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PROCR diminishes the efficacy of radiation
by impairing T-cell-mediated antitumour
immunity

Weipeng Chen 1,2,6, Chuqing Zhang1,3,6, Zhe Li1,3,6, Zhimin Xu1,3, Cong Ding1,4,
Jiawei Wu1,5, Hanmiao Wei1,3, Zhenji Deng1,3, Tingxiang He1,3, Liufen Long1,
Yanping Mao 1,3 , Jun Ma 1,3 & Xiaoyu Liang 1,3

T cell dependent anti-tumour immunity reprogrammed by radiotherapy is
critical for its efficacy. However, themechanisms bywhich tumour cells hinder
this process remain poorly understood. Here, we show that tumour cells
expressing protein C receptor (PROCR) dampen antitumour immunity by
promoting the production of interleukin-6 (IL-6), which inhibits the differ-
entiation of T helper 1 (Th1) cells and suppresses the function of CD8+ T cells.
We also demonstrate that radiation therapy enhances PROCR expression by
reducing its selective autophagic degradation through the modulation of p62
phosphorylation, a process governed by mTORC1 signalling. This suggests
that PROCR upregulation is an intrinsic cellular response to radiation. Tar-
geting PROCR or IL-6 improves the efficacy of radiotherapy in preclinical
models, including humanized mice and immunocompetent mice. In patients
with nasopharyngeal carcinoma, higher PROCR expression correlates with
reduced Th1 cell infiltration and worse functional state of CD8+ T cells.
Meanwhile, elevated levels of PROCR or IL-6 are associated with reduced
responsiveness to radiotherapy. These findings identify PROCR as a key
immunosuppressive factor linked to radiotherapy resistance and highlight its
potential as a therapeutic target to enhance treatment outcomes.

Nearly half of cancer patients will receive radiotherapy as part of their
comprehensive treatment1. The efficacy of irradiation depends in part
on the direct cytotoxic effects of DNA damage on tumours and stroma
and in part on innate and adaptive immune responses2–4. For decades,
research into improving radiotherapy outcomes has focused mainly
on the cancer cell itself, without knowledge of the complex biological
interactions between tumour and the tumour immune microenviron-
ment (TIME). The recent discovery that DNA damage induced by

radiation in tumour cells can activate intracellular nucleic acid sensors
and inflame the TIME transformed our understanding of the
mechanistic basis of radiotherapy5–7. The type-I interferon signalling
triggered by cytoplasmic DNA-sensing cyclic GMP–AMP synthase
(cGAS)–stimulator of interferon genes (STING) pathway appears to be
phenotypically dominant in this process7–9. This signalling mainly
works by recruiting and assisting tumour-specific T cells to kill tumour
cells. More importantly, in a variety of tumours, such as rectal cancer
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or non-small-cell lung cancer (NSCLC)10,11, it is found that the efficacyof
radiotherapy is closely related to whether anti-tumour T cell-related
immunity can be effectively reshaped. However, oxidative stress, as
the main effect of radiotherapy12, not only causes DNA breakage13 and
activates the cGAS-STING pathway14, but also has other complex bio-
logical effects15. Therefore, in reality, the net effects of radiotherapy on
immune remodelling show contradictory characteristics, that is,
completely contradictory conclusions are drawn in different specific
cases. Especially considering that most patients do not have inacti-
vating mutations in the cGAS-STING pathway. Therefore, it is of great
significance to further elucidate and explore the inherent downstream
regulatory patterns and key pathways of radiotherapy-related oxida-
tive stress to control the direction of radiotherapy immune
remodelling.

Cancer stem-like cells (CSCs) are considered an important factor
contributing to radioresistance16. More importantly, cancer stem cells
are more resistant to various stress. Compared with differentiated
tumour cells, cancer stem cells equip with unique pathways to resist17.
Protein C receptor (PROCR), originally identified as an endothelial cell-
specific transmembrane glycoprotein, has recently emerged as a can-
cer stem cell marker in different types of cancer18,19. In breast cancer
patients, this molecule can be used as a biomarker to stratify triple-
negative breast cancer into clinically relevant subgroups and may
provide a promising treatment target18. In nasopharyngeal carcinoma
(NPC), PROCRmaintains nasopharyngeal cancer cell stemness via lipid
metabolic regulation and mitochondrial fission19. However, whether
PROCR expression in tumours is involved in oxidative stress and
immune remodelling after radiotherapy remains to be further
explored.

In this work, we show that PROCR functions as an immunosup-
pressive factor that promotes radioresistance by driving interleukin-6
secretion, inhibiting Th1 cell differentiation, and impairing CD8+ T-cell
function. We demonstrate that radiotherapy-induced activation of
mTORC1 prevents the selective autophagic degradation of PROCR
mediated by p62. Targeting PROCR or IL-6 enhances radiotherapy
efficacy in preclinical tumour models. These findings collectively
provide valuable understanding of the intricate dynamics of the
immune response to radiotherapy and identify potential therapeutic
targets for improving cancer treatment.

Results
PROCR dampens the efficacy of radiotherapy in an immune-
dependent manner
We previously found that PROCR could sustain tumour stemness by
reprogramming lipid metabolism19. Given that both cancer stem cells
and lipid metabolism are involved in determining sensitivity to
radiotherapy20–22, we further explored the role of PROCR on radio-
therapy. Considering that PROCR is also expressed on the endothelial
cells, by performing two-colour immunohistochemical staining for
PROCR andCD31 in NPC specimens, we extracted the tumour fraction,
analysed the expression levels of PROCR, and stratified the patients
according to the expression levels of PROCR in the tumour bed (22
tumourswith local regional relapse and their paired counterparts from
SYSUCC NPC cohort) (Fig. 1A). It was found that significantly lower
expression of PROCR in relapse-free patients than in locoregionally
relapsed patients after radiotherapy (Fig. 1B). However, in in-vitro
cellular models, we observed that knocking out PROCR in the NPC cell
lines HONE1 or SUNE-1 (Supplementary Fig. 1A) did not affect cellular
DNA double-strand breaks nor cell death after irradiation (Supple-
mentary Fig. 1B, C). Moreover, cells with PROCR deficiency showed no
differences in cell proliferation compared with wild-type cells (Sup-
plementary Fig. 1D). Notably, although PROCR did not directly affect
cell death after irradiation under in-vitro conditions, we found that
irradiation can upregulate the expression of PROCR in multiple cell
lines (Supplementary Fig. 1E).

The efficacy of radiotherapy depends not only on the tumour cells
themselves but is also highly influenced by the tumour
microenvironment23,24. Therefore, we further explored whether
PROCR affected radiotherapy efficacy by modulating the immune
microenvironment. To this end, we started by using a heterotopic
transplantation model based on the murine MC38 cell line, which is a
preclinical model widely used to evaluate host antitumour immunity,
including that after irradiation. Consistent with NPC cell lines, PROCR
knockout MC38 cells also showed no differences in in-vitro cell pro-
liferation compared with wild-type cells (Supplementary Fig. 1F, G).
However, these PROCR knockout MC38 cells formed smaller tumours
when inoculated subcutaneously into C57BL/6 mice (Fig. 1C). More
importantly, such in vivo tumour growth inhibition led by PROCR
knockout was T-cell immunity dependent (Supplementary Fig. 1H). To
exclude the confounding effect of PROCR on tumour size of baseline
level, we further established inducible PROCR knockdown MC38 cell
lines basedon adoxycycline (Dox)-inducible shRNAexpression system
(MC38Tet-shPROCR) (Supplementary Fig. 1I). After subcutaneous inocula-
tion of MC38Tet-shPROCR cells, mice received irradiation and doxycycline
gavage. The knockdown efficiency of PROCR was confirmed in vivo
(Supplementary Fig. 1J); as expected, we found that silencing PROCR
led to a better curative effect of irradiation (Fig. 1D-F). Moreover,
consistent with previous results, after T cell depletion, the tumour-
controlling effects induced by suppression of PROCR disappeared,
under the conditions with or without irradiation (Fig. 1G-I). More
convincingly, PROCR-KO MC38 cells also showed no significant dif-
ferences in tumour volumes compared with wild-type cells in condi-
tions with or without irradiation after inoculation in T cell immunity
deficient BALB/c nude mice (Fig. 1J, K). To validate the potential of
PROCR as a radiotherapy sensitization target, we injected neutralizing
antibodies against murine PROCR combined with irradiation and
found that irradiation-mediated antitumour effect was significantly
enhanced (Fig. 1L, M). A prior study indicated that PROCR was upre-
gulated in exhausted CD8+ T cells; however, we observed that PROCR
blockade had no significant effects in PROCR-deficient MC38 models
(Supplementary Fig. 1K-M), further confirming that PROCR blockade
exerts its effects by directly targeting tumour cells. Together, these
data suggested that PROCR has the potential to be an effective target
for radiotherapy sensitization. On one hand, PROCR could be induced
by irradiation, on the other hand, blockade of PROCR enhanced the
efficacy of radiotherapy in a T-cell immunity-dependent manner.

PROCR blockade potentiates antitumour immunity by pro-
moting Th1 differentiation and CD8+ T cell function
Next, we sought to explore the mechanism by which PROCR affected
the T cell dependent anti-tumour immunity. In fresh tumour tissues
collected from NPC patients, we found that the expression levels of
PROCRon tumour cellswerenegatively correlatedwith the proportion
of Th1 cells or the expression levels of key effector molecules (IFN-γ,
granzyme B and perforin) of CD8+ T cells (Fig. 2A–D, Supplementary
Fig. 2A, B). Therefore, we speculated that PROCR was involved in
inhibiting Th1 differentiation and suppressing CD8+ T cell function,
while in the context of radiotherapy, this effectwasexacerbateddue to
its further upregulation. To verify this hypothesis, we isolated CD4+ or
CD8+ T cells from fresh NPC tumour tissues, activated them with low-
dose CD3 antibodies, and cocultured them with HONE1 cells with or
without PROCR knockout. As expected, we found that co-culturing
with PROCR knockout tumour cells led to enhancedTh1 differentiation
in CD4+ T cells and higher effector molecules expression in CD8+

T cells; moreover, after irradiation, T cells co-cultured with wild-type
HONE1 cells showed further decreased levels of IFN-γ, granzyme B or
perforin, while co-culturing with PROCR knockout cells did not show
this effect (Fig. 2E-H). More importantly, we observed similar effects
with the culture supernatant from irradiated or non-irradiatedparental
(sgGFP) and PROCR-KO (sgPROCR) HONE1 cells as in the above
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experiments (Fig. 2I–L). Consistently, murine CD4 or CD8 T cells cul-
tured with supernatant from MC38 cells, with or without PROCR
knockout, showed similar results to their human counterparts (Sup-
plementary Fig. 2C–F). To further demonstrate the effect of PROCR on
CD8+ T cells, we assessed the efficacy of CD8+ T cells in killing tumour
cells. To bettermimic tumour-specific killing, we constructed chimeric
antigen receptor T cells (CAR-T) targeting ERBB2 inHONE1 cells, which

express high levels of ERBB2 (Supplementary Fig. 2G). Consistent with
previous results, HER-CAR-T cells showed enhanced killing efficacy
when cultured with supernatant from PROCR knockout HONE1 cells
compared to wild-type cells (Supplementary Fig. 2H, I).

To further validate these findings in vivo and better uniform with
our patient data, we conducted ex vivo flow cytometric analysis of
tumour-infiltrating T cells isolated from irradiated tumours formed by
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Fig. 1 | PROCR dampens the efficacy of radiotherapy via an immune-
dependent way. A Left: representative images of dual IHC staining of paraffin-
embedded human NPC tissue sections using PROCR (brown) and CD31(red). Scale
bar, 50μm. Right: separationof tumour and stroma areas using theHALO software.
B Correlation analysis of PROCR expression and locoregional recurrence status
after radical chemoradiotherapy. The P value was determined by two-tailed χ2 test.
C PROCR knockout (sgPROCR) or parental (sgGFP)MC38 cells were inoculated into
C57BL/6 mice (1 × 106 MC38 cells/mouse) to construct xenograft growth models.
Tumour volume for each group were shown (6 mice per group). D–F MC38 cells
expressing inducible shScramble (Tet-shSCR) or inducible shPROCR (Tet-shPROCR)
were inoculated subcutaneously into C57BL/6 mice (1 × 106 MC38 cells/mouse, 6
mice per group). 15 days after inoculation, doxycycline (0.2mg/ml + 1% sucrose)
was added to drinking water. Mice in the IR-treated groups were subjected to focal
radiation with a single fraction of 4 Gy on day 15 after tumour cell inoculation.
Tumour growth curves were monitored, and tumour volumes and weights were

compared at the indicated time points. G–I Tet-shSCR or Tet-shPROCRMC38 cells
were inoculated (6 mice per group). Overall T cells were depleted with anti-CD3ε
mAb at indicated time points. Doxycycline was added to drinking water as indi-
cated. Mice in the IR-treated groups were subjected to 4Gy radiation. Tumour
growth curves were monitored, and tumour volumes and weights were compared
at the indicated timepoints. J,K sgPROCRor sgGFPMC38cellswere inoculated into
Balb/c-Nu/Nu mice (5 mice per group). Mice in the IR-treated groups were sub-
jected to 4Gy radiation. Tumour growth curves were monitored and compared at
the indicated time points. L, M MC38 cells were inoculated into C57BL/6 mice (6
mice per group). 15 days after inoculation, mice were treated with irradiation plus
IgG or anti-PROCR monoclonal antibody. Tumour growth curves were monitored
and compared at the indicated time points. Data are shown asmean ± SEM. P values
were calculated using one-way ANOVA (F, I) or two-way ANOVA (C, E, H, K, M).
Source data are provided as a Source Data file.
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wild-type or PROCR knockout HONE1 cells in HuHSC-NCG humanized
mice that reconstructed immune system. As expected, we found
that PROCR knocking-out led to increased Th1 ratio as well as
higher effector molecules expression in CD8+ T cells (Supplementary
Fig. 2J-L). Furthermore, we used a neutralizing antibody against PROCR
in huHSC-NCG mice bearing HONE1 tumours and found that
co-administration of the antibody also promoted the efficacy of

radiotherapy, showing further decreased tumour volumes (Fig. 2M-O).
Meanwhile, the sensitizing effect of radiotherapy by PROCR neu-
tralizing antibody was almost eliminated after using the neutralizing
antibody to deplete human-derived CD4 or CD8 T cells (Fig. 2M-O). In
the native immune system mouse model based on C57BL/6 mice and
MC38 cells, after knocking out PROCR or addition of the PROCR neu-
tralizing antibody, the tumour infiltrated Th1 cells ratio and CD8+
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T cells function was significantly improved under radiotherapy (Sup-
plementary Fig. 2M-P, Supplementary Fig. 2Q-T). Moreover, consistent
with results from humanized mice model, we observed that in MC38
models, both CD4- and CD8-depleting antibodies abolished the
irradiation-sensitizing efficacy of the PROCR antibody, although the
effect of the CD8-depleting antibody was more prominent (Supple-
mentary Fig. 2U-Z). Taken together, the above findings indicated that
PROCR blockade could promote Th1 differentiation and enhance the
function of CD8+ T cells, thereby potentiating antitumour immunity.

PROCR promotes IL-6 secretion, leading to inhibition of anti-
tumour immunity
We then sought to explore the mechanism by which PROCR sup-
pressed T-cell dependent antitumour immunity. Our previous experi-
ments suggested that PROCR affect the differentiation and function of
T cells probably by changing components in the culture supernatant.
Given that both tumour cells secreted metabolites and cytokines may
exert immunosuppressive effects on T cells25–27; we used ultrafiltration
tubes with a 3 kD filter membrane to process the supernatant from
irradiated wild-type or PROCR-knockout HONE1 cells, allowing a basic
separation of these two types of substance. We found that the super-
natant retained on the 3 kD filter reproduced similar effects of the
unprocessed supernatant, while the filtered liquid did not (Fig. 3A, B).
Given that most cytokines have molecular weights greater than 3 kD,
we speculated that effects related to PROCR knockout were associated
with changes in cytokines in the supernatant.

Type I IFNs can be produced and secreted by tumour cells under
stress and play an important role in modulating T-cell-dependent
antitumour immunity in various conditions, including irradiation24.
Therefore, we evaluated the impact of PROCR on type I IFNs produc-
tion by detecting the phosphorylation levels of IRF3 and STAT1 and the
expression levels of representative type I IFNs (IFNB1/IFNA4). How-
ever, knocking-out of PROCR showed no obvious effect on the phos-
phorylation levels of neither IRF3 nor STAT1, regardless of irradiation
or under the stimulation of typical DAMPs or PAMPs (HT-DNA or
5’ppp-dsRNA) (Supplementary Fig. 3A). Consistently, the expression
levels of both IFNB1 and IFNA4 were also similar between the WT and
PROCR-KO cells under irradiation (Supplementary Fig. 3B). We next
assessed other inflammation-related cytokines in the supernatant. By
comparing the cytokine profiles,we found that the levels of IL-6 and IL-
8 were changed most prominently after PROCR knockout (Fig. 3C). By
enzyme-linked immunosorbent assays (ELISAs), we further confirmed
the changes of these two cytokines (Fig. 3D). Then, we sought to clarify
the role of these two cytokines by adding exogenous recombinant IL-6,
or transfecting siRNA targeting IL8, and found that adding IL-6 could
effectively reverse the effects of knocking-out PROCR, while silencing
IL8 did not produce any significant effects (Fig. 3E, F). More convin-
cingly, when we pretreated T cells with an anti-IL-6R antibody, the
effects induced by PROCR overexpression were abolished as well
(Fig. 3G). Therefore, we speculated that PROCR mediated the immu-
nosuppressive effects by upregulating IL-6. To verify this hypothesis,

we re-expressed PROCR in PROCR-deficient HONE1 cells; as expected,
the expression of IL6was upregulated (Fig. 3H); more importantly, the
inhibitory effect of overexpression of PROCR on differentiation of
Th1 cells and function of CD8+ T cells was almost abolished when IL-6
was knocked down by transfection of siRNA. (Fig. 3I). In addition, we
also explored whether IL-6 had a regulatory role on PROCR, especially
under irradiation.However, by treatingHONE1 cellswith IL-6 under the
condition with or without radiotherapy and we found that IL6 treat-
ment did not show significant effect on PROCR expression (Supple-
mentaryFig. 3C); on theother hand,we transfected siRNA targeting IL6
into HONE1 cells before radiotherapy and found that knocking-down
of IL6 (Supplementary Fig. 3D) had no obvious effect on the upregu-
lation of PROCR by radiotherapy either (Supplementary Fig. 3E).
Finally, for murine cells, it was also confirmed that a similar regulatory
relationship existed between PROCR and IL-6 in MC38 cells (Supple-
mentary Fig. 3F) and that inhibition of IL-6 led to enhanced Th1 cells
differentiation and upregulated IFNγ expression in CD8+ T cells in vitro
(Supplementary Fig. 3G).

To confirm the presence of the PROCR-IL-6 axis in vivo and its
effect on the efficacy of radiotherapy, we conducted a series of
experiments. First, in humanized mouse model with HONE1 xeno-
grafts, induction of PROCR expression significantly reduced radio-
therapy efficacywhichwas consistentwith previous data;whereas anti-
IL-6R antibody not only counteracted the inhibitory effect of PROCR
overexpression, but also further enhanced the antitumour efficacy of
radiotherapy (Fig. 3J-L). Secondly, in MC38 cells based murine tumour
model of native immune system, we also re-expressed PROCR in
PROCR-KOMC38 cells in an inducible pattern (Supplementary Fig. 3H).
In agreement with the humanized mice, PROCR overexpression
resulted in larger tumour volumes under irradiation, which could also
be reversed by adding anti-IL-6R (Supplementary Fig. 3I-K). Thirdly, we
examined the effect of intratumour injection of IL-6 onMC38 tumours
treated with irradiation combined with anti-PROCR antibody; and
found that injection of IL-6 counteracted the radiosensitizing effect of
PROCR blockade (Supplementary Fig. 3L-N). Additionally, in vitro
experiments revealed that IL-6 treatment did not influence the cell
death of irradiated tumour cells (Supplementary Fig. 3O). More
importantly, when T cells were depleted via CD3 antibody, the effect
of anti-IL6R treatment in decreasing tumour volumes or the effect of
IL-6 in promoting tumour volumes were abolished (Supplementary
Fig. 3P-U), highlighting the influence of IL-6 signalling on regulating
T-cell dependent antitumour immunity.

PROCR induces p65 activation via RSK1 to promote IL-6
transcription
Next, we investigated the mechanism by which PROCR upregulated IL-
6. To this end, we performed RNA sequencing on irradiated
HONE1 cells with or without PROCR knockout. Through gene set
enrichment analysis (GSEA), we identified several signalling pathways
with the most prominent enrichment when PROCR was present; nota-
bly, the enrichment of the nuclear factor kappa-light-chain-enhancer

Fig. 2 | PROCR blockade potentiate anti-tumour immunity by promoting Th1
differentiation andCD8+ T cells function. Proportion of Th1 (A), IFNγMFI of CD8+

T cells (B), proportion of GZMB+ cells (C) and perforin+ cells in CD8+ T cells (D) in
independent human NPC specimens were evaluated by flow cytometry. PROCR
high versus low was determined by the median value of mean fluorescence inten-
sity (MFI) of CD45-EPCAM+ tumour cells. Sample sizes included 15 patients in the
PROCR low group and 15 patients in the PROCR high group for (A, B); and 12
patients in the PROCR lowgroupand 11patients in the PROCRhigh group for (C,D).
The boxplots in A–D indicate the median (centre), 25th, and 75th percentiles (box
boundaries), and minimum and maximum (the whiskers). Proportion of Th1 cells
(E) and IFNγ MFI of CD8+ T cells (F), proportion of GZMB+ cells (G) and perforin+

cells (H) in humanNPC specimens after coculture with irradiated PROCR-knockout
(sgPROCR) and parental (sgGFP) HONE1 cells. Proportion of Th1 cells (I) and IFNγ

MFI of CD8+ T cells (J), proportion of GZMB+ cells (K) and perforin+ cells (L) in
human NPC specimens after coculture with culture medium (CM) from irradiated
PROCR-knockout (sgPROCR) and parental (sgGFP) HONE1 cells. M–O HONE1 cells
were inoculated into huHSC-NCG mice (1 × 106 HONE1 cells/mouse, 5 mice per
group). CD4+ or CD8+ T cells were depleted with anti-human CD4 or anti-human
CD8 antibody, respectively. 12 days after inoculation, mice were treated with irra-
diation, with or without αPROCR. Tumour growth curves were monitored, and
tumour volumes and weights were compared at the indicated time points. n = 3
independent experiments (E-L). Data are shown as mean± SD (E–L) or mean± SEM
(N, O). P values were calculated using two-tailed unpaired t test (A–D), one-way
ANOVA (E–L, O) or two-way ANOVA (N). Source data are provided as a Source
Data file.
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Fig. 3 | PROCR promotes IL6 secretion leading to inhibition of anti-tumour
immunity. Proportion of Th1 cells (A) and IFNγ MFI of CD8+ T cells (B) in human
NPC specimens after coculture with indicated culture medium (CM). C Multiplex
cytokine array showing cytokine production in CM of PROCR-knockout (sgPROCR)
and parental (sgGFP) HONE1 cells. D ELISA for IL-6 and IL-8 in the supernatant of
sgGFP and sgPROCR HONE1 cell. E Proportion of Th1 cells and IFNγ MFI of CD8+

T cells in humanNPC specimens after coculturewith CM from sgPROCR and sgGFP
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weights were compared at the indicated time points. n = 3 independent experi-
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Fig. 4 | PROCR induces p65 activation via RSK1 to promote IL6 transcription.
A Gene set enrichment analysis (GSEA) showing the top enriched pathways in
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results for the mRNA expression of the indicated NF-κB-targeted genes in parental
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Source data are provided as a Source Data file.
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of activated B cells (NF-κB) signalling pathway ranked at the top
(Fig. 4A). The NF-κB pathway is highly involved in regulating inflam-
matory responses, including directly regulating IL-6 expression28.More
convincingly, throughqPCR,we confirmed that the expressionof these
reported target genes regulated by NF-κB pathway was decreased in
PROCR knockout HONE1 cells (Fig. 4B). Consistently, by transfecting a
luciferase reporter plasmid containing the NF-κB response element
sequence into HONE1 cells, we also found that the luciferase signal was
reduced after PROCR knockout (Fig. 4C). Furthermore, by immuno-
blotting, we found that p65 nuclear translocation and phosphorylation
(S536) were reduced in PROCR knockout HONE1 cells and could be
rescued by PROCR re-expression (Fig. 4D, E). More importantly, when
we treated HONE1 cells with the p65 translocation inhibitor JSH-23 or
knocked out p65 with CRISPR-CAS9 (Supplementary Fig. 4A), both the
mRNA and protein levels of IL-6 were significantly decreased, and the
effect of the re-expression of PROCR on the upregulation of IL-6 was
abolished under these two conditions (Supplementary Fig. 4B-E).
Moreover, using an anti-p65 antibody for chromatin immunoprecipi-
tation (ChIP), we found that the binding of p65 to the IL-6
promoter was reduced after PROCR knockout (Fig. 4F). Then, we also
constructed a luciferase reporter plasmid driven by the human IL-6
promoter and found that overexpression of PROCR could enhance
the transcriptional activity of p65 on IL-6 (Fig. 4G). Consistent with
the results obtained from human cells, we found that PROCR
knockout led to reduced nuclear translocation of p65 in MC38 cells
(Supplementary Fig. 4F), and treatment with JSH-23 abolished the
PROCR-mediated upregulation of IL-6 in MC38 cells as well (Supple-
mentary Fig. 4G, H).

We then explored the detailed regulatory mechanism on NF-κB
pathway by PROCR. Interestingly, it was found that the use of IKK
inhibitors (BAY 11-7082 or BMS-345541) only showed faint effects on
inhibiting the regulatory effect of PROCR on IL-6 (Supplementary
Fig. 4I). More convincingly, PROCR knockout did not significantly
affect the phosphorylation levels of IKKβ (Supplementary Fig. 4J).
Therefore, we screened several other critical kinases (TBK1, RSK1,
CDK6) that could directly phosphorylate p65 at S536 and induce
nuclear translocation and found that RSK1 activation was weakened
after PROCR knockout, while the other two kinases showed no sig-
nificant changes (Fig. 4H). More importantly, we also found that anti-
PROCR treatment led to decreased phosphorylation levels of RSK1 and
p65 (Fig. 4I, supplementary Fig. 4L). To further clarify the role of RSK1,
we used its inhibitor BI-D1870 or transfected targeted siRNA; and
found that under RSK1 inhibition, re-expression of PROCR could nei-
ther activate p65 nor upregulate IL-6 expression (Fig. 4J, supplemen-
tary Fig. 4K).

RSK family members are distinguished by having two kinase
domains, N-terminal kinase domain (NTKD) and C-terminal kinase
domain (CTKD)29. Extracellular signal-regulated kinase (ERK) and
PDPK1 were the major molecules activating RSK1. Therefore, we
transfected siRNAs targeting PDPK1 or ERK1/2 in PROCR-rescue
(sgPROCR + PROCR overexpression) HONE1 cells. It was found that
knocking-down of PDPK1 showed minimal effect, whereas knocking-
down of ERK1/2 almost abolished the enhanced phosphorylation of
p65 led by PROCR overexpression (Supplementary Fig. 4M). Con-
sistently, enhancement of S380 phosphorylation of RSK1 and upre-
gulationof IL6 led byoverexpression of PROCRwas lost after knocking
down of ERK1/2 (Supplementary Fig. 4N, O). More importantly, in
doxycycline-dependent, inducible expression of MYC-tagged PROCR
HONE1 cells (PROCR-MYCTetOn-PROCR-/-(PROCRTet)), we also found that
higher levels of PROCR led to stronger phosphorylation of ERK1/2
(Thr202/Tyr204) (Supplementary Fig. 4P). To verify whether PROCR
was dependent on ligand activation for its effect on activation RSK1
and consequential IL6upregulation,we treatedHONE1 cellswith either
activated protein C (aPC), a ligand of PROCR, or purified antibody
targeting PROCR and found that aPC enhanced the activation of

downstream signalling molecules of PROCR (ERK1/2/RSK1) in a
concentration-dependent manner, whereas addition of the antibody
showed reversed trend with increasing concentration (Supplementary
Fig. 4Q). In contrast, there was no significant effect on RSK1 or ERK
activation when PROCR knock-out HONE1 cells were treated with aPC
or antibody (Supplementary Fig. 4R-S).

Then, we also explored themechanismbywhichPROCR activated
ERK1/2. Previous studies identified that PROCRprimarily activated two
relatively independent downstream signalling pathways which were
PROCR-F2R or PROCR-SRC-IGF1R axes30,31. Notably, ERK1/2 was found
located downstream of the PROCR-SRC-IGF1R axis. Furthermore, we
transfected siRNAs targeting F2R, SRC or IGF1R into PROCR-rescue
HONE1 cells; consistent with previous studies31, knocking-down of SRC
or IGF1R nearly abolished the effect of increasing phosphorylation
levels of ERK1/2 led by PROCR overexpression; in line with this, there
was a concomitant decrease in the phosphorylation levels of RSK1 and
p65, while knocking-down of F2R did not show any significant effect
(Supplementary Fig. 4T). Moreover, knocking-down of SRC or IGF1R
also diminished the upregulation of IL6 induced by PROCR over-
expression (Supplementary Fig. 4U). Finally, we also observed that the
effects of PROCR on phosphorylation of RSK1 and upregulation of IL6
expression under RT were almost lost after knocking-down of SRC or
IGF1R (Supplementary Fig. 4V-W).

Together, the above data suggested that in a ligand dependent
mode, PROCR upregulated IL-6 expression via activation of NF-κB
signalling through the SRC-IGF1R-ERK kinase cascade.

Selective autophagic degradation of PROCR via p62 is inhibited
under irradiation
Wepreviously found that inmultiple cell lines PROCRwas upregulated
after receiving irradiation. To further confirm the relationship between
irradiation and PROCR, we isolated EpCAM-positive cells from fresh
NPC tissues. After adhesion, these cells were treated with irradiation,
and we found that PROCR was upregulated (Fig. 5A). Then, we detec-
ted the levels of PROCR via flow cytometry or qPCR of cells 12 h and
24 h after irradiation and found that the protein levels of PROCR
increased significantly at both timepoints, but themRNA levelsdid not
change significantly (Fig. 5B, C). Irradiation, as a kind of stress, may
lead to translational inhibition32. Therefore, we speculated that the
upregulation of PROCR expression was due to its irradiation-altered
protein stability. We then used cycloheximide (CHX) to determine the
degradation half-life of PROCR with and without irradiation; as
expected, we found that after irradiation, the degradation half-life of
PROCR was prolonged (Fig. 5D). The autophagy-lysosomal pathway
and the ubiquitin-proteasome pathway are mainstays for protein
degradation in cells33. Then, we pretreated cells with MG132 (a pro-
teasome inhibitor) or chloroquine (CQ, a lysosome inhibitor) and
exposed these cells to irradiation. We found that after proteasomal
inhibition, irradiation still led to upregulation of PROCR; interestingly,
inhibiting lysosomes increased baseline levels of PROCR, while no
further changes occurred after irradiation (Fig. 5E). Furthermore,when
we used Earle’s balanced salt solution (EBSS) to induce autophagy, the
upregulation of PROCR induced by irradiation was weakened (Fig. 5E).
More convincingly, after irradiation, a notable decrease in the colo-
calization of PROCR-GFPwith RFP-LC3B-labelled autophagosomeswas
observed under confocal microscopy (Fig. 5F). We then analysed
changes in autophagic flux after irradiation. However, we found that
autophagic flux in HONE1 cells did not change after irradiation (Sup-
plementary Fig. 5A-C). This finding indicated that the upregulation of
PROCR was not due to changes in nonselective macroscopic autop-
hagic flow.

Selective autophagy candegrade specificproteins independent of
changes in autophagic flux; and autophagic adaptors are the core
components. Therefore, we screened currently known selective
autophagy receptors (p62, TOLLIP, NDP52, NBR1, TAX1BP1, OPTN,
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BNIP3L) by coimmunoprecipitation. We found that only p62 could
interact with PROCR (Fig. 5G). Furthermore, we confirmed this inter-
action endogenously (Fig. 5H). To further confirm the role of p62
functionally, we constructed p62 knockout HONE1 cell lines. As
expected, we found that after p62 knockout, the protein levels of
PROCR were increased compared with those in the cells without
knockout; more importantly, in p62 knockout cells, irradiation no

longer upregulated PROCR (Fig. 5I, Supplementary Fig. 5D). Con-
sistently, the degradation half-life of PROCR was also prolonged after
p62 knockout; under these conditions, irradiation also did not further
extend the half-life of PROCR (Supplementary Fig. 5E). When p62 was
re-overexpressed, PROCR levels were decreased, and the responsive
upregulation to irradiation was restored as well (Fig. 5J). Moreover, IL6
levels increased in cells with p62 knockout (Fig. 5K). Together, these
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findings suggested that irradiation enhanced PROCR expression via
suppression of p62-dependent selective autophagy.

The PROCR-p62 interaction is decreased by mTORC1-mediated
p62 phosphorylation at S349
We then examined the impact of irradiation on the protein levels of
p62 and its interaction with PROCR. The protein levels of p62 did not
change after irradiation (Supplementary Fig. 6A), while the interaction
between p62 and PROCR was decreased (Fig. 6A). Post-translational
modifications, especially phosphorylation, are important in deter-
mining the selectivity of p62 for degradation substrates34,35. Therefore,
by immunoblotting, we analysed the changes in phosphorylation
levels of multiple known phosphorylation residuals (T269/S272, S349,
S366, S403) that are critical for substrates selection in p62, and found
that only the S349 site showed significant changes after irradiation
(Fig. 6B). To further identify the key phosphorylation sites, we con-
structed non-phosphorylatable point mutants of these sites (T269A,
S349A, S366A, S403A); by co-transfection with plasmids that over-
expressed PROCR, we found that compared with WT p62, both T269A
and S403A mutants led to slightly increased levels of PROCR, while
S349A induced further decreases in the levels of PROCR, and S366A
did not exhibit significant effects on PROCRexpression (Fig. 6C). Thus,
we speculated that enhanced S349 phosphorylation induced by irra-
diation led to less binding with PROCR, thereby reducing the degra-
dation of PROCR. As expected, through coimmunoprecipitation, we
found that the p62 S349Amutant showed increased binding to PROCR
compared with WT p62 (Fig. 6D); more importantly, the p62 S349A
mutant increased the entry of PROCR in autolysosomes (Fig. 6E).
Consistently, compared with WT p62, p62 S349A further shortened
the degradationhalf-life of PROCR (Fig. 6F) and decreased the levels of
IL6 (Fig. 6G).

Several kinases, including PKCδ, TAK1, CK1, and mTORC1, have
been identified to directly phosphorylate p62 at S349 under different
conditions36. To identify the key kinase involved in our scenario, we
pretreated cells with specific kinase inhibitors, including SAR405
(PKCδ), (5Z)−7-oxozeanol (Tak1), CKI7 (CK1) and rapamycin
(mTORC1). We found that the upregulation of phosphorylation levels
of S349 in p62 induced by irradiation was diminished only when
mTORC1 was inhibited (Fig. 6H). To further confirm the role of
mTORC1, we used Torin, another mTORC1 inhibitor, or siRNA tar-
geting mTORC1 and obtained similar results to those of rapamycin
(Supplementary Fig. 6B). Consistent with this result, we also found
that the activity of mTORC1 was increased after irradiation by eval-
uating the phosphorylation levels of ribosomal protein S6 kinase
beta-1 (S6K1), a classic substrate of mTORC1 (Supplementary
Fig. 6C). Furthermore, pharmacological inhibition of mTORC1 sig-
nificantly enhanced the interaction between p62 and PROCR (Fig. 6I),
leading to increased colocalization of PROCR and autophagosomes

(Supplementary Fig. 6D), a decreased degradation half-life of PROCR
(Fig. 6J) and lower levels of PROCR after irradiation (Supplementary
Fig. 6E). Consistently, we found that inhibition ofmTORC1 decreased
PROCR levels in MC38 cells (Supplementary Fig. 6F).

For in vivo experiments, in tumours formed by MC38 wild-type
cells, the addition of rapamycin did not further enhance radiotherapy
efficacy when anti-PROCR antibody was present; however, in PROCR
overexpressing MC38 tumours, PROCR blockade combined with
rapamycin exhibited better synergistic effect and further promoted
the irradiation-mediated anti-tumour effect (Supplementary Fig. 6G-I,
6J-L). To further substantiate the clinical relevance of our findings, we
utilized a humanised mouse model with HONE1PROCR-Tet-On xenografts.
Consistent with our observations in C57BL/6 mice, induced PROCR
overexpression dampened the radiation sensitizing effect conferred
by rapamycin (Fig. 6K-M). In summary, the above data suggested that
inhibitingmTORC1 enhanced the interactionbetweenp62 andPROCR,
promoted PROCR autophagic degradation, remodelled antitumour
immunity and improved efficacy of radiotherapy.

Higher IL-6 levels indicate a poorer prognosis in NPC
Finally, we explored the clinical relevance and significance of IL-6. By
bioinformatic analysis with public datasets, we found that in multiple
tumours, especially Liver Hepatocellular Carcinoma (LIHC), Thymoma
(THYM), and Kidney Chromophobe (KICH), the expression levels of
PROCR were strongly positively correlated with IL6 expression (Sup-
plementary Fig. 7A-C, Supplementary Table 4).

Next, in local cohort of NPC, we conducted IHC staining on 44
NPC tumour samples (the aforementioned tumours in Fig. 1A, B),
revealing a positive correlation between IL-6 expression and PROCR
expression (Fig. 7A, B). Subsequently, immunohistochemical (IHC)
staining was performed on a cohort of 220 paraffin-embedded NPC
samples (SYSUCC NPC cohort, Supplementary Table 1), and patients
were categorized into a high IL-6 expression group and a low IL-6
expression group for locoregional recurrence rate analysis and
Kaplan‒Meier analysis. The results demonstrated that patients with
high IL-6 expression exhibited a higher probability for locoregional
recurrence (Fig. 7C) and significantly shorter disease-free survival
(DFS) and overall survival (OS) times (Fig. 7D, E). Furthermore, multi-
variable Cox regression analysis indicated that IL-6 expression inde-
pendently served as a prognostic factor for poor OS and DFS in NPC
(Supplementary Fig. 7D, E). Collectively, the above findings demon-
strated that high IL-6 expression was associated with a compromised
antitumour immune response in NPC tumours, as well as a dismal
prognosis and an increased risk of relapse in NPC patients.

Discussion
In this study, through multidisciplinary approaches, we identified
PROCR as an immunosuppressive gene highly related to radiotherapy.

Fig. 5 | Selective autophagic degradation of PROCR via p62 is inhibited under
irradiation. A Flow cytometry analysis showing PROCR expression of EpCAM+ cells
from fresh NPC tissues, treated with or without irradiation (n = 5 independent
experiments). B Flow cytometry analysis showing PROCR expression of
HONE1 cells after treatment of radiation for the indicated time intervals.CRT-qPCR
detection of PROCRmRNA expression of HONE1 cells after treatment of radiation
for the indicated time intervals.D Immunoblots (left) and corresponding greyscale
analysis (right) of PROCR in HONE1 cells, treated with CHX for the indicated times,
with or without exposure to irradiation. E PROCR protein level in HONE1 cells
treated with DMSO, MG132, CQ and EBSS, with or without radiation.
F Immunofluorescence showing localization of PROCR (green) relative to LC3B
(red) positive autophagosomes in HONE1 cells, with or without radiation. Graph
shows the percentage co-localization (n = 15 fields). Scale, 10μm. The boxplots
indicate the median (centre), 25th, and 75th percentiles (box boundaries), and
minimum and maximum (the whiskers). G Coimmunoprecipitation (Co-IP) and
immunoblot analysis of HONE1 cells transfected withMYC-tagged PROCR together

with FLAG-tagged TOLLIP, SQSTM1, NDP52, NBR1, TAX1BP1, BNIP3L or OPTN.
H Cell lysates of HONE1 cells were subjected to immunoprecipitation with IgG or
anti-p62 antibody. Immunoblot analysis with indicated antibodies were shown.
I Flow cytometry analysis showing PROCR expression of parental (sgGFP)
HONE1 cells, p62-knockout (sgSQSTM1) HONE1 cells, and p62-knockout
HONE1 cells subjected to radiation treatment (sgSQSTM1 + IR). J Flow cytometry
analysis showing PROCRexpressionof parental (sgGFP)HONE1 cells, p62-knockout
(sgSQSTM1) cells, p62-rescue (sgSQSTM1+ SQSTM1-OE) cells and p62-rescue cells
subjected to radiation treatment (sgSQSTM1+ SQSTM1-OE + IR). K RT-qPCR
detection of IL-6 mRNA expression of parental (sgGFP) and p62-knockout
(sgSQSTM1) HONE1 cells. n = 3 independent experiments (B–K). One of three
experiments is shown (D, E, G, H). Data are shown as mean± SD (B–D, I, J, K).
P values were calculated using paired t test (A), two-tailed unpaired t test (F, K),
one-way ANOVA (B, C, I, J), or two-way ANOVA (D). Source data are provided
as a Source Data file.
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Specifically, first, we determined that by promoting IL-6 secretion,
PROCR inhibited Th1 differentiation and impaired CD8+ T-cell func-
tion, thus leading to dampened antitumour immunity. Moreover, we
found that irradiation could enhance PROCR expression by decreasing
its selective autophagy through modulating phosphorylation of p62
via enhancing the kinase activity of mTORC1; indicating that upregu-
lation of PROCR is a kind of inherent feedback of cells to irradiation.
Furthermore, in tumours formed on humanized mice of human
immune system reconstruction or the C57BL/6mice of native immune

system, targeting PROCR or IL-6 could sensitize radiotherapy through
enhancing T-cell dependent antitumour immunity. More importantly,
in local NPC cohorts, that the higher expression of PROCR in tumour
cells correlatedwith a lower infiltrated number of Th1 cells and aworse
functional state of CD8 + T cells. Meanwhile, higher expression of
PROCR or IL-6 was also associated with a poorer response to
radiotherapy.

Irradiation-associated antitumour immunity ismainly achieved by
inducing immunogenic cell death, increasing tumour-associated
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antigen exposure, and stimulating the production of cytokines that
recruit CD8+ T cells37. However, irradiation also exerts immunosup-
pressive effects by promoting the differentiation of regulatory T cells
(Tregs)38 ormyeloid-derived suppressor cells (MDSCs)39. Regardless of
the mechanism by which the positive and negative effects are gener-
ated by irradiation, T-cell-related antitumour immunity is the ultimate
convergence point and the factor to adjust the balance towards pro-
motion or inhibition40,41. Here, we uncovered an unrecognized role of
IL-6 in crosstalk between tumour cells and T cells in the scenario of
radiotherapy. Specifically, it was found that irradiation promoted IL-6
secretion by increasing the expression levels of PROCR, leading to
inhibited Th1 differentiation and CD8+ T-cell function. Direct blockade
of IL-6 or PROCR could tilt the balance of T-cell immunity towards a
beneficial antitumour direction. Previous studies identified that IL-6
was mainly induced via recognition of pathogen-associated molecular
patterns (PAMPs) and damage-associatedmolecular patterns (DAMPs)
by relatedpattern recognition receptors (PRRs)42 expressed on various
cell types (macrophages, dendritic cells, lymphocytes, epithelial cells,
osteoclasts, hepatocytes, etc.) and mainly mediates acute C-reactive
protein induction, increasing serum amyloid43,44 and vascular
permeability45 or chronic (angiogenesis, fibrosis, etc.) inflammatory
responses44,46. Tumour cells derived from various tissue types express
certain levels of IL-6, which is involved in maintaining the stemness of
tumour cells and mediating treatment resistance, metastasis, and
tumour recurrence47–49. However, in our current study, adding exo-
genous IL-6 to the culture medium did not reduce the sensitivity of
tumour cells to radiotherapy. On the other hand, although IL-6 has
been shown to play an important role in inducing Th17 differentiation
and inhibitingTregdifferentiation and function50–52, given the complex
composition of T-cell subpopulations in the tumour microenviron-
ment, the relationship between IL-6 and antitumour immunity remains
unclear. This study further clarified the inhibitory effect of IL-6 on
critical antitumour T-cell immunity (Th1/CD8+ T cells). Similarly, in two
recent studies, an inhibitory effect on T-cell-dependent antitumour
immunity induced by intratumoural IL-6 has also been observed, and
blocking IL-6 can enhance the efficacy of immune checkpoint
inhibitors49,53. From a therapeutic perspective, given that stress
induced by various antitumour drugs could inevitably enhance the
production of IL-6 and that anti-IL-6 treatment favours the formation
of an antitumour immune microenvironment; thus, targeting IL-6
holds promises as an important linkage point that leads to the for-
mation of an effective combination therapy of traditional therapy and
immunotherapy.

PROCR was previously identified as a marker of human breast
cancer stem cells18. Consistent with this finding, we found that in NPC,
transformed epithelial cells highly expressing PROCR also showed
characteristics of cancer stem cells19. Inhibiting programmed cell
death process is an important way for cancer stem cells to escape from

treatment, especially for radiotherapy. While, in the present study, we
found that PROCR showed no significant effect on irradiation-induced
cell death. Instead, this group of PROCR-positive cells induced
immune evasion in a paracrine manner and ultimately inhibited the
efficacy of radiotherapy. However, this phenomenon is not isolated.
Although methods and markers for identifying cancer stem cells vary
substantially in different systems and tumours from different origins,
multiple studies have shown that this subpopulation of cells has a
stronger immune evasion ability54–56. On the other hand, PROCR was
shown to be activated after binding with ligand protein C and trans-
mitting signals downstream30,31, serving more than just a marker for
identification and isolation. Although there was an enhancement of
downstream NF-κB/IL6 activation by PROCR in the presence of exo-
genous protein C addition. In our scenario, we also found that acti-
vation of NF-κB/IL-6 by PROCR existed without the addition of protein
C. Furthermore, we found that the expression of endogenous protein
C was almost undetectable in the cell lines used in this study. There-
fore, we speculate that PROCR might have other unknown endogen-
ous ligands continuously activate PROCR. Notably, in local NPC
cohorts, through flow cytometry, we found that the higher expression
of PROCR in tumour cells correlatedwith a lower infiltrated number of
Th1 cells and a worse functional state of CD8 + T cells; however, by
using analytical approaches basedonmRNAexpression levels inpublic
databases, it was found that the expression of PROCR correlated
weakly with Th1 and CD8+ T cells (data not shown).

As an autophagy-selective receptor, p62 can bind cargos through
ubiquitin-dependent and ubiquitin-independent modes57,58. Post-
translational modifications of p62, especially phosphorylation, have
important effects on its substrate binding and selection34. In the
ubiquitin-dependent binding mode, p62 binds to the ubiquitin chain
on the substrate mainly through the ubiquitin-binding domain (UBA,
389–434 aa). Phosphorylation of the S403 site within this domain has
an important effect on enhancing the binding of p62 to ubiquitin34.
However, in the case of radiotherapy, the phosphorylation levels of
this site did not change significantly. The S349 site is in the KEAP1
interacting region (KIR). From the domain name, we know that p62
directly interacts with KEAP1 through this domain and mediates its
autophagic degradation. Phosphorylation of S349 enhances the
interaction between p62 and KEAP1. Radiotherapy has a strong ability
to induce oxidative stress12, and according to a previous study, phos-
phorylation of p62 at S349 is a key anti-oxidative stress response34,
which promotes the degradation of KEAP1, stabilizes NRF2, and indu-
ces antioxidant gene expression. Additionally, it has been reported
that the activation of mTORC1 is an important mechanism of cellular
antioxidant adaptation59,60. Here, we found that radiotherapy induced
mTORC1-mediated phosphorylation of p62-S349, reducing the bind-
ing of p62 to PROCR, which may be due to substrate switching led by
enhanced binding to KEAP1 as a byproduct of the intrinsic mechanism

Fig. 6 | PROCR-p62 interaction is diminished by mTOR-mediated p62 phos-
phorylation at S349. A Coimmunoprecipitation and immunoblot analysis of
293 T cells transfected with MYC-tagged PROCR together with FLAG-tagged p62,
with or without radiation treatment, samples were collected at indicated time-
points after radiation. B Immunoblots showing phosphorylation of p62 at different
sites at indicated timepoints after radiation treatment. C Flowcytometry analysis of
PROCR in HONE1 cells transfected with PROCR and indicated wild-type p62 or its
indicated mutants. D Coimmunoprecipitation and immunoblot analysis of
293 T cells transfected with indicated plasmids. E Immunofluorescence staining
showing co-localization of PROCR and LC3B positive autophagosomes in
HONE1 cells transfectedwith the indicatedplasmids (n = 15 fields). Scale, 10μm.The
boxplots indicate the median (centre), 25th, and 75th percentiles (box boundaries),
and minimum and maximum (the whiskers). F Immunoblots analysis of PROCR in
HONE1 cells transfected with p62-WT or p62-S349A mutant plasmids, treated with
CHX for the indicated times. G RT-qPCR analysis of IL6mRNA level of HONE1 cells
transfected with wild-type p62 or its S349A mutant. H Immunoblots showing total

and S349 phosphorylated p62 of HONE1 cells treated with DMSO, DMSO/
SAR405(VPS34 inhibitor)/(5Z)−7-Oxozeanol (Tak1 inhibitor)/CKI7(CK1 inhibitor)/
rapamycin (mTORC1 inhibitor) with radiation. I Co-immunoprecipitation and
immunoblot analysis of 293 T cells transfected withMYC-tagged PROCR and FLAG-
tagged p62, treated with radiation, with or without rapamycin (20nM).
J Immunoblots analysis of PROCR in HONE1 cells, treated with CHX for the indi-
cated times, treated with radiation, with or without rapamycin (20nM). K–M
HONE1PROCR-Tet-On cells were inoculated into huHSC-NCG mice (1 × 106 HONE1 cells/
mouse, 5 mice per group). 15 days after inoculation, mice were treated with irra-
diation (IR), irradiation + rapamycin (IR + Rapa), or irradiation + rapamycin +
doxycycline (IR +Rapa +Dox). Tumour growth curvesweremonitored, and tumour
volumes and weights were compared at the indicated time points. n = 3 indepen-
dent experiments (A–J). One of three experiments is shown (A, B,D, F,H, I, J). Data
are shown as mean ± SD (C, F, G, J) or mean ± SEM (L,M). P values were calculated
using one-way ANOVA (C, E, G, M) or two-way ANOVA (F, J, L). Source data are
provided as a Source Data file.
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to prevent overpowering ROS. More importantly, in addition to
increasing cytotoxic sensitivity, interferingwithmTORC1 can influence
the direction of immune microenvironment reprogramming to more
potent antitumour immunity. In summary, we believe that the immune
reprogramming induced by radiotherapy depends on the synergistic
effect of targets activated by oxidative stress-related small molecules.

Methods
Ethics statement
This study was approved by the Institutional Ethical Review Boards of
Sun Yat-sen University Cancer Centre (SYSUCC, Guangzhou, China)
(B2022-799). Fully informed consent was obtained from all patients
and was in compliance with the Declaration of Helsinki (version 2013).
All patients with nasopharygeal carcinoma received radical radio-
therapy as an integral component of the standard treatment protocol.
Animal experiments in this study were approved by the Experimental
Animal Ethics Committee, Sun Yat-sen University (2022002191). All
animal experiments were performed in the Animal Experiment Centre
of Sun Yat-sen University. Tumour volume was calculated using the
following formula: 0.5 × length × width2. The maximum tumour
volume allowed by ethics committee was 2000mm3 and was not
exceeded in our experiments.

Human tissue specimens
All NPC tissue samples from SYSUCC were obtained before treatment,
including fresh tissues and paraffin-embedded NPC tissue sections. All
patients with nasopharygeal carcinoma received radical radiotherapy
as an integral component of the standard treatment protocol. The
clinical characteristics of the cohort used for survival analysis are listed
in Supplementary Table 1.

IHC analysis
Paraffin-embedded NPC tissue sections were subjected to depar-
affinization, rehydration, inactivation of endogenous peroxidase,
antigen retrieval, blocking with immunostaining blocking buffer, and
incubation with primary antibodies at 4 °C overnight. The next day,
tissue sections were incubated with HRP-conjugated rabbit/mouse
secondary antibodies (Dako) according to the manufacturer’s
instructions. Images were obtained with an AxioVision Rel.4.6 com-
puterized image analysis system (Carl Zeiss). All sections were scored
by two experienced pathologists according to the immunoreactive
score (IRS) system. The staining intensity scorewas defined as follows:
0, negative staining; 1, weak staining; 2, moderate staining; and 3,
strong staining. The positive rate score was defined as follows: 1, <10%;
2, 10–35%; 3, 35–70%;4, >70%. The total score of indicatedproteinswas
calculated as the product of the intensity score and the positive rate
score. Sections with an IRS score of 0-6 were categorized as low, while
those with a score of 7–12 were categorized as high. The antibodies
used are listed in Supplementary Table 3. The double IHC (dIHC)
staining was conducted according to the manufacturer’s protocol
(ZSGB-BIO, #DS-0003).

Cell culture and treatment
The human NPC cell lines HONE1 and SUNE1 were provided by Pro-
fessor Mu-Sheng Zeng at Sun Yat-sen University Cancer Centre
(Guangzhou). The MC38 murine colon adenocarcinoma cells and
HEK293T cells were provided by Professor Bo Huang at Chinese
Academy ofMedical Sciences (CAMS) & Peking UnionMedical College
(Beijing). Human tumour cell lines A375 (melanoma) and HCT116
(colorectal tumour) were obtained from the China Centre for Type
Culture Collection. HONE1, SUNE1, A375, HCT116 and MC38 were cul-
tured in RPMI-1640 medium, and HEK293T were cultured in DMEM
(Invitrogen), supplemented with 10% fetal bovine serum (FBS; Gibco).
All the cells were cultured for less than 2 months, and tested for
mycoplasma contamination. A375 and HCT116 were authenticated by

the supplier using STR fingerprint analysis prior to delivery, other cell
lines mentioned were not authenticated.

Cells were seeded in a culture plate one day prior to treatment
with radiation or an inhibitor after complete adherence. Cells were
treated with a single fraction of 4Gy, unless otherwise indicated, using
the RS-2000-PRO-225 Biological Irradiator (1.827 Gy/min).

Anti-mouse IL-6R monoclonal antibody (2mg/ml, BioXCell) was
used toblock IL-6 signalling. Torin1 (1mM,Macklin)wasused to inhibit
mTOR and activate autophagy. Activated Protein C (#P2200-.1MG,
Sigma-Aldrich) was used to stimulate PROCR signalling. Anti-human
PROCR purified antibody (#351902, BioLegend) and anti-mouse
PROCR antibody (#16-2012-83, eBioscience) was used to block
PROCR signalling.

CRISPR/Cas9 genome editing
To generate indicated knock-out cells, optimal sgRNA target sequen-
ces (Supplementary Table 2) were designed using Benchling. The
annealed guide RNA oligonucleotides were inserted into a PX458
vector (Addgene) digestedwith the BbsI restriction enzyme. Cells were
seeded at 60% confluence, followed by transfection of sgRNAs (1 µg).
Cells were sorted for GFP-positive cells. The cells were diluted for
single cells and seeded into 96-well plates. The knock-out efficiency
was validated by flow cytometry.

Plasmid construction and transfection
The coding sequence of indicated genes were amplified with PCR and
cloned into the pSin-EF2-puro and to construct the following plasmids:
pSin-EF2-puro-PROCR, pSin-EF2-puro-PROCR-MYC, pSin-EF2-puro-
SQSTM1, pSin-EF2-puro-SQSTM1-T269A, pSin-EF2-puro-SQSTM1-
S403A, pSin-EF2-puro-SQSTM1-S349A, pSin-EF2-puro-SQSTM1-S366A,
pSin-EF2-puro-SQSTM1-mCherry, pSin-EF2-puro-LC3B-mCherry. Plas-
mids with human full-length p62, NDP52, NBR1, TAX1BP1, Tollip, Optn
and BNIP3L cDNA (with fused C-terminal FLAG tag) subcloned into
pcDNA3.1 vector (Invitrogen) were a gift from Professor Zhu Xiaofeng
(Sun Yat-sen University).

Cell transfection and lentiviral infection
HEK293T cells were co-transfected with pSin-EF2-puro based con-
structed vector, pSPAX2, and pMD2.G. Eight hours after transfection,
the culturemediumwas changed to LonzaUltra-culturemedium. After
48 hours, the cell virus supernatant was collected, concentrated and
used to infect indicated tumour cell lines. Stable cell lines were infec-
ted with lentiviral particles produced by HEK-293T cells and selected
using puromycin (1μg/ml). qRT-PCR, flow cytometry, andwestern blot
were used to confirm the transduction efficiency.

Quantitative real-time PCR (qRT-PCR)
RNA was extracted from indicated cells, and reverse transcription of
the first-strand cDNA was performed using a reverse-transcription kit
(Promega). The qRT-PCR assay was conducted on the Bio-Rad SPX (96
or 384) systemwith a 2X SYBRGreenmix (Life, Carlsbad, CA,USA). The
data were normalized to the expression of GAPDH. The sequences of
the primers are listed in Supplementary Table 2.

Western blot analysis
Protein was extracted from the cells using IP buffer (Beyotime) con-
taining protease and phosphatase inhibitors (Beyotime), separated by
SDS–polyacrylamide gels, and then transferred to NC membranes
(MerckMillipore). Themembranes were blocked at room temperature
and then incubated overnight at 4 °C with primary antibodies.
According to the manufacturer’s recommended dilution, primary
antibodies against β-actin, α-tublin, anti-gamma H2A.X, GAPDH,
STAT1, phospho-STAT1, IRF3, phospho-IRF3, p65, phospho-p65, Lamin
B1, RSK1, phospho-RSK1, CDK6, TBK1, phospho-TBK1, IKKβ, phosphor-
IKKβ, LC3, PROCR, p62, phospho-p62(S349), phospho-p62(S403),
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phospho-p62(S366), phospho-p62(Th269/Ser272), anti-FLAG, anti-
MYC, phospho-p70 S6K were used. Peroxidase conjugated secondary
antibody (CST) was used, and the antigen-antibody reaction was
visualized by enhanced chemiluminescence assay (ECL, Thermo). The
antibodies used are listed in Supplementary Table 3.

Short interfering RNAs transfer
SiRNA targeting ERK1/2 was purchased from Cell Signalling Technol-
ogy (# 6560S), other short interfering RNAs (siRNAs) targeting indi-
cated genes were designed and synthesized by GenePharma
(Shanghai, China). Lipo3000 was used to transfect according to the
manufacturer’s instructions, and knock-down efficiency was validated
by qPCR or western blot. The sequences of the primers are listed in
Supplementary Table 2.

Subcellular fractionation
Nuclear and cytosolic fractions were isolated from the cells using a
nuclear/cytosolic fractionation kit (Thermo Scientific™) according to
the manufacturer’s protocol.

ELISA
Cells were cultured in 1640 with 10% FBS under indicated conditions.
The supernatant was harvested and used for subsequent IL-6 and IL8
(Neobioscience). All experiments were performed according to the
manufacturer’s instructions.

Cytokine profiling
The secretion of multiple cytokines weremeasured simultaneously by
a multiplex bead array using the Cytokine & Chemokine 34-Plex
HumanProcartaPlex™Panel (Invitrogen, EPX340-12167-901) according
to the manufacturer’s protocol.

Cell proliferation
The CCK-8 assay was used to detect cell proliferation. Cells (1 × 103)
were seeded in 96-well plates, incubated for 0–5 days, and stained
using CCK-8 (Dojindo, Tokyo, Japan). The absorbance was determined
at 450nm using a spectrophotometer. A total of 120 h later, cell via-
bility was evaluated using the CCK-8 assay.

Flow cytometry
For theNPCbiopsy tissues ormurine tumour samples, the tissueswere
digested into a single cell solution using collagenase IV (17104019,
Invitrogen). For cell surfacemarker analysis, cells were resuspended in
PBS and stained with fluorescent-conjugated antibodies against
PROCR, CD45, CD4, CD8 for 30min at 4 °C. For IFNγ, Intracellular
Fixation& Permeabilization Buffer Set (Invitrogen)was used according
to the manufacturer’s instructions. The antibodies used are listed in
Supplementary Table 3. For apoptosis analysis, cells exposed to
radiation with indicated dosage were dissociated by 0.25% trypsin
(EDTA free), washed with PBS and collected by centrifugation, and
then stained with annexin V/7-AAD Apoptosis Detection Kit (Cat# 577
640930, BioLegend) following the manufacturer’s instructions. The
stained cells were detected with a cytoFLEX flow cytometer, and the
data were analysed using the FlowJo software.

In vitro Th1 differentiation
Naive T cells from young mice were stimulated with plate-bound anti-
CD3 and anti-CD28 Abs (both eBioscience) in the presence of IL-12
(8 ng/ml; Wako) and anti-IL-4 Ab (10 μg/ml) for Th1 differentiation.
Tumour-infiltrating immune cells were isolated via fluorescence-
activated cell sorting (FACS) using a Beckman Coulter Moflo flow
cytometer. Standard criteria, based on forward scatter width (FSC-W)
versus area (FSC-A), were applied to exclude doublets and capture
singlets. CD4+ T cells and CD8+ T cells were sorted using gates defined
by CD45+CD4+ and CD45+ CD8+, respectively (Supplementary Fig. 2A).

Construction of human HER2-CAR T cells
The scFv fragment of HER2 frommonoclonal antibody 4D5 linked the
CD8α-chain hinge and transmembrane region with CD3ζ and CD28
intracellular signalling domains, and this cassette was inserted into the
lentiviral vector provided by the Obioo Bioscience Company61. The
transduction procedure was initiated by stimulating CD8+ T cells with
CD3/CD28 activator beads (Invitrogen) according to the instruction
provided by the manufacturer with recombinant human IL-2 at a final
concentration of 100U/ml in X-VIVO 15 culture medium (Lonza) con-
taining 5%FBS. Cellswereharvested for lentiviral transductiononday 2
and resuspended in the same medium. The supernatants containing
lentiviruses were added to the medium at the multiplicity of infection
of 1:10, and the plates were coated with RetroNectin [CH-296; Takara
Bio, Otsu, Japan; coated using CH-296 (10mg/ml)] according to the
manufacturer. Then, cells were centrifuged at 1000 g for 2 hours at
32 °C and incubated at 37 °C for 6 hours. The infection rates were
quantifiedwith flow cytometry after 2 days. The transfection efficiency
was evaluated by flow cytometry on days 3 and 5 after lentivirus
transduction and at the end of culture. The transfection efficiency was
around 40%. For in vitro experiments, we cultured CAR T cells for 5 to
7 days. These T cells grew logarithmically during the period of
expansion.

Dual-luciferase reporter assay
The pGMR-TK Renilla and NF-κB luciferase reporter plasmids were
purchased from Genomeditech. Parental (sgGFP) or PROCR-knockout
(sgPROCR) HONE1 cells were transfected with pGMR-TK Renilla, a NF-
κB luciferase reporter plasmid after seeding in 24-well plates for 12 h.
After transfection for 36–48 h, the Dual Luciferase AssayKit (Promega)
was used to analyse the relative luciferase activity following the man-
ufacturer’s protocol, which was measured with a GloMax 96 Micro-
plate Luminometer (Promega).

Promoter of IL6 was cloned into pGL4.10[luc2] vector (Promega).
Cells were seeded into 12-well plates and co-transfected with plasmids
encoding p65, PROCR, or empty vector, along with IL6 promoter-
reporter plasmid and Renilla luciferase plasmid for 12 h. After trans-
fection for 24 h, the Dual Luciferase Assay Kit (Promega) was used to
detect the luciferase activity, and the data were normalized to Renilla
luciferase activity.

Chromatin Immunoprecipitation (ChIP) Assay
The ChIP assay was carried out using A PierceMagnetic ChIP Kit (Cat#
26157, Thermo Fisher Scientific). In brief, cells were cross-linked and
chromatinwas sonicated toobtain 200- to 500-bpDNA fragments. The
samples were immunoprecipitated with anti-NFκB antibodies (8242S,
CST) or anti IgG (2729S, CST) antibodies. The purified DNA was used
for qRT-PCR, and the sequence of the primer is as follows: IL6 forward:
5’- AGGACTGGAGATGTCTGAGGCTCATTCT −3’.

Co-immunoprecipitation (co-IP) assay
The extractedproteinswere immunoprecipitatedwithmagnetic beads
covalently coupled with nano tag-antibodies (Pierce). The volume of
beads required and the incubation time were in accordance with the
relevant manufacturer’s instructions. In endogenous co-IP assay, pro-
tein immunoprecipitation was performed at 4 °C overnight with anti-
bodies at the recommended dilution. PierceTM Protein A/G Magnetic
Beads (Thermo Scientific) were then used to capture the immune
complexes at room temperature for 1 h, which were washed with IP
wash buffer and then subjected to immunoblotting analysis.

Immunofluorescence and confocal microscopy
For immunofluorescent staining of p65, the cells were fixed with 4%
paraformaldehyde for 15min at room temperature, washed with PBS,
and permeabilized with 0.1% Triton X-100 in PBS for 15min. After
permeabilization, cells were blocked and incubated with rabbit-anti-
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human NFκB primary antibody (8242S, CST, 1:400). Incubation of
secondary antibodies (Alexa Fluor 488, Invitrogen) were carried out
for 1 h at room temperature. DAPI was then used to stain the nuclei.
Fluorescence images were captured using a confocal laser-scanning
microscope (LSM880, Zeiss).

Tumour growth, treatment and analyses
Six-week-old female, specific pathogen-free/SPF, BALB/c nude mice
and C57BL/6 mice were purchased from Charles River Laboratories
(Zhejiang). Mice were subcutaneously inoculated with 1 × 106 MC38
cells. The humanised mice (huHSC-NCG) were purchased from
GemPharmatech, which is established by transplanting human
hematopoietic stem cells (CD34+HSC) into irradiated NCG mice,
leading to the differentiation and production of various hemato-
poietic or immune cells such as T cells, B cells, and NK cells, thereby
obtaining a humanized model of the immune system. HONE1 cells
were used to establish NPC xenograft in huHSC-NCG following the
aforementioned schedule. After random grouping of mice, the mice
were anaesthetized with isoflurane and fixed, the mice body were
covered with lead plates (>5mm), and then the tumours were locally
irradiated with a single fraction (4 Gy) using an RS-200-PRO-225
Biological Irradiator (1.827 Gy/min) when tumours reach approxi-
mately 200mm3. PROCR neutralizing antibody (200μg per mouse,
Thermo Fisher Scientific) were administered intraperitoneally for
PROCR blockade in experiments using C57BL/6. Anti-human PROCR
antibody (200μg per mouse, Biolegend) were administered intra-
peritoneally for PROCR blockade in experiments using huHSC-NCG.
Anti-human CD4 (100μg per mouse, twice weekly, clone: RPA-T4,
Cat # 300570) and CD8 (100μg per mouse, twice weekly, clone SK1,
Cat # 344702) were administered intraperitoneally for depletion of
CD4 and CD8T cells, respectively, in humanizedmousemodels. Anti-
CD3ε antibody (200μg per mouse, every third day, BioXCell) were
administered intraperitoneally for depletion of overall T cell. Anti-
CD4 antibody (100μg per mouse, BioXCell) were administered
intraperitoneally for CD4 depletion, from day 3 post tumour inocu-
lation, twice weekly. Anti-CD8 antibody (100μg permouse, BioXCell)
were administered intraperitoneally for CD8 depletion, every 6 days
fromday3 post tumour inoculation. Recombinantmouse IL-6 protein
(R&D systems, 406-ML) 200ng/50 μL/body or 50μL of PBS was
directly injected into the tumours every 4 days. Anti-IL6R mono-
clonal antibody (200μg per mouse, BioXCell) were administered
intraperitoneally for IL-6 signal blockade. The tumours were mon-
itored every other day. The tumour tissues were digested into single-
cell suspensions, and infiltrating immune cells were analysed by flow
cytometry. To evaluate the proportion of IFNγ+ CD4+ and CD8+

T cells, single-cell suspensions from MC38 tumours were treated
with Cell Stimulation Cocktail (plus protein transport inhibitors)
(00-4975-93, Thermo Scientific) for 4 h before staining, and the
percentages of CD45+CD4+IFNγ+ or CD45+CD8+IFNγ+ T cells were
determined.

Bioinformatics analysis
GSEAwas conductedwith theRpackage clusterProfiler (version 3.12.0)
based on gene expression matrices.

Statistical analysis and reproducibility
Data are presented as the mean ± SD or mean± SEM of at least three
independent experiments. Statistical analysis was performed using
GraphPad Prism 9.0 software or SPSS 25 (IBM). Two-tailed unpaired
Student’s t-test were used to compare between two group (treatments
vs. control). One-way ANOVA or two-way ANOVA models were per-
formed for more than two groups to calculate P values. Survival ana-
lysis was estimated by Kaplan–Meier methods. A multivariable Cox
proportional hazards model was used to estimate independent prog-
nostic factors. The statistical details including the statistical tests used,

exact value of n, and precision measures (mean ± SD or SEM) were all
specified in the figure legends unless otherwise indicated. A P value of
<0.05 was considered statistically significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The raw sequence data of RNA-seq data generated in this study have
been deposited in the GEO database under the accession code
GSE282897. TCGA datasets were obtained from TIMER2.0 [http://
timer.cistrome.org/]. All the other data supporting the findings of this
study are included in the article and its Supplementary Information
files. The key raw data have been deposited to Research Data Deposit
public platform [https://www.researchdata.org.cn], with the approval
RDD number as RDDB2024552913. All key raw data deposited are also
included in the source data file provided with this paper. Source data
are provided with this paper.
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