2FC) in CD4" T cells of CMC as well as FTS treated rats.
The plot shows a widespread FTS-dependent reduction in the
intensity of the Bhsp65-induced transcription of a large percent-
age of these 50 genes (P < 0.001, by chi-square test). Notably,
this list includes a large number of recognized immune response
genes, such as genes encoding pro-inflammatory cytokines
(e.g., 1122, 11 7a/f, Ifng, Csf2/GM-CSE, Lta, and Il1a).

Next, to determine, in unbiased manner, the biological pro-
cesses and molecular functions that mediate the therapeutic effect
of FTS, we performed additional in-depth bioinformatics analy-
sis. Thus, we computed the overlaps between our gene list and
relevant annotated gene sets within the HALLMARK and gene
ontology (GO) collections of the Molecular Signatures Database
of the Broad Institute (Massachusetts Institute of Technology)
using the GSEA software web site v6.1 (50).

By this analysis, we determined that the list of genes upregu-
lated significantly (>twofold change, FDR g < 0.05) following
Bhsp65 re-stimulation of CD4* T cells isolated from CMC treated
control rats exhibited significant overlap with a large number of
curated relevant immune response and cell proliferation gene sets.
The top overlapping annotated gene sets included: (i) cytokine
activity (GO); immune system processes (GO); G2M_checkpoint
(HALLMARK); inflammatory response (HALLMARK); response
to tumor necrosis factor (GO); response to IFN-gamma (GO);
positive regulation of cell proliferation (GO); IL6_JAK_STAT3_
signaling (HALLMARK); K-RAS signaling up (HALLMARK);
and others (see also Figure 5B).

To validate our GeneChip® data, we analyzed by qPCR the
relative quantity of mRNA transcripts of five highly relevant
inflammatory response genes differentially induced by Bhsp65
re-stimulation in CMC vs. FTS treated CD4" T cells (ccl20, i122,
il17A, il17F, and Csf2). As shown in Figure 5C, the qPCR data
confirmed that the induced transcription of all these genes, dur-
ing the recall response of TH cells to Bhsp65, was significantly
inhibited by FTS therapy (P < 0.05, by t-test). In agreement
with our gene transcription data, we also detected by ELISA a
strong induction of IL-17A and IL-22 protein expression fol-
lowing in vitro Bhsp65 re-stimulation of control CD4* T cells
(Figure 5D), whereas this antigen-dependent induction of
IL-17A and IL-22 secretion was strongly inhibited in equivalent
cultures of FT'S treated rats (P < 0.001, by t-test).

The FTS Derivative 5-Fluoro-FTS (F-FTS)
Shows a Higher Therapeutic Effect than FTS

Fluoro-FTS, although presumed to have a rather similar mecha-
nism of action as the parent compound, has been previously
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FIGURE 5 | Continued

Farnesylthiosalicylic acid (FTS) therapy down modulates the Bhsp65-induced transcription of multiple genes tightly linked to inflammatory and immune processes.
Following CFA-immunization, rats were treated with carboxymethyl cellulose (CMC) or FTS starting from day +1 post AIA induction. Single cell suspensions from
draining LNs and spleen of treated rats (harvested on day +14 post disease induction) were stimulated with Bhsp65 (5 ug/ml) or control PBS and cultured for
additional 72 h. At the end of cultures, CD4+ T cells were isolated and high quality total RNA was extracted from the purified cells. (A) Heat map analysis depicting
the expression matrix of the 50 genes significantly induced by Bhsp65 stimulation (>2FC, FDR g < 0.05) in the CMC control group as compared to their expression
in FTS treated group (n = 2 per group). In this two-color heat map, the brightest red and green colors represent the top up- or down-regulated mRNAs, respectively.
(B) Next, we computed using the GSEA software web site v6.1 software, the overlaps between our gene list and relevant validated gene sets. Bars represent the
FDR g-value (cutoff of <0.05) for the statistical significance of the overlap between the annotated Gene set and our list. (C) Purified total RNA was analyzed by
quantitative PCR for the relative mRNA expression (normalized to Actb) of five inflammatory response genes (Ccl20, 1122, I117A, 1117F, and Csf2) induced by Bhsp65
re-stimulation of CD4+ T cells treated in vivo with CMC vs. FTS. (D) Supernatants from the same cultures were tested by ELISA kits for levels of secreted 17A and
IL-22 by readymade ELISA kits. Bar graphs depict mean + SD, and statistical significance was analyzed by Student’s t-test (*P < 0.05, **P < 0.01, and

***P < 0.001). Data shown are representative of a typical experiment out of n = 3.

shown to be a more potent inhibitor of oncogenic Ras signaling as
compared to FTS (51). Moreover, F-FTS treatment was previously
shown to strongly attenuate the development of type-1 diabetes
in NOD mice (36). However, the in vivo therapeutic efficacy of
F-FTS and FTS has not been previously compared. Thus, we
designed a set of experiments to investigate the relative thera-
peutic efficacy of F-FTS compared to FTS. The data from these
studies demonstrate that both F-FTS and FTS therapy following
CFA immunization produced a significant attenuation of disease
development and severity, as assessed by the clinical score and
ankle joint diameter measurements, as compared to CMC treated
control rats. Importantly, the therapeutic efficacy of F-FTS was
significantly superior compared to FTS (Figure 6A). Next, we
show that F-FTS therapy produced a robust reduction of serum
IL-17 and IL-22 levels post CFA immunization, as compared to
control immunized rats (Figure 6B). Moreover, the inhibitory
effect on IL-22 induction was more pronounced with F-FTS vs.
FTS therapy (P < 0.001, by t-test).

Next, we analyzed the effect of F-FTS therapy on the induction
of antigen-specific Th17 cells. Thus, as already detailed above we
employed in vitro antigenic re-stimulation with Bhsp65 to test
this question. Our results demonstrated that in vivo therapy with
either F-FTS or FTS was coupled with significant inhibition of
IL-17 production during the recall response of Bhsp65-specific
T cells compared to the robust IL-17 recall response in control
CMC treated rats cultures (P < 0.001 for both drugs vs. CMC,
by one-way ANOVA). Moreover, as shown in Figure 6C, F-FTS
was a more potent inhibitor compared to FTS (P < 0.05), which
positively correlated with its superior therapeutic efficacy.

DISCUSSION

In this study, we further demonstrate the therapeutic efficacy of
the orally active small-molecule inhibitors of PM-localization of
Ras GTPases, FTS, and its more potent derivative F-FTS, in the rat
ATIA model of RA. Therapy with either FTS or F-FTS significantly
reduced ankle swelling and clinical arthritis scores. Moreover, the
therapeutic efficacy of Ras inhibitors was comparable to that of
the mainstay disease modifying anti-rheumatic drug (DMARD),
MTX. Importantly, FTS treatment as an add-on to MTX therapy
resulted in a robust attenuation of arthritis development. The
histopathological assessment of the ankle joints confirmed that
FTS treatment reduced ankle joint inflammation and bone
resorption. The clinical efficacy of the Ras inhibitors strongly
correlated with reduced serum levels of IL-17 and IL-22 together

with a reduced recall Th17-response to Bhsp65-antigen stimula-
tion in splenocytes from FTS or F-FTS treated rats. Moreover,
the bioinformatics of the gene microarrays further demonstrated
the wide-ranging efficacy of FTS to down-modulate the TCR
activation induced transcription of a large set of canonical pro-
inflammatory genes in effector CD4* T cells following in vitro
Bhsp65 re-challenging.

Initial findings in a previous study showed that FT'S treatment
reduced the clinical arthritis score in the AIA model, and that
this treatment was associated with reduced levels of various pro-
inflammatory cytokines (IFN-y, TNF-a, IL-6, and IL-17) in the
serum at study end. Our current work was designed to obtain
new and pertinent data on the effects of oral Ras inhibitors on
the pathogenic T cell response to CFA, and more specifically to
the arthritogenic mycobacterial antigen, Bhsp65. We also provide
new insight on the molecular effects of in vivo Ras-signaling
blockade on the transcriptomes of Bhsp65-specific CD4* T cells.
In the present study, we also tested in parallel the therapeutic
effects of F-FTS (FTS derivative) and of FTS as an add-on to the
drug MTX.

The Ras family of GTPases play an important role in signaling
nodes downstream to TCR and CD28 activation (52). Pertur-
bation of K-Ras-signaling lowers the threshold for TCR activa-
tion and thus may support abnormal responses to autoantigens
(10). For example, somatic mutation in NRAS or KRAS genes
in hematopoietic cells can cause a rare autoimmune disorder,
characterized by lymphadenopathy and splenomegaly due to
abnormal expansion of lymphocytes (53, 54). Therefore, our
working hypothesis was that our Ras inhibitors might chiefly
target the T cell response to CFA injection. As extensive research
in murine arthritis models strongly indicates a central role for the
Th17-type cells (55, 56), we focused on the effects of FT'S on the
induction of the Th17 response.

Our data indeed show that CFA injection was linked to a
robust induction of Th17 cells, and that importantly FTS therapy
reduced the frequency of Th17 cells in relevant lymphoid tis-
sues (draining LNs and spleen). The two chief CD4* T cells
subsets suppressed by FTS were IL17* (classical Th17 cells) and
IL-17*IFN-y* “double positive” cells. The inhibitory effect on the
induction of these IL-17 producing T cell subsets was comparable
to the effect of MTX therapy, while the combined FTS and MTX
was significantly more potent in this regard. In contrast, FTS
therapy had no significant effect on the induction IFN-y*CD4*
T cells (classical Th1 cells). Accordingly, we also detected reduced
serum IL-17 levels at arthritis onset in FT'S treated rats. Moreover,
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FTS and F-FTS therapy strongly attenuated Bhsp65-induced
IL-17 production by CD4* T cells (both per ELISA and per
GeneChip® array data).

Although the prototype Th17 cell cytokines, IL-17A/F, have
been strongly linked to autoimmunity in multiple animal mod-
els, there has been recent evidence that a fraction of Th17 cells
also co-express IFN-y at the site of inflammation with reported
functional consequences (57). Our data are the first work that

shows that CFA immunization induces significant expansion of
both classical Th17 cells and Th cells with a Th17/Th1 “double
phenotype” Moreover, we clearly determine by intracellular
cytokine staining that FTS treatment strongly targets the expan-
sion of this unique and likely pathogenic T cell subset in relevant
lymphoid tissues.

By functional enrichment analysis of the GeneChip® array
data, utilizing the GSEA platform (50), we identified a list
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of validated immune/inflammatory response genes that are
“silenced” by FTS therapy specifically in pathogenic CD4* Th
cells responding to Bhsp65. For example, besides the classical
Th17 cytokine genes (II7 and 1I22), we also identified that FTS
targeted other pro-inflammatory cytokine genes (e.g., Ifng, Cfs2,
Lta, Il1a) as well as chemokines genes that are chemotactic for
effector T cells, monocytes, and dendritic cells (Ccl1, Ccl20, Ccl7,
and Ccl22). Thus, these data allowed us to discover additional
interesting genes, molecular processes, and biological pathways
that expand our insight into the mechanism of action of FTS.

The Thl7-allied cytokine IL-22 has been shown to play a
pathogenic role in murine models of arthritis, particularly in
promoting the early inflammatory responses to CFA and enhanc-
ing cartilage and bone damage (58-60). Moreover, levels of IL-22
and Th22 cells are increased in the synovial tissue and in the
in the blood of RA patients, and correlate with disease activity
(61, 62). Importantly, IL-22 mainly secreted locally by T cells, can
induce synovial fibroblasts’ proliferation and RANKL (Receptor
Activator of NF-xB Ligand) expression, and consequently pro-
mote their differentiation into osteoclasts (63). Our data clearly
show that in vivo treatment with Ras inhibitors strongly attenu-
ated the CFA-induced upregulation of serum IL-22 as well as the
transcription and secretion of IL-22 by purified effector CD4*
T cells re-challenged in vitro with the mycobacterial antigen,
Bhsp65.

Our novel finding that the combined MTX and FTS treat-
ment was more potent, both by clinical and laboratory outcome
measures, as compared to monotherapy with either drug alone
in AIA, is highly relevant to RA treatment. MTX is commonly
referred to as the cornerstone of modern RA therapy as a large
percentage of patients are effectively treated with MTX alone or in
combination with other drugs. Moreover, the majority of anti-RA
biologics are more effective as a combination therapy with a con-
ventional DMARD, predominantly MTX, as compared to bio-
logics monotherapy (64). Thus, our findings strongly fit into this
clinical concept: i.e., combination therapy with MTX is superior
to monotherapy with the targeted-synthetic immunomodulatory
compound, FTS.

Additionally, we performed for the first time a “head-to-head”
comparison of the therapeutic efficacy of F-FTS vs. FTS. Our find-
ings demonstrate that F-FTS has a superior therapeutic efficacy
compared to its parent compound, FTS, at alower dose (60 mg/kg
compared to 100 mg/kg, respectively). Moreover, our ELISA data
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