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ARTICLE INFO ABSTRACT

Keywords: Human membrane-bound CD137 (mCD137) is a well-known costimulatory molecule; however, it is alternatively
Soluble CD137 spliced into two transcripts (sCD137-1, 2) whose function is not yet known. Here, we show that sCD137 isoforms
Cb137 lack the CRD4 region and form unique structures compared to mCD137. Human activated Tregs produce both
gz};ﬂ“ CD137 splice isoforms, which are rapidly upregulated after cell activation, and identify an activated Treg
4-1BBL phenotype along with FOXP3, CTLA4, and sCTLA4. We engineered recombinant Fc-Hu-sCD137 variants, which
Tnfsfo are immunosuppressive, inhibiting IFN-y secretion and proliferation in purified CD4" and CD8" T cells in an
Tnfrsf9 APC-independent manner. These effects are mediated by the downregulation of S6 and 4EBP1 of the mTOR
Tregs complex 1 pathway. Human sCD137 variants, in contrast to the membrane-bound form, are immunosuppressive
Tolerance and may be a novel treatment for inflammation and autoimmunity.

Autoimmunity

1. Introduction

The immune system is balanced between activation-mediated
effector mechanisms and immunosuppression to prevent over-
activation and tissue damage. Homeostasis is maintained by the induc-
tion of immunosuppressive counter-regulation as part of the immune
activation program. This is illustrated, for example, by costimulatory
molecule activation, eg, the upregulation of CTLA-4 after immune
activation by CD28 [1]. CD137, also known as 4-1BB, is a
membrane-bound costimulatory receptor predominantly expressed on
activated T cells. CD137 is a crucial costimulatory molecule for T cell
activation, survival, and proliferation. CD137 signaling is mediated via
its ligand, CD137L which is widely expressed on both innate and
adaptive immune cells [2].

In mice, CD137 plays a major role in both normal immune activation
and aberrant function in autoimmune conditions. In the nonobese dia-
betic (NOD) mouse model of Type 1 Diabetes (T1D), Cd137 was mapped
within the Idd9.3 region, which prevented T1D [3-7]. The B6 variant of
1dd9.3 protected from T1D by enhancing the survival of CD137% T
regulatory cells (Tregs), which were more immunosuppressive than
CD137™ Tregs [8]. We subsequently demonstrated that Cd137 was the
1dd9.3 susceptibility gene [5]. Production of mouse soluble CD137
(sCD137), a splice isoform of the Cd137 gene (Tnfrsf9) in which the
transmembrane region is spliced out, was increased in mice with the B6
allele of Idd9.3 and in mice effectively treated with an agonist
anti-CD137 antibody, suggesting a possible immunomodulatory role of
mouse sCD137 [8-11]. Treatment of acutely diabetic NOD mice with
sCD137 ameliorates the disease [12]. Mouse sCD137 delayed the onset
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of end-stage disease, maintained insulin-producing islet p-cells, and in
some cases, prevented the progression to end-stage T1D. The immuno-
logical mechanism of sCD137 was anergy induction in CD4" T cells
(reversed by exogenous IL-2), resulting in reduced antigen-specific T cell
proliferation and IL-2/IFN-y secretion via mTOR complex 1 (mTORC1)
pathway modulation [12]. Additionally, sCD137 significantly lowered
inflammatory cytokine production by CD8" effector memory T cells,
which play a key role in p-cell damage. These results suggested that,
contrary to mCD137, sCD137 induced a counter-regulatory immuno-
suppressive response opposing the initial costimulatory action of
mCD137. We observed that human T1D patients had lower levels of
serum sCD137 compared to age-matched controls [12]. Similar to our
findings in mice, human sCD137 is secreted by Tregs, and commercial
Fc-sCD137 fusion protein (Leug4-Glnjge) suppresses T cell activity in
human cells [12]. These results suggested that sCD137 could be a
promising avenue for treating T1D and other T cell-mediated autoim-
mune diseases (ADs) [2].

In humans, two splice isoforms of CD137 (TNFRSF9), referred to as
sCD137-1 and sCD137-2 have been reported [13]. There is ongoing
controversy regarding which RNA isoforms are produced in humans, as
various studies have reported conflicting results, suggesting either the
presence of both mRNA isoforms or just one [13,14]. However, direct
functional studies of the human CD137 splice isoforms and their
immunological effects have not been performed; thus, the functional
role of these splice isoforms is completely unexplored.

Herein, we provide definitive evidence for the presence and func-
tional expression levels of human CD137 isoforms in primary human
peripheral blood mononuclear cells (PBMCs) and T cells. Additionally,
we developed novel clinically relevant fusion proteins (i.e., Human Fc-
sCD137 variants) and, for the first time, demonstrate that the Fc-
sCD137 variants are functionally immunosuppressive, inhibiting both
proliferation and inflammatory cytokine production by human T-cells in
an mTORC1-dependent manner. The immunosuppressive actions of the
splice variants offer a counter-regulatory response to the co-stimulatory
actions of the membrane CD137 form. These studies provide proof of
concept for a novel immunotherapeutic strategy to treat T-cell-mediated
autoimmune conditions such as T1D.

2. Methods
2.1. Sex as a biological variable

Our study examined male and female subjects, and similar findings
are reported for both sexes.

2.2. Production, purification, and AlphaFold2 ultrastructure prediction of
human Fc-sCD137 variants

Expi293™ cells were transiently transduced with plasmids encoding
recombinant human Fc-sCD137-1 and Fc-sCD137-2 ¢cDNA. The secreted
Fc-sCD137 proteins were purified independently from the culture su-
pernatants using protein G column affinity chromatography. After
elution from the column, purified protein was dialyzed against 1 x 4 L of
1 x Binding buffer, 1 x 4 L of 1 x Binding buffer/1xPBS, then 2 x 4 L of
1 x PBS, and then concentrated using 50 KDa Amicon® Ultra-15 Cen-
trifugal Filter Units (Cat UFC9050). The amount of purified Fc-sCD137
variants was determined by bicinchoninic acid (BCA) Protein Assay
(Thermo Scientific™ Pierce™, Cat 23227). SDS-PAGE and western
blotting were used to confirm the molecular weight (MW) and homo-
dimer state of the produced proteins. For Fc-sCD137 variants detection
by Western blot, primary detection was done by using mouse anti-
human CD137 monoclonal antibody (1:2,000, Clone 4B4-1, Bio-
legend), and secondary detection by goat anti-mouse IgG-HPR
(1:20,000, Clone Poly4053, Biolegend). In addition, variants were
detected by using goat anti-human IgG-HPR (1:20,000, Clone A18817,
Invitrogen).
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The binding of Fc-sCD137 variants was tested on human HEK293
cells expressing CD137L-Myc-DDK on the surface as previously
described [12]. Briefly, human CD137L-overexpressing HEK293 cells
were incubated with recombinant Fc-CD137 variants for 30 min at
37 °C. After washing cells, attached Fc-sCD137 variants were stained
with biotinylated anti-human CD137 antibodies (Clone 4B4-1, Bio-
legend) followed by streptavidin. The level of the bound Fc-sCD137
variant was analyzed by flow cytometry on Agilent NovoCyte 3000
(Beckman Culter).

To predict the ultrastructure of the Fc-sCD137 variants, we used
ColabFold v1.5.5. We employed the AlphaFold2 algorithm integrated
with the MMsegs2 search tool. The sequences of Fc-CD137-ECD (from
R&D), Fe-sCD137-1, and Fc-sCD137-1 were entered into the ColabFold
notebook, which uses MMseqs2 to generate a multiple-sequence align-
ment (MSA) and allows the prediction of protein dimers. This MSA was
then fed into the AlphaFold2 model to generate the predicted 3D
structure. The specific parameters used within ColabFold, such as the
number of cycles and the MSA depth, were kept at their default settings
unless otherwise specified. The resulting structural models were then
analyzed, and the highest-confidence model, as indicated by the pLDDT
scores, was selected for further evaluation of the protein’s ultrastruc-
ture. This approach leverages the speed and efficiency of MMseqs2 for
generating comprehensive MSAs and the accuracy of AlphaFold2 for
predicting protein structures.

2.3. PBMC isolation and activation

Whole peripheral blood was collected in BD Vacutainer EDTA tubes
(REF: 367863). Then, the PBMCs from healthy donors were separated by
centrifugation through the Lymphocyte Separation Medium (Corning,
Cat 25-072-CV). Cells were resuspended in 1.5 mL of cell culture media,
composed of DMEM media (Gibco, Cat 11965-092) supplemented with
10 % heat-inactivated FBS (Gibco, Cat 10082-147), 100 U/ml of peni-
cillin/streptomycin (Gibco, Cat 15070-063), and 100 nM of sodium
pyruvate (Gibco, 11360-070). PBMCs were cultured in a 12-well plate at
3 x 10°6 cells/mL and stimulated with Phytohemagglutinin (PHA)
(Sigma, Cat L1668) at 50 pg/mL for 4 days at 37 °C, 5 % CO?2. Cells for
RNA extraction and supernatants for sCD137 (R&D Systems, Cat DY838,
the ELISA detects total sCD137 protein — including both isoforms 1 and
2) and sCTLA4 (R&D Systems, Cat DY386-05) testing by ELISA were
harvested every 24 h after stimulation.

2.4. Human CD137 isoforms sequencing and AlphaFold2 ultrastructure
prediction

RNA extraction from recovered PBMCs was performed following
RNeasy Mini Kit (QIAGEN, Cat 74104) protocol for further reverse
transcription (Applied Biosystems™, Cat 4368814) and cDNA amplifi-
cation by polymerase chain reaction (PCR) (QIAGEN, Cat 201223).
Primers for CD137 detection and its isoforms were as follows: F-5-
GACTGTTGCTTTGGGACATTTA-3', R-5-TCACATCCTCCTTCTTCTTCT
TC-3'. Temperature conditions for amplification were as follows: 94 °C
for 2 min, 94 °C for 45 s X40, 60 °C for 45 s X40, 72 °C for 1min X40,
72 °C for 5 min, 4 °C hold. PCR products were loaded into a 2 % agarose
gel and run for 45 min. PCR products for full-length CD137
(fCD137-isoform including the transmembrane and cytoplasmic
domain), sCD137-1, and sCD137-2 were isolated from the agarose gel
using the QIAquick Gel Extraction Kit (QIAGEN, Cat 28704). Isolated
PCR products were ligated to pPGEM®-T Easy Vector (Promega Corpo-
ration, A1360), transformed into JM109 High-Efficiency Competent
Cells (Promega Corporation, L2005), and plated on LB-ampicillin agar
plates. Colonies were incubated overnight at 37 °C. The next day, they
were tested to confirm the successful transfection of CD137 isoforms by
PCR and then sequenced by Sanger sequencing. We predicted the pro-
tein ultrastructure of the isoforms with AlphaFold2, using the same
parameters as for the Fc variants (see above for details).



M. Rojas et al.

2.5. T cell isolation and activation

PBMCs were isolated as described above. Resting CD4™ T cells were
purified by negative selection using a CD4" T cell isolation kit (Miltenyi
Biotec, Cat 130-096-533) following the manufacturer’s instructions. To
isolate CD4™ T cell subsets, purified CD4" T cells were stained with PE-
conjugated mouse anti-human CD8 (clone SK1, Biolegend), APC-Cy7-
conjugated mouse anti-human CD25 (clone BC96, Biolegend), and
APC-conjugated mouse anti-human CD127 (Clone A019D5, Biolegend),
and sorted using an Astrios (Beckman Coulter). The subsets were defined
as follows: CD4" Tregs (CD8 CD25"CD127'°" cells), and CD4* Tconv
cells (CD8CD25'°"CD127M). Cells were resuspended in 0.2 mL of T cell
culture media (TCM), composed of RPMI-1640 media (Gibco, Cat
11875-093) supplemented with 10 % heat-inactivated FBS (Gibco, Cat
10082-147), 10 mM of HEPES (Gibco, Cat 15630-080), 2 mM of L-
glutamine (Gibco, Cat 11875-093), 100 U/ml of penicillin/streptomycin
(Gibco, Cat 15070-063), 100 nM of sodium pyruvate (Gibco, Cat 11360-
070), non-essential amino acids (Gibco, Cat 11140-50), and 150 pM of
f-mercaptoethanol (Sigma, M6250). Then, fifty thousand cells were
cultured in the presence or absence of 100U/ml of recombinant human
IL-2 (R&D, Cat 202-IL-010/CF), and CD3/CD28 Dynabeads (1:4 bead/
cell ratio) (Gibco, Cat 11161D) for 4 days at 37 °C, 5 % CO2. Cells were
collected every 24 h for RNA extraction (QIAGEN, Cat 74104), and flow
cytometry analysis on Agilent NovoCyte 3000 (Beckman Coulter).
Harvested cells were stained for viability with Ghost Dye Violet 510
(Tonbo Biosciences, Cat 13-0870-T100), BV421-conjugated mouse anti-
human CD4 (Clone RPA-T4, Biolegend), biotinylated anti-human CD137
antibodies (Clone 4B4-1, Biolegend) followed by streptavidin-PE, FITC-
conjugated mouse anti-human FOXP3 (Clone 206D, Biolegend). In
addition, supernatants were collected for sCD137 (R&D Systems, Cat
DY838) and sCTLA4 (R&D Systems, Cat DY386-05) analysis by ELISA.

2.6. CD137 isoform and Tregs markers by RT-qPCR

RNA extraction from recovered Tconv and Tregs cells was performed
using RNeasy Mini Kit (QIAGEN, Cat 74104) protocol for further reverse
transcription (Applied Biosystems™, Cat 4368814). Specific primers for
each isoform were: mCD137: F-5-TCTTCCTCACGCTCCGTTTCTC-3/, R-
5'-TGGAAATCGGCAGCTACAGCCA-3; sCD137-1: F-5-CGACCCTGGA-
CAAAGACACT-3, R-5-AACAGAGAAACGGAGCGTGA-3; sCD137-2: F-
5'-GACCCTGGACAAACATTTATGAG-3,, R-5-CTTCTTCTGGAAATCGG-
CAGC-3'. The list of primers for the other Treg markers is shown in
Supplementary Table 1. Quantitative PCR (qPCR) was done by using
Power SYBR™ Green PCR Master Mix (Applied Biosystems™, Cat
4367659). Target gene expression was normalized to -ACTIN expres-
sion, and relative expression analysis was done by 2™-AACT.

2.7. Cytokine secretion, surface markers, and phosphoflow of mTOR
pathway in activated human CD4" and CD8" T cells treated with Fc-
sCD137 variants

Resting total CD4" and CD8" T cells were isolated by negative se-
lection using a CD4% (Miltenyi Biotec, Cat 130-096-533) or CD8™"
(Miltenyi Biotec, Cat 130-096-495) T cell isolation kits following the
manufacturer’s instructions. Cells were resuspended in 0.2 mL of TCM,
and fifty thousand cells were cultured on 96-well flat-bottom cell culture
plates with human CD3/CD28 Dynabeads (1:16 bead/cell ratio) (Gibco,
Cat 11161D) in the presence or absence of serially diluted concentra-
tions of Fc-sCD137 variants (12.5 pg/mL to 100 pg/mL), Rapamycin
100 nM (Cell Signaling, Cat #9904), Wortmannin 1 pM (Cell Signaling,
Cat #9951), or LY294002 20 pM (Cell Signaling, Cat #9901) for 4 days
at 37 °C, 5 % CO>. Supernatants were recovered, and IFN-y (Biolegend,
Cat 430104) and IL-2 (Biolegend, Cat 431804) levels were measured by
ELISA. Harvested cells were stained for viability with Ghost Dye Violet
510 (Tonbo Biosciences, Cat 13-0870-T100), and BV421-conjugated
mouse anti-human CD4 (Clone RPA-T4, Biolegend), or PE-conjugated
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mouse anti-human CD8 (Clone SK1, Biolegend), or FITC-conjugated
mouse anti-human CD98 (Clone MEM-108, Biolegend), or FITC-
conjugated mouse anti-human CD71 (Clone CY1G4, Biolegend).
Stained cells were analyzed on Agilent NovoCyte 3000 (Beckman
Culter).

In addition, in a different experiment, resting total CD4" and CD8™ T
cells were isolated and treated the same way as above. After 4 days of
incubation, harvested cells were treated with the Transcription Factor
Phospho Buffer Set (BD Pharmigen, Cat 563239) for intracellular
staining of phosphorylated proteins following the manufacturer’s pro-
tocol. Briefly, cells were stained for viability before fixation with Ghost
Dye Violet 510 (Tonbo Biosciences, Cat 13-0870-T100), and stained
after fixation with BV421-conjugated mouse anti-human CD4 (Clone
RPA-T4, Biolegend), or FITC-conjugated mouse anti-human CD8 (Clone
SK1, Biolegend), or APC-Cy7-conjugated mouse anti-human CD8 (Clone
RPA-T8, Biolegend), APC-Conjugated anti-human pAKT(S473) (Clone
SDRNR, eBioscience), PE-conjugated rabbit anti-human p4EBP1(T37/
46) (Clone 236B4, Cell signaling), and Alexa 488-conjugated rabbit anti-
human pS6(S235/236) (Clone D57.2.2E, Cell signaling) overnight. The
next day, cells were washed and resuspended in FACS buffer and
analyzed on Agilent NovoCyte 3000 (Beckman Culter).

2.8. Cell proliferation assay of human Tconv cells with Fc-sCD137
variants

Resting total CD4 " T cells were purified by negative selection using a
CD4" T cell isolation kit (Miltenyi Biotec, Cat 130-096-533) following
the manufacturer’s instructions. To isolate CD4™ T cell subsets, purified
CD4" T cells were stained with PE-conjugated mouse anti-human CD8
(clone SK1, Biolegend), APC-Cy7-conjugated mouse anti-human CD25
(clone BC96, Biolegend), and APC-conjugated mouse anti-human CD127
(Clone A019D5, Biolegend), and sorted using an Astrios sorter (Beckman
Coulter). Tconv cells (CD8'CD251°WCD127hi) were labeled with car-
boxyfluorescein succinimidyl ester (CFSE, Invitrogen) at 0.5 pM final
concentration. Fifty thousand CFSE-labeled Tconv cells were cultured on
96-well flat-bottom cell culture plates with CD3/28 dynabeads (1:16
bead/cell ratio) (Gibco, Cat 11161D) in the presence or absence of 50 or
100 pg/ml of Fe-sCD137 variants for 4 days at 37 °C, 5 % CO2. CFSE
dilution of harvested cells was analyzed on Agilent NovoCyte 3000
(Beckman Culter). In addition, after supernatant recovery, IFN-y (Bio-
legend, Cat 430104) and IL-2 (Biolegend, Cat 431804) levels were
measured by ELISA.

2.9. Data analysis

All data acquired in flow cytometry were analyzed using FlowJo
software version 10.9.0 (FlowJo, LLC), or NovoExpress (Agilent, Santa
Clara CA). All statistical analyses were performed using GraphPad Prism
version 10 for Windows (GraphPad software) or R V4.3.3. PCA of Treg-
related gene expression was conducted with the FactoMineR and fac-
toextra packages in R. Significance testing was done using either the
unpaired t-test for sample comparisons and ANOVA with post-hoc
analysis for repeated measures or multiple comparisons. Results in bar
graphs are expressed as the mean =+ standard error of the mean. P-values
<0.05 were considered statistically significant.

3. Results

3.1. Tregs are the main source of human soluble CD137, and the sCD137-
1 and sCD137-2 isoforms have unique predicted structures compared to
membrane CD137

We and others previously demonstrated that in mice, the cell surface
expression of CD137 identified a unique Treg subset [5,8,15]. CD1 37+
Tregs are more suppressive than CD137" Tregs, demonstrate enhanced
survival in vivo, and have a significant protective effect in T1D [8-10]. In
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humans, Treg expression of membrane CD137 (mCD137) may serve as a
marker for Tregs with high FOXP3 stability after their expansion in vitro.
In addition, Nowak A et al. [16] demonstrated that human mCD137+
Tregs exhibit higher inhibitory activity than mCD137" Tregs, pointing to
the critical role of CD137 in human Treg function. However, the role of
human sCD137 isoforms from Tregs and their correlation with other
well-known Treg markers such as FOXP3 and CTLA4 is unknown.

First, we demonstrated by flow cytometry that human FOXP3™" Tregs
highly upregulate mCD137 protein levels in the first 24 h post-
stimulation compared to T conventional cells (Tconv) (Fig. 1A). The
timing of peak protein expression for total sCD137 (by ELISA) and
mCD137 (by flow cytometry) aligned with the mRNA peaks for the
sCD137 isoforms (by RT-qPCR), with peak levels occurring at 24 h post-
stimulation. (Fig. 1B). The sCD137-1 and sCD137-2 splice isoforms were
upregulated 24- and 48-h post-stimulation, almost entirely in Tregs
(Fig. 1B). To confirm the specificity of the isoform primer sets, RT-PCR
products were run on an agarose gel to verify single amplification
products at the appropriate sizes. (Fig. 1C). The mRNA levels for
mCD137 were higher than for soluble isoforms, and sCD137-1 levels
exceeded sCD137-2, reflecting either preferential expression of the
membrane-bound form or potential differences in splicing efficiency or
primer amplification.

We showed that unfractionated PHA-stimulated human peripheral
blood mononuclear cells (PBMCs) produce sCD137 (Supplementary
Fig. 1A); however existing sCD137 ELISAs do not differentiate between
isoforms 1 and 2. Using primers that spanned the entire splicing region,
we evaluated isoform expression using conventional RT-PCR, which
yielded three products after amplification that correspond to sizes pre-
dicted for full-length CD137 (fCD137: unspliced isoform), sCD137-1,
and sCD137-2 (Supplementary Fig. 1B). Amplification was stronger at
48 h post-stimulation, correlating with the protein concentration in the
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supernatants (Supplementary Fig. 1A). To confirm that these bands were
the human splice isoforms, PCR products were isolated, ligated with
PGEM®-T Easy Vector, cloned into JM109 high-efficiency competent
cells, and sequenced. Nucleotide sequencing revealed a larger product of
407 bp and two smaller products of 276 bp and 141 bp, respectively
(Supplementary Fig. 1C). The 276 bp product (sCD137-1) has a 131-base
deletion (414-544), which encodes a segment of the cysteine-rich
domain 4 (CRD4) region and the total length of the Ser/Thr/Pro(STP)-
rich segment. This deletion led to a frameshift mutation, with a down-
stream stop codon (i.e., TAA) resulting in the absence of the trans-
membrane domain and a different CRD4 configuration (Fig. 2A). The
141 bp product (sCD137-2) has a 255-base deletion that starts at 414 but
extends up to 668, compromising a portion of the CRD4 domain, the
STP-rich segment, and the transmembrane domain (Supplementary
Fig. 1). Both isoforms have unique predicted post-spliced amino acid
sequences (Fig. 2A). We employed AlphaFold2 to predict the structural
conformations of the isoforms. For comparison, we modeled the extra-
cellular domain (ECD) of fCD137, encompassing amino acids (AAs)
spanning CRD1 to CRD4 (Fig. 2A). Modelling predicted significant
variation in the isoform structures compared to the ECD of mCD137, and
unique regions of the isoforms exhibit low predicted local Distance
Difference Test (pLDDT) scores, suggesting these regions are either
highly flexible, intrinsically disordered, or lack a well-defined structure.

3.2. CD137 isoforms contribute to a unique activated Treg fingerprint

To examine CD137 splice isoform expression as a predictor of Treg
function, we also measured archetypal Treg genes. As expected, FOXP3,
CTLA4, and sCTLA4 were upregulated in Tregs compared to Tconv,
whereas there was no significant difference in expression of IL-10, NFxB,
TGFp, or ICOS (Fig. 2B). CD137 splice isoforms cluster strongly with
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Fig. 2. Tregs highly express human sCD137, and the sCD137 isoforms identify an activated Treg phenotype. Predicted sequence of CD137 and its isoforms.
The fCD137 is predicted to be 255aa long, sCD137-1 169aa, and sCD137-2 152aa. Splicing variants lack some AAs from the CRD4 and have unique sequences in their
C-terminal domain. Colors represent: Blue, pLDDT >90; Light blue, 90 > pLDDT >70; yellow, 70 > pLDDT >50; orange, pLDDT <50. B. Expression of other Treg-
related genes. FOXP3, CTLA4, and sCTLA4 were elevated in Tregs in comparison with Tconv. Transcripts for IL-10, NFKB, TGFB, and ICOS did not increase. These
transcripts were measured in the same samples at 24hrs post-stimulation as in 2B by RT-qPCR. C. Principal component analysis (PCA) of RNA expression of 10 genes
at 24 h post-stimulation. FOXP3, mCD137, sCD137-1, sCD137-2, CTLA4, and sCTLA4 significantly correlate with a Treg phenotype. D. Activated Tregs are the main
source of sCD137 and sCTLA4. Tregs and Tconv were sorted and then cultured in the presence or absence of 100U/ml of IL-2 and CD3/28 dynabeads (n: 4 from four
independent experiments). Supernatants were collected every 24 h sCD137 reaches a plateau at 48hrs, whereas sCTLA4 increases up to 96hrs. Unstimulated con-
ditions (media only) showed low or negligible levels of sCD137 and sCTLA4 (data not shown but described in text). The sCD137 values represent total protein
(isoforms 1 + 2). *p < 0.05, **p < 0.005, ***p < 0.0005 by Two-way ANOVA. Adjusted for mul-tiple comparisons with the Tukey Test. AA: Amino acids; CRD:
Cysteine-rich domain; Cyto: Cytoplasmic domain; fCD137: Full-length CD137; CD137-ECD: CD137-Extracellular domain; pLDDT: Predicted local distance difference
test; SCD37: Soluble CD137; STP: Ser/Thr/Pro domain; TM: Transmembrane domain; CTLA4: Cytotoxic T-lymphocyte associated protein 4; mCD137: Membrane
CD137; FOXP3: Forkhead box P3; ICOS: Inducible T cell co-stimulator; Nf-kB: Nuclear factor kappa-light-chain-enhancer of activated B cells; PCA: Principal
component analysis; PCR: Polymerase chain reaction; RT-qPCR: Real time quantitative PCR; sCD137: Soluble CD137; sCTLA4: Soluble CTLA4; TGF-f: Transforming

growth factor beta.

these Treg-specific genes (Fig. 2C), forming a unique gene expression
phenotype for activated human Tregs. After confirmation of Tregs as the
main cell type that expressed transcripts sCD137 splice isoforms, we
confirmed the production of sCD137 in supernatants of activated T cells,
as well as the levels of sCTLA4, a well-known regulatory protein pro-
duced by Tregs (Fig. 2D). Unstimulated T cells produced low or negli-
gible sCD137 and sCTLA4 (data not shown), while stimulation induced
time-dependent increases, with Tregs as the primary source. This con-
firms that activated Tregs produced higher levels of sCD137 and sCTLA4
than Tconv cells and suggests that they play a pivotal role in the control
of inflammation.

3.3. Human Fc-sCD137 variants inhibit the cytokine secretion of
activated total CD4", CD8™, and Tconv cells in vitro

Previous studies confirmed that human T cells express CD137L upon
activation, which plays a role in their proliferation and survival [17-19].
To investigate the biological effects of human CD137 isoforms on
CD137L in T cells, we developed Fc-sCD137 variants. To avoid un-
wanted Ig functions, we used a mutant human IgG4 Fc (which does not
bind FcyR) that has been engineered to eliminate Fab arm exchange
(S228P) and to reduce effector activity (F234A, L235A). Our two novel
constructs included 1) Fc-sCD137-1, comprising the AAs 24 to 169
(including the specific AAs for the isoform), and 2) Fc-sCD137-2,
comprising the AAs 24 to 152 (including the specific AAs for the iso-
form). We used AlphaFold2 to predict the structural conformation of the
Fc-sCD137 variants. For comparison, we modeled the commercial
Fc-CD137-ECD from R&D (i.e., Leuss-Glnigg) (R&D, Cat: 838-4B)
(Fig. 3A). Modelling predicted significant variation in the Fc variants
compared to the predicted Fc-CD137-ECD protein. The Fc-CD137-ECD
showed tight alignment of the ECD along the Hu-Fc-IgG1; however,
the Fc-sCD137-1 and Fe-sCD137-2 showed divergent structures, forming
free arms in opposite directions when forming dimers (Fig. 3A). Thus,
the variants manifest specific structural differences, which could affect
their biological activity by modifying their interaction with the CD137L.

We confirmed the specificity of the recombinant proteins by Western
blot, detecting both human CD137 (using anti-human CD137 antibody,
4B4-1 clone) and human IgG4 (using anti-human IgG-HRP antibody)
(Supplementary Fig. 2A). Next, we confirmed the binding of these
constructs in vitro using HEK-293 human CD137L overexpressing cells
(Supplementary Fig. 2B). Variants 1 and 2 showed differential MFIs of
binding to the CD137L cells. This could indicate distinct ligand-binding
affinities or conformational changes within the protein constructs that
influence their recognition by anti-human CD137 antibodies. When
using anti-human IgG4 antibodies by flow cytometry, the detection
improved, demonstrating that all the variants bound to CD137L
(Supplementary Fig. 2B).

We previously demonstrated that mouse recombinant sCD137 in-
duces CD4™ T cell anergy, suppressing antigen-specific T cell prolifera-
tion and IL-2/IFN-y secretion by regulating the mTORC1 pathway in the

absence of antigen-presenting cells (APCs) [12]. In this APC-free system,
which lacks any APC CD137 or CD137L-mediated co-stimulation of T
cells, the suppression by Fc-sCD137 variants indicates an active immu-
nomodulatory effect of soluble CD137 via downregulatory T cell
CD137L signaling, rather than passive blockade of co-stimulation.
However, there are no studies on the biological activity of human
CD137 isoforms and the pathways they regulate. Thus, we evaluated the
effects of human Fc-sCD137 variants on activated CD4" and CD8" T
cells in the absence of APCs.

We stimulated total CD4" (which includes Tregs) and total CD8" T
cells with CD3/CD28 dynabeads in the presence or absence of Fc-
sCD137 variants. The Fc-sCD137 variants significantly reduced IFN-y
secretion of CD4" and CD8" cells even at low concentrations; the
strongest suppression was in CD8™ T cells (Fig. 3B). However, no effect
on IL-2 production was observed in total CD4" and CD8™ T cells (Data
not shown), likely due to the presence of Tregs in the total CD4 popu-
lation. Therefore, we evaluated the effect of Fc-sCD137 variants on
CD4* Tconv (i.e., CD4*CD25"°% CD127M8M) proliferation and cytokine
production; using sorted Tconv allowed us to test the suppressive effects
of the variants in the absence of Treg cells. Fc-sCD137 variants reduced
the proliferation of Tconv cells after activation, as well as the production
of both IFN-y and IL-2 (Fig. 3C). In addition, we tested the additive effect
of the two constructs at equal concentrations on activated T cells (i.e.,
mixing variants 1 and 2). We did not find an additive effect when using
this approach (Data not shown). This could be explained by the
conserved binding epitope of the sCD137-1 and sCD137-2 to the CD137L
(i.e., CRD2-3). Overall, this data confirms that, similar to our mouse
experiments, the Fc-sCD137 variants actively suppress T cells via
CD137L rather than blocking, given the lack of CD137/CD137L inter-
action in these assays.

3.4. Human FC-sCD137 variants downregulate the mTORC1 pathway in
activated CD4" and CD8" cells

Next, we hypothesized that the immunosuppressive effect of Fc-
sCD137 variants could act via inhibition of the mTOR pathway, as we
previously described in mice [12]. First, we evaluated surface receptors
regulated by this pathway. CD71 and CD98 are crucial in cell survival
and proliferation by regulating intracellular iron and AA transport,
respectively [20,21]. The Fc-sCD137 variants reduced the membrane
expression of CD71 and CD98 in a concentration-dependent manner in
both CD4" (Fig. 4A) and CD8™ T cells (Fig. 4B).

To further confirm the involvement of the mTOR pathway hypoth-
esis, we quantified the phosphorylation of S6 and 4EBP1 (mTORC1
pathway) and AKT (mTORC2/PI3K) pathways in stimulated CD4™* and
CD8" T Cells. The Fc-sCD137 variants reduced the phosphorylation of
S6 and 4EBP1, but not AKT, in both CD4 and CD8 T cells (Fig. 5A and B).
Fc-sCD137 variant suppression was comparable to rapamycin (mTORC1
inhibitor) and LY294002 (inhibits both PI3K/Akt and mTOR pathways),
but distinct from wortmannin (Specific PI3K/Akt inhibitor), which
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Fig. 3. Fc-sCD137 variants reduce IFN-y secretion and reduce proliferation of activated CD4", CD8*, and Tconv cells. A. AlphaFold2 prediction of the
ultrastructure of Fc variants. We used the sequence of the commercial Fc-CD137-ECD as a control (R&D, Cat: 838-4B). Modelling predicted significant variation in the
Fc variants. The Fc-CD137-ECD showed almost a perfect alignment of the ECD along the Hu-Fc-IgG1; however, the Fc-sCD137-1 and Fe-sCD137-2 showed divergent
structures, forming free arms in opposite directions when forming dimers. Colors represent: Blue, pLDDT >90; Light blue, 90 > pLDDT >70; yellow, 70 > pLDDT
>50; orange, pLDDT <50. B. 50,000 CD4" and CD8' T cells were sorted and then cultured in the presence or absence of CD3/28 dynabeads (1:16 bead/cell ratio) and
Fc-sCD137 variants for 4 days (n: 4 from two independent experiments) on a flat-bottom well plate. Cells were collected after 4 days of culture, and viability and cell
count were evaluated by flow cytometry. Supernatants were collected and concentrations of IFN-y and IL-2 were evaluated by ELISA. Fc-CD137 variants reduced the
production of IFN-y but did not modify IL-2 production after four days of culture (Data not shown). C. 50,000 FACS-sort purified conventional T cells (Tconv, CD4™
CcD25%CD127°%) were cultured in the presence or absence of CD3/28 dynabeads (1:16 bead/cell ratio) and Fc-sCD137 variants for 4 days on a flat-bottom well
plate, and CFSE dilution was evaluated by flow cytometry (n: 6 from two independent experiments). IFN-y and IL-2 were evaluated in supernatants by ELISA. The
concentration of IFN-y was log-transformed before analysis. FACS plots are one representative. *p < 0.05, **p < 0.005, ***p < 0.0005, ****p < 0.0001 by Two-way
ANOVA. Post-hoc comparisons with the Dunnett Test or Fisher’s LSD test. CFSE: Carboxyfluorescein succinimidyl ester; ECD: Extracellular domain; FC: Fold change;
IFN-y: Interferon-gamma; IL-2: Interleukin 2; MFI: mean fluorescence intensity; sCD137: Soluble CD137; Tconv: T Conventional.
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Fig. 4. Fc-sCD137 variants reduce human CD4" and CDS8’ T cells CD98 and CD71 expression. 50,000 CD4 and CD8' T cells were sorted and then cultured in the
presence or absence of CD3/28 dynabeads (1:16 bead/cell ratio) and Fc-sCD137 variants for 4 days (n: 4 from two independent experiments) on a flat-bottom well
plate. Cells were collected after 4 days of culture, and viability and cell count were evaluated by flow cytometry. A. MFIs for CD98 and CD71 in CD4 T cells after 4
days of stimulation. B. MFIs for CD98 and CD71 in CD8’ T cells after 4 days of stimulation. FACS plots are representative of 1 single patient (n: 4-7 from two
independent experiments). *p < 0.05, **p < 0.005, ***p < 0.0005, ****p < 0.0001 by Two-way ANOVA. Adjusted for multiple comparisons with the Dunnett Test.
sCD137: Soluble CD137; MFI: mean fluorescence intensity; sCD137: Soluble CD137.

markedly upregulated pS6 and p4EBP1. This is consistent with our
previous results in which mouse sCD137 modulated CD137L signaling in
T cells via the mTORC1 pathway [12]. The reduction in membrane
expression of CD71 and CD98, key transporters involved in iron and AA
uptake and crucial for supporting the increased metabolic demands of
proliferating T cells [20,21], supports the hypothesis that the soluble
Fc-sCD137 variants interfere with cellular metabolism and growth.

4. Discussion

We present here, for the first time, data on the functional activity of
novel human CD137 splice variant proteins. Differential splicing events
cause unique deletions in the human sCD137 isoforms, resulting in novel
protein structures. These novel post-splicing AA sequences differ from
murine sCD137 splicing, which only deletes the transmembrane
domain, preserving the AA sequence downstream of the deletion [22,
23]. The unique AA sequences of these isoforms suggest divergent
functional roles of the isoforms.

Human CD137:CD137L interaction requires galectin-9 (Gal-9),
which facilitates CD137 aggregation, signaling, and functional activity

in T cells, dendritic cells, and natural killer cells [24]. This has signifi-
cant implications for our understanding of human sCD137 biology since
we show here that CD137 (i.e., sCD137-1 and sCD137-2) lack the
glycosylation sites in the CRD4 region, which are relevant for the
CD137/Gal-9 interaction in mice [25]. Further studies on the functional
implication of the CRD4 modifications in the human sCD137 isoforms,
their ultrastructure (e.g., homodimer or homotrimer), the modulation of
Gal-9, and the sCD137/CD137L interaction are necessary.

Treatment of both CD4" and CD8™ T cells with the Fc-sCD137 var-
iants significantly reduced IFN-y secretion, suggesting a potent inhibi-
tory effect of the variants on the Thl-type immune response [26]. In
autoimmunity, excessive Th1 responses contribute to tissue damage and
inflammation [27], and IFN-y is critical in differentiating human
monocytes into inflammatory M1 macrophages [28]. sCD137 likely
regulates the differentiation of inflammatory myeloid cells, either
through the reduction of IFN-y production by T cells or by the direct
effect of sCD137 on myeloid CD137L. In mice, a Fc-sCD137 chimera
reduced the production of TNF-a after stimulation with LPS [29]. Thus,
human sCD137 could affect multiple immune cell subsets. The absence
of reduced IL-2 production in the total CD4" T cell population may be



M. Rojas et al.

A CD4* T Cells

A

Journal of Autoimmunity 157 (2025) 103498

*
. . [ —
Fc-sCD137-1 Fc-sCD137-2 Rapamycin Wortmannin LY24009 N
4x105+ [ 1
I EEI H LT g 3
I m\“ I lﬂ\“ . IS T I \”J\ 3x10°
O s Y a1 || T Y ts g 7] Zs ‘V" W -
v i i \ 5 I \ 5 i I \ 5. em o\ = s
a7 | VLo \ : by AT | A A7 = 08 g
) S iy )\ ° J/ \ 2 2107 q0 8 &
1x10% B o
pS6 Alexa Fluor 488 | ‘
» T T T m T m ’
S & &SSP
8 s, T 8 ST ORI
- N <« I A M PP & S
8 8 | EX I 2 H &F 82 42 & &
- e ] | e 1 [ . <1 I AP g I
m Ze gl || gql | e £si S S
W 3 E I 3 Tl 3. i L FN
< | /| « /I N MEA Ll
& PN AN VAN ¢ NN
vm‘ 102 107 10* 10% 10° 107 10° 10° aw‘ 102 10° 10* 10 10° 107 10° 10° Em' 10% 10% 10* 10°® 10° 107 10° 10° Em‘ 102 10° 10 10% 10° 107 10° 10° Q'm‘ 102 10 10* 10% 10° 107 10° 10°
_’ 100000
p4EBP1 PE
80000 ° @
E 60000
H E g 8 E o é e
8 2 8 8 8 I < 40000
E 2 £ £s £, Ze ‘ =
8¢ 8¢ Sq 8¢ &g 20000
Q N N N o " “ ’ ‘\
N N N J N A o-
° 010" 103 105 107 1092 ° 010" 10% ‘\05 107 1093 ° 010" 103 105 107 1093 & 010" 10 105 107 1093 ° 010" 10° 105 107 1093 Q Qv >
S
PAKT APC LAt S S S
Q'»”;\ Oé\ Q'bé\ 0{"& S
[ Unstimulated [ Beads Only HEE Beads + Treatment Q“.&Qu&' Pal
B. CD8* T Cells
{ Fc-sCD137-1 Fc-sCD137-2 Rapamycin Wortmannin LY24009 \ .
g & & 8x10°
ot 8 8 ook K
Q e e 5@ 6x10° 1
o 8¢ 3¢ 8e =
g B H = =
N N y B \ 2 408 b
B B e A L T T O 4 ]
2
pS6 Alexa Fluor 488 2x10°

2 100

Count (%)
o 2 4 e e 10
Count (%)

0 2 @ w o 1w

p4EBP1

Gount (%)
0 2 w0 s & 10

w0 102 10t 1t 1088 o0 102 100 10t 10%% 000 10t 1o

—
p4EBP1 PE

o0 100 et 0% gt 107 100 10t 1090

Count (%)
Count (%)

—>
PAKT APC

[ Unstimulated [ Beads Only [ Beads + Treatment

Fig. 5. Fc-sCD137 variants reduce phosphorylation of $6/4 EBP1 in activated human CD4*" and CD8™ T cells. 50,000 CD4" and CD8™" T cells were sorted and
then cultured in the presence or absence of CD3/28 dynabeads (1:16 bead/cell ratio) and Fc-sCD137 variants for 4 days (n: 3-4 from two independent experiments)
on a flat-bottom well plate. Cells were collected after 4 days of culture, and geometric MFIs for phosphorylated S6, 4EBP1, and AKT were evaluated by flow
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MFIs for phosphorylated S6, 4EBP1, and AKT in CD8" T Cells. FACS plots are representative of one subject (Bar plots show the total n: 3-4 from two independent
experiments). *p < 0.05, **p < 0.005, ***p < 0.0005, ****p < 0.0001 by Two-way ANOVA. Adjusted for multiple comparisons with the Holm-Sidék test. sCD137:

Soluble CD137; MFI: mean fluorescence intensity.

explained by compensatory IL-2 secretion from other T cell subsets, most
likely Tregs [30-32]. Alternatively, the Fc-sCD137 variants may selec-
tively inhibit the IL-2 production of specific effector T cell subsets within
the CD4" population while leaving other subsets unaffected. Further

studies are warranted to analyze IL-2 production by specific CD4™ T cell
subsets (e.g., Th1, Th2, and Th17 cells) to determine which subsets are
most affected by the Fc-sCD137 variants.

The specific inhibition of mTORC1 by these variants offers a
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potential advantage over existing immunosuppressive therapies, which
often have broader and more pleiotropic effects. Current therapies in
autoimmunity targeting mTOR, such as sirolimus (rapamycin) or
tacrolimus, bind to the immunophilin FK506 binding protein-12 (FKBP-
12) to form an immunosuppressive complex that inhibits mTOR, pre-
venting cell-cycle progression and proliferation [33,34]. However, the
inhibition is not cell-specific and may result in side effects such as in-
fections, albeit at a lower rate than broader immunosuppressants like
cyclophosphamide, mycophenolate mofetil, and azathioprine [35].
Since sCD137 relies on the expression of CD137L to exert its function
[12], the novel Fc-sCD137 variants could offer a more targeted approach
to treating inflammation and autoimmunity since they will target only
activated T cells. Further in vivo and in vitro studies are necessary to
evaluate whether immunological response against infections is pre-
served in the presence of Fc-sCD137 variants.

Rapamycin enhances oxidative phosphorylation that modulates the
differentiation of FOXP3™ Tregs [36] in the presence of strong TCR
stimulation [37]. Rapamycin can therefore expand Tregs in vitro for
therapeutic use [38-40]. In addition, a recent clinical study showed that
rapamycin can restore the Treg function in patients with
immune-dysregulation, polyendocrinopathy, enteropathy, and X-linked
(IPEX) syndrome [41]. As our data showed that Fc-sCD137 variants
modulate T cells via mTORC1 (similar to rapamycin), they may also
preserve and potentiate Tregs to control inflammation. This deserves
further study since Fc-sCD137 variants could serve as Treg inducers
during expansion for immunotherapy to restore Treg functionality in
patients with T1D [42], primary biliary cholangitis [43], or systemic
lupus erythematosus [44], enhancing the benefits of this therapy beyond
direct immunosuppression of Tconv cells.

We previously demonstrated that recombinant mouse sCD137 in-
hibits T-cell proliferation [10], and similarly, commercial human
Fc-CD137 suppressed the proliferation of activated human Tconv cells
[12]. Herein, we confirm that human Fc-CD137 variants suppress pro-
liferation along with the production of inflammatory cytokines in Tconv
cells, likely due to suppression of mTORC1. The reduction in membrane
expression of CD71 and CD98, key transporters involved in iron and
amino acid uptake [20,21], further supports the notion that the
Fc-CD137 variants suppress with cellular metabolism and growth. These
transporters are crucial for supporting the increased metabolic demands
of proliferating T cells [20,21].

While isoforms differ in sequence and predicted structure, they
exhibited comparable immunosuppressive functions in our assays, sug-
gesting shared mechanisms via common domains. Future studies are
needed to clarify functional or biological differences between the iso-
forms. Testing the Fc-CD137 variants in humanized models will provide
valuable insights into their efficacy and help elucidate their effects in
complex immunological interactions. Furthermore, we centered this
study on T cells while the effects of Fc-CD137 variants on other immune
cell types remain unexplored. For example, the study of their effect on
myeloid cells is crucial to a comprehensive understanding of the
mechanisms of action for human sCD137 isoforms. Our studies
demonstrate the immunosuppressive effects of recombinant sCD137
isoforms. Utilizing supernatants from activated Tregs could further
corroborate Tregs as the principal source of sCD137-mediated suppres-
sion; however, this approach may be complicated by other suppressive
molecules co-expressed by Tregs, as demonstrated in our co-expression
analyses (Fig. 2). Furthermore, it would preclude the distinction be-
tween the effects of sCD137-1 and sCD137-2 or the accurate quantifi-
cation of each isoform. Consequently, we focused on recombinant
proteins to delineate their specific effects. Prior research has demon-
strated the essential function of CD137 in Treg suppressive activity [16].
Subsequent experiments utilizing blocking antibodies against CD137L
when using Treg supernatants may yield further insights.

In summary, this study provides novel insights into the human
CD137 system, demonstrating the functional immunosuppressive ca-
pacities of the human soluble CD137 splice variant proteins (i.e., FC-
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sCD137-1 and FC-sCD137-2) with functional immunosuppressive ef-
fects that counter regulate mCD137 costimulatory effects. We demon-
strate that Tregs are the primary source of CD137 isoforms transcripts
and show that recombinant Fc-sCD137 variants exert potent immuno-
suppressive effects on activated T cells via modulation of the mTORC1
pathway. Suppression of mTORC1 via sCD137 may offer significant
advantages compared to systemic suppression of mTORCI, eg, by
Rapamycin, since sCD137 treatment targets suppression specifically to
CD137L-expressing immune cells. These findings significantly advance
our understanding of sCD137 in human immune regulation.
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