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Abstract. Immune‑regulatory dysfunction caused by human 
papillomavirus (HPV) infection can lead to severe condyloma 
acuminate (CA), and the treatment is challenged by obsti‑
nacy and recurrence. Hyperthermia treatment stimulates the 
immune response by raising the body temperature locally to 
fight pathogens. Hyperthermia treatment possesses advantages 
of low recurrence rate and good efficacy in curing viral warts. 
However, the exact modulatory mechanism of hyperthermia 
treatment on immune response remains to be addressed. HPV 
16 pseudovirus (HPV.PSV)‑infected HaCaT cells were estab‑
lished to mimic clinical HPV infection. Flow cytometry showed 
higher major histocompatibility complex class  I (MHC‑I) 
expression in HPV.PSV infected cells. HPV.PSV‑infected 
cells, CaSki cells and CA tissue demonstrated upregulated 
MHC‑Ⅰ expression following 44˚C water bath incubation, as 
detected by flow cytometry and IHC. 4D‑FastDIA quantitative 
proteomics was used to analyze differential protein expres‑
sion in CaSki cells following 37‑ or 44˚C incubation. High 

mobility group box (HMGB)1 was upregulated following 
44˚C incubation, as shown by ELISA and western blotting. By 
applying HMGB1 knockdown cell lines established by small 
interfering RNA, the present study demonstrated HMGB1 was 
essential to MHC‑Ⅰ expression, which was detected by flow 
cytometry and the recombinant HMGB1 protein addition test. 
Western blotting and ELISA demonstrated that hyperthermia 
increased heat shock protein family A member 6 (HSPA6) 
expression and JNK phosphorylation, which resulted in 
greater secretion of HMGB1. Hyperthermia treatment facili‑
tated HSPA6‑modulated JNK phosphorylation, which lead to 
HMGB1 secretion and enhanced the expression of MHC‑Ⅰ in 
HPV‑infected epithelial cells, as well as strengthened the host 
immune regulation and recognition.

Introduction

Human papillomavirus (HPV) is a sexually transmitted virus 
with high contagion. It is a non‑enveloped DNA virus and 
there are >400 genotypes (1). HPV infection induces immune 
escape by suppressing host immune surveillance system, 
resulting in decreased effectiveness of antigen presentation 
and immune response (2). Existing vaccines prevent partial 
HPV infection, but patients with condyloma acuminate (CA) 
typically experience refractory recurrence (3). HPV is classi‑
fied into low‑(mainly including HPV 6 and 11) and high‑risk 
(mainly including HPV 16 and 18) groups. High‑risk HPVs are 
associated with oncogenesis and CA which is a sexually trans‑
mitted disease affecting the genitals, anus and surrounding 
area (4,5). HPV 16 and 18 cause >70% of cervical cancers (6). 
More than half of healthy individuals show the presence of 
high‑risk HPV types in CA lesions, including HPV 16, 18, 
55 and 59 (7). Consequently, management must address not 
only the removal of warts but also the reduction of potential 
oncogenesis risk from high‑risk HPV.

Hyper thermia t reatment is applied in multiple 
immune disorders as an immunoregulatory method  (8,9). 
Hyperthermia is typically induced in vitro via 44˚C water 

Role of hyperthermia in overcoming HPV‑mediated MHC‑Ⅰ 
downregulation and promoting immune surveillance

HANYU WANG1,2*,  HONGXIN LANG3*,  YAOXING GUO1,2,  TE SUN1,2,  
YUANSONG BAI4,  TAO ZHANG3  and  RUI‑QUN QI1,2

1Department of Dermatology, The First Hospital of China Medical University, Shenyang, Liaoning 110001, P.R. China; 
2Key Laboratory of Immunodermatology, Ministry of Education and National Health Commission of the People's Republic of China, 

National Joint Engineering Research Center for Theranostics of Immunological Skin Diseases, Shenyang, Liaoning 110001, P.R. China; 
3Department of Stem Cell and Regenerative Medicine, College of Basic Medicine, Shenyang Key Laboratory of Stem Cell and 

Regenerative Medicine, China Medical University, Shenyang, Liaoning 110122, P.R. China; 4Department of Environmental Stress Research, 
School of Public Health, China Medical University, Shenyang, Liaoning 110122, P.R. China

Received December 10, 2025;  Accepted June 16, 2026

DOI: 10.3892/ijmm.2026.5924

Correspondence to: Professor Rui‑Qun Qi, Department of 
Dermatology, The First Hospital of China Medical University, 
155 Nanjing North Street, Heping, Shenyang, Liaoning 110001, 
P.R. China
E‑mail: xiaoqiliumin@163.com

Professor Tao Zhang, Department of Stem Cell and Regenerative 
Medicine, College of Basic Medicine, Shenyang Key Laboratory of 
Stem Cell and Regenerative Medicine, China Medical University, 
77 Puhe Road, Shenbei, Shenyang, Liaoning 110122, P.R. China
E‑mail: cmuzhangtao@163.com

*Contributed equally

Key words: hyperthermia treatment, MHC‑I, HMGB1, human 
papillomavirus, JNK

https://www.spandidos-publications.com/10.3892/ijmm.2026.5924


WANG et al:  HYPERTHERMIA ENHANCES IMMUNE SURVEILLANCE2

bath incubation (10‑17). Hyperthermia treatment is efficient 
in treating viral warts clinically (12). Infrared hyperthermia 
treatment is used in clinical therapy with high efficiency 
and low recurrence and can enhance immune recognition 
and immune activation via inducing local hyperthermia (18). 
Hyperthermia treatment can facilitate tissue repair, immu‑
noefficacy and immune surveillance (18,19). Hyperthermia 
treatment decreases the expression of CCL‑20 with concomi‑
tant decrease in IL‑1α, and decreases the number of Langerhans 
cells in HPV‑infected skin (20). Meanwhile, hyperthermia 
decreases HaCaT cell proliferation and promotes cytokine 
expression, which is responsible for anti‑viral activity, through 
a NF‑κB‑dependent pathway  (15). Local hyperthermia 
combined with imiquimod clears recalcitrant and extensive 
warts in patients with systemic lupus erythematosus  (21). 
However, how hyperthermia treatment regulates immune 
surveillance function remains elusive.

Although hyperthermia elevates major histocompatibility 
complex class I (MHC‑I) expression in tumor cells, its role 
during HPV infection remains unclear  (22). MHC‑I is an 
essential regulator during immune evasion and serves a key 
role in antigen presentation (23). MHC‑Ⅰ presents endogenous 
antigen peptides to the cell surface; binding to T cell receptors 
activates CD8+ T cells and triggers the immune response (24). 
MHC‑Ⅰ‑mediated antigen recognition induces the proliferation 
and differentiation of cytotoxic T lymphocytes (CTLs), which 
directly participates in the death of virus‑infected and tumor 
cells (23,25). HPV infection inhibits expression of MHC‑Ⅰ on 
host cells, and leads to escape from immune surveillance and 
persistent infection (26,27). Increased expression of MHC‑Ⅰ is 
considered as an effective way to strengthen immune response 
of HPV‑induced diseases (27-29). The present study aimed to 
reveal whether hyperthermia treatment can treat HPV infec‑
tion through regulating MHC‑I‑mediated immunological 
recognition.

High mobility group box (HMGB)1 is a DNA‑binding 
protein but not a histone (30). HMGB1 is categorized as a 
damage‑associated molecular pattern (DAMP) member and 
is associated with inflammatory disorders among numerous 
types of tumor, such as non‑small cell lung, colon and breast 
cancer, liver hepatocellular carcinoma (31‑35). HMGB1 is an 
intracellular signal involved in immune regulation and cellular 
stress through regulating gene transcription and chromatin 
structure (36,37). HMGB1 undergoes extracellular secretion 
following stimulation and damage sensing, then activates 
innate and acquired immune responses  (38). It is reported 
that JNK pathway signaling modulates external secretion of 
HMGB1 (39). In idiopathic inflammatory myopathy, as an early 
pro‑inflammatory molecule, HMGB1 induces high expres‑
sion of MHC‑Ⅰ on muscle fibers via autocrine and paracrine 
pathways, which results in a pro‑inflammatory microenviron‑
ment (40). The neutralization of HMGB1 downregulates the 
expression of MHC‑I in muscle tissue of mice with idiopathic 
inflammatory myopathy, and decreases inflammatory cyto‑
kines infiltration (41). Therefore, hyperthermia may serve as 
an advantageous stimulating signal to drive HMGB1 secretion 
and activate immune response locally.

Although studies have proven that hyperthermia regu‑
lates the immune response (42‑45), it remains unclear how 
hyperthermia treats HPV infection. To mimic CA, the present 

study used HPV 16 pseudovirus (HPV.PSV)‑infected HaCaT 
cells and HPV‑positive CaSki cells to analyze the regulatory 
role of hyperthermia and its role in MHC‑I‑related immune 
regulation.

Materials and methods

HPV.PSV preparation. HPV.PSV was synthesized by Sangon 
Biotech Co., Ltd. Briefly, the chemical synthetic HPV16 
gene sequence (NCBI accession no. LC511112.1) was cloned 
and constructed into adeno‑associated virus vector. The 
constructed vector was transfected into 293 cells for pack‑
aging and preparation of PSV. The samples were purified by 
chromatographic columns to remove cell debris and impuri‑
ties, and concentrated by ultracentrifugation to obtain high 
concentration of HPV.PSV. The detailed procedures for pseu‑
dovirus synthesis, chromatography and ultracentrifugation are 
not publicly available.

Cell culture and HSP. PSV infection. HaCaT (cat. 
no. SCSP‑5091) and CaSki (cat. no. TCHu137) cells were 
purchased from Cell Bank, Chinese Academy of Sciences. 
HaCaT cells were authenticated by STR profile analysis by 
Genetic Testing Biotechnology Corporation (Suzhou, China). 
HaCaT cells were cultured with DMEM, 10% FBS (both Procell 
Life Science & Technology Co., Ltd.) and 1% penicillin‑strep‑
tomycin at 37˚C in a 5% CO2 incubator. CaSki cells were 
cultured with RPMI 1640 (Procell Life Science & Technology 
Co., Ltd.), 10% FBS, and 1% penicillin‑streptomycin at 
37˚C in a 5% CO2 incubator. HaCaT cells were seeded in a 
6‑well plate at a density of 70% and treated with HPV.PSV 
at 100 MOI for 24 h at 37˚C. To assess infection efficiency, 
reverse transcription‑quantitative (RT‑q)PCR was used to 
evaluate the HPV16 mRNA expression between HaCaT cells 
transfected with HPV.PSV and control virus.

Cell treatment with rHMGB1. HaCaT and CaSki cells were 
seeded into 6‑cm cell culture dishes until reached a density 
of 70% at 37˚C, then the culture medium was replaced with 
fresh medium. The lyophilized powder of rHMGB1 (MCE, 
cat. no. HY‑P70274, protein‑human‑hek‑293‑his.html) was 
dissolved in sterile PBS buffer. Cells were treated with 
rHMGB1 at a final concentration of 200 ng/ml at 37˚C for 
12 h, while control cells received an equal volume of sterile 
PBS buffer.

Hyperthermia treatment. HPV.PSV‑infected HaCaT and CaSki 
cells were incubated at 37 or 44˚C in a water bath for 30 min. 
A 30‑min treatment in a 44˚C water bath is a standardized 
in vitro treatment protocol in thermal therapy research (46). 
All samples were put back in a 37˚C, 5% CO2 incubator after 
treatment. The cells were recovered for 12 h at 37˚C.

Clinical samples collecting. In total, nine skin warty samples 
from patients with CA were collected between February 2023 
and February 2024 from the Department of Dermatology, 
The First Affiliated Hospital of China Medical University, 
Shenyang, China. Written informed consent was obtained 
from all patients prior to enrollment in this study. All proce‑
dures were approved by Hospital Medical Science Research 
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Ethics Committee of the First Affiliated Hospital of China 
Medical University [approval no. (2023)214]. The inclusion 
criteria were as follows: i) Patients with CA aged 18‑60 years; 
ii) no other concurrent sexually transmitted diseases (such as 
gonorrhea, syphilis); and iii) no other concurrent systemic 
disease (such as malignant tumors, autoimmune diseases). 
The exclusion criteria were as follows: i) Topical medication 
within the previous 2 weeks; ii) treatment with glucocorticoids 
or immunosuppressants within the previous 1 month; iii) other 
sexually transmitted diseases (such as gonorrhea, syphilis); 
and iv) systemic diseases (such as malignant tumors, autoim‑
mune disease). The patients included five females and four 
males, with an age range of 19‑35 years. The lesion sites were 
distributed as follows: Vulva (5 cases), penile coronal sulcus 
(3 cases) and groin (1 case).

Samples were preserved in pre‑cooled RPMI‑1640 and 
treated in a water bath as aforementioned.

Flow cytometry. Cultured HaCaT and CaSki cells were 
digested with trypsin and washed by pre‑cooled PBS. In 
total, 1x107 cells were harvested for flow cytometry. Cells 
were resuspended in binding buffer and incubated with 
anti‑MHC‑I‑FITC (1:1,000, Elabscience; Elabscience 
Bionovation, Inc.; cat. no. E‑AB‑F1130L) for 30 min in the 
dark at 4˚C. After washing with binding buffer, cells under‑
went detection by flow cytometer (BD FACSymphony A1, 
BD Biosciences). The flow cytometry data was analyzed by 
FlowJo (v10.8, BD Biosciences). Mean fluorescence intensity 
was used to compare MHC‑I expression.

4D‑FastDIA quantitative proteomics. In total, 2  µl 
supernatant from CaSki cells underwent 4D‑FastDIA quan‑
titative proteomics analysis, performed by PTM Biolabs, 
Inc. For mass spectrometry (MS) and proteomics, the tryptic 
peptides were dissolved in solvent A, directly loaded onto 
a reversed‑phase analytical column (25 cm length, 100 µm 
inner diameter). The mobile phase consisted of solvent A 
(0.1% formic acid, 2% acetonitrile in water) and solvent B 
(0.1% formic acid in acetonitrile). Peptides were separated 
with following gradient: 0‑13 min, 6‑24% B; 14‑15 min, 
24‑35% B; 16‑17  min, 35‑80% B; 18‑20  min, 80% B, 
all at a constant flow rate of 500 nl/min on a NanoElute 
UHPLC system (Bruker Daltonics). The peptides were 
subjected to capillary source followed by the timsTOF 
Pro 2 MS (Bruker, cat. no. tims TOF PRO 2). The electro‑
spray voltage was 1.75 kV. Precursors and fragments were 
analyzed at the time of flight detector. The timsTOF Pro 
was operated in data independent parallel accumulation 
serial fragmentation (DIA‑PASEF) mode. The full scan 
was set at 300‑1,500  m/z with 20PASEF‑mode MS/MS 
scans included in each acquisition cycle. The MS/MS scan 
range was 400‑850 m/z and isolation window was 7 m/z. 
The DIA data were processed using DIA‑NN search engine 
(v.1.8) (github.com/vdemichev/DiaNN) (47). MS/MS were 
searched against Homo_sapiens_9606_SP_20231220.fasta 
(20,429 entries; uniprot.org/) concatenated with reverse 
decoy database. Trypsin/P was specified as cleavage enzyme 
allowing up to 1 missing cleavages. Excision on N‑term Met 
and carbamidomethyl on Cys were specified as fixed modifi‑
cation. False discovery rate was adjusted to <1%.

The analysis was based on the raw files obtained from MS. 
First, a specific protein database was constructed according 
to the sample origins. Quality control of the proteins and 
peptide segments was based on the database retrieval. 
Protein quantitative analysis was performed, covering 
quantitative distribution and repeatability assessment. The 
identified proteins underwent functional annotation using 
Gene Ontology (geneontology.org/), Kyoto Encyclopedia of 
Genes and Genomes (kegg.jp/), Search Tool for the Retrieval 
of Interacting Genes/Proteins (string‑db.org/) and Clusters of 
Orthologous Groups/Eukaryotic Orthologous Groups, ncbi.
nlm.nih.gov/research/cog/). Protein domains were analyzed 
by UniProt (uniprot.org/). Differential expression proteins 
were screened based on log2|fold‑change|>1.2 and P‑value 
<0.05. A heat map was constructed by GraphPad Prism 8.0 
(Dotmatics) to show the top ranking differently expressed 
proteins.

RT‑qPCR. Cells were washed with PBS and added with 
TransZol Up. RT was performed using RT kit (StarScript III; 
cat. no. A240) and 2X RealStar universal SYBR qPCR Mix 
(both Beijing Kangrun Chengye Biotechnology Co., Ltd.; 
cat. no. A308), according to the manufacturer's instructions. 
The primer sequences were shown in Table I. GAPDH was 
used as the endogenous reference genes. Applied Biosystems 
QuantStudio 1 (Thermo Fisher Scientific, Inc.) was used to 
complete the RT‑qPCR detection. The thermocycling condi‑
tions were as follows: Initial denaturation at 95˚C for 2 min, 
followed by 40 cycles of denaturation at 95˚C for 15  sec, 
annealing at 60˚C for 30 sec and extension at 72˚C for 30 sec. 
The 2‑ΔΔCq method was used to calculate the differential expres‑
sion (48). The primers were synthesized by Sangon Biotech 
Co., Ltd. (Table I).

Western blotting. Total cell protein was extracted with total 
protein extraction kit (cat.no. cat. no. PC101, Epizyme). Cell 
nuclear and cytoplasmic protein was extracted with protein 
extraction kit (cat. no.  P0028, Beyotime Biotechnology), 
according to the manufacturer's instructions. BCA method 
was used for protein quantification. Protein was loaded 
(20  µg/lane) in 10% SDS‑PAGE, and transferred to the 
0.45 µm polyvinylidene fluoride membrane. After blocking 
non‑specific binding sites with 5% non‑fat milk for 1 h at 
room temperature, samples were incubated with primary 
antibodies at 4˚C overnight. Primary antibodies were as 
follows: Anti‑MHC‑I (cat. no. 66013‑1‑Ig), anti‑HMGB1 (cat. 
no. 10829‑1‑AP), anti‑tapasin (cat. no. 30500‑1‑AP), anti‑chro‑
mosome region maintenance 1 (CRM1; cat. no. 66763‑1‑Ig), 
anti‑JNK (all Proteintech Group, Inc.; cat. no. 24164‑1‑AP), 
anti‑phosphorylated (p‑)JNK (Cell Signaling Technology, 
Inc.; cat. no. 4668T), anti‑heat shock protein (HSP)A6 (all 
1:1,000, cat. no. 13616‑1‑AP), anti‑GAPDH (both Proteintech 
Group, Inc.; cat. no. 10494‑1‑AP), anti‑β‑tubulin (marker of 
cytoplasmic protein; both 1:10,000, Selleck Chemicals; cat. 
no. F0167) (49) and anti‑Laminb1 (marker of nuclear proteins; 
1:1,000, PTM Bio, cat. no.  PTM‑5495)  (50). Membranes 
were incubated with HRP‑conjugated Goat anti‑Mouse (cat. 
no. SA00001‑1) and HRP‑conjugated Goat anti‑Rabbit (both 
1:10,000, Proteintech Group, Inc.; cat. no. SA00001‑2) for 1 h at 
room temperature. Membranes were visualized with enhanced 
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chemiluminescence horseradish peroxidase substrate kit (cat 
no. 180‑501), and detected by using a Tanon 5200 system 
(both Tanon Science and Technology Co., Ltd.) Densitometry 
of the protein bands was quantified using ImageJ software 
(version 1.53e, National Institutes of Health).

Co‑immunoprecipitation (co‑IP). Cells were lysed in NP‑40 
buffer (Beyotime Biotechnology; cat. no. P0013F). Lysates 
(500 µl) were incubated overnight at 4˚C with 2 µg anti‑HSPA6 
antibody (cat. no. LS‑C816530, LifeSpan Biosciences, Inc.) 
or control IgG (cat. no.  HY‑P73904, MedChemExpress), 
followed by incubation with 20 µl magnetic protein A/G beads 
(Beyotime Biotechnology; cat. no. P2108) for 2 h at room 
temperature. Beads were washed three times with 1X TBS 
and binding proteins were eluted by boiling in 1xSDS loading 
buffer, then placed on the magnetic rack and let it separate for 
1 min and detected by western blotting, as aforementioned.

Immunohistochemistry. Harvested hyperthermia‑treated skin 
tissues were fixed in 4% paraformaldehyde at 4˚C for 24 h. The 
tissues underwent dehydration, embedded in paraffin wax and 
sectioned at 4‑µm thick. Sections were deparaffinized in xylene 
and rehydrated through a descending ethanol series for 5 min 
each, and finally rinsed with distilled water for 5 min. A pressure 
cooker was used for antigen retrieval for 2 min at 121˚C before 
reheating to room temperature for 30 min. The sections were 
washed with PBS 3 times, 5 min each. The staining procedure 
was performed using Immunohistochemistry UltraSensitive 
kit (Fuzhou Maixin Biotechnology Development Co., Ltd., cat. 
no. KIT‑9710) according to the manufacturer's instructions. 
Briefly, the sections were incubated with endogenous peroxidase 
inhibitor and non‑specific staining blocking buffer for 10 min 
at room temperature. The sections were incubated with primary 
anti‑MHC‑I (1:200, Proteintech Group, Inc.; cat. no. 66013‑1‑Ig) 

at 4˚C overnight. The sections were washed three times in PBS 
(5 min each), then incubated with biotin‑labeled goat anti‑rabbit 
IgG polymers and streptavidin‑peroxidase for 10 min at room 
temperature. The sections were incubated with DAB and coun‑
terstained with hematoxylin for 5 min at room temperature. 
Finally, the sections were dehydrated through graded ethanol 
and sealed with neutral resin. The stained sections were imaged 
with a light microscope (high‑resolution panoramic imaging 
system, Leica GmbH). Analysis was performed using ImageJ 
software (version 1.53e, National Institutes of Health).

ELISA. Cells were preprocessed with JNK pathway inhibitor 
SP600125 (cat. no. S1460, Selleck Chemicals): HaCaT cells 
were pretreated with 20 µM for 30 min and CaSki cells were 
treated with 10 µM for 24 h at 37˚C. HaCaT cells were treated 
with 0.5 µM anisomycin and CaSki cells with 5 µM for 24 h 
at 37˚C. The cells were treated in 37 or 44˚C water bath for 
30 min. Supernatant was collected for ELISA. The supernatant 
was centrifuged for 15 min at 4˚C and 1,000 x g to remove cell 
debris. HMGB1 secretion was detected using a commercial kit 
(cat. no. CSB‑E08223h, Cusabio Technology, LLC) according 
to the manufacturer's instructions.

Short hairpin (sh)RNA transfection. HSPA6 shRNA 
(5'‑CAGCAGTTGTGGCACTCAAGC‑3') and negative 
control shRNA (5'‑TTCTCCGAACGTGTCACGT‑3') were 
synthesized by Shanghai GeneChem Co., Ltd. The lentiviral 
vectors for shRNA/negative control were constructed based 
on the GV493 vector. The lentiviral transfer vector GV493, 
packaging plasmid pHelper 1.0, and the envelope plasmid 
pHelper 2.0 were obtained from GeneChem Co., Ltd., with 
an empty vector used as a negative control. A 2nd‑generation 
self‑inactivating lentiviral packaging system was used, and 
viral particles were produced in 293T cells (Genechem Co., 

Table I. Primer and siRNA sequences.

Name	 Sequence, 5'→3'

HPV16‑Forward	 GGAACACTGGGGCAAAGGAT
HPV16‑Reverse	 AGTCCATAGCACCAAAGCCA
HSPA6‑Forward	 GCGCAACGTGCTCATTTTTG
HSPA6‑Reverse	 ACACCAGCGTCAATGGAGAG
HMGB1‑Forward	 CCTAAGAAGCCGAGAGGCAA
HMGB1‑Reverse	 AAGTTGACAGAAGCATCCGGG
GAPDH‑Forward	 AAGAGCACAAGAGGAAGAGAGAGAC
GAPDH‑Reverse	 GTCTACATGGCAACTGTGAGGAG
si‑HMGB1‑1‑Forward	 CCCAGAUGCUUCAGUCAACUUTT
si‑HMGB1‑1‑Reverse	 AAGUUGACUGAAGCAUCUGGGTT
si‑HMGB1‑2‑Forward	 CAAGGCCCGUUAUGAAAGATT
si‑HMGB1‑2‑Reverse	 UCUUUCAUAACGGGCCUUGTT
si‑HMGB1‑3‑Forward	 CCUGUCCAUUGGUGAUGUUTT
si‑HMGB1‑3‑Reverse	 AACAUCACCAAUGGACAGGTT
si‑NC‑Forward	 UUCUCCGAACGUGUCACGUdTdT
si‑NC‑Reverse	 ACGUGACACGUUCGGAGAAdTdT

dT, deoxythymidine; HPV, human papillomavirus; HMGB, high mobility group box; si, small interfering; NG, negative control.
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Ltd.). For transfection of cells in a 10‑cm dish, 20 µg of GV493 
transfer vector, 15 µg of pHelper 1.0, and 10 µg of pHelper 2.0 
were mixed at a ratio of 4:3:2 and incubated with the cells at 
37˚C for 6 h, after which the medium was replaced and viral 
supernatants were harvested 48‑72 h later. For transduction, 
target cells were incubated with the lentivirus at 37˚C for 24 h, 
after which the virus‑containing medium was replaced with 
fresh complete medium. 4X105 HaCaT and CaSki cells were 
cultured in 6‑well plates at a density of 70% for transfection. 
shRNA was transfected by HitransG P viral infection reagent 
(Shanghai GeneChem Co., Ltd.; cat. no. REVG005) according 
to the manufacturer's instruction. MOI of HaCaT was set as 20, 
and 10 for CaSki cells. When cell confluence reached >50%, 
puromycin (2 µg/ml) was added for selection, and the cells 
were cultured for 2‑4 weeks at 37˚C to completely eliminate 
untransfected cells. The transfection efficiency was detected 
by RT‑qPCR after 72 h incubation, as aforementioned. Stable 
cells were maintained with puromycin at a concentration of 
1 µg/ml.

Small interfering (si)RNA transfection. In total, 4x105 HaCaT 
and CaSki cells were planted in 6‑well plates for 24 h at 37˚C 
and reached a density of 70% before transfection. Culture 
medium was replaced with antibiotic‑free culture medium. 
siRNA (Table I) was synthesized by Hippo Biotechnology Co., 
Ltd. and transfected using Lipo8000 at a final concentration of 
100 pmol at 37˚C. Fresh complete medium was added 6 h later. 
The cells were cultured continuously until harvested to vali‑
date the interference efficiency at 48 h by RT‑qPCR and 72 h 
by western blot detection, as aforementioned. Based on the 
interference efficiency, si‑HMGB1‑1 was used for subsequent 
experiments.

Cell Counting Kit‑8 (CCK8) assay. HaCaT and CaSki cells 
were seeded in 96‑well plates at a density of 8x103 cells/well) 
in 100 µl medium and incubated overnight at 37˚C in a 5% CO2 
incubator. A total of 10 µl CCK8 solution [Seven Innovation 
(Beijing) Biotechnology Co., Ltd.; cat. no. SC119] was added 
to each well and the plates were incubated for 1 h at 37˚C. The 
absorbance was then measured at 450 nm using a microplate 
reader and cell viability was calculated.

Statistical analysis. GraphPad Prism 8.0 (Dotmatics) was 
used for statistical analysis. ImageJ1 (National Institutes of 
Health) was used for semi‑quantitative analysis. The unpaired 
Student's t‑test was used for analysis between two groups. 
One‑way ANOVA followed by Tukey's HSD post hoc test 
was used to compare >2 groups. All data are presented as the 
mean ± SD of ≥3 independent experimental repeats. P<0.05 
was considered to indicate a statistically significant differ‑
ence.

Results

HPV infection decreases the expression of MHC‑Ⅰ. The present 
study used HPV.PSV infected HaCaT cells to determine the 
role of hyperthermia treatment in patients with CA. As shown 
by RT‑qPCR, HPV.PSV successfully infected HaCaT cells 
(Fig. 1A). The presented study aimed to detect the influence of 
hyperthermia treatment on the expression of MHC‑Ⅰ in infected 

cells. Western blotting showed that the expression of MHC‑Ⅰ 
was remarkably downregulated compared with wild‑type 
cells (Fig.  1B). In addition, flow cytometry demonstrated 
HPV.PSV‑infected HaCaT cells exhibited lower expression of 
MHC‑Ⅰ (Fig. 1C). The data confirmed that the present study 
successfully established HPV.PSV‑infected cells.

Hyperthermia enhances expression of MHC‑Ⅰ on HPV‑infected 
cells and CA tissue. To analyze the regulatory role of hyper‑
thermia on MHC‑Ⅰ expression, HPV.PSV‑infected HaCaT cells 
were incubated in a 44˚C water bath for 30 min. Expression of 
MHC‑Ⅰ reached a peak at 12 h post‑incubation (Fig. 2A). Flow 
cytometry revealed that MHC‑I was significantly elevated in 
HPV.PSV‑infected HaCaT cells at 12 h post‑hyperthermia 
treatment (Fig.  2B). Flow cytometry demonstrated that 
hyperthermia increased the expression of MHC‑Ⅰ in CaSki 
cells (Fig. 2C). Hyperthermia‑treated samples from patients 
with CA expressed higher levels of MHC‑Ⅰ than 37˚C‑treated 
samples (Fig. 2D). Hyperthermia treatment increased the 
expression of MHC‑Ⅰ in HPV‑infected epithelial cells and CA 
tissue.

Hyperthermia induces the expression of HMGB1. To determine 
the detailed regulatory association between hyperthermia and 
MHC‑Ⅰ, 4D‑FastDIA quantitative proteomics was performed 
to analyze the differently expressed proteins. The heat map 
demonstrated the top 21 upregulated proteins in supernatant 
of 44˚C‑treated CaSki cells (Fig. 3A). Among them, HMGB1 
activates innate immunity and strengthens adaptive response 
via TLR4/RAGE as a DAMP and participates in multiple 
immune‑related disorders  (51). Additionally, the present 
results showed time‑course induction of HMGB1 following 
hyperthermia (Fig. 3B). Secretion of HMGB1 reached a peak 
at 12 h post‑treatment, which was consistent with the dynamic 
expression of MHC‑Ⅰ. The present study detected the secretion 
of HMGB1 in hyperthermia treated HPV.PSV‑infected HaCaT 
and CaSki cells (Fig. 3C). In CaSki cells, HMGB1 secretion 
increased by almost 2.5‑fold in the hyperthermia‑treated 
group compared with the control group (Fig. 3C). HMGB1 
is secreted by a cytoplasmic transport pathway  (52). The 
present study analyzed the expression of HMGB1 in nuclear 
and cytosolic protein. Both in HPV.PSV‑infected HaCaT and 
CaSki cells, hyperthermia promoted HMGB1 translocation 
from nucleus to the cytosol (Fig. 3D and E). Hyperthermia 
promoted the secretion of HMGB1.

HMGB1 regulates the expression of MHC‑Ⅰ. Following 
transfection of si‑HMGB1into HaCaT and CaSki cells, the inter‑
ference efficiency in both cells achieved a 75% gene silencing 
rate in si-1 (si-HMGB1-1) and si‑3 (si‑HMGB1‑3) transfected 
groups (Fig. 4A), which was also confirmed by western blot‑
ting (Fig. 4B). To confirm the role of HMGB1 knockdown 
on MHC‑Ⅰ expression, flow cytometry was performed. The 
MHC‑Ⅰ expression of si‑HMGB1‑interfered HaCaT cells was 
reduced after hyperthermia treatment compared with the 
hyperthermia‑treated negative control group (Fig. 4C). HaCaT 
cell viability assay was performed to confirm the effect of 
HMGB1 on MHC‑I expression was not caused by cytotoxicity 
(Fig. 4D). Hyperthermia‑treated CaSki cells demonstrated 
downregulated expression of MHC‑Ⅰ compared with the NC 
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group (Fig. 4E). CaSki cell viability assay was performed to 
rule out whether the effect of HMGB1 on MHC‑I expression 
was caused by cytotoxicity (Fig. 4F). Furthermore, recombi‑
nant HMGB1 protein (rHMGB1) was added to verify the role 
of HMGB1 in MHC‑Ⅰ expression. Flow cytometry demon‑
strated that rHMGB1 recovered MHC‑Ⅰ expression in HPV.
PSV‑infected HaCaT and CaSki cells (Fig. S1A and B). These 
results complemented the proteomics analysis, confirming the 
regulatory effect of differentially expressed HMGB1 on immu‑
nity. HMGB1 is key for the expression of MHC‑Ⅰ following 
hyperthermia and HPV infection. To rule out other regulatory 
molecule, the present study detected the expression of tapasin. 
During the antigen presentation of MHC‑Ⅰ, peptide loading 

complex (PLC) serves a key role. Tapasin, as an endoplasmic 
reticulum chaperone, is a central element of PLC that serves 
as a molecular chaperone to promote proper folding of MHC‑Ⅰ 
molecules and loading of antigenic peptides (53). In the present 
study, hyperthermia did not influence the expression of tapasin 
(Fig. S2A and B). Therefore, hyperthermia may influence the 
expression of MHC‑Ⅰ through non‑classical antigen‑presenting 
mechanisms.

Hyperthermia‑regulated HSPA6 expression influences the 
secretion of HMGB1 through JNK phosphorylation. Based 
on our previous findings, HSPA6 expression is signifi‑
cantly induced by hyperthermia treatment (data not been 

Figure 1. HPV infection decreases the expression of MHC‑Ⅰ. (A) Reverse transcription‑quantitative PCR detected the infection efficiency of HPV.PSV. 
(B) Expression of MHC‑Ⅰ in infected cells was detected by (B) western blotting and (C) flow cytometry. **P<0.01. HPV.PSV, human papillomavirus 16 
pseudovirus; MHC‑I, major histocompatibility complex class I; WT, wild‑type; MFI, mean fluorescence intensity; FSC‑H, forward scatter height.
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published). Here, HSPA6 was dynamically expressed in HPV.
PSV‑infected HaCaT and CaSki cells (Fig. 5A). At 4‑12 h 
post‑incubation in a 44˚C water bath, HSPA6 presented 
high expression in both cell lines. Stable cell lines with 
lentivirus‑mediated HSPA6 interference were constructed 
using sh‑HSPA6. Knockdown efficiency was up to 75% in 
HaCaT and 40% in CaSki cells (Fig. 5B). HSPA6 knockdown 

notably decreased the expression of HSPA6 and p‑JNK in 
both HPV.PSV‑infected HaCaT and CaSki cells following 
hyperthermia treatment (Fig.  5C). As a member of the 
HSP70 family, HSPA6 is predicted to participate in JNK 
phosphorylation (54). HSP70 serves a key role in the protec‑
tion of dopaminergic neurons by regulating the activation of 
the JNK pathway (55). The consistent expression of HSPA6 

Figure 2. Hyperthermia enhances the expression of MHC‑Ⅰ in HPV‑infected cells and condyloma acuminate tissue. Expression of MHC‑Ⅰ in HPV.PSV‑infected 
HaCaT was detected by (A) western blotting and (B) flow cytometry. (C) Flow cytometry was used to detect the expression of MHC‑Ⅰ in CaSki cells. 
(D) Immunohistochemical staining was used to detect the expression of MHC‑I in condyloma acuminate tissue. *P<0.05, **P<0.01, ****P<0.0001. MHC‑I, major 
histocompatibility complex class I; HPV.PSV, HPV 16 pseudovirus; FSC‑H, forward scatter height; MFI, mean fluorescence intensity; ns, not significant.
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and p‑JNK indicated HSPA6 was key for JNK activation. 
In addition, JNK phosphorylation was upregulated at 12 h 
post‑hyperthermia treatment in HPV.PSV‑infected HaCaT 
cells, as well as 6, 12 and 24 h post‑hyperthermia incubation 
in CaSki cells (Fig. 5D). To study whether HSPA6 directly 
regulated JNK phosphorylation, Co‑IP assay validated the 
interaction between endogenous HSPA6 and p‑JNK in HaCaT 
and CaSki cells. (Fig. 5E). Finally, to verify the key regula‑
tory molecules, the JNK pathway inhibitor SP600125 and 
activator anisomycin were applied simultaneously following 
hyperthermia and secretion of HMGB1 was detected in HPV.
PSV‑infected HaCaT and CaSki cells. Western blotting anal‑
ysis revealed that SP600125 significantly suppressed JNK 
pathway activation at 20 µM in HaCaT cells and at 10 µM in 
CaSki cells (Fig. S3A and B). Conversely, anisomycin mark‑
edly enhanced JNK pathway activation at 0.5 µM in HaCaT 
cells and at 5 µM in CaSki cells (Fig. S3C and D). JNK activa‑
tion promoted HMGB1 expression, whereas JNK inhibition 
suppressed HMGB1 expression in hyperthermia‑treated 
HPV.PSV‑infected HaCaT and CaSki cell lines (Fig. 5F). 
To rule out other regulatory mechanisms regulating 
HMGB1 secretion, western blotting showed hyperthermia 
did not influence CRM1 expression in HPV‑infected cells 
(Fig. S4A and B). These results suggested that hyperthermia 
facilitated HSPA6‑modulated JNK phosphorylation, which 
led to HMGB1 secretion and finally enhanced the expres‑
sion of MHC‑Ⅰ in HPV‑infected epithelial cells, as well as 
strengthening host immune regulation and recognition.

Discussion

CA is a common sexually transmitted disease caused by HPV 
infection, which is associated with the escape of host immune 
surveillance following virus infection. The present study aimed 
to investigate the regulatory mechanism of hyperthermia treat‑
ment on MHC‑Ⅰ expression of HPV‑infected epithelial cells. 
As a key molecule during adaptive immune response, MHC‑Ⅰ 
presents endogenous antigenic peptides to CD8+ T cells, then 
activates the CTL response. However, as a highly adapted 
host virus, HPV has evolved multiple mechanisms to decrease 
MHC‑Ⅰ expression to evade immune surveillance. HPV16 
downregulates MHC‑I transcription and surface presentation 
through histone deacetylase recruitment via its zinc finger 
domain, and suppresses MHC‑I expression by downregulating 
transporter associated with antigen processing 1  (26,27). 
Hyperthermia treatment increased the expression of MHC‑Ⅰ 
in HPV‑infected epithelial cells and tissues from patients with 
CA, which was in accordance with the clinical therapeutic 
effect of hyperthermia (12). Local hyperthermia alone is effec‑
tive for genital warts (56). Given its immune‑activating effects 
(T cell infiltration, dendritic cell activation), combining hyper‑
thermia with existing modalities (CO2 laser, photodynamic 
therapy) (57) may enhance clearance and decrease recurrence.

Furthermore, 4D‑FastDIA quantitative proteomics was 
performed to analyze the differentially expressed proteins 
between 37 and 44˚C hyperthermia‑treated cells. HMGB1 
is a highly conserved nucleoprotein that translocates to the 

Figure 3. Hyperthermia induces the expression of HMGB1. (A) Heat map of the differentially expressed proteins between 37 and 44˚C‑treated CaSki cells 
by 4D‑FastDIA quantitative proteomics. (B) Dynamic secretion of HMGB1 by HPV.PSV‑infected HaCaT cells was detected by ELISA post‑hyperthermia 
treatment. (C) ELISA was used to detect the expression of HMGB1 in hyperthermia‑treated HPV.PSV‑infected HaCaT and CaSki cells. Expression of HMGB1 
in nuclear and cytosolic protein was determined by western blotting in HPV.PSV‑infected (D) HaCaT and (E) CaSki cells. β‑tubulin was used as loading 
control of cytoplasmic proteins, and Laminb1 as loading control of nuclear proteins. *P<0.05, **P<0.01, ****P<0.0001. HMGB, high mobility group box; HPV.
PSV, HPV 16 pseudovirus.
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Figure 4. HMGB1 regulates the expression of MHC‑Ⅰ. (A) Reverse transcription‑quantitative PCR was performed to detect the si‑HMGB1 interference 
efficiency in HaCaT and CaSki cells. (B) Western blotting was performed to detect the protein levels of HMGB1 after si‑HMGB1 interference in HaCaT and 
CaSki cells. GAPDH was used as loading control. (C) Flow cytometry was performed to detect MHC‑Ⅰ expression. (D) CCK8 assay was performed to detect 
the HaCaT cell viability following transfection with si‑1 or si‑NC. (E) Flow cytometry to detect MHC‑Ⅰ expression in si‑HMGB1‑transfected CaSki cells 
(F) CCK8 to detect the CaSki cell viability after transfection with si‑1 or si‑NC. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. HMGB, high mobility group box; 
MHC‑I, major histocompatibility complex class I; si, small interfering; CCK8, Cell Counting Kit‑8; NC, negative control; FSC‑H, forward scatter height; 
ns, not significant; MFI, mean fluorescence intensity; OD, optical density.
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cytoplasm and is secreted to the extracellular layer under 
stimulation, including cytokine stimulation and cell death, 
to function as a DAMP (35,58). HMGB1 participates in the 
maintenance of chromatin structure under a physiological 
state and undergoes subcellular redistribution under stress 

conditions  (59). HMGB1, a ligand for pattern recognition 
receptors including TLR4 and RAGE, activates NF‑κB and 
MAPK, which are important for MHC‑Ⅰ expression (60). The 
present study confirmed that HMGB1 knockdown reduced the 
expression of MHC‑Ⅰ.

Figure 5. Hyperthermia‑regulated HSPA6 expression influences the secretion of HMGB1 through JNK phosphorylation. (A) Western blotting was performed 
to detect the protein level of HSPA6 in HPV.PSV‑infected HaCaT and CaSki cells following hyperthermia treatment. (B) Reverse transcription‑quantitative 
PCR was used to detect the sh‑HSPA6 knockdown efficiency in HaCaT and CaSki cells. (C) Western blotting was performed to detect the expression of HSPA6 
and JNK/p‑JNK. (D) Western blot to detect the expression of JNK/p‑JNK. (E) Co‑IP was performed to detect the physical binding between HSPA6 and p‑JNK 
in HaCaT and CaSki cells. (F) ELISA was used to detect the secretion of HMGB1 in HPV.PSV‑infected HaCaT and CaSki cells stimulated with JNK pathway 
inhibitor and activator. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. HMGB, high mobility group box; HSP, heat shock protein; HPV.PSV, HPV 16 pseudovirus; 
sh, short hairpin; p‑, phosphorylated; IP, immunoprecipitation; Con, control; NC, negative control; ns, not significant; IB, immunoblot.
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It is unclear whether hyperthermia modulated HMGB1 
expression directly. Based on our previous study (data not 
published), hyperthermia upregulates expression of HSPA6, 
which is a member of HSP70 family. HSP70 cross‑talks with 
the MAPK pathway. HSP70 serves a neuro‑protective role by 
regulating the activity of the JNK pathway (55). Hyperthermia 
induces HSP accumulation and triggers isoform‑specific JNK 
phosphorylation in the rat cerebellum (61). Here, hyperthermia 
increased HSPA6 expression in a time‑dependent manner 
and loss‑of‑function experiments demonstrated that HSPA6 
regulated JNK phosphorylation directly. HSPA6, as a member 
of the MAPK signaling pathway family, especially the JNK 
pathway, is considered to be a key molecular switch regulating 
HMGB1 secretion under oxidative stress (39). Expression of 
HMGB1 was regulated by JNK activation. The present study 
demonstrated that JNK phosphorylation was key for the 
secretion of HMGB1.

A number of molecular pathways regulate HMGB1 
subcellular localization. Acetylation modification mediated 
by histone acetyltransferase and deacetylase regulates the 
dynamic distribution of HMGB1 in the karyoplasm (62). 
HSP90AA1 participates in the nucleoplasmic translocation 
of HMGB1 and promotes the secretion of HMGB1 through 
the autophagy polyvesicular pathway (63). To determine 
other regulatory mechanisms regulating HMGB1 secre‑
tion, the present study detected the expression of CRM1, 
which mediates classical nucleocytoplasmic translocation 
of HMGB1  (64). Results showed hyperthermia did not 
influence CRM1 expression in HPV‑infected cells which 
indicated that hyperthermia may regulate the subcellular 
localization of HMGB1 through other non‑classical path‑
ways. The nuclear translocation mechanism of HMGB1 
requires further study.

However, there are certain limitations to the present 
study. There is still no appropriate animal model to mimic 
HPV infection, which limits the ability to study the immune 
regulatory mechanism and effect of hyperthermia on CA. 
The small sample size of the present study (n=9) limits the 
generalizability of findings. A larger sample size is there‑
fore needed to further evaluate the association between 
HPV genotype distribution and hyperthermia sensitivity. 
Future studies with full HPV genotyping and longitu‑
dinal follow‑up are needed to address genotype‑specific 
responses to hyperthermia treatment. Although the present 
study focused on the functional role of HMGB1 and MHC‑I 
as secreted/membrane proteins, mRNA expression of 
HMGB1 and MHC‑I should be examined to understand how 
HMGB1 and MHC‑I are regulated by hyperthermia. The 
involvement of NF‑κB also should be explored as HMGB1 
is a known DAMP.

In conclusion, hyperthermia treatment facilitated 
HSPA6‑modulated JNK phosphorylation, which led to HMGB1 
secretion, enhanced the expression of MHC‑Ⅰ in HPV‑infected 
epithelial cells and strengthened host immune regulation and 
recognition. The present study established a regulatory axis 
and potential therapeutic targets for HPV‑associated treatment.
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