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Abstract

Background: Members of the tumor necrosis factor receptor superfamily (TNFRSEF), in-
cluding 4-1BB (CD137) and OX-40 (CD134), play central roles in regulating cytotoxic
lymphocyte activation and anti-tumor immunity. In addition to their membrane-bound
forms, soluble receptor isoforms may modulate signaling by influencing ligand availability
and receptor engagement. However, the peripheral regulation of soluble and membrane
4-1BB and OX-40 in cervical cancer remains incompletely defined. Methods: Plasma con-
centrations of soluble 4-1BB (s4-1BB) and soluble OX-40 (sOX-40) were quantified by ELISA
in 20 treatment-naive cervical cancer (CC) patients and 20 healthy controls (HCs). Mem-
brane expression (m4-1BB and mOX-40) on circulating T cells and NK cells was evaluated
by flow cytometry. Correlation and stage-stratified analyses were performed. Results:
Plasma levels of s4-1BB and sOX-40 were significantly elevated in CC patients compared
with HCs. Membrane 4-1BB expression was increased on both T cells and NK cells, while
OX-40 expression was selectively elevated in NK cells, with no difference observed in T
cells. A moderate positive correlation was identified between s4-1BB and T-cell membrane
4-1BB expression. Notably, membrane 4-1BB expression decreased in advanced-stage dis-
ease, whereas soluble concentrations remained unchanged. Conclusions: These findings
demonstrate differential regulation of soluble and membrane 4-1BB and OX-40 in the
peripheral compartment in cervical cancer, highlighting distinct regulatory layers within
the TNFRSF axis.

Keywords: 4-1BB; OX-40; TNFRSF; soluble receptors; membrane expression; cervical
cancer; immune modulation

1. Introduction

Cervical cancer (CC) remains a major public health burden, particularly in low- and
middle-income countries, where approximately 90% of cases occur and mortality rates are
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up to 18-fold higher than in high-income regions [1]. In countries such as Mexico, despite
sustained public health efforts and improvements in diagnostic strategies, cervical cancer
remains the gynecological malignancy with the highest fatality rate [2].

This persistent mortality burden highlights the need to elucidate the biological mech-
anisms underlying cervical cancer progression. The host immune response, particularly
T cell- and natural killer (NK) cell-mediated immunity, is a critical determinant of tumor
development and disease outcome [3].

Within these cytotoxic populations, members of the tumor necrosis factor receptor
superfamily (TNFRSF) have emerged as critical regulators of cancer progression. TNFRSF
signaling exerts paradoxical effects within the tumor microenvironment. While certain
members of this family promote proliferation, invasion, metastasis, and angiogenesis,
others activate death domain-dependent pathways that trigger tumor cell apoptosis [4].

Among these receptors, 4-1BB and OX-40 have been identified as central mediators of
antitumor immune responses [5]. Both receptors recruit TNF receptor-associated factors
(TRAFs), adaptor proteins that connect TNFRSF to activation of NF-kB and mitogen-
activated protein kinases (MAPKSs), including JNK, ERK, and p38. While 4-1BB binds
TRAF1, TRAF2, and TRAF3, OX-40 recruits TRAF2, TRAF3, TRAF5, and TRAF6 [6].

Notably, 4-1BB (TNFRSF9, CD137) is a 27 kDa inducible costimulatory glycoprotein
receptor encoded by the TNFRSF9 gene on chromosome 1p36.22. It is a 255-amino-acid type
I transmembrane protein containing an N-terminal signal peptide, an extracellular region
with four cysteine rich domains (CRDs), a transmembrane segment, and a cytoplasmic
signaling domain harboring a TRAF binding motif [7]. This receptor is expressed on
activated T cells, monocytes, dendritic cells, and NK cells, while its ligand, 4-1BBL (TNFSF9),
is primarily found on antigen presenting cells [8]. Engagement of 4-1BB by its ligand
promotes antitumor immunity by enhancing immune cell survival, proliferation, and
effector function, particularly within cytotoxic lymphocyte populations [9].

Similarly, OX-40 (TNFRSF4, CD134) is a 50 kDa type I transmembrane glycoprotein
encoded by the TNFRSF4 gene on chromosome 1p36.33. It is composed of 275 amino acids
and contains an extracellular ligand binding domain formed by four cysteine rich domain
repeats [10]. OX-40 is inducibly expressed on activated T and NK cells, as well as other
lymphoid populations, while its ligand OX-40L is typically expressed on activated antigen
presenting cells [11]. Interaction between OX-40 and its ligand promotes T and NK cell
activation, enhances cytokine production, and increases cytotoxic activity against target
cells. This pathway plays a key role in amplifying immune responses, particularly in the
context of infection and cancer [12].

Immune surveillance can be compromised within the tumor microenvironment
through different mechanisms, including the release of soluble TNFRSF molecules or
by shedding receptor extracellular domains that sequester their ligands, effectively neutral-
izing costimulatory signaling and weakening antitumor immunity [13].

Given the central role of 4-1BB and OX-40 in regulating cytotoxic lymphocyte function
and the ability of tumors to induce exhaustion and the modulation of TNFRSF signaling
through soluble receptor forms, a better understanding of their expression patterns in
cervical cancer is needed. This study aims to evaluate the membrane-bound expression of
4-1BB and OX-40in T cells and NK cells, as well as to quantify their soluble forms, in order
to characterize their potential contribution to immune regulation in cervical cancer.

2. Materials and Methods
2.1. Sample Collection

A total of 20 women with newly diagnosed treatment-naive cervical cancer were
enrolled in this study. The cohort included 10 patients with early-stage disease (stages
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I-1I) and 10 patients with advanced-stage disease (stages III-1V). Patients were recruited
from the Antiguo Hospital Civil de Guadalajara Fray Antonio Alcalde and the Instituto
Jalisciense de Cancerologia. Additionally, a healthy control group consisting of 20 age-
matched women with no history of cancer, infectious diseases, or autoimmune disorders
was recruited.

All procedures were conducted in accordance with the ethical principles of the Decla-
ration of Helsinki. The study protocol was approved by the institutional research, bioethics,
and biosafety committees of both participating hospitals. Written informed consent was
obtained from all participants prior to inclusion in the study.

Peripheral blood samples were collected in EDTA-coated tubes. Plasma was separated
by centrifugation at 3500 rpm for 10 min and stored at —80 °C until further analysis. Pe-
ripheral blood mononuclear cells (PBMCs) were isolated by density gradient centrifugation
using Lymphoprep (Stemcell Technologies, Vancouver, BC, Canada; cat. no. 07851), and
subsequently cryopreserved in liquid nitrogen until evaluation.

2.2. ELISA

Plasma concentrations of soluble 4-1BB (s4-1BB) and soluble OX-40 (sOX-40) were
quantified using commercially available sandwich enzyme-linked immunosorbent assay
(ELISA) kits according to the manufacturers’ instructions. Soluble 4-1BB was measured
using the Human TNFRSF9 ELISA Kit (Invitrogen, Thermo Fisher Scientific, Carlsbad, CA,
USA; cat. no. EHTNFRSEF9), and soluble OX-40 was determined using the Human OX-40
ELISA Kit (Invitrogen, cat. no. BMS296).

Plasma samples were thawed and diluted prior to analysis. Standard curves were
generated using recombinant standards provided with each kit, and blank wells were
included as controls. All samples and standards were analyzed in duplicate. Absorbance
was measured at 450 nm using a Multiskan GO Microplate Spectrophotometer (Thermo
Fisher Scientific, Vantaa, Finland).

Concentrations of s4-1BB and sOX-40 were calculated by interpolation from the re-
spective standard curves using a four-parameter logistic (4PL) regression model for s4-1BB
and a five-parameter logistic (5PL) regression model for sOX-40. Final concentrations were
calculated according to the corresponding dilution factor.

2.3. Flow Cytometry

Cryopreserved PBMCs were thawed and cell viability was assessed by trypan blue
exclusion. Samples with viability greater than 95% were included for analysis. The surface
expression of 4-1BB and OX-40 (m4-1BB and mOX-40) was evaluated on T cells (CD3") and
NK cells (CD3~CD56") by multiparametric flow cytometry.

Briefly, 5 x 10° cells per sample were incubated with the following fluorochrome-
conjugated monoclonal antibodies: CD3-FITC (BioLegend, San Diego, CA, USA; cat. no.
300406), CD56-PE-Cy7 (BioLegend, San Diego, CA, USA; cat. no. 362510), 4-1BB-PE
(BioLegend, San Diego, CA, USA; cat. no. 309804), and OX-40-APC-Fire 750 (BioLegend,
San Diego, CA, USA; cat. no. 350032).

Data acquisition was performed using an Attune NxT Acoustic Focusing Cytometer
(Life Technologies, Carlsbad, CA, USA). Instrument compensation was established using
compensation beads (Becton Dickinson, San Jose, CA, USA; cat. no. 552843). A total of
250,000 events within the lymphocyte gate were acquired for each sample.

Data were analyzed using Kaluza software version 2.1 (Beckman Coulter, Brea,
CA, USA).
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2.4. Statistical Analysis

Data distribution was assessed using the D’ Agostino—Pearson normality test. For
normally distributed data, comparisons between groups were performed using an unpaired
Student’s t-test. Non-normally distributed data were analyzed using the Mann-Whitney U
test. Correlations were evaluated using Spearman’s rank correlation test. A p-value < 0.05
was considered statistically significant. All statistical analyses were conducted using
GraphPad Prism version 10 (GraphPad Software, Boston, MA, USA).

3. Results
3.1. Plasma Levels of s4-1BB and sOX-40 Are Elevated in Cervical Cancer

To determine whether systemic levels of costimulatory receptors are altered in cervical
cancer and given that soluble forms of these molecules can function as regulatory decoys
by sequestering their respective ligands and modulating receptor-ligand interactions,
plasma concentrations of soluble 4-1BB and OX-40 were quantified in healthy controls and
patients with cervical cancer (Figure 1). Levels of s4-1BB were significantly increased in CC
patients compared to HCs (HC: 212.3 pg/mL vs. CC: 329.6 pg/mL; p = 0.035). Similarly,
circulating sOX-40 levels were significantly elevated in CC patients (HC: 0.405 vs. CC:
1.477; p = 0.017). These findings demonstrate differences in circulating soluble 4-1BB and
OX-40 levels between healthy individuals and patients with cervical cancer.

s4-1BB sOX-40
*
1000 8-
| |
800- - = ,
2 600+ = | |
> >4 ~
S 400 o a . u
200 < 21 -
< 0 h ¥
01— O = S
HC HC cC

Figure 1. Plasma levels of soluble 4-1BB and OX-40 in cervical cancer patients. Plasma concentrations
of s4-1BB and sOX-40 in HC and CC patients. Statistical significance was determined using an
unpaired Student’s t-test for s4-1BB and the Mann-Whitney U test for sOX-40. * p < 0.05.

3.2. Surface Expression of m4-1BB and mOX-40 in Circulating T and NK Cells from
Cervical Cancer

Given that the functional relevance of costimulatory receptors is highly dependent on
the cellular context, we next assessed the membrane-bound expression of 4-1BB and OX-40
on circulating T and NK cells (Figure 2). The gating strategy is provided in Supplementary
Material (Figure S1).

The proportion of peripheral T cells expressing m4-1BB was significantly increased in
CC patients compared with healthy controls, approximately doubling in frequency (HC:
2.56% vs. CC: 5.13%; p < 0.0001). A similar pattern was observed within the NK cell
compartment, where the percentage of m4-1BB* cells was markedly higher in CC patients
(HC: 8.84% vs. CC: 16.86%; p = 0.0002).

In contrast, no difference was detected in the proportion of T cells expressing mOX-40
between groups (HC: 5.17% vs. CC: 5.21%; p = 0.981). However, NK cells from CC patients
exhibited a significant increase in mOX-40 expression compared with controls (HC: 2.94%
vs. CC: 4.88%; p = 0.017).
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Figure 2. Membrane-bound 4-1BB and OX-40 expression on peripheral T and NK cells from healthy
controls and cervical cancer patients. (a) Representative flow cytometry dot plots showing 4-1BB*
and OX-40* T cells (CD3") and NK cells (CD3~CD56") from a healthy control (upper panels) and
a cervical cancer patient (lower panels). (b) Percentage of 4-1BB* and OX-40" T cells and NK cells
in HC and CC subjects. (c) Median fluorescence intensity (MFI) of 4-1BB and OX-40, calculated
exclusively within the corresponding 4-1BB* or OX-40" T-cell and NK-cell populations. Statistical
significance was determined using an unpaired Student’s t-test. * p < 0.05; ** p < 0.005; *** p < 0.0005;

ns, not significant.
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Median fluorescence intensity (MFI) was calculated exclusively within the gated 4-
1BB* and OX-40* populations of circulating T and NK cells. No significant differences were
observed in the MFI of 4-1BB* T or NK cells between healthy controls and cervical cancer
patients. In contrast, the MFI of OX-40" cells was significantly increased in both T cells (HC:
647.9 vs. CC: 1020; p = 0.0004) and NK cells (HC: 410.8 vs. CC: 553.6; p = 0.0054) from CC
patients. Together, these findings demonstrate a differential modulation of costimulatory
receptor expression across circulating lymphocyte subsets in cervical cancer.

3.3. Association Between Soluble Receptor Levels and Cellular Expression

To determine whether circulating soluble receptor levels reflect membrane-bound
expression on peripheral lymphocytes, Spearman correlation analyses were performed
between plasma concentrations of soluble 4-1BB and OX-40 and the corresponding mem-
brane expression levels (in median fluorescence intensity) on T and NK cells (Figure 3). A
moderate positive correlation was observed between plasma s4-1BB concentrations and
membrane 4-1BB expression on circulating T cells (r = 0.5308, p = 0.0160), indicating a
significant linear association between systemic and cellular levels of this receptor.
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Figure 3. Correlation between soluble receptor levels and membrane expression on circulating lym-
phocytes. (a) Correlation between s4-1BB and membrane 4-1BB expression on T cells. (b) Correlation
between s4-1BB and membrane 4-1BB expression on NK cells. (c) Correlation between plasma sOX-40
levels and membrane OX-40 expression on T cells. (d) Correlation between sOX-40 and membrane
OX-40 expression on NK cells. Each dot represents an individual subject. Correlations were evaluated
using Spearman’s test. r and p values are indicated in the corresponding panels. A p-value < 0.05 was
considered statistically significant.

In contrast, no significant correlations were detected between s4-1BB and membrane
4-1BB expression in NK cells. Likewise, plasma sOX-40 levels did not correlate with
membrane OX-40 expression on either T or NK cells. These findings demonstrate a selective
linear association between soluble and membrane 4-1BB within the T-cell compartment,
whereas no corresponding relationship was observed for OX-40.

In addition, Spearman correlation analyses were performed to evaluate the association
between the percentages of 4-1BB* and OX-40* T cells and NK cells and the plasma
concentrations of their corresponding soluble forms. No statistically significant correlations
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were identified between the frequency of receptor-positive cells and the levels of soluble
4-1BB or soluble OX-40 (Figure S2).

3.4. 4-1BB and OX-40 Expression with Disease Stage in Cervical Cancer

To determine whether alterations in the 4-1BB/OX-40 axis are associated with disease
progression, cervical cancer patients were stratified into early (stages I-1I) and advanced
(stages III-IV) disease. Plasma concentrations of soluble receptors and membrane expres-
sion levels on circulating T and NK cells were compared between stage groups to evaluate
stage-dependent differences (Figure 4).
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Figure 4. Stage-dependent analysis of membrane and soluble 4-1BB and OX-40 in cervical cancer
patients. (a) Expression of m4-1BB on T and NK cells, as well as plasma s4-1BB levels in early and
advanced stages. (b) Expression of mOX-40 on T and NK cells, as well as plasma sOX-40 levels in
early and advanced. *: p < 0.05; ***: p < 0.0005; ns: no-significance.

A significant reduction in membrane 4-1BB expression was observed in advanced-
stage patients. The proportion of circulating T cells expressing 4-1BB was markedly de-
creased in late-stage disease compared with early-stage patients (Early stage: 6.51% vs. Late
stage: 3.74%; p = 0.0008). Similarly, within the NK cell compartment, the frequency of 4-1BB*
cells was significantly lower in advanced stages (Early stage: 19.89% vs. Late stage: 13.34%;
p = 0.0458). In contrast, plasma s4-1BB concentrations did not differ between early and
advanced stages (Early stage: 340.7 pg/mL vs. Late stage: 318.4 pg/mL; p = 0.8334), indi-
cating that the stage-associated changes were restricted only to the membrane-bound form.

The OX-40 axis displayed a distinct pattern. In contrast with 4-1BB, no significant
differences were detected in the percentage of OX-40" T cells between stages (Early stage:
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4.80% vs. Late stage: 5.62%; p = 0.7053). Likewise, NK cell expression of OX-40 did not
significantly differ between early and advanced disease (Early stage: 5.97% vs. Late stage:
3.79%; p = 0.1356), although a numerical reduction was observed in late-stage patients.
Plasma sOX-40 levels also remained unchanged across disease stages (Early stage: 1.43 vs.
Late stage: 1.52; p = 0.8856).

To determine whether differences in lymphocyte composition could contribute to the
interpretation of soluble CD137 and OX-40 levels, the proportions of circulating CD3* T
cells and CD3~CD56* NK cells were compared between healthy controls and cervical can-
cer patients, as well as between early- and advanced-stage disease. Cervical cancer patients
exhibited a modest reduction in the proportion of circulating CD3* T cells compared with
healthy controls, whereas NK-cell frequencies were comparable between groups. Impor-
tantly, no significant differences in the proportions of either CD3* T cells or CD3~CD56*
NK cells were observed between early- and advanced-stage cervical cancer patients (Supple-
mentary Figure S2), suggesting that the reduced membrane CD137 expression observed in
advanced-stage disease is unlikely to be explained by differences in the relative abundance
of these lymphocyte populations.

4. Discussion

Costimulatory receptors of the TNF receptor superfamily (TNFRSF) provide context-
dependent signals that regulate lymphocyte activation, persistence, and effector function.
Among them, 4-1BB and OX-40 are inducible receptors whose activation depends on
receptor clustering and ligand engagement, ultimately converging on NF-«B signaling to
promote immune effector responses [14].

Here, we investigated the systemic and cellular distribution of 4-1BB and OX-40 in
cervical cancer by measuring soluble receptor concentrations in plasma and membrane
expression on circulating T and NK cells. This dual-compartment approach provides
an integrated view of receptor availability, particularly for TNFRSF members, in which
membrane expression and soluble isoforms together influence signaling output [15].

Although the cohort size was limited, the concordant findings across soluble and
membrane compartments support the biological relevance of our observations. A major
finding was the elevation of soluble 4-1BB and OX-40 in cervical cancer compared with
healthy controls. Soluble immune receptors, generated through alternative splicing and/or
proteolytic ectodomain shedding, are increasingly recognized as modulators of immune
responses by influencing ligand availability and receptor-ligand interactions [16]. For
TNFRSF members, these mechanisms may alter receptor clustering and signaling, even
when circulating receptor concentrations are modest [17].

Mechanistically, the increase in s4-1BB is consistent with accumulating evidence that
CD137 exists as a soluble receptor generated through alternative splicing and proteolytic
shedding [18]. Although the mechanisms responsible for its release were not investigated
here, metalloproteases such as ADAM10 and ADAM17 have been implicated in regulating
CD137 availability at the cell surface. Interestingly, tumor cell lines from multiple cancer
types including renal, lung, melanoma, and hepatocellular tumor cells can produce s4-
1BB under hypoxic conditions, where it binds 4-1BBL and interferes with costimulatory
signaling [19]. Accordingly, s4-1BB has emerged as a dynamic biomarker in immuno-
oncology [20], supporting the concept that circulating s4-1BB is a regulated component of
the CD137 signaling axis rather than merely a passive byproduct [21].

Similarly, sOX-40 is a soluble isoform detectable in human serum that has been as-
sociated with cancer progression [22]. Like other soluble TNFRSF members, sOX-40 may
modulate OX-40/0OX-40L signaling by altering ligand availability and receptor engage-
ment. Consistent with this concept, structural and functional studies support the notion
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that changes in receptor form (membrane versus soluble) can influence OX-40 signaling
output [23].

At the cellular level, we observed increased frequencies of circulating m4-1BB* T cells,
m4-1BB* NK cells, and mOX-40" NK cells in cervical cancer. These findings are consistent
with the inducible nature of TNFRSF costimulatory receptors following lymphocyte activa-
tion and with the role of 4-1BB signaling in supporting cytotoxic immune responses across
both adaptive and innate compartments [24].

Unlike many solid tumors, cervical cancer develops in the context of persistent high-
risk HPV infection, and the observed alterations in 4-1BB and OX-40 may therefore reflect
chronic virus-driven immune stimulation in addition to tumor-associated immune dysreg-
ulation. Sustained expression of the viral oncoproteins E6 and E7 maintains continuous
antigenic stimulation, promoting prolonged activation and remodeling of T- and NK-cell
responses. Under these conditions, inducible costimulatory receptors such as 4-1BB and
OX-40 may initially be upregulated, whereas persistent immune stimulation may subse-
quently alter their expression and signaling dynamics. Thus, the increased membrane
and soluble receptor expression observed in this study may reflect the combined effects of
persistent viral antigen exposure and tumor-associated immune remodeling rather than
malignant transformation alone [25].

Increased 4-1BB expression has been reported across multiple malignancies. Ele-
vated peripheral 4-1BB expression has been observed in patients with oropharyngeal and
oral squamous cell carcinomas [26] and chronic lymphocytic leukemia, where NK cells
exhibit significantly higher 4-1BB expression than healthy controls [27]. In cervical can-
cer, increased 4-1BB expression has been associated with an exhausted phenotype and
reported in peripheral CD8* and CD4" T cells [28], as well as in NK cell subsets, including
CD569™ and CD56P18M populations [29]. Beyond the peripheral compartment, 4-1BB has
been extensively characterized within the tumor microenvironment across several solid
tumors, including colorectal cancer, ovarian cancer, non-small cell lung cancer, intrahepatic
cholangiocarcinoma, glioblastoma, and hepatocellular carcinoma [30].

Regarding OX-40, most studies evaluating its expression in solid tumors have reported
that increased infiltration of OX-40" lymphocytes is associated with favorable clinical out-
comes, supporting its relevance as a marker of effective anti-tumor immunity. In advanced
gastric cancer, OX-40 expression on both CD4* and CD8* T cells has been associated with
improved prognosis [31]. Likewise, OX-40*CD4* tumor-infiltrating lymphocytes have
been described in breast cancer, sarcoma, melanoma, and colorectal cancer, where they
frequently correlate with improved survival [32]. Similarly, high OX-40 expression within
tumor infiltrates has been linked to favorable clinical outcomes in non-small cell lung
cancer [33]. In contrast, our previous studies in cervical cancer demonstrated increased
OX-40 expression on both tumor-infiltrating and circulating T and NK cells exhibiting
exhaustion-associated phenotypes, suggesting that the biological significance of OX-40
expression may be highly context-dependent [27,28].

When stratifying by disease stage, we observed a consistent reduction in the frequency
of m4-1BB* T cells and NK cells in advanced disease relative to early stages, whereas
plasma s4-1BB concentrations remained unchanged. This divergence suggests that stage-
related remodeling of the 4-1BB axis is more readily captured at the cell-surface level than
by systemic soluble measurements. Because TNFRSF signaling is strongly influenced by
receptor density and higher-order clustering, a reduction in the proportion of m4-1BB*
lymphocytes could have important functional implications for ligand-dependent activation,
even when circulating soluble receptor levels remain stable [34].

Importantly, our findings are consistent with those reported by Zizzari et al., who
identified circulating 4-1BB* T cells as a surrogate marker of an effective anti-tumor im-
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mune response and improved clinical outcome. In our cohort, membrane-bound 4-1BB* T
cells were most abundant in early-stage disease but declined significantly with disease pro-
gression. Rather than conflicting with the proposed role of 4-1BB* T cells, this pattern may
suggest that membrane 4-1BB expression dynamically reflects the evolving host immune
response during cervical cancer progression. Early-stage disease may be characterized
by a more robust anti-tumor immune response capable of sustaining 4-1BB expression,
whereas advanced disease is associated with progressive immune dysregulation that may
compromise the maintenance of activated 4-1BB* T cells [35].

Importantly, this stage-related dissociation between membrane-bound and soluble
receptors suggests that TNFRSF regulation is dynamic during cervical cancer progression.
In early-stage disease, increased membrane expression together with elevated soluble levels
may reflect enhanced immune activation and receptor shedding. In contrast, the persistence
of elevated soluble receptors despite declining membrane expression in advanced disease
suggests that soluble forms are not simply passive byproducts of surface abundance but
may instead arise through distinct regulatory mechanisms, including sustained inflamma-
tory signaling, alternative splicing, proteolytic shedding, or release from different immune
cell populations. This uncoupling may therefore reflect progressive immune dysregulation
and altered costimulatory signaling in advanced cervical cancer.

By contrast, the frequency of mOX-40" T and NK cells, as well as plasma sOX-40
concentrations, remained unchanged across disease stages. Although mOX-40 showed a
tendency to decrease in NK cells with disease progression, this was not accompanied by
changes in soluble OX-40, suggesting that sOX-40 is not a reliable surrogate of membrane
OX-40 expression. Consistent with this interpretation, plasma s4-1BB concentrations posi-
tively correlated with the frequency of m4-1BB* T cells, whereas no significant correlations
were observed between soluble and membrane OX-40. These findings indicate that, despite
belonging to the same TNFRSF family, the membrane and soluble forms of OX-40 are regu-
lated differently from those of 4-1BB. Similarly, evidence from other cancers indicates that
elevated circulating sOX-40 may have clinical associations without necessarily mirroring
receptor expression on PBMCs, underscoring that soluble and membrane OX-40 are not
obligatorily coupled [36].

From a translational perspective, these findings may be relevant for therapeutic strate-
gies targeting 4-1BB and OX-40. Because agonistic TNFRSF antibodies depend on receptor
clustering for optimal activity [37], circulating soluble receptors could influence ligand
availability or interfere with therapeutic agonists in the extracellular space. Although this
possibility remains to be investigated for s4-1BB and sOX-40 in cervical cancer, circulat-
ing s4-1BB has already been incorporated as a pharmacodynamic biomarker in clinical
immunotherapy studies, supporting its utility as a measurable component of the 4-1BB
signaling axis during immune modulation [38].

While stage-associated changes were more readily detected at the membrane level,
the persistent elevation (with respect to healthy controls) of sOX-40 and s4-1BB despite
declining percentages of m4-1BB positive NK and T cells suggests that the soluble and
membrane compartments are regulated independently. Although the mechanisms underly-
ing this dissociation were not investigated, differential proteolytic shedding, alternative
splicing, or contributions from distinct immune cell populations may explain the sustained
presence of soluble receptors. Future mechanistic studies will be required to determine
how these processes regulate the biological activity of soluble 4-1BB and OX-40 during
cervical cancer progression.

This study has several limitations. The cohort size was modest, and analyses were
confined to peripheral blood without parallel evaluation of tumor-infiltrating lympho-
cytes or functional assays assessing responsiveness to 4-1BBL and OX-40L. Consequently,
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the functional significance of the altered receptor distribution remains to be determined.
Notably, membrane 4-1BB expression declined toward healthy donor levels in advanced
disease while circulating s4-1BB remained elevated, suggesting that soluble receptors may
influence ligand availability and costimulatory signaling independently of surface receptor
density. Although soluble TNFRSF members have been proposed to sequester ligands
and modulate pathway activity, we did not directly evaluate whether plasma enriched in
s4-1BB or sOX-40 attenuates ligand- or agonist-induced signaling.

Additionally, although previous work from our group has characterized exhaustion-
associated phenotypes in cervical cancer, the flow cytometry panel used in the present
study was not designed to distinguish functional T-cell subsets. Consequently, we could
not determine whether the 4-1BB* and OX-40* T-cell populations comprised activated,
suppressive (e.g., regulatory T cells), or exhausted T cells. This limitation is particularly
relevant because regulatory T cells are known to express both OX-40 and 4-1BB and may
contribute to immunoregulatory responses [39]. Future studies incorporating multiparamet-
ric immunophenotyping, including markers for CD4*, CD8", FOXP3*, and T-cell activation
or exhaustion, will be necessary to better define the cellular sources of 4-1BB and OX-40
expression in cervical cancer. In addition, functional assays evaluating the effects of plasma
with high soluble receptor concentrations on costimulatory responses would help clarify
the biological significance of the membrane-soluble dissociation observed in this study.

5. Conclusions

In summary, this study demonstrates that the 4-1BB/OX-40 axis undergoes
compartment-specific modulation in cervical cancer, characterized by increased circu-
lating soluble forms and differential membrane expression patterns. While membrane
4-1BB expression was elevated in early-stage patients, we observed a significant stage-
dependent decline in advanced disease. Crucially, soluble levels of both 4-1BB and OX-40
remained persistently high regardless of stage. This “uncoupling” finding suggests that
soluble and membrane-bound TNFRSF receptors constitute distinct but interconnected
regulatory layers.

The pattern observed between systemic soluble concentrations and surface receptor
availability suggests that multiple mechanisms—including alternative splicing, proteolytic
shedding, receptor internalization, and ligand sequestration—may differentially shape
each compartment. It is possible that the high systemic concentration of these soluble
forms contributes to a “colder” immune environment by acting as a molecular sponge. By
sequestering costimulatory ligands, these soluble decoy receptors effectively preempt T
and NK cell reinvigoration, even when therapeutic agonists are present. Furthermore, our
results challenge the assumption that soluble receptors are less informative than membrane
density; instead, persistent soluble levels in the face of declining membrane expression
may serve as a superior systemic monitor for immune exhaustion and receptor turnover.
Collectively, these findings support a model where the dynamic remodeling of receptor
distribution, rather than uniform expression, dictates the immune landscape during cervical
cancer progression.

Supplementary Materials: The following supporting information can be downloaded at
https:/ /www.mdpi.com/article/10.3390/receptors5030028/s1, Figure S1. Flow cytometry gating
strategy. Singlets were identified using FSC-H versus FSC-A, and lymphocytes were then gated
using SSC-A versus FSC-A. CD3* cells were identified as T cells, whereas CD3~CD56™ cells were
identified as NK cells. Figure S2. T-cell and NK-cell compartments. (a) Percentages of T and NK cells
among PBMCs from HD and CC patients. (b) Percentages of T cells and NK cells among PBMCs
from patients with early- and late-stage CC.

https:/ /doi.org/10.3390/receptors5030028


https://www.mdpi.com/article/10.3390/receptors5030028/s1
https://doi.org/10.3390/receptors5030028

Receptors 2026, 5, 28 12 of 14

Author Contributions: Conceptualization, JM.R.-D., 5.d.T.-A. and J.H.; methodology, ] M.R.-D., FG.-
L., KK.-K. and N.T.G.-B.; formal analysis, ] M.R.-D. and EG.-L.; investigation, K.K.-K. and A.D.O.-].;
data curation, N.T.G.-B. and A.D.-G.; writing—original draft preparation, ] M.R.-D.; writing—review
and editing, J.H. and S.d.T.-A; supervision, B.E.B.-R., S.d.T.-A. and J.H.; funding acquisition, S.d.T.-A.
and J.H. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Consejo Estatal de Ciencia y Tecnologia (COECYTJAL)
through the “Fondo de Desarrollo Cientifico de Jalisco para Atender Retos Sociales (FODECIJAL
2023)” (grant number: 10661-2023) and by the Universidad de Guadalajara through Fondo para
Proyectos de Impulso a la Investigacién “PIN 2024-V” (grant number: 279956), both awarded to
STA. Additional funding was provided by the Universidad de Guadalajara through the program
“Fortalecer la Investigacién Cientifica en el Departamento de Biologia Celular y Molecular del CUCBA
para Incrementar los Indicadores Institucionales de Productividad en esta Funcién Sustantiva, 2024”
(grant number: P3E 272950) awarded to J.H.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the appropriate research, bioethics, and biosecurity committees: Comités
de Investigacién, Ftica en Investigacion y Bioseguridad del Centro Universitario de Ciencias de la
Salud (CI-01722; 22 March 2022), Comité de Etica en Investigacién del Antiguo Hospital Civil de
Guadalajara “Fray Antonio Alcalde” (152/22; 13 July 2022), and Comités de Investigacion y Etica en
Investigacién del OPD Instituto Jalisciense de Cancerologia (PRO-71/23; 27 February 2023).

Informed Consent Statement: Written informed consent has been obtained from the patients and
participants to publish this paper.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Acknowledgments: The authors gratefully acknowledge all participants who voluntarily contributed
samples for this study, thereby supporting research into the immunological mechanisms of cervical
cancer. We also thank the medical personnel responsible for patient care and clinical coordination.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Cohen, PA,; Jhingran, A.; Oaknin, A.; Denny, L. Cervical cancer. Lancet 2019, 393, 169-182. [CrossRef] [PubMed]

2. Sung, H; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN
Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA A Cancer J. Clin. 2021, 71,209-249. [CrossRef]
[PubMed]

3. Li, X.; Deng, J.; Liu, X.; Zhou, Y.; Bi, T.; Chen, J.; Wang, ]. Tissue-resident immune cells in cervical cancer: Emerging roles and
therapeutic implications. Front. Immunol. 2025, 16, 1541950. [CrossRef] [PubMed]

4. Ababneh, O.; Nishizaki, D.; Kato, S.; Kurzrock, R. Tumor necrosis factor superfamily signaling: Life and death in cancer. Cancer
Metastasis Rev. 2024, 43, 1137-1163. [CrossRef] [PubMed]

5. Taraban, V.Y.; Rowley, T.F,; O'Brien, L.; Chan, H.T.C.; Haswell, L.E.; Green, M.H.A.; Tutt, A.L.; Glennie, M.].; Al-Shamkhani, A.
Expression and costimulatory effects of the TNF receptor superfamily members CD134 (OX40) and CD137 (4-1BB), and their role
in the generation of anti-tumor immune responses. Eur. J. Immunol. 2002, 32, 3617-3627. [CrossRef]

6. Watts, T.H.; Yeung, KK.M.; Yu, T.; Lee, S.; Eshraghisamani, R. TNF/TNFR Superfamily Members in Costimulation of T Cell
Responses—Revisited. Annu. Rev. Immunol. 2025, 43, 113-142. [CrossRef] [PubMed]

7. Bitra, A.; Doukov, T.; Croft, M.; Zajonc, D.M. Crystal structures of the human 4-1BB receptor bound to its ligand 4-1BBL reveal
covalent receptor dimerization as a potential signaling amplifier. J. Biol. Chem. 2018, 293, 9958-9969. [CrossRef] [PubMed]

8.  Kim, AMJ.,; Nemeth, M.R.; Lim, S.-O. 4-1BB: A promising target for cancer immunotherapy. Front. Oncol. 2022, 12, 968360.
[CrossRef] [PubMed]

9. Kim, AM.J,; Nemeth, M.R.; Lim, S.-O. 4-1BB Agonists: Multi-Potent Potentiators of Tumor Immunity. Front. Oncol. 2015, 5, 117.
[CrossRef] [PubMed]

10. Willoughby, J.; Griffiths, J.; Tews, I.; Cragg, M.S. OX40: Structure and function—What questions remain? Mol. Immunol. 2017, 83,

13-22. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/receptors5030028


https://doi.org/10.1016/S0140-6736(18)32470-X
https://www.ncbi.nlm.nih.gov/pubmed/30638582
https://doi.org/10.3322/caac.21660
https://www.ncbi.nlm.nih.gov/pubmed/33538338
https://doi.org/10.3389/fimmu.2025.1541950
https://www.ncbi.nlm.nih.gov/pubmed/40330461
https://doi.org/10.1007/s10555-024-10206-6
https://www.ncbi.nlm.nih.gov/pubmed/39363128
https://doi.org/10.1002/1521-4141(200212)32:12%3C3617::AID-IMMU3617%3E3.0.CO;2-M
https://doi.org/10.1146/annurev-immunol-082423-040557
https://www.ncbi.nlm.nih.gov/pubmed/39745933
https://doi.org/10.1074/jbc.ra118.003176
https://www.ncbi.nlm.nih.gov/pubmed/29720398
https://doi.org/10.3389/fonc.2022.968360
https://www.ncbi.nlm.nih.gov/pubmed/36185242
https://doi.org/10.3389/fonc.2015.00117
https://www.ncbi.nlm.nih.gov/pubmed/26106583
https://doi.org/10.1016/j.molimm.2017.01.006
https://www.ncbi.nlm.nih.gov/pubmed/28092803
https://doi.org/10.3390/receptors5030028

Receptors 2026, 5, 28 13 of 14

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Xu, J. Regulation of Cancer Immune Checkpoints. Molecular and Cellular Mechanisms and Therapy, 1st ed.; Advances in Experimental
Medicine and Biology; Springer: Singapore, 2020; Volume 1248.

Deng, J.; Zhao, S.; Zhang, X.; Jia, K.; Wang, H.; Zhou, C.; He, Y. OX40 (CD134) and OX40 ligand, important immune checkpoints
in cancer. Onco Targets Ther. 2019, 12, 7347-7353. [CrossRef] [PubMed]

Xu, J. The role of tumor necrosis factor receptor superfamily in cancer: Insights into oncogenesis, progression, and therapeutic
strategies. npj Precis. Oncol. 2025, 9, 275. [CrossRef] [PubMed]

Dostert, C.; Grusdat, M.; Letellier, E.; Brenner, D. The TNF Family of Ligands and Receptors: Communication Modules in the
Immune System and Beyond. Physiol. Rev. 2019, 99, 115-160. [CrossRef] [PubMed]

Huntington, K.E.; El-Deiry, W.S. The Role of Soluble Immune Checkpoints in Cancer Immunotherapy. In Cancer Immunoediting:
Immune Checkpoints and Targeting for Treatment of Tumors; Rezaei, N., Ed.; Springer Nature: Cham, Switzerland, 2025; pp. 95-138.
[CrossRef]

Ostrowski, A.; Segal, R.; Florin, L.; Anderson, N.; Manax, V.G.; Marleau, A.; Josephs, S.; Wysocki, PJ.; Konopka, K.W.; Kwinta,
L.; et al. Selective removal of soluble tumor necrosis factor receptors by apheresis as a novel immunotherapy approach for
triple-negative breast cancer. J. Clin. Oncol. 2022, 40, €13065. [CrossRef]

Ekstrand, J.; Zemmler, M.; Abrahamsson, A.; Lundberg, P.; Forsgren, M.; Dabrosin, C. Breast Density and Estradiol Are Major
Determinants for Soluble TNF-TNF-R Proteins in vivo in Human Breast Tissue. Front. Immunol. 2022, 13, 850240. [CrossRef]
[PubMed]

Seidel, ]J.; Leitzke, S.; Ahrens, B.; Sperrhacke, M.; Bhakdi, S.; Reiss, K. Role of ADAM10 and ADAM17 in Regulating CD137
Function. Int. J. Mol. Sci. 2021, 22, 2730. [CrossRef] [PubMed]

Labiano, S.; Palazén, A.; Bolafios, E.; Azpilikueta, A.; Sdnchez-Paulete, A.R.; Morales-Kastresana, A.; Quetglas, ].I.; Perez-Gracia,
J.L.; Guarpide, A.; Rodriguez-Ruiz, M.; et al. Hypoxia-induced soluble CD137 in malignant cells blocks CD137L-costimulation as
an immune escape mechanism. Oncolmmunology 2016, 5, €1062967. [CrossRef] [PubMed]

Glez-Vaz, J.; Azpilikueta, A.; Olivera, I; Cirella, A.; Teijeira, A.; Ochoa, M.C.; Alvarez, M.; Eguren-Santamaria, I.; Luri-Rey, C.;
Rodriguez-Ruiz, M.E.; et al. Soluble CD137 as a dynamic biomarker to monitor agonist CD137 immunotherapies. . [Immunother.
Cancer 2022, 10, €003532. Correction in J. Immunother. Cancer 2023, 11, €003532corrl. [CrossRef] [PubMed]

Singh, R.; Kim, Y.-H.; Lee, S.-J.; Eom, H.-S.; Choi, B.K. 4-1BB immunotherapy: Advances and hurdles. Exp. Mol. Med. 2024, 56,
32-39. [CrossRef] [PubMed]

Taylor, L.; Schwarz, H. Identification of a soluble OX40 isoform: Development of a specific and quantitative immunoassay.
J. Immunol. Methods 2001, 255, 67-72. [CrossRef] [PubMed]

Nishimuta, H.; Senoo, A.; Kasahara, K.; Kubo, T.; Yanaka, S.; Nagatoishi, S.; So, T.; Ueda, T.; Tsumoto, K.; Caaveiro, ] M.M.
Molecular mechanistic insights into the OX40-OX40L complex from biophysical and computational analyses. Protein Sci. 2026,
35, €70404. [CrossRef] [PubMed]

Sanchez-Paulete, A.R.; Labiano, S.; Rodriguez-Ruiz, M.E.; Azpilikueta, A.; Etxeberria, I.; Bolafios, E.; Lang, V.; Rodriguez, M.;
Aznar, M.A.; Jure-Kunkel, M.; et al. Deciphering CD137 (4-1BB) signaling in T-cell costimulation for translation into successful
cancer immunotherapy. Eur. J. Immunol. 2016, 46, 513-522. [CrossRef] [PubMed]

Li, Y,; Deng, J.; Liu, Y;; Yu, S. HPV infection and the immune microenvironment in cervical cancer. Front. Immunol. 2025,
16, 1645019. [CrossRef] [PubMed]

Bin-Alee, F.; Chunthagonesupawit, N.; Meesakul, T.; Diloktaweewattana, A.; Mahattanasakul, P.; Mutirangura, A.; Ru-
angritchankul, K.; Keelawat, S.; Kitkumthorn, N. High 4-1BB Expression in PBMCs and Tumor Infiltrating Lymphocytes
(TILs) in Patients with Head and Neck Squamous Cell Carcinoma. Eur. |. Dent. 2023, 18, 236-242. [CrossRef] [PubMed]

Li, Y;; Deng, J.; Liu, Y;; Yu, S. Immunoprofiling of 4-1BB Expression Predicts Outcome in Chronic Lymphocytic Leukemia (CLL).
Diagnostics 2021, 11, 2041. [CrossRef] [PubMed]

Rojas-Diaz, ].M.; Solorzano-Ibarra, F.; Garcia-Barrientos, N.T.; Klimov-Kravtchenko, K.; Cruz-Ramos, J.A.; Guitron-Avina, M.S,;
Urciaga-Gutierrez, PI.; Ortiz-Lazareno, P.C.; Tellez-Bafiuelos, M.C.; Bueno-Topete, M.R.; et al. Beyond Canonical Immune
Checkpoints: Overexpression of TNFRSF Members 4-1BB and OX-40 Marks T Cells Exhibiting Phenotypic Features of Exhaustion
in Cervical Carcinoma. Immunology 2025, 175, 482-500. [CrossRef] [PubMed]

Rojas-Diaz, ].M.; Solorzano-Ibarra, F.; Garcia-Barrientos, N.T.; Klimov-Kravtchenko, K.; Guitron-Avifia, M.S.; Cruz-Ramos, . A;
Ortiz-Lazareno, P.C.; Urciaga-Gutierrez, PI.; Bueno-Topete, M.R.; Garcia-Chagollan, M.; et al. Uncovering the Expression Pattern
of the Costimulatory Receptors ICOS, 4-1BB, and OX-40 in Exhausted Peripheral and Tumor-Infiltrating Natural Killer Cells from
Patients with Cervical Cancer. Int. J. Mol. Sci. 2024, 25, 8775. [CrossRef] [PubMed]

Kim, H.; Park, S.; Jeong, S.; Lee, Y.J.; Lee, H.; Kim, C.G.; Kim, K.H.; Hong, S.; Lee, J.; Kim, S. 4-1BB delineates distinct activation
status of exhausted tumor-infiltrating CD8+ T cells in hepatocellular carcinoma. Hepatology 2020, 71, 955-971. [CrossRef]
[PubMed]

https:/ /doi.org/10.3390/receptors5030028


https://doi.org/10.2147/OTT.S214211
https://www.ncbi.nlm.nih.gov/pubmed/31564917
https://doi.org/10.1038/s41698-025-00990-x
https://www.ncbi.nlm.nih.gov/pubmed/40770489
https://doi.org/10.1152/physrev.00045.2017
https://www.ncbi.nlm.nih.gov/pubmed/30354964
https://doi.org/10.1007/978-3-032-00765-0_164
https://doi.org/10.1200/JCO.2022.40.16_suppl.e13065
https://doi.org/10.3389/fimmu.2022.850240
https://www.ncbi.nlm.nih.gov/pubmed/35432372
https://doi.org/10.3390/ijms22052730
https://www.ncbi.nlm.nih.gov/pubmed/33800462
https://doi.org/10.1080/2162402X.2015.1062967
https://www.ncbi.nlm.nih.gov/pubmed/26942078
https://doi.org/10.1136/jitc-2021-003532
https://www.ncbi.nlm.nih.gov/pubmed/35236742
https://doi.org/10.1038/s12276-023-01136-4
https://www.ncbi.nlm.nih.gov/pubmed/38172595
https://doi.org/10.1016/S0022-1759(01)00424-0
https://www.ncbi.nlm.nih.gov/pubmed/11470287
https://doi.org/10.1002/pro.70404
https://www.ncbi.nlm.nih.gov/pubmed/41454803
https://doi.org/10.1002/eji.201445388
https://www.ncbi.nlm.nih.gov/pubmed/26773716
https://doi.org/10.3389/fimmu.2025.1645019
https://www.ncbi.nlm.nih.gov/pubmed/40808954
https://doi.org/10.1055/s-0043-1764419
https://www.ncbi.nlm.nih.gov/pubmed/37130554
https://doi.org/10.3390/diagnostics11112041
https://www.ncbi.nlm.nih.gov/pubmed/34829391
https://doi.org/10.1111/imm.13945
https://www.ncbi.nlm.nih.gov/pubmed/40387515
https://doi.org/10.3390/ijms25168775
https://www.ncbi.nlm.nih.gov/pubmed/39201462
https://doi.org/10.1002/hep.30881
https://www.ncbi.nlm.nih.gov/pubmed/31353502
https://doi.org/10.3390/receptors5030028

Receptors 2026, 5, 28 14 of 14

31.

32.

33.

34.

35.

36.

37.

38.

39.

Ohmura, H.; Yamaguchi, K.; Hanamura, F,; Ito, M.; Makiyama, A.; Uchino, K.; Shimokawa, H.; Tamura, S.; Esaki, T.; Mit-
sugi, K.; et al. OX40 and LAGS3 are associated with better prognosis in advanced gastric cancer patients treated with anti-
programmed death-1 antibody. Br. J. Cancer 2020, 122, 1507-1517. [CrossRef] [PubMed]

Jacobs, J.; Smits, E.; Lardon, F.; Pauwels, P.; Deschoolmeester, V. Inmune Checkpoint Modulation in Colorectal Cancer: What's
New and What to Expect. J. Immunol. Res. 2015, 2015, 158038. [CrossRef] [PubMed]

Massarelli, E.; Lam, V.K,; Parra, E.R.; Rodriguez-Canales, J.; Behrens, C.; Diao, L.; Wang, J.; Blando, J.; Byers, L.A.; Yanaman-
dra, N.; et al. High OX-40 expression in the tumor immune infiltrate is a favorable prognostic factor of overall survival in
non-small cell lung cancer. J. Immunother. Cancer 2019, 7, 351. [CrossRef] [PubMed]

Vanamee, E.S.; Faustman, D.L. The benefits of clustering in TNF receptor superfamily signaling. Front. Immunol. 2023, 14, 1225704.
[CrossRef] [PubMed]

Zizzari, 1.G.; Di Filippo, A.; Botticelli, A.; Strigari, L.; Pernazza, A.; Rullo, E.; Pignataro, M.G.; Ugolini, A.; Sci-rocchi, E; Di Pietro,
ER.; et al. Circulating CD137+ T Cells Correlate with Improved Response to Anti-PD1 Immunotherapy in Patients with Cancer.
Clin. Cancer Res. 2022, 28,1027-1037. [CrossRef] [PubMed]

Sawada, R.; Arai, Y.; Sagawa, Y.; Nagata, Y.; Nishimura, T.; Noguchi, M.; Amano, K.; Arihiro, S.; Saruta, M.; Homma, S. High
blood levels of soluble OX40 (CD134), an immune costimulatory molecule, indicate reduced survival in patients with advanced
colorectal cancer. Oncol. Rep. 2019, 42, 2057-2064. [CrossRef] [PubMed]

Liu, L.; Wu, Y; Ye, K,; Cai, M.; Zhuang, G.; Wang, ]. Antibody-Targeted TNFRSF Activation for Cancer Inmunotherapy: The Role
of FeyRIIB Cross-Linking. Front. Pharmacol. 2022, 13, 924197. [CrossRef] [PubMed]

Gopal, AK.,; Levy, R.; Houot, R.; Patel, S.P.; Popplewell, L.; Jacobson, C.; Mu, X.J.; Deng, S.; Ching, K.A.; Chen, Y,; et al.
First-in-Human Study of Utomilumab, a 4-1BB/CD137 Agonist, in Combination with Rituximab in Patients with Follicular and
Other CD20+ Non-Hodgkin Lymphomas. Clin. Cancer Res. 2020, 26, 2524-2534. [CrossRef] [PubMed]

So, T.; Lee, S.-W.; Croft, M. Immune regulation and control of regulatory T cells by OX40 and 4-1BB. Cytokine Growth Factor Rev.
2008, 19, 253-262. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/receptors5030028


https://doi.org/10.1038/s41416-020-0810-1
https://www.ncbi.nlm.nih.gov/pubmed/32203221
https://doi.org/10.1155/2015/158038
https://www.ncbi.nlm.nih.gov/pubmed/26605342
https://doi.org/10.1186/s40425-019-0827-2
https://www.ncbi.nlm.nih.gov/pubmed/31843013
https://doi.org/10.3389/fimmu.2023.1225704
https://www.ncbi.nlm.nih.gov/pubmed/37662920
https://doi.org/10.1158/1078-0432.CCR-21-2918
https://www.ncbi.nlm.nih.gov/pubmed/34980602
https://doi.org/10.3892/or.2019.7304
https://www.ncbi.nlm.nih.gov/pubmed/31545443
https://doi.org/10.3389/fphar.2022.924197
https://www.ncbi.nlm.nih.gov/pubmed/35865955
https://doi.org/10.1158/1078-0432.CCR-19-2973
https://www.ncbi.nlm.nih.gov/pubmed/32144134
https://doi.org/10.1016/j.cytogfr.2008.04.003
https://www.ncbi.nlm.nih.gov/pubmed/18508403
https://doi.org/10.3390/receptors5030028

	Introduction 
	Materials and Methods 
	Sample Collection 
	ELISA 
	Flow Cytometry 
	Statistical Analysis 

	Results 
	Plasma Levels of s4-1BB and sOX-40 Are Elevated in Cervical Cancer 
	Surface Expression of m4-1BB and mOX-40 in Circulating T and NK Cells from Cervical Cancer 
	Association Between Soluble Receptor Levels and Cellular Expression 
	4-1BB and OX-40 Expression with Disease Stage in Cervical Cancer 

	Discussion 
	Conclusions 
	References

