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Targeting dendritic cell-specific
TNFR2 improves skin and joint
inflammation in a murine model of
psoriatic arthritis

Raminderjit Kaur®?2, Jean Lin®, Jennifer E. Harvey?, Roberta Brambilla*,
Unnikrishnan M. Chandrasekharan'*“ & M. Elaine Husni%>"*

Psoriasis (PsO) and Psoriatic arthritis (PsA) are TNF-alpha-dependent immune-mediated inflammatory
diseases where dendritic cells (DC) play a critical role in disease pathogenesis. Although TNF-alpha
receptor 2 (TNFR2) has been implicated in the pathology of psoriatic diseases, its specific role in DC
mediated responses remains unclear. To investigate the role of TNFR2 in DC in psoriatic disease, we
utilized the mannan-oligosaccharide (MOS) model of PsA on mice with either TNFR2 intact or with DC-
specific TNFR2 knockout (DC-TNFR2KO). We evaluated disease severity by assessing skin scaling, joint
inflammation, serum cytokine profiles, and changes in the conventional type 1 dendritic cell (cDC1)
population. A significant reduction in PsA-like skin scaling and joint inflammation was observed in DC-
TNFR2KO mice. In control mice, MOS stimulated a robust increase in the cDC1 population, a response
that was notably suppressed in the absence of DC-TNFR2. Furthermore, serum levels of key pro-
inflammatory cytokines such as interleukin-12 (IL-12), TNF-alpha, IL-23 and IL-17 A were significantly
diminished in DC-TNFR2KO mice following MOS exposure. Our findings provide compelling evidence
that TNFR2 signaling in DC is instrumental in promoting PsA-like inflammation. These results highlight
the potential of targeting the DC-TNFR2-pathways as a novel therapeutic strategy for PsA and related
immune-mediated inflammatory diseases.
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Psoriatic arthritis (PsA) is a persistent inflammatory disorder that primarily impacts the skin and joints but
may also involve the entheses leading to significant functional impairment and a diminished quality of life!™.
PsA, if untreated results in irreversible joint damage>°. Although TNF-a neutralizing agents are the current
first-line therapy for PsA, they are associated with an increased risk of opportunistic infections, reactivation of
latent tuberculosis and malignancies which can hinder long-term use’~. TNF-a functions through activating
TNF-a receptor 1 (TNFR1) and TNFR2. Interestingly, preclinical studies in mice have shown that inhibition of
TNFRI rather than TNFR2 inhibition leads to these adverse effects!?-!2. In contrast, TNFR2 induces immune
cell activation/proliferation and neoangiogenesis, all of which are hallmark features of psoriatic diseases!*15.
Importantly, our previous work demonstrated that global TNFR2KO mice show reduced psoriasis-like
inflammation concomitant with decreased DC activation pathways'®. With the premise that TNFR2- targeted
approach potentially will be effective with lower adverse effects compared to anti-TNF-a therapy, here we
investigated whether depleting DC-TNFR2 can reduce PsA.

DC are a heterogeneous subset of antigen-presenting cells that link innate and adaptive immunity through
antigen presentation- and cytokine-dependent activation of effector immune cells?. In humans, DC, are primarily
classified into plasmacytoid DC (pDC), conventional DC-1 (¢cDC1), and cDC2. Both human and mouse cDCs
exhibit distinct and overlapping function that are influenced by tissue localization and inflammatory state?!-?2,
DC have been implicated in numerous inflaimmatory and autoimmune diseases, including PsA?-%>. Upon
activation by pathogen- or damage-associated molecular pattern receptors, DCs secrete cytokines such as TNFa,
IL-12, and IL-23, which are pivotal in both initiating and sustaining autoimmune inflammation in psoriatic
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disease?!">*26, These cytokines facilitate the differentiation of naive T cells into the Th1 and Th17 subtypes which
are crucial mediators of psoriatic diseases.

TNFR2 induces immune cell proliferation and activation'>!®. Particularly, TNFR2’s role in regulating
immunosuppressive T regulatory cells is well-documented?”. Moreover, TNFR2 signaling enhances the
polarization/proliferation of pathogenic T cells, including CD4+and CD8+T cells in immune-mediated
inflammatory diseases!#12%2  TNFR2-positive ¢cDC2 has also been implicated in the acquisition of
pathological phenotypes in conditions such as asthma®. Despite the established involvement of dendritic cells
in psoriatic diseases, the specific contribution of DC- expressed TNFR2 to psoriatic pathogenesis remains poorly
understood. In this study, we investigated the role of DC-TNFR2 by comparing PsA-like inflammation in DC-
TNFR2 knockout (DC-TNFR2KO) mice to that in TNFR2-intact mice, using the mannan-oligosaccharide
(MOS) model®!.

Results

PsA-like skin scaling and joint inflammation is reduced in DC-TNFR2KO

DC-TNFR2KO mice were generated by crossing TNFR2-floxed mice with CD11c-Cre mice. The mouse spleen
contains ~ 4% of dendritic cell population®2. Flow cytometry analysis confirmed effective deletion of TNFR2
in dendritic cells: approximately 8.07% of CD11c* splenocytes from TNFR2/fl control mice expressed TNFR2,
compared to only 0.87% in DC-TNFR2KO mice (Fig. 1A). Following MOS-treatment, TNFR2-intact control
mice exhibited profound scaling, thickness, and marked erythema (Fig. 1B, upper panel), whereas these clinical
features were significantly attenuated in the DC-TNFR2KO mice (Fig. 1B, lower panel). The cumulative PASI
score comprising erythema +scaling +skin thickness was significantly lower in DC-TNFR2KO mice at day 4
and day 6 post MOS treatment compared to control mice (p <0.01, Fig. 1C). Two-way ANOVA analysis revealed
that treatment had a significant effect on PASI scores (p=0.0314, accounting for 44.49% of the total variation),
whereas time (day) did not significantly influence the scores (p=0.1001, 26.8% variation), indicating that the
differences were primarily driven by the treatment. In addition to the skin findings, MOS-induced redness,
swelling, and inflammation in the paws were reduced in the DC-TNFR2KO mice (Fig. 1D). Mean arthritis
severity score (reflecting the clinical severity of paw arthritis) significantly decreased in DC-TNFR2KO mice
on day 4 (p<0.01) and day 6 (p<0.001) as shown in Fig. 1E. Further, the loss of grip strength, an indicator of
gross weakness of the paw due to inflammation, was partially restored in DC-TNFR2KO mice by day 6 (p <0.05,
Fig. 1F).

Histology analysis (Fig. 2A), followed by image quantification (Fig. 2B) revealed a robust increase in
epidermal thickness in control mice upon MOS treatment (p <0.001). We also found an increase in epidermal
thickness in TNFR2KO mice with MOS (p <0.001). However, the magnitude of epidermal thickness was lower
in DC-TNFR2KO mice (32.18£6.24 pm) compared to control mice (49.29+6.33 pum) following MOS and
was statistically significant (p <0.001). Similarly, the increase in leukocyte infiltration, which can facilitate the
epidermal thickening in psoriatic diseases was lower in DC-TNFR2KO mice compared to control mice (p <0.01,
Fig. 2C) upon MOS application.

Next, we investigated joint damage in control mice versus DC-TNFR2KO mice by assessing cartilage content
in the joints using Safranin O staining (Fig. 2D). MOS treatment resulted in a significant reduction in cartilage of
control mice (p<0.001, Fig. 2E). Although there was a reduction in cartilage in DC-TNFR2KO joints with MOS
treatment (p <0.01), the effect was less. Specifically, by day 6 post-treatment, control mice exhibited a 47.70%
decrease in cartilage, compared to a 29.98% reduction in DC-TNFR2KO mice (Fig. 2F).

TNFR2 depletion attenuated the increase of conventional DC1 (cDC1) population in mice
with PsA-like inflammation

To investigate the effect of TNFR2 depletion on relative abundance of DC subtypes, we compared the percentage
of ¢cDC1, ¢DC2 and pDC population in the splenocytes of control mice and DC-TNFR2KO in the presence
or absence of MOS treatment. Flow cytometry analyses (Fig. 3A) showed that cDC1 cell population increased
significantly in control mice in response to MOS (7.34+1.55% to 14.06 +2.21%, p <0.001), whereas this effect
was not observed in DC-TNFR2KO mice (Fig. 3B). The percentage difference in ¢cDC1 population between
control mice and DC-TNFR2KO with MOS treatment was also significant (p <0.01, Fig. 3B).

.Conversely, cDC2 cell population, showed a decreasing trend with MOS treatment in both control and DC-
TNFR2KO mice, but did not reach statistical significance (Fig. 3C). Although there was an upward trend in
plasmacytoid dendritic cell (pDC) population in both control and DC-TNFR2KO mice with MOS, it also did
not reach statistical significance (Supplementary Fig. 1). The FACS strategy for measuring cDC1, cDC2 and pDC
is shown in Supplementary Fig. 2.

To determine TNFR2’s role cDCI activation, we measured activation markers CD80 and CD86. We found
that there was no change in CD80 expression in ¢cDCI isolated from either control mice or DC-TNFR2KO mice
with or without MOS (Fig. 3Da & b). The CD86 expression could only be assessed in a single experimental
replicate, which also demonstrated no apparent difference between groups, are now presented in Supplementary
Fig. 3.

The activated DC can produce IL-12 and TNF-q, which can facilitate the polarization of naive Th cells into
CD4 +effector T cells including Thl andTh17 cells as well as CD8+T cells!®?*%, In agreement, we found an
increase of DC product, IL-12 (39.61 +7.09 pg/ml to 104.10 +9.37 pg/ml, p <0.001) in the serum of mice treated
with MOS, but not in DC-TNFR2KO mice (Fig. 4A). As shown in Fig. 4B, we also found an increase in TNF-a
in both control mice (25.93 +£2.39 pg/ml to 65.31 +13.34 pg/ml, p <0.001) and DC-TNFR2KO mice (30.38 +4.46
pg/ml to 40.61 +7.52 pg/ml, p <0.05). However, the increase of TNF-a in DC-TNFR2KO was less pronounced
and the difference between the treated groups were statistically significant (p <0.01). Similarly, IL-23 level in the
serum was elevated (from 24.5+6.6 pg/ml to 93.4+12.1pg/ml, p <0.001) whereas in DC-TNFR2KO mice the
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Fig. 1. Reduced pathological phenotype in DC-TNFR2KO mice in the Mannan oligosaccharide (MOS)-
induced PsA model. (A). Confirmation of TNFR2 depletion in spleen cells from DC-TNFR2KO (TNFR2/f

/ CD11c-Cre) compared to control mice (TNFR21%) via FACS analysis. (B) Representative images of ear

of TNFR21 (control) and DC-TNFR2KO mice treated with vehicle or MOS. (C) Cumulative PASI score
(erythema + scaling + thickness) at baseline (day 0) and post MOS injection (day 2, 4 and 6). (D) Representative
images of the arthritic phenotype (swelling and redness) and psoriasis-like skin lesions in the hind paws

of control and DC-TNFR2KO mice. (E) Mean arthritis severity score of paws and, (F) Grip strength
measurements over time. PASI and arthritis severity score were assessed in double blinded manner, with each
score representing the mean of three independent scores per mouse (n=6 per group). Data are presented as
mean+S.E (* p<0.05; **p <0.01; *** p<0.001).
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Fig. 2. Reduced epidermal thickness, leukocyte infiltration and cartilage content in DC-TNFR2KO mice
following MOS treatment. (A) Representative H&E-stained ear tissue sections from TNFR2%f (control)

and DC-TNFR2KO mice with or without MOS treatment. Scale bar =50 pum. (B) Epidermal thickness
quantification. (C) Leukocyte infiltration, assessed in 3 high power fields (20X) per section by two independent
blinded researchers. FOV: Field of view. (D) Representative safranin O-stained sections (cartilage staining) of
distal interphalangeal joints. (E) Cartilage content quantification and, (F) Percentage cartilage loss following
MOS treatment. Each dot represents the average of three independent sections per mouse (n=6). Data are
presented as means+S.E, (**p <0.01, *** p <0.001, ns =not significant). Tissue samples were collected on day 6

post-MOS.
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Fig. 2. (continued)

induction was reduced (from 21.5 pg/ml to 45.8 pg/ml, p <0.05), upon MOS treatment (Fig. 4C). Furthermore,
the serum level of Th17 product IL-17 A was also reduced in DC-TNFR2KO mice compared to control mice. As
shown in Fig. 4D, the IL-17 A was undetectable in untreated, control mice and DC-TNFR2KO mice (< 5pg/ml)
and it increased robustly in control mice with MOS (76.7 £9.2 pg/ml, p <0.001), whereas the increase was less
prominent in DC-TNFR2KO mice (28.56 5.9 pg/ml, p<0.01).

Discussion

Although various biological agents have recently emerged for the treatment of psoriatic diseases, anti-TNF agents
remain the first-line treatment for PsA3%34. These agents neutralize TNF-a thus preventing activation of both
TNFR1 and TNFR2%. However, preclinical studies show that the adverse effects associated with long-term use
of anti-TNF agents are primarily attributed to TNFR1 inhibition'>3®, Based on this background information, our
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Fig. 3. Reduced expansion of conventional DC1 (cDC1) population in DC-TNFR2KO mice following
MOS treatment. Flowcytometry plots of cDC1 and ¢cDC2 populations in spleen cells from control and DC-
TNFR2KO mice+MOS. (A) representative figure showing the percentage of cDC1 and ¢cDC2 cells among
the splenocytes isolated from control or DC-TNFR2KO mice + MOS. (B) Quantification of cDC1%. (C)
Quantification of cDC2%. Data (n=5 per group) represent means = S.E, (D) (a) Quantification of CD80
expression in ¢cDC1 (n=3 per group) mean + S.E.M. (b) Histogram of CD86 expression in cDC1, gMFI;
Geometric Mean Fluorescent Intensity. (** p<0.01, *** p <0.001, ns =not significant). Tissue samples were
collected on day 6 post-MOS.
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Fig. 4. Reduced circulating cytokine levels in DC-TNFR2KO mice following MOS treatment. Serum cytokine
levels were measured by ELISA: (A) IL-12 (n=4 per group) and (B) TNF-a (n=5 per group), (C) IL-23 (n=4
per group), and (D) IL-17 A (n=4 per group), Data represent means+S.E (*p <0.05 **< 0.01, ***p <0.001,
0 <0.0001, ns = not significant). Tissue samples were collected on day 6 post-MOS.

results demonstrating TNFR2 inactivation in DCs effectively reduces PsA-like inflammation carry significant
clinical implications. This suggests that targeting TNFR2 or it'’s downstream signaling pathways in DC may offer
a more targeted therapeutic option with fewer adverse effects compared to conventional anti-TNF drugs, which
inhibit the activity of both TNFR1 and TNFR2.

DCs are among the most effective antigen-presenting cells, effectively bridging the gap between innate and
adaptive immune responses®>?’. In psoriatic diseases, TNFa activates DCs, which in turn produce cytokines
such as IL-12 and IL-23, promoting the polarization of naive Th cells and downstream effector responses in
the skin and joints?**%. Our study found that deletion of TNFR2 in DCs significantly reduced skin and joint
inflammation in the murine model of PsA induced by MOS. Although we observed a notable decrease in cartilage
content in the paw joints of DC-TNFR2KO mice, the overall joint phenotype was mild in this mouse model. This
was expected, as MOS induces robust joint disease only when reactive oxygen species (ROS) are depleted®!. By
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designing our study to minimize ROS-sensitive macrophage responses (given that CD11c-Cre may also target
macrophages), we were able to more precisely delineate the role of dendritic cells in disease pathology.

While our histological analysis focused on cartilage-loss as a measurable outcome of joint damage, we
acknowledge that synovial and peri-tendon inflammation (enthesitis) are also key contributors to joint
dysfunction and loss of grip strength in PsA, which warrant further investigation. Similarly, while our study
showed reduced circulating IL-12, IL-23, IL-17 A and TNFa in DC-TNFR2KO mice compared to control mice
upon MOS treatment, we did not directly assess intracellular cytokine production within specific dendritic cell
subsets. Future studies using intracellular staining approaches are needed to demonstrate conclusively that cDC1
is the primary source of these cytokines.

TNFR2 promotes proliferation of pathogenic T cells, including CD4 + and CD8 + T cells in immune-mediated
inflammatory diseases'*!%?°. However, the role of TNFR2 in DC function or DC expansion, particularly in
the case of cDCs during pathological conditions is not clear. One study, implicated TNFR2’s involvement in
human cDC2 maturation, but not cDC1 maturation, in the lung in response to adjuvants, in mice?®. We did not
see a difference in the activation markers the absence of TNFR2 indicates TNFR2 modulates cDC1 mediated
inflammation in this model likely through effects on cell abundance rather than activation status.

While both ¢DC1 and a subset of cDC2 express TNFR2, we found that only cDC1 expansion is significantly
impaired in the absence of TNFR2 in our PsA mouse model. This could be attributed several factors including
potential differences in the level of TNFR2 expression between cDC subsets, divergence in downstream
TNFR2 signaling pathways, variations in metabolic programming, or distinct responsiveness to MOS-driven
stimuli??2>28:3%40 Tt is also possible that cDC2 expansion is regulated through additional compensatory pathways
that do not rely on TNFR2 signaling.

The cDC1 are primarily responsible for priming CD8 + T cells by cross-presentation of antigens in conjunction
with MHC class I*'but cDC1 can also activate CD4 + Th1 cells*? and both CD8 + T and CD4 + cells can promote
psoriatic diseases®®. Further studies are needed to identify the T effector cells that are activated by TNFR2-
positive cDC1 in psoriatic disease. Considering the functional overlap between murine and human cDC1%,
strategies aimed at modulating cDCI1 function or inducing their tolerogenicity may represent a novel approach
to mitigating psoriatic disease. More targeted approaches are needed to decipher the relative importance of DC
subtypes in the pathogenesis of psoriatic diseases.

In summary, our study reveals a previously uncharacterized role of TNFR2/cDCl-axis in the pathogenesis of
PsA. Our findings suggest that selectively targeting TNFR2 pathways in cDC1 while preserving TNFR1 mediated
host defense, may ameliorate PsA effectively with potentially fewer adverse effects compared to conventional
anti-TNF agents.

Materials and methods

Animals and genotyping

The animal-related experiments were approved by Cleveland Clinic Institutional Animal Care and Use
Committee (IACUC) in accordance with ARRIVE guidelines 2.0. All experiments were performed in accordance
with committee’s guidelines and regulations which follow the Animal Welfare Act and Public Health Services
policies.

All mice used were maintained on a C57BL/6 genetic background, kept under specific pathogen-free
conditions, and provided with food and water ad libitum at the BRU facility. Experiments were performed
on 8-to 10-weeks-old gender-matched mice. TNFR2-floxed mice (TNFR29M) were crossed with CD11c-Cre
transgenic mice (Jackson Laboratory (Strain #008068) to delete TNFR2 from dendritic cells (TNFR2/ CD11c-
CRE) mice. Prior to selecting TNFR2 mice as controls for our experiments, we compared them directly with
Cre* mice and found no discernible phenotypic differences in gross morphology or dendritic cell populations,
either at baseline or following MOS treatment (Supplementary Fig. 4). Based on this, we used TNFR2/ mice as
the control group for the current study. TNFR2! mice were obtained from Dr. Roberta Brambilla (The Miami
Project to Cure Paralysis, Dept. Neurological Surgery, and the University of Miami Miller School of Medicine,
FL 33136, USA). Genotyping was performed on chromosomal DNA isolated from toe clips. The genotyping of
the loxP-flanked (floxed) TNFR2 transgenic animals was performed using the following primers: 5°- TTG GGT
CTA GAG GTG GCG CAG C-3’and 5-GGC CAG GAA GTG GGT TAC TTT AGG GC-3’ resulting in products
of 410 bp for wildtype and 578 bp for the floxed allele. The following primers were used to detect the transgenic
Cre expression: 5-ACT TGG CAG CTG TCT CCA AG’-3} 5- GCG AAC ATC TTC AGG TTC TG-3, 5- CAA
ATGTTG CTT GTC TGG TG-3’and 5’- GTC AGT CGA GTG CAC AGT TT-3’ generating products 313 bp for
Cre allele and 200 bp as internal positive control.

Mannan oligosaccharide (MOS)-induced PsA model in mice

MOS (Sigma-Aldrich Inc., USA) was dissolved in PBS and injected intraperitoneally (IP) at a dose of 800 mg/kg
body weight on day 0. The ear and paw thickness were measured on alternate days using an electronic digital dial
thickness gauge (0-0.4”/10 mm caliper, 0.01 mm resolution, +0.03 mm accuracy). Inflammation in peripheral
joints was assessed every two days, following the method outlined previously®!. The Psoriasis Area and Severity
Index (PASI) graded the severity of psoriatic skin lesions, which is based on the parameters of skin erythema,
scaling, and thickness. PASI was scored on a scale from 0 to 4 in a blinded fashion and was recorded on days
0,2,4, and 6. The grip strength was measured using a grip strength meter (Columbus Instruments, USA).

Histology evaluation

Mice from each group were sacrificed after anesthetizing with Ketamine/Xylazine (100 mg/15 mg per kg body
weight) followed by cervical dislocation. Paws were decalcified in TCA (A11156.30, ThermoFisher Scientific,
USA). Decalcified paws and skin tissues were fixed in 10% neutral buffered formalin (5705, Epredia, USA)
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and embedded in paraffin. Tissue sections were stained with H&E and/or safranin O, and epidermal thickness,
leukocyte infiltration, and cartilage content were assessed.

Flow cytometry analysis

CD11c* cells from spleen underwent flow cytometry analysis. To ensure optimal recovery and purity of CD11c*
cells, spleen was initially subjected to enzymatic digestion using a spleen dissociation kit (130-095-926, Miltenyi
Biotec, USA). The red blood cells were lysed using ACK lysing buffer*. The Cd11c + cells were isolated through
magnetic separation using a negative selection kit (480098, Biolegend, USA).

The cells were then counted and stained with Live/dead fixable dye (L34960, ThermoFisher Scientific, USA).
After incubation with Fc block solution (550270, BD Biosciences, Franklin Lakes, NJ) samples were stained
with extracellular antigen-specific antibodies, for TNFR2/p75 (113406, BioLegend, USA), CD11c (117357,
BioLegend, USA), CDI11b (101228, BioLegend, USA), MHCII (107608, BioLegend, USA), CD8 (560778,
BD biosciences, USA), CD45R (564662, BD biosciences, USA), CD80 (11-0801-81, Invitrogen, USA), CD86
(105036, BioLegend, USA), and LY6C (128044 BioLegend, USA); for 30 min at 4 °C in the dark. The cells were
then washed and analyzed using BD LSRFortessa (BD Biosciences, Franklin Lakes, NJ). The workstation is
managed by FACSDiva software, version 10 (Tree Star, Ashland, OR). The data were analyzed using FlowJo v
10.8.1 (BD, 385 Williamson Way Ashland, OR 97520, USA).

Cytokine analysis

Mice were sacrificed by cardiac puncture on day 6 of MOS injection and blood was collected in 1.5 ml Eppendorf
tubes containing heparin. Following centrifugation plasma was collected and stored at — 80 °C before cytokine
analysis by ELISA. ELISA kits for IL-12p70 (BMS6004), and TNFa (BMS607-3) were purchased from Invitrogen,
Thermos Fisher Scientific USA. ELISA kits for IL-23 and IL-17 A are purchased from R&D systems, catalog
#M2300 and #M1700, respectively.

Statistical analysis

Statistical analyses were performed using SPSS version 28.0(IBM, SPSS Inc. Chicago, USA) and GraphPad
Prism Version 8.0.2(263) (GraphPad Software, San Diego, CA. https://www.graphpad.com). Data are expressed
as mean = S.E and were assessed using two-way ANOVA or Student’s t-test. A significance level of p <0.05 was
considered statistically significant. In figures, asterisks indicate the level of statistical significance (*p<0.05,
“p<0.01, **p<0.001, and ****p <0.0001).

Data availability
All relevant data for this article is included, and any further inquiry including the protocol used can be made to
the corresponding authors.
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