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Hyperthermia has been used as an adjuvant therapy alongside radiotherapy and
chemotherapy for cancer treatment in some countries. However, since the
2000s, growing evidence has indicated that hyperthermia exerts regulatory
effects not only on cancer cells but also on stromal immune cells and the
research interest in this topic has grown notably in the current “era of
immunotherapy”. Of particular interest to oncoimmunologists and
hyperthermia researchers, recent studies have shown that hyperthermia
modulates the expression of a wide range of immune checkpoint and co-
stimulatory molecules. In addition to the PD-1/PD-L1 and CTLA-4/CD80/CD86
checkpoints previously reported and intensively discussed in existing reviews,
recent studies indicate that hyperthermia exerts a broader regulatory effect on
many other checkpoint and co-stimulatory molecules, include TIGIT/CD155,
Tim-3/Gal-9, OX40/0OX40L, and 4-1BB/4-1BBL on T cells, CD47/SIRPo. on
macrophages, and CD40/CD40L on dendritic cells. The present review aims to
provide a complementary update, focusing specifically on recent advances in
understanding how hyperthermia regulates the expression of these newer targets,
as well as preclinical evidence for combining hyperthermia with novel therapeutic
agents targeting these molecules. The insights gained from these preclinical
studies could serve as a valuable foundation for future experimental
investigations and clinical translation.

KEYWORDS
cancer treatment, hyperthermia, immune checkpoint molecules, immune co-
stimulatory molecules, immunotherapy, tumor microenvironments

1 Introduction

According to the recent epidemiological statistics, there were nearly 20 million newly
diagnosed cancer cases globally in 2022, with approximately 9.7 million deaths associated
with cancer (1). Given the persistently high mortality rate of cancer, there remains a
constant need to explore novel methods and combination strategies aiming at enhancing
therapeutic efficacy, reducing treatment-related adverse effects, improving quality of life,
and prolonging overall survival for patients (2).
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Hyperthermia therapy, a physiotherapy approach for
combating cancer, has been approved in China and some
European countries to be used as an adjunctive therapy to
enhance tumor sensitivity to chemotherapy and radiotherapy (3).
As time elapsed, accumulating evidence has indicated that
hyperthermia therapy exerts multiple additional effects on cancer
tissues. Most importantly, hyperthermia has been shown to regulate
multiple immune signaling pathways that mediate interactions
between cancer and immune cells, leading to a substantial
reshaping of the tumor microenvironment and such topic has
been extensively reviewed in previous literature (4-6). Although
currently validated only in animal models, hyperthermia is
increasingly recognized as a potential adjunctive therapy that
could enhance therapeutic efficacy of both established and
emerging immune checkpoint-targeted agents (7, 8).

In the current “era of immunotherapy”, the success of anti-PD-
1/PD-L1 and anti-CTLA-4 immune checkpoint inhibitors (ICIs)
has inspired pharmaceutical companies and research groups to
explore next-generation therapeutic agents targeting additional
inhibitory and activating immune checkpoints (9, 10). While the
overall response rate of current immune checkpoint inhibitors
(ICIs) remains relatively low, ranging from 10% to 50%, they are
also associated with non-negligible adverse effects (11, 12).
Combination therapy using two different ICIs has been shown to
achieve higher response rates, but is meanwhile associated with
more severe immune-related adverse events (13, 14). Combination
therapies involving ICIs with chemotherapy or hypo-/hyper-
fractionated radiotherapy have been actively investigated in
clinical trials, demonstrating improved response rates to varying
degrees (15, 16).

Hyperthermia therapy is known for its favorable safety profile
and is rarely associated with severe adverse effects (17, 18). If
feasible, hyperthermia could be a suitable candidate for
combination therapy with immune checkpoint inhibitors (ICIs).
The present review aims to update our understanding of the
potential synergistic effects of hyperthermia with emerging
immune checkpoint-targeted agents and to elucidate the potential
mechanism associated with hyperthermia’s immunomodulatory
effect. To this end, we searched the PubMed website using the
terms “hyperthermia OR thermal therapy OR thermal ablation OR
photothermal therapy” AND “immune checkpoints OR TIGIT OR
Tim-3 OR CD40 OR OX40 OR 4-1BB OR CD47” during the years
between 2000 and 2025. The literature were manually examined for
their relevance to the topic of our interest. The insights gained from
these preclinical studies could serve as a valuable foundation for
future experimental investigations and clinical studies.

2 Inhibitory immune checkpoints

The immune checkpoints, as receptors/ligands expressed on the
cell surface, regulate the communication among T cells, antigen
presentation cells and tumor cells. The immune checkpoints fine-
tune the immune response towards the pathogenic targets (e.g.
microbes in infection and tumor cells). The inhibitory checkpoints,
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including PD-1/PD-L1, CTLA-4/CD80/CD86, TIGIT/CD155, Tim-
3/Galectin-9, CD47/SIRPo, LAG3/MHC, negatively regulate the
activity of immune cells to avoid excessive response such as
“cytokine storm”. However, cancer cells take advantage of such
mechanism to evade the host immune system and therapeutic
agents blocking the function of these inhibitory immune
checkpoints has been shown to re-boost the anti-tumor
immunity. Hyperthermia therapy, on the other hand, has been
shown to regulate the expression of various inhibitory checkpoints,
including the newer generation TIGIT/CD155, Tim-3/Galectin-9
and CD47/SIRPo. molecules, which findings are of particular
interest to us. We summarize the studies integrating
hyperthermia with therapeutics targeting these checkpoints in the
below sections.

2.1 TIGIT

TIGIT is an inhibitory receptor expressed on T cells (including
CD4+ T cells, CD8+ T cells and T-reg cells) and NK cells (19). It
competes with CD226 (DNAM-1), which is also expressed on T
cells, for binding with two ligands, CD155 (PVR) and CDI112
(PVRL2, nectin-2), which are expressed on tumor cells and
antigen-presenting cells (20, 21). The binding of CD155-TIGIT
inhibits and the binding of CD155-CD226 promotes the functional
activation of T cells and NK cells (22). TIGIT is frequently co-
expressed with PD-1 as co-inhibitory molecules on CD8+T cells,
including CD8+ tumor-infiltrating lymphocytes (TILs) in the
microenvironment, in both mouse and human tissues (23).
Because TIGIT is abnormally upregulated in multiple types of
cancer (24), it is currently studied as an emerging target for
combination immunotherapy with anti-PD-1 inhibitor and with
other therapeutic approaches (23).

Combination treatment using hyperthermia and anti-TIGIT
mADb has been investigated in two studies using preclinical models.
Chen Y et al. applied microwave ablation (MWA, heating at 70 °C
for 2 to 4 minutes) to MC38 subcutaneous murine model of colon
cancer (25). Before treatment, the authors observed that TIGIT
expression is higher in TILs than in splenocytes and suggested that
TILs might be the main type of immune cell responding to anti-
TIGIT therapy. The authors applied microwave hyperthermia to
ablate the tumor on the treatment side and ten days later, they
observed increased TIGIT expression in TILs of the tumor on the
abscopal (non-ablated) side. The increased TIGIT expression may
be caused by systemic response to tumor ablation that released
tumor-specific antigens. In combination therapy using MVA and
anti-TIGIT mAb, tumor growth was found to be suppressed on
both treatment and abscopal sides. Immunologically, the authors
observed increased number of CD45+ and CD8+ T cells in the
MWA group and TIGIT group, and increased number of CD45+,
CD4+ and CD8+ TILs and NK cells in the MWA+anti-TIGIT
group, in which group the CD8+ T cells also exhibited higher
expressions of GZMB, IFN-y and TNF-o cytokines. Their single-
cell RNA sequencing results suggested that MWA therapy
mobilized T cell population and anti-TIGIT mAb prevented CD8
+ T cell exhaustion. Therefore, it appears that microwave ablation
by itself increases number of CD8+ T cells but meanwhile
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upregulates TIGIT expression, whereas anti-TIGIT copes with the
problem of TIGIT upregulation, and the two approaches harmonize
with each other.

Another study by Wang X et al. employed mesoporous SiO2
and zirconium diboride (ZrB,)-based nanomaterials to conduct
photothermal therapy (PTT) on 4T1 subcutaneous model of breast
cancer (26). The temperature increase was 23 °C upon near-infrared
(NIR) light exposure in vitro and was found to cause immunogenic
cell death (ICD) with elevated calreticulin expression, ATP
secretion and HMGBI1 relocation. The authors further
incorporated TIGIT and PD-1 dual-specificity checkpoint
inhibitor into this nanomaterial. In vivo application of this
nanomaterial to 4T1 tumors resulted in a temperature rising to
55.6 °C and significantly inhibited tumor growth and distal
metastasis. Immunological analysis showed increased maturation
of dendritic cells in the draining lymph nodes, increased number of
CD4+ and CD8+ T cells and decreased number of T-regs in spleen,
and increased number of CD4+ and CD8+ T cells (with higher
expression level of IFN-y and TNF-a) in TILs, in the PTT + dual
specific TIGIT/PD-1 blockade group comparing with the other
groups. suggesting synergistic combination of PTT-induced ICD
and dual TIGIT and PD-1 blockade.

So far, no evidence has shown that thermal stress per se directly
modulates TIGIT expression in T cells. Yet one study suggested that
TIGIT expression in melanoma cells and T cells was regulated by
DNA methylation, an epigenetic process known to respond to
environment changes (27), and thus it is possible that TIGIT
expression could be altered after thermal therapy. It is more likely
that hyperthermia promotes systemic immune response after ICD
induction and changes the expression of checkpoint molecules (25,
26). Hyperthermia treatment has been shown to increase the release
of HMGBI (28, 29), calreticulin (30, 31), ATP (32, 33) and various
heat shock proteins (34, 35), which all participate to enhance anti-
tumor immune response (6, 36). Hyperthermia has also been
suggested to enhance IL-2 secretion in CD4+ T helper cells, a
master cytokine responsible for promoting the differentiation of
naive T cells and proliferation of functionalized T cells (37-39).
These are additional underlying mechanisms of the synergistic
effect between hyperthermia and anti-TIGIT treatment. Because
the studies by Chen Y et al. and Wang X et al. used high
temperature (70 °C and 55.6 °C, respectively), it is still unknown
whether the microwave/radiofrequency hyperthermia performed in
clinics could similarly synergize with anti-TIGIT therapy.

2.2 Tim-3

Tim-3, alternatively known as HAVCR2, is another inhibitory
checkpoint receptor naturally expressed on T cells (e.g. CD4+
T cells, CD8+ T cells and T-reg cells) and also on innate immune
cells (dendritic cells, monocytes, macrophages and NK cells) (40).
Tim-3’s major binding ligand is Galectin-9 (Gal-9) but it can also
bind with other ligands including CEACAM-1, HMGBI1 and
phosphatidyl-serine(PtdSer) (41-43). Gal-9 is one of the galectin
family members and its overexpression has been found in a variety
of tumors (44, 45). The binding of Tim-3 (T cells) with Galectin-9
(tumor cells) has been suggested by various studies to induce T cell
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exhaustion (46), including CD4+ Th1/Th17 cells and CD8+ CTLs,
and downregulate IFN-y and TNF-o production (47, 48). The
binding of Tim-3 (T cells) with CEACAM-1 (other T cells) has
been suggested to inhibit T cell activation (49). The binding of Tim-
3 (dendritic cells) with extracellular HMGBI released from dying
cells has been suggested to impede the functional maturation of
DCs (50). The binding of Tim-3 on phagocytes and NK cells with
PtdSer, which is externalized from dying cancer cells, has been
suggested to activate “eat-me” signal for phagocytosis but
meanwhile repress inflammasome activation (51, 52) and
suppress T cell (53) and NK cell activation (54). In overall, Tim-3
exerts a multifaceted role suppressing the activity of many types of
immune cells.

Huang TY et al. evaluated the therapeutic potential of a
liposome-based photothermal nanoparticle containing
indocyanine green (ICG) in CT26 and MC38 (colon cancer)
orthotopic tumors (55). Using this namomaterial, the temperature
of tumors rise up to 57-60 °C upon NIR exposure but only minimal
inhibition of tumor growth was observed. The number of Tim-3+
and PD1+Tim-3+ CD8+ T cells was found significantly upregulated
in tissues treated with this PTT method. Combination of the ICG-
mediated PTT, anti-PD1 mAb and anti-Tim-3 mAb was found to
result in strong suppression of tumor growth, which effect was not
observed in either monotherapy approach. Another study by Ren H
et al. found that in the B16-F10 melanoma model, Galectin-9 is
highly expressed in tumor cells and Tim-3 is highly expressed in
infiltrating CTLs and NK cells (56). The authors designed a
transdermal photothermal nanomaterial (FSGG) conjugated with
Galectin-9 siRNA to treat the melanoma model. The tumor
temperature was heated up to 45.4 °C upon NIR exposure. The
authors observed suppression of tumor growth by this
nanommaterial generating concurrent PTT and Tim-3-Gal-9
inhibition effect. The authors found increased IL-2, TNF-o. and
IFN-y production and decreased T cell apoptosis in the PTT +
Galectin-9 siRNA treatment group, but only increased IL-2 in the
PTT monotherapy group. These results suggest that blockade of
Tim-3-Gal-9 inhibitory checkpoint synergizes with PTT therapy by
limiting T cell exhaustion.

The regulatory effects of hyperthermia on TIGIT, Tim-3, and
PD-1 expression are similar that the frequencies of TIGIT+, Tim-3+
and PD-1+ T cells dramatically increase following microwave
ablation or photothermal therapy (25, 26, 36, 55-57). Increased
expression of these inhibitory checkpoint molecules after
hyperthermia generally represents immunosuppressive status, but
when being coupled with mAb-based blocking treatment, the
responsiveness becomes stronger. A schematic figure is provided
(Figure 1) to illustrate the mechanistic linkage between
hyperthermia treatment and mAb therapy targeting TIGIT/Tim-
3/PD-1 inhibitory checkpoints.

2.3 CD47

CD47, elsewhere known as integrin-associated protein (IAP), is
an inhibitory glycoprotein of the immunoglobulin superfamily and
its function is to prevent the engulfment of cancer cells by
phagocytes, particularly the macrophages (58). While the binding
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The interaction between CD4+/CD8+ T cells and antigen-presenting cells (APCs) or tumor cells is regulated by various immune checkpoints, such as the
activating checkpoint CD226-CD155, and inhibitory checkpoints including TIGIT-CD155, Tim-3-Galectin-9, and PD1-PDL1. Activation of theseinhibitory
checkpoints results in T cell exhaustion and/or functional impairment. Hyperthermia treatment has been shown to upregulate the expressionof TIGIT, Tim-
3, and PD1 molecules on T cells, thereby enhancing their responsiveness to immune checkpoint blockade with monoclonal antibodies.

between phosphatidylserine and Tim-3 signifies “eat me” signal
(51), CD47 on the surface of tumor cells binds with its partner
signal-regulatory protein o (SIRPa) on the surface of phagocytes
and signifies “don’t eat me” signal. The CD47-SIRPa. binding
activates the immunoreceptor tyrosine-based inhibitory motifs
(ITIMs) of the intracellular proportion of the SIRPo receptor,
ITIMs recruit Src homology region 2-domain-containing
phosphatase 1 (SHP1) and SHP2, and SHP1/2 prevents the
assembly of myosin at the phagocytic synapses to inhibit
phagocytosis (59). Various studies have reported CD47
overexpression in non-small cell lung cancer, stomach cancer,
colorectal adenocarcinoma, pancreatic cancer and hematological
malignancies, and higher expression level of CD47 is associated
with unfavorable clinical outcome (60). Targeting CD47 for cancer
treatment is a hot-topic in clinical trial studies and preclinical
animal model studies.

Because of the ectopic expression of CD47 on tumor cells, anti-
CD47 mAb was used to coat various thermogenic nanoparticles to
facilitate the engulfment of these particles into cells for cancer
treatment. Wu CC et al. conjugated anti-CD47 mAb with pegylated
silica-core gold nanoshells (pSGNs) and evidenced better
therapeutic efficacy of anti-CD47-pSGNs than non-specific-Ig-
pSGNs in the HIPEC treatment of peritoneal carcinomatosis
modeled using CD47-overexpressing TOV21G ovarian cancer
cells (61). Rezaei G et al. conjugated anti-CD47 single-chain
variable fragment (scFv) with magnetic nanoparticles (MNPs)
and demonstrated increased tumoricidal efficacy in CD47-high
EJ138 and 5637 bladder cancer cells (62). Similarly, a recent study
by Ji X et al. generated a SIRPot-overexpressing RAW264.7 cell line
carrying microwave-responsive Prussian blue nanoparticles
(nanoPB) (63). The SIRPo-coated nanoPB-incorporated
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macrophages recognize CD47-overexpressing K7M2
osteosarcoma cells, heat tumor tissue up to 50 °C upon
microwave induction and suppress tumor growth. Tissue analysis
revealed increased iNOS/CD206 (M1/M2) ratio, increased CD8+
T cell infiltration and higher proinflammatory TNFo and IL-17
cytokine production, indicating enhanced macrophage
phagocytosis and M1-mediated T cell response.

Hyperthermia therapy has been shown to reduce the expressions
of CD47 and SIRPa. in cancer cells. Mouratidis PXE et al. observed
downregulated CD47 in HCT116 and HT29 colon cancer cells after
exposure to thermal therapy at a dosage of 60-120CEMy; (64).
Adkins T et al. reported that high temperature (> 43 °C) rather
than low temperature (<42 °C) induces decreased CD47 expression
(65). Wang S et al. reported that ferrimagnetic vortex-domain iron
oxide (FVIO) nanoparticle-mediated temperature increase by 24 °C
resulted in decreased CD47 expression in Hepl-6 mouse hepatic
cancer cells and decreased SIRPou expression in RAW264.7
macrophages (66).

Hyperthermia therapy has also been shown to promote M1
polarization. For example, Wang S et al’s study demonstrated that
hyperthermia increased M1 polarization and phagocytic activity of
RAW cells. Their magnetic hyperthermia at 43 °C were found to
inhibit growth of subcutaneous H22 tumors and tissue analysis
revealed increased M1 polarization, increased CD4+ and CD8+
T cell population, decreased T-reg population, and inhibited CD47-
SIRPa signaling in the hyperthermia treatment group. Chang M
et al. synthesized nanoparticles containing Cu20@CaCO3@HA
that would be converted into photosensitive Cus;S;¢ nanocrystals
in acidic tumor environment (67). The authors found that the
nanoparticle increased tumor temperature to ~50 °C and increased
ROS production upon NIR exposure, and efficiently promoted the
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macrophages to switch from M2 polarization to M1 polarization
(decreased CD206+ and increased CD86+ macrophages) (67, 68).
The Cu20@CaCO3@HA nanoparticles (with NIR) efficiently
sensitized subcutaneous CT26 tumors to anti-CD47 mAb therapy
by upregulating the M1 population, increasing IL-12 production,
decreasing IL-10 production, and promoting infiltration of CD8+
and CD4+ T cells into tumors (67). Together, these studies suggest
that hyperthermia promotes M1 polarization which might further
increase the efficacy of anti-CD47 therapy.

Macrophages are the most abundant type of immune cells in
cancer microenvironments. Enhancing the phagocytotic activity of
macrophages by targeting the CD47-SIRPo. axis represents a novel
strategy of cancer immunotherapy. Hyperthermia exerts multiple
beneficial effects on enhancing macrophage phagocytosis, by
downregulating the expression of CD47/SIRPo. molecules (64-
66), promoting ICD of tumor cells for phagocytes to engulf (63,
66, 67), and enhancing M1 polarization for stronger phagocytotic
activity and proinflammatory cytokine release in the TiME (63, 66—
68). As a result, hyperthermia has potential to synergize with anti-
CD47 therapy and a schematic diagram is provided in Figure 2 to
explain the underlying mechanisms.

In addition to the impact on macrophages, CD47 blockade has
been reported to enhance the activity of dendritic cells (69). This is
because that DCs express SIRPo. and CD47-SIRPo. checkpoint
impedes DCs’ antigen presentation function. CD47 mAb was
found to re-activate the cGAS-STING pathway to prime T cells to
eliminate the immunogenic tumors (69). Hyperthermia has also
been known to activate DCs through a variety of other mechanisms
(36, 70). Therefore, it remains necessary to examine the synergistic
effect between hyperthermia and anti-CD47 therapy from the view
of dendritic cell-based mechanisms.

3 Excitatory immune checkpoints

The excitatory immune checkpoints, also known as activating
or co-stimulatory molecules, are receptors/ligands expressed on the
cell surface that positively regulate the activity of antigen
presentation cells and T cells. These co-stimulatory molecules,
including CD40/CD40L, OX40/0X40L, 4-1BB/4-1BBL, ICOS/
ICOSL, CD80/CD28 and etc, are an important part of positive
feedback loop for full immune activation. However, in cancer
microenvironment, these excitatory immune checkpoints are
often under-expressed or inhibited. Hyperthermia therapy has
been evidenced to increase the expression of CD40, CD80, OX40
and 4-1BB molecules, generating potential synergistic effect with
agonistic mAD therapies that stimulate these targets. We summarize
the studies of hyperthermia in relation with therapeutics targeting
these excitatory checkpoints below.

3.1 CD40

CD40 is a co-stimulatory molecule expressed on the surface of
antigen presentation cells including dendritic cells, macrophages, B
cells and fibroblasts (71). Ectopic CD40 expression has also been
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reported in malignant cells such as lymphoma, melanoma, and
prostate, lung, nasopharynx, bladder, cervix and ovary cancers (71,
72). Its counterpart CD40L is an inducible ligand/receptor
expressed on the surface of activated T, B and NK immune cells,
mast cells, macrophages and monocytes under inflammatory
condition (73). The binding of CD40-CD40L would license DCs
to mature to trigger CD8+ T-cell priming and promote continuous
differentiation and clonal expansion of CD4+ T cells, which
amplifies the inflammatory signaling (72, 74). Owing to its critical
role in regulation of antigen presentation and T cell maturation,
research interest in targeting CD40-CD40L axis is high.

Hyperthermia therapy has been reported to positively regulate
CD40 expression in dendritic cells. In several previous studies,
human and/or murine-derived DCs were exposed to 39-41 °C
hyperthermia and these DCs showed upregulated CD40, CD80
and CD86 expression, increased production of proinflammatory
cytokines and enhanced interactive activity with CD4+ T cells (75-
77). These authors observed unchanged CD40 expression after
silencing HSF1 gene or addition of HSP90 inhibitors, believing
that heat shock response was responsible for CD40 upregulation
(76, 77). While it is also known that HSPs facilitate the uptake of
tumor antigens by DCs thorough formation of HSP-Ag complex
(78, 79) and heat stress enhances the release of proinflammatory
cytokines (79), it is also possible that hyperthermia indirectly
upregulates CD40 expression as a result of accelerated
DC maturation.

So far there is one study exploring the combination of
hyperthermia with agonistic anti-CD40 mAb. Singh MP et al.
used focused ultrasound (FUS)-mediated hyperthermia at 42-45 °
C and intratumoral injections of anti-CD40 mAb to treat
subcutaneous B16F10 murine model of melanoma (80). The
authors reported significantly improved tumor inhibition when
combining the two approaches. Tissue analysis revealed increased
infiltration of tumor-specific CD4+ and CD8+ T cells, increased IL-
2 and IFN-y production by CD4+ and CD8+ T cells, and increased
M1 polarization in the FUS + anti-CD40 treatment group. These
changes were not observed in FUS and anti-CD40 monotherapy
groups. Their results suggest that hyperthermia and agonistic anti-
CD40 mADb have a great potential to synergize with each other. The
potential mechanism underlying the synergy between the two
approaches is that hyperthermia promotes DC maturation and as
a result, increases CD40 (and also CD80/CD86) expression on DCs
and agonistic anti-CD40 mAb further accelerates the maturation
process to trigger T cell mediated anti-tumor response. An
explanatory diagram is provided in Figure 3.

3.2 OX40

0X40 is a T cell-specific costimulatory molecule that regulates
the full activation of T cells (81, 82). OX40 is not expressed on naive
T cells but after TCR engagement with antigen, its expression is
upregulated on the surfaces of CD4+ T helper cells (including T-
regs) and CD8+ T cells (81, 83). Weak OX40 expression has also
been found in NK cells, NK T cells and neutrophils (82). Its ligand
OX40L is expressed on antigen-presentation cells (DCs,
macrophages and B cells) (81, 82). The binding of OX40-OX40L
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expression on tumor cells, thereby synergizing with anti-CD47 monoclonal antibody therapy. In addition, hyperthermia is suggested to promote M1

(phagocytically active) macrophage polarization.

has been suggested to play a crucial role in survival and expansion
of differentiated T cells and avoid of T cell exhaustion (83, 84).

Ectopic expression of OX40L has been reported in cancer cells
under various conditions of therapeutic stress, including
hyperthermia (85-87). Stoll E et al. observed upregulated OX40L
expression by 2-3 folds in human glioblastoma U87 cells and by
1.3-1.5 fold in U251 cells after 39-44 °C hyperthermia treatment
(86). They also found upregulated expression of some other
immune checkpoint molecules including PD-L1, PD-L2, HVEM,
ICOS-L, CD137-L and CD70 (86). The same research group also
observed upregulated OX40L expression in breast cancer and
hepatocellular carcinoma cell lines after hyperthermia (88, 89).
The meaning of ectopic OX40L expression in cancer cells has not
yet been understood but is likely to participate in immune evasion
(90, 91).

Potential synergistic effect between hyperthermia therapy and
agonistic anti-OX40 mAb has been observed in some preclinical
mouse model studies. Mahmood J et al. treated subcutaneous Pan02
pancreatic tumors with thermal therapy (by immersing tumor in
42.5 °C water-bath) with radiotherapy (8 Gy X2) and anti-OX40
mAb (85). The authors observed dramatic growth inhibition by
triple therapy, mild inhibition by RT+0X40 or Ht+OX40 therapy,
but no inhibition by monotherapy. Tissue analysis suggested that
OX40 agonist induced a boost of CD8+ and CD4+ T cell expansion.
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Interestingly, the number of CD4+ T cells was significantly
decreased after RT and re-increased only after addition of anti-
0X40 mAb (RT+0X40). The number of CD8+ T cells was also
decreased by RT and re-increased after addition of either HT or
anti-OX40. These findings suggested that hyperthermia therapy
exerts beneficial effects preferentially on CD8+ T cells whereas
OX40 agonist exerts beneficial effects on both CD4+ and CD8+
T cells.

Ni W et al. designed a photosensitive “MMH” nanomaterial and
treated subcutaneous CT26 colon cancer tumors with MMH-
mediated photothermal therapy (at 55 °C) in combination with
anti-OX40 mAb (92). The authors found synergistic inhibition of
tumor growth by combination treatment. Interestingly, comparing
with the OX40 monotherapy group and the MMH + OX40 group,
the MMH + PTT + OX40 group was found characteristic with
significantly upregulated T cell response (increased CD3+, CD4+,
CD8+ T cells and decreased T-regs), upregulated DC activation and
downregulated infiltration of MDSCs in the TiME. Production of
TNF-a, IL-6 and IFN-y proinflammatory cytokines were also found
to be dramatically increased in the MMH + PTT + OX40 group
comparing with the other groups. Similarly, Chang X et al. used
Ti3C2-MXene-Au (TMA)-based nanomaterial and combined PTT
(at 55 °C) with anti-OX40 agonist to treat the 4T1 breast cancer
tumors (93). The authors observed no tumor growth inhibition in
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The co-stimulatory molecule CD40 is expressed on antigen presentation cells (APCs), including dendritic cells and macrophages, while its ligand
CDA40L is present on activated T cells. The binding of CD40 with CD40L promotes the maturation of APCs. Hyperthermia has been shown to
upregulate CD40 expression on dendritic cells, thereby enhancing the therapeutic efficacy of agonistic anti-CD40 monoclonal antibodies.

the TMA/OX40/TMA+OX40 groups (without PTT), and strong
inhibition in the TMA-PTT+0X40 group. FACS analysis reported
increased numbers of CD44+ activating T cells, CD4+ and CD8+
T cells and decreased number of MDSCs in the TMA-PTT+0X40
group. The authors also found increased DC activation and M1/M2
polarization in this group. Momenzadeh N et al. designed
photothermal cuttlefish ink-based nanoparticles (CINPs) that
elevated tumor temperature to 40.7-46.6 °C and applied CINP-
mediated PTT with onti-OX40 mAb to treat 4T1 tumors (94). It
was found that in vitro treatment of bone marrow-derived
macrophages with PTT promoted M2 to M1 repolarization and
in vivo treatment increased the population of OX40+ CD8+ T cells.
Combined PTT + anti-OX40 treatment strongly inhibited tumor
growth and caused dramatic increase of infiltrating CD8+ T cells
in TiME.

In summary, hyperthermia and agonistic anti-OX40 mAb could
synergize with each other through the following mechanism: While
anti-OX40 mAb is known to promote expansion of CD4+ and CD8
+ T cells, hyperthermia is capable of turning the TIME from “cold”
to “hot” by improving DC maturation, increasing M1 polarization
of macrophages and further amplifying the T cell-mediated anti-
tumor response. An explanatory diagram is provided in Figure 4.

3.3 4-1BB

4-1BB, other known as CD137, is another T cell costimulatory
molecule that regulates T cell activation (95, 96). Similar to OX40,
4-1BB is inducibly expressed on the surface of activated CD4+ and
CD8+ T cells, NK cells, NKT cells, DCs and other myeloid cells (96).
The ligand for 4-1BB is 4-1BBL, which is highly expressed on a
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variety of APCs, including dendritic cells, macrophages and B cells
(96). 4-1BB activation has been suggested to boost full function of
CD4+ T helper cells, prolong survival of CD8+ cytotoxic T cells and
inhibit activity of Foxp3+ T-regs (97-99).

Ectopic expression of 4-1BBL (and other checkpoint proteins)
has been reported in different cancer cells after heat exposure,
including glioblastoma cells (~2-fold increase) (86) and breast
cancer cells (~1.8-fold increase) (88). Increased expression of the
immune checkpoint proteins after hyperthermia is likely to be
induced by cell stress response (86), because addition of
radiotherapy was found to further enhance such increase and
inhibitors of the stress mediators (such as HSP70) has been found
to attenuate such increase (86, 88, 89).

Combination therapy using hyperthermia and agonistic 4-1BB
mAb has been reported in some recent studies. Balakrishnan PB
and coworkers designed Prussian blue-based nanoparticles (PBNP)
for photothermal therapy and combined PTT with anti-4-1BB
antibody therapy to treat orthotopic murine SM1 melanoma
(100). Their in vitro study found that PTT (80 °C) induced ICD
(increased release of ATP, HMGBI1 and calreticulin) of tumor cells
in a thermal dose-dependent manner. They also observed increased
T cell activation (upregulated CD69 and CD25 expression) when T
cells being co-cultured with PTT-treated tumor cells. Their in vivo
study found that PBNP-PTT caused the treated tumor to regress
and addition of agonistic 4-1BB mAb further induced distal
(abscopal) tumors undergoing growth inhibition. The authors
observed that the combination therapy significantly increased the
numbers of CD8+ T cells, activated CD4+ T cells and matured DC
in TiME, and activated T cell-mediated immune memory. In
another study, Medina JA et al. (from the same group)
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The co-stimulatory molecules OX40 and 4-1BB contribute to the functional activation and enhanced survival of CD4+ and CD8+ T cells. Their
respective ligands, OX40L and 4-1BBL, are expressed on antigen-presenting cells (APCs). Hyperthermia therapy has been shown to induce immunogenic
cell death (ICD) of cancer cells and promote the infiltration of CD4+ and CD8+ T cells into the tumor microenvironment.Consequently, hyperthermia
may synergize with agonistic anti-OX40 and anti-4-1BB monoclonal antibodies by increasing the T cell populations.

synthesized a “2-in-1” nanomaterial by conjugating PBNP with o4-
1BB mAb and observed similar cancer-inhibitory effect on SM1
melanoma through immune activation (101).

Li X et al. conjugated photosensitive nanomaterial (named
“TURN”) with MDSC inhibitor RGX-104 and 4-1BB agonist and
applied TURN-mediated PTT (heating tumors to 50 °C) to treat
4T1 breast cancer and CT26 colon cancer tumors (102). As a result,
TURN-PTT was found to cause significant inhibition of tumor
growth by reducing the number of infiltrating MDSCs, activating
intratumoral DCs, repolarizing macrophages towards M1 subtype,
and promoting infiltration and activation (CD44+) of CD4+ and
CD8+ T cells. Interestingly, the authors observed that even without
RGX-104 and 4-1BB agonist, PTT by itself also caused moderate
reduction of MDSCs and elevation of DCs, suggesting that
hyperthermia is capable of restructuring TiME.

Together, current evidence suggests that hyperthermia and
anti-4-1BB mAb may have synergistic potential to be used in
cancer therapy. By promoting CD4+ T cell functionalization and
prolonging CD8+ T cell survival, anti-4-1BB mAb potentiates
T cell-mediated tumor suppression, whereas on the other hand,
hyperthermia creates a proinflammatory microenvironment by
inducing ICD and enhancing DC/macrophage- mediated innate
immunity and chemoattraction of T cells (shown in Figure 4).

4 Discussion

While hyperthermia has been applied as an adjunctive therapy
with radiotherapy and chemotherapy (103), some recent preclinical
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studies shed light on its potential to generate synergistic effect with
certain immunotherapy reagents, as being discussed in this review.
Obviously, there remains a long way for translation of preclinical
results to clinical practice, owing to many crucial disparities
between human cancers and mouse tumor models (104-106). For
instance, the vast majority of human cancers are highly
heterogenous and the clonal heterogenicity is naturally and tightly
associated with intrinsic and acquired resistance to cancer therapies,
including immunotherapy (104, 105). Most mouse tumor models,
especially the cell-line-inoculated subcutaneous tumor model, are
considerably homogeneous and are very likely to yield over-
optimistic positive results in onco-immunology research. In
addition, most human cancers, except for those closely related to
tobacco smoking, have relatively low tumor mutational burden
(105). Certain mouse tumor cell lines, such as Pan02 pancreatic
cancer cells and CT26 colon cancer cells, were initially cultivated
from mutagen-induced mouse tumors with much higher tumor
mutational burden and are unsurprisingly expected to be
susceptible to immunotherapy. To date, there remains no
published results from randomized studies showing clear
additional benefit from combining immunotherapy with
hyperthermia. At this time, those encouraging results from
preclinical studies should be cautiously considered a good starting
point for prospective clinical studies. It may be useful to learn from
these models about how to re-establish anti-tumor response from
multi-modal approaches, such as hyperthermia and immune
checkpoint targeting agents.

There remains a lack of consensus explaining how exactly
hyperthermia affects the immune system. Obviously, different
temperature used for hyperthermia treatment may generate
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different biological effects. Many studies discussed in our review
employed nanomaterial-assisted magnetic or photothermal
hyperthermia that reaches relative high temperatures above 50-
60 °C, which partially or completely ablated the treated tumors (25,
26, 55, 61, 63, 67, 92, 93, 100, 102). It is believed that damaged
cancer cells releases tumor specific antigens (TSAs), either freely, or
in a format of HSP-Ag complex (78, 79), or being carried by
dendritic cells, to the circulation to trigger anti-tumor immune
response in the tumor draining lymph nodes (TDLN) and the
spleen (25, 36, 55, 67). The immunogenic cell death (ICD) is also
suggested to promote M1 polarization, DC maturation and CD8+ T
cell infiltration in the local TiME (67, 85, 92, 100). Interestingly, in
some studies, the increased T cells after tumor ablation was found to
overexpress PD-1, Tim-3 and TIGIT immune checkpoint molecules
(25, 55), which could be associated with a negative feedback
induced by systemic IFN-y response (107, 108). It is important to
clarify whether the immune activation effect of hyperthermia is
transient or durable, and understand how the positive and negative
immune checkpoints (e.g. PD-1, Tim-3, TIGIT and OX40, 4-IBB)
in circulating T cells, in TILs and in T cells localized in TDLN and
spleen, dynamically change over time after tumor ablation. It is also
important to emphasize that these nanotechnology-driven tumor
ablation models should be carefully evaluated when being
compared with realistic clinical practice.

Some other studies discussed in our review employed relatively
lower temperature ranging from 40 to 45 °C for hyperthermia
treatment conducted by water-bath, FUS and PTT methods (56, 80,
85, 94). In these studies, increased IL2 production, CD8+ T cell
number and M1 polarization were observed after mild
hyperthermia, which observations seem similar with those of
tumor ablation. It is necessary to discriminate the immune-
regulatory effects of high-temperature and mild-temperature
hyperthermia, which are distinct for their mechanism(s) of action.
While high temperature treatment promotes TSA release, the mild-
temperature hyperthermia exerts more locoregional effects on
immune signaling. It is also necessary to clarify what are the
unique immune-regulatory effects of hyperthermia different from
the other ICD-inducing approaches, such as radiotherapy, certain
chemotherapy drugs (e.g doxorubicin, cisplatin, paclitaxel) and
targeted therapies (e.g. PARP inhibitors) (109, 110), before
applying hyperthermia in prospective immunotherapy- related
clinical studies.

The studies discussed in our review involve four immune
checkpoints/co-stimulatory (Tim-3, TIGIT, OX40 and 4-1BB) on
T cells and two checkpoints (CD40 and CD47) on antigen
presentation cells. While research interest in T cell-mediated
immunity remains high, negative feedback loop to repress T cell
immune response has been reported. For example, activated CD8+
T cells and NK cells secret IFN-y that kills tumor cells but
meanwhile induces PD-L1 expression in tumor and stromal cells
through STATI signaling (107, 108, 111). Increased production of
TGFB and IL10 immunosuppressive cytokines has also been
observed in immunotherapy of various cancers (112, 113).
Alternation of the immuotherapeutic drugs targeting different
checkpoints has been purposed to help to overcome the problem
of immunotherapy resistance (114). Combination of ICIs with
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certain ICD-inducing approaches (109, 110), such as
hyperthermia, might also help to enhance the therapeutic efficacy.
Moreover, there are growing interest in targeting the other
checkpoint/co-stimulatory molecules on dendritic cells and/or
macrophages (e.g. CD47 and CD40), which would provide
additional choices for future immunotherapy.

Recent evidence suggests that hyperthermia therapy is more
likely to generate beneficial effects in the immunological “hot”
tumors. According to Issels RD et al’s retrospective analysis of
EORTC 62961-ESHO 95 clinical trial (localized high-risk soft tissue
sarcoma receiving chemotherapy + hyperthermia versus
chemotherapy only) (106), those patients whose tumors
contained higher number of CD8+ T cell significantly benefited
from additional hyperthermia therapy, showing longer local
progression-free survival, disease free survival and overall
survival, whereas individuals with lower number of CD8+ T cells
showed no clear benefits from additional hyperthermia therapy
(115). Therefore, hyperthermia appears to prefer a
proinflammatory environment rich in tumor infiltrating
lymphocytes (TILs) to exert full function, and yet more clinical
trials are needed to strengthen this conclusion.

Benefiting from the development of humanized mice for
immuno-oncology research (116) and organoid-based co-culture
technique (115, 117), the synergistic effects between hyperthermia
and immunotherapeutic agents should be more precisely and
effectively evaluated using these novel approaches, eventually
making it possible to perform test on the individual level.
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