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Abstract 

Background  Radiotherapy (RT) can trigger immunogenic cell death which may be exploited to improve the effec-
tiveness of immunotherapy. However, recent results from clinical trials testing RT/immunotherapy combinations 
in head and neck squamous cell carcinoma patients (HNSCC) have been disappointing. Interleukin-1 alpha (IL-1α) 
is a cytokine that can activate various aspects of anti-tumor immunity including dendritic cell (DC) activation which 
is critical for the recruitment of tumor infiltrating lymphocytes. Here we test the cytokine IL-1α encapsulated in 20:80 
1,6‐bis‐(p‐carboxyphenoxy)‐hexane:sebacic acid (CPH:SA) copolymer-based microparticles (IL-1αMPs) as an adjuvant 
to RT in a murine syngeneic HNSCC mouse model. Thus the main research objective of this current study was to eval-
uate if IL-1αMPs can enhance the antitumor immune response of radiotherapy.

Methods  Activation of immune cells in response to RT ± human recombinant IL-1α was evaluated in human periph-
eral blood mononuclear cell (PBMC):cancer cell co-cultures. A bilateral HNSCC tumor syngeneic mouse model 
was used to monitor mEERL tumor growth and immune cell recruitment in response to RT (8 Gy to irradiated tumor 
only) with and without intraperitoneal delivery of IL-1αMPs. 

Results  Results showed that IL-1α induced the activation of monocytes, NK cells, T cells, and DCs in PBMC:Cal-27 cell 
co-cultures but there was no enhanced immune cell activation (with the exception of NK cells) in vitro when com-
bined with RT. RT and RT + IL-1αMPs significantly suppressed growth in irradiated mEERL tumors compared to con-
trol. However, only the combination therapy was able to slowdown growth of the non-irradiated tumors compared 
to the other treatment groups. Immune cell profiling revealed that RT caused acute lymphodepletion on treatment 
day 3 which was reversed by treatment day 11 in RT-exposed mice. The anti-tumor effect of RT + IL-1α was accompa-
nied by significantly increased infiltration of DCs in the irradiated tumor and increased CD8 + and antigen (E7)-specific 
CD8 + T cell infiltration in both irradiated and non-irradiated tumors. The anti-tumor response of the combination 
therapy was completely abrogated by CD8 + T cell depletion.

Conclusions  This data suggests that the addition of CPH:SA IL-1αMPs to RT may boost anti-tumor immune response 
and target both local and systemic disease. This combination is worthy of further investigation as an immunothera-
peutic strategy and could represent a promising approach to improve survival outcomes in HNSCC patients.
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Background
Head and neck squamous cell carcinomas (HNSCCs) 
are cancers that develop in the squamous cells lining the 
tissues of the head and neck region. These include the 
mouth, throat, nasal cavity, sinuses, lips, and salivary 
glands. According to the latest GLOBOCAN estimates 
(2020), HNSCC is the seventh most common cancer 
worldwide [1]. Each year, approximately 890,000 new 
cases of HNSCC are diagnosed, accounting for about 
4.5% of all cancer diagnoses globally. The disease causes 
around 450,000 deaths annually, which is about 4.6% of 
global cancer deaths. The majority (~ 60%) of the patients 
with HNSCC were found at locally advanced stage, which 
accounts for 400,000 deaths annually worldwide [2, 3]. 
Radiation therapy (RT) in combination with systemic 
therapy is the primary non-surgical treatment option 
for these patients. Although local control is achieved 
through intensive treatment strategies, risk of developing 
secondary tumors is significantly high [4]. Approximately 
50% of these patients develops local recurrence and there 
are no curative treatment options for recurrent and/or 
metastatic (R/M) HNSCC patients. Hence, the effort to 
understand RT associated oncogenic signaling pathways 
and to develop therapy targeting those pathways is ongo-
ing. Particularly, the epidermal growth factor receptor 
(EGFR) targeted therapy has gained significant interest 
after observing benefits in overall survival (OS), progres-
sion-free survival (PFS), and locoregional control (LRC) 
when patients were treated with combination therapy of 
cetuximab, and RT compared to RT alone [5]. However, 
in a phase III randomized clinical trials cetuximab-based 
chemoradiotherapy was found to be significantly worse in 
terms of OS, PFS, and LRC compared to cisplatin based 
chemoradiotherapy in unselected HPV-positive oro-
pharyngeal carcinoma patients [6]. Moreover, addition 
of cetuximab with cisplatin based chemoradiotherapy 
treatment regimen did not improve the outcomes com-
pared to cisplatin and RT [7]. These data demonstrate 
the necessity to develop novel therapeutic strategies to 
improve patient outcome beyond what is observed with 
RT with standard chemotherapy or targeted systemic 
therapy.

RT is an effective local therapy for solid tumors due 
to RT-induced DNA damage which leads to tumor cell 
death through senescence, apoptosis, and necrosis. Addi-
tionally, RT triggers immunogenic cell death (ICD) which 
releases new antigens, damage-associated molecular pat-
terns (DAMPS) and cytokines leading to the recruitment 
and maturation of antigen-presenting cells (including 
dendritic cells (DCs)), and subsequent priming, activa-
tion and influx of cytotoxic T lymphocytes (CTLs) result-
ing in a potential anti-tumor immune response [8]. The 
role of immune response as a mechanism of action of RT 

has led to a plethora of clinical trials studying the com-
bined effects of RT and checkpoint inhibitors (i.e. anti-
PD1, anti-CTLA4) [9–11]. Despite RT in combination 
with checkpoint inhibitors being a promising strategy in 
theory, it appears that this strategy does not improve sur-
vival outcomes beyond current standard of care RT pro-
tocols for locally advanced (LA) HNSCC [12–16]. One 
reason for these failures is due to RT-induced ablation of 
in-field tumor-infiltrating lymphocytes (TILs) and TILs 
in the tumor-draining lymph nodes (TDLNs) [17]. A sec-
ond reason for these failures is that absent or limited pre-
existing DC activity may impede on the ability of RT and 
checkpoint inhibitors to trigger an anti-tumor immune 
response [18].

Interleukin-1 alpha (IL-1α) is a pro-inflammatory 
cytokine, which have been studied in several preclinical 
and clinical studied due to its ability to activate immune 
effector cells and trigger anti-tumor immune responses 
[19–21]. However, dose-limiting toxicities including 
cytokine storm and hypotension has limited its use in 
the clinic as a cancer therapy [22]. Our previous work 
showed that the pro-inflammatory cytokine interleukin-1 
alpha (IL-1α) could increase DC maturation and activa-
tion and showed promise as an immunotherapeutic agent 
for HNSCC therapy [19]. IL-1α triggers the activation of 
the IL-1 pathway which plays a critical role in the regula-
tion of immune and inflammatory responses to infections 
and sterile insults [23]. The IL-1 pathway is triggered 
when the ligands IL-1α and IL-1 beta (IL-1β) bind to the 
IL-1 receptor type 1 (IL-1R1) leading to the recruitment 
of the co-adaptor protein MyD88, IL-1 receptor-associ-
ated kinases (IRAKs) and TRAF6, which are important 
for prompting the expression of target genes involved in 
immune response [23]. Due to undesired dose-related 
side effects (i.e. hypotension) associated with systemic 
delivery of recombinant IL-1α [24], we encapsulated 
IL-1α in a CPH:SA (1,6‐bis‐(p‐carboxyphenoxy)‐hexane: 
sebacic acid (20:80)) polymer and previously reported 
that these CPH:SA IL-1αMPs (IL-1αMPs) released IL-1α 
in a slow and sustained manner, with no toxicity or loss 
in bioactivity in HNSCC tumor-bearing mice [19]. The 
IL-1αMPs also triggered the expansion and activation of 
CD4 + T cells, cytotoxic CD8 + T cells and natural killer 
(NK) cells in addition to DCs, suggesting the induction of 
a broad anti-tumor immune response [19]. Here we will 
examine if IL-1αMPs will enhance tumor response to RT 
and further examine changes in immune response in a 
murine syngeneic HNSCC mouse model.

Methods
Cell lines and reagents
Cal-27 and FaDu HNSCC cells were obtained from the 
American Type Culture Collection (Manassas, VA, USA). 
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SQ20B HNSCC cells were obtained as a gift from Dr. 
Anjali Gupta (Department of Radiation Oncology, Uni-
versity of Iowa, IA, USA). The HNSCC lines were myco-
plasma and human papilloma virus-negative and cultured 
in Dulbecco’s Modified Eagle’s Medium (DMEM) with 
10% fetal bovine serum (FBS) and 0.1% gentamicin. The 
mEERL (murine oropharyngeal epithelial cells stably 
transformed with HPV E6 and E7 together with hRas 
and luciferase) cell line was obtained from Dr. Paola Ver-
meer (University of South Dakota, South Dakota, USA) 
and were cultured in DMEM/Hams F12 with 10% FBS, 
0.1% gentamicin, 0.005% hydrocortisone, 0.05% transfer-
rin, 0.05% insulin, 0.0014% triiodothyronine and 0.005% 
epidermal growth factor. All cell lines are adherent, were 
cultured in vented flasks at 37 °C and 5% CO2 in a humid-
ified incubator and were not used beyond 10–12 pas-
sages. Recombinant human and murine IL‐1α (rIL‐1α) 
were purchased from BioLegend (San Diego, Califor-
nia) and both used at a concentration of 50 ng/mL for 
24 h. Anti-hIL-1α, and anti-hIL-1β were purchased from 
Invivogen (San Diego, California) and used at 1 μg/mL. 
Anakinra (ANA/IL-1RA) was purchased from the inpa-
tient pharmacy at the University of Iowa Hospitals and 
Clinics and was used at 10 μg/mL.

ELISA and clonogenic assays
FaDu, Cal-27 and SQ20B cells were exposed to X-ray 
radiation using an Xstrahl CIX3 cabinet irradiator at 0, 
2, 4, or 8 Gy with a dose rate of 1.1 Gy/min. Cell culture 
media was harvested at 24, 48 and 72 h following radia-
tion for analysis of levels of IL-1α, IL-1β, IL-6 or IL-1RA 
using Human Duo Set ELISA kits (R&D Systems, Min-
neapolis, MN) according to the manufacturer’s protocols 
and. A Synergy H1 Hybrid Multi-Mode Reader (BioTek, 
Winooski, VT) was used for colorimetric analysis. For 
clonogenic assays, cells were irradiated in 60 mm cul-
ture dishes. Following radiation cells were immediately 
trypsinized, counted and plated in fresh media at a con-
centration of 100–400 cells and incubated for 7–10 days. 
Colonies were then fixed with 70% ethanol and stained 
with Coomassie blue and counted.

In vitro co‑cultures and immune cell activation
Human peripheral blood mononuclear cells (PBMCs) 
were collected from healthy donor blood (DeGowin 
Blood Center, University of Iowa Hospitals and Clinics) 
by density gradient centrifugation using Ficoll paque. For 
the co-culture experiments, Cal-27 cells were exposed 
to 0, 2, 4, or 8 Gy, grown overnight then PBMCs were 
added at a 3:1 PBMC:Cal-27 ratio. The co-cultures were 
treated with human rIL-1α at 50 ng/mL for 24 h with PBS 
as a control. PBMCs were then harvested and stained 
with a cocktail of fluorochrome conjugated antibodies 

(Biolegend): CD45‐PE‐Cy5, CD3‐PE‐Cy7, CD19‐Pacific 
Blue, CD4‐Alexa Fluor 594, CD8‐PerCP, CD56‐APC, 
CD14‐PerCP‐Cyanine5.5, CD11c‐BV421, HLA‐DR‐
APC‐Cy7, BDCA‐4‐PE, CD123‐Alexa Fluor 700, CD40‐
BV605 and CD69‐FITC. Cells were then analyzed on a 
5-laser Cytek Aurora Cytometer using FlowJo software 
(BD Biosciences). The gating strategies were as follows:

NK cells: CD45 + CD3 − CD19‐CD56 + 
Activated NK cells: CD69 + CD45 + CD3 − CD19‐
CD56 +
T cells: CD45 + CD3 + CD19‐CD4 + /CD8 + 
Activated T cells: CD69 + CD45 + CD3 + CD19‐
CD4 + /CD8 + 
Monocytes: CD45 + CD3 − CD19 − , CD56 − HLA‐
DR + CD14 + 
Activated monocytes: 
CD40 + CD45 + CD3 − CD19 − , CD56 − HLA‐
DR + CD14 +
pDCs: CD45 + CD3 − CD19 − , CD56 − HLA‐
DR + CD11c- CD123 +
Activated pDCs: CD40 + CD45 + CD3 − CD19 − , 
CD56 − HLA‐DR + CD11c- CD123 + 

The percentage of positively stained cells was calcu-
lated and plotted as fold change compared to control.

Fabrication and characterization of MPs loaded with rIL‑1α
Interleukin-1α-microparticles (IL-1αMPs) were pro-
duced using a double emulsion solvent evaporation 
method, as described previously [22, 23]. Briefly, 100 μL 
of 1% PVA solution containing 500 μg of murine rIL-1α 
was made. CPH:SA 20:80 polymer (200 mg) was dis-
solved in dichloromethane (1.5 mL). The rIL-1α solu-
tion was added to the polymer under sonication at 60% 
amplitude for 30 s using a Qsonica sonicator with an 
ultrasonic converter probe (CL-18, Fisher Scientific) to 
obtain the primary emulsion. The primary emulsion was 
immediately transferred to 8 mL of 1% PVA solution and 
sonicated for 60 s under the same conditions to get the 
final emulsion. The final emulsion was mixed with 22 mL 
of 1% PVA and stirred for 2 h to evaporate the organic 
solvent. MPs were centrifuged, washed with nanopure 
water, resuspended in 10% sucrose solution, frozen 
at − 80  °C, then freeze-dried. Empty MPs were prepared 
using the same process without the input of rIL-1α. Size 
distribution and zeta potential of the MPs resuspended 
in nanopure water were determined using a Zetasizer 
Nano-ZS (Malvern) through dynamic light scattering. To 
assess the IL-1α loading in MPs, MPs were degraded with 
0.5 N NaOH, neutralized by HCl to pH 7.0, then centri-
fuged at 5000 × g for 5 min. Empty MPs were synthesized 
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the same as the IL-1αMPs, but without IL-1α loading. 
The amount of IL-1α was quantified using a BCA assay.

In vivo mouse model
C57BL/6J male mice (The Jackson Laboratory), aged 4–6 
weeks were housed in the Animal Care Facility at the 
University of Iowa (UI), handled using aseptic proce-
dures, and allowed to acclimate for at least 5 days before 
handling. Food and water were readily accessible to the 
mice. Approval for all animal procedures was obtained 
from the Institutional Animal Care and Use Committee 
(IACUC) at UI and all animal procedures complied with 
the guidelines set by the National Institutes of Health. 
The mEERL HNSCC cells (1 × 106 cells/100 μL PBS) were 
inoculated subcutaneously into both the right and left 
flank of each animal as a bilateral tumor model. When 
tumors became palpable (~ 4–5 mm in any direction), 
tumors on the right side (irradiated) only were treated 
with a single dose of 8 Gy x-ray radiation at 3.22Gy/min 
using an Xstrahl Small Animal Radiation Research Plat-
form (SARRP) at the University of Iowa—Ionizing Radia-
tion Services core facility on Treatment Day 1. During the 
radiation time mice were anesthetized using (100/10 mg/
kg) ketamine/xylazine and shielded with 3-mm lead cof-
fins. Twenty-four hours after RT, mice were administered 
IL‐1αMPs (equivalent to 7.5 μg rIL‐1α in 18.75 mg MPs) 
or equivalent amounts of Empty MPs intraperitoneally 
(i.p.) on Treatment Day 2 and Day 10. SHAM mice were 
administered saline (100 μL) as controls. For the immune 
cell depletion experiments, murine anti-CD8 mAb (clone 
53–6.7) was purchased from BioXcell. Bilateral mEERL-
bearing male C57BL/6 mice (n = 10–12 mice/group) 
were administered RT + IL‐1αMPs with or without anti-
CD8 (300 µg/mouse). For CD8 + T cell depletion anti-
CD8 mAb was given 10 days after the tumor inoculation 
(when tumors become palpable) twice per week and 
throughout the course of study. CD8 + T cell depletion 
in  vivo was validated using flow cytometry. Weight and 
tumor measurements (using Vernier calipers) were eval-
uated periodically. Tumor volumes were calculated using 
the formula: tumor volume = (length × width2)/2. The 
maximal tumor size permitted by the IACUC approved 
protocol was 15 mm (or combined 30 mm for bilateral 
tumors) in any dimension. The maximal tumor size/bur-
den was not exceeded in these studies; and mice were 
euthanized via CO2 gas asphyxiation when tumor diam-
eter reached 15 mm in any dimension.

Tumor and lymph node immune cell infiltration
On Treatment days 3, 11 and 19, subsets of animals 
(n = 3–4) were euthanized to collect tumors (irradiated 
and non-irradiated) and draining lymph nodes (DLNs, 
inguinal lymph nodes on the side of irradiated tumor). 

Tumors and lymph nodes were prepared in single‐cell 
suspensions and after live/dead staining, incubated with 
murine antibody cocktails such as: CD45‐Alexa Fluor700, 
CD3e‐BUV737, CD4‐PerCP, CD8α‐APC‐Cy7, CD11b‐
PE‐Cy5, CD11c‐KIRAVIA Blue520, CD19‐BV785, NK-
1.1-Pacific Blue, F4/80‐PE‐Cy7, Ly‐6G‐PerCP‐Cy5.5, 
Ly‐6C‐BV711, and MHC class II‐BUV563. Antigen 
(HPV)-specific T cell responses were detected by stain-
ing with the HPV E7‐specific iTAg tetramer PE‐H‐
2Db HPV 16 E7 (RAHYNIVTF). A murine FcR blocker 
was utilized to prevent nonspecific antibody binding. 
T cells were defined as CD45 + CD19 − CD3 + CD4/
CD8 + lymphocytes; NK cells were defined as 
CD45 + CD3 − CD19 − NK-1.1 + , Monocytes were 
defined as CD45 + CD3 − CD19 − CD11b + Ly6C + , Den-
dritic cells were defined as CD45 + CD3 − CD19 − CD11
C + MHCII + , and Macrophages were defined as CD45 + 
CD3 − CD19 − F480 + immune cells. Cells were analyzed 
by flow cytometry. Immune cell staining was analyzed 
and quantified as described above for the in vitro studies. 
The number of tumor-infiltrating immune cells was nor-
malized to 100 mg of tumor tissue.

Statistical analyses
For the in  vitro studies, one‐way analysis of variance 
(ANOVA) with Tukey post‐tests was used to detect dif-
ferences between 3 or more treatment groups. For the 
in  vivo studies, treatment group‐specific changes in 
tumor growth curves were analyzed using linear regres-
sion models. Two‐way ANOVA followed by Tukey 
post‐tests were used to compare treatment-induced dif-
ferences in cytokine secretion for each day and assess 
changes in immune cell infiltration in both the irradiated 
and non-irradiated tumors across treatment groups. Log-
rank (Mantel-Cox) tests were used to detect differences 
in survival. Statistical significance was defined as p < 0.05 
and was carried out using GraphPad Prism V.10.

Results
Radiotherapy triggers IL‑1 signaling
To determine if radiotherapy (RT) releases IL-1 ligands, 
we first used 3 human HNSCC cell lines (FaDu, Cal-
27 and SQ20B) with varying sensitivity to RT (Fig. 1A) 
and performed clonogenic survival assays 24 h after RT 
exposure. FaDu and Cal-27 cells were both sensitive to 
RT at 2, 4 and 8 Gy compared to SHAM-exposed cells 
(Fig. 1A). SQ20B cells which are known to be radiore-
sistant [25], did not respond to 2 Gy but were sensitive 
to 4 and 8 Gy (Fig. 1A). IL‐1α was increased (compared 
to 0 Gy/SHAM) in the cell culture media of all 3 cell 
lines after 4 and 8 Gy with the highest increase in IL-1α 
observed at 8 Gy in FaDu and Cal-27 cells (Fig.  1B). 
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IL-6, which is a routinely utilized downstream mecha-
nistic indicator of IL-1R1 signaling [26], was increased 
(compared to SHAM) in the cell culture media after 
2, 4 and 8 Gy for FaDu and Cal-27 and appeared to 
increase in a dose-dependent manner (Fig.  1C). IL-6 
was increased after 8 Gy for SQ20B cells only (Fig. 1C). 
We then used Cal-27 cells to determine the time course 
of IL-1α release after RT. Maximum levels of IL-1α 
were achieved 48 h after RT exposure for all 3 RT doses 
(Fig. 1D) whereas by 72 h after RT, IL-1α levels either 
remained the same (e.g. at 2 and 4 Gy) or decreased (at 
8 Gy, Fig. 1D). Similar results were observed for IL-1β 
(Fig. 1E), IL-RA (IL-1 receptor antagonist) which sup-
presses the IL-1 pathway (Fig.  1F), and IL-6 (Fig.  1G). 
To inquire if RT triggered IL-1-dependent signaling, 
we again used IL-6 as an IL-1 signaling endpoint, and 
pretreated Cal-27 cells with anakinra (recombinant 
IL-1RA). We observed that anakinra significantly sup-
pressed RT (2 and 4 Gy)-induced IL-6 in Cal-27 cells 
(Fig.  1H) suggesting that signaling from the IL-1R1 is 
important for RT-induced IL-6 production. To probe 
which ligands (IL-1α or IL-1β) may be responsible 
for activating the IL-1R1, we found that neutraliza-
tion of IL-1α (but not IL-1β) significantly suppressed 
RT–induced IL-6 secretion (Fig.  1H), suggesting that 
IL-1α in particular may be responsible for activating 
the IL-1R1. Together these results implicate that RT 
triggers the release of IL-1 ligands and that RT-induced 

IL-1 signaling is activated by IL-1α release from cancer 
cells.

IL‑1α activates immune effector cells in vitro
To investigate if exogenous IL-1α would enhance immune 
cell activation in the presence of RT-exposed cancer cells 
in  vitro, we co-cultured human PBMCs with RT (0–8 
Gy)-exposed Cal-27 cells and treated the co-cultures with 
human recombinant IL-1α (rIL-1α). We found that RT 
alone (at all doses) did not enhance any of the immune 
cells tested (Fig. 2A-E). However, we found that all doses 
of RT in combination rIL-1α significantly increased NK 
cell activation compared to control/SHAM-treated co-
cultures (Fig. 2A). RT at 8 Gy in combination with rIL-1α 
also significantly increased NK cell activation compared 
to RT and rIL-1α alone (Fig. 2A). No significant increases 
in monocyte activation were observed with the exception 
of 8 Gy + rIL-1α compared to control/SHAM (Fig.  2B). 
While rIL-1α alone significantly increased the activation 
of CD4 + T cells (Fig.  2C), CD8 + T cells (Fig.  2D), and 
pDCs (Fig. 2E) compared to SHAM control cells, we did 
not observe any enhanced T cell or DC activation in vitro 
when IL-1α was combined with RT (Fig. 2C-E).

IL‑1αMPs combined with RT induces an anti‑tumor 
response
To determine the effects of IL-1α in combination with RT 
in vivo, we utilized murine recombinant IL-1α encapsulated 
in CPH:SA (1,6‐bis‐(p‐carboxyphenoxy)‐hexane:sebacic 

Fig. 1  Radiation induces cytokine release. A-C FaDu, Cal-27 and SQ20B HNSCC cells were exposed to 0 (Sham), 2, 4, and 8 Gy of X-ray radiation 
and analyzed for clonogenic survival (A), IL-1α (B) and IL-6 (C) 24 h after RT in cell culture media by ELISA. D-G: Cal-27 HNSCC cells were exposed 
to 0 (Sham), 2, 4, and 8 Gy of X-ray radiation then cell culture media harvested after the indicated timepoints for analysis of IL-1α (D), IL-1β (E) IL-1RA 
(F) and IL-6 (G) by ELISA. H: Cal-27 cells were pretreated with an IL-1 receptor antagonist (IL-1RA) and neutralizing antibodies against IL-1α (nIL-1α) 
and IL-1β (nIL-1β), exposed to 0 (Sham), 2, 4, and 8 Gy, then IL-6 measured in cell culture media by ELISA. Average values were normalized to Sham 
control and plotted as fold change. Bars represent the mean of n = 3 independent experiments. Error bars represent standard error from the mean. 
*p < .05; **p < .01; ***p < .001; ****p < .0001. ND: non-detectable
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acid (20:80)) microparticles (IL-1αMPs) that we previ-
ously reported are non-toxic and releases IL-1α in a slow 
and sustained manner. Both Empty MPs and IL-1αMPs 
exhibited an average particle size of approximately 1 µm, 
with a polydispersity index (PDI) of ~ 0.2. The average zeta 
potential of the Empty MPs and IL-1αMPs were −16.4 and 
−17.0 mV respectively. The IL-1αMPs exhibited an aver-
age encapsulation efficiency of 33.2% and a drug loading 
of 0.971 µg per mg of MPs. The MPs’ particle size, zeta 
potential, and encapsulation efficiency were similar to the 
IL-1αMPs used in our previous studies [19]. C57Bl/6 mice 
bearing bilateral mEERL HNSCC tumors were exposed 
to 8 Gy RT on Treatment Day 1 to one tumor only (proxi-
mal); and administered IL-1αMPs (7.5 µg/mouse, i.p) 
or Blank_CPH:SA (EMPTY MPs) on Treatment Day 2 
and Day 10 (Fig.  3A). Administration of IL-1αMPs alone 
showed no significant changes in tumor growth compared 
to Sham + EMPTY MPs (control) (Fig.  3B-E). RT expo-
sure significantly suppressed tumor growth in the irradi-
ated (proximal) tumors but not the non-irradiated (distal) 
tumors compared to control (Fig. 3B,C,D,F). The combina-
tion of IL-1MPs and RT significantly slowed down both 
irradiated (proximal) and non-irradiated (distal) tumor 

growth (Fig.  3B,C,F,G) and increased survival (based on 
proximal tumor size endpoint criteria of 15 mm in any 
dimension) compared to control (Fig. 3I) with no signifi-
cant changes in weight loss compared to the other treat-
ment groups (Fig.  3H). However, only the combination 
therapy was able to slowdown non-irradiated (proximal) 
tumor growth compared to RT alone (Fig.  3C,G). These 
results suggest that the combination of IL-1αMPs with RT 
may induce systemic anti-tumor immunity.

Radiotherapy is associated with lymphodepletion
On Treatment Day 3 (the following day after the 
1st dose of IL-1αMPs, (Fig.  3A), IL-1αMPs signifi-
cantly increased CD45.2 + cells, CD3 + , CD4 + , and 
CD8 + T cells, NK cells and DCs in the DLNs com-
pared to control (Fig.  4A-D, F,G). However, immune 
cells in the DLNs of all mice exposed to RT (regardless 
of IL-1αMP treatment) were significantly decreased 
compared to the other treatment groups (Fig.  4A-
G). Changes in tumor-infiltrating immune cells were 
also analyzed from these mice but no significant dif-
ferences were observed among the treatment groups 
(data not shown). By Day 11 (the day following the 

Fig. 2  IL-1α activates immune effector cells in vitro. Cal27 HNSCC cells were exposed to 0, 2, 4, and 8 Gy of X-ray radiation, then co-cultured 
with human peripheral blood mononuclear cells (PBMCs). PBMC/Cal27 co-cultures were treated with recombinant IL-1α for 24 h then analyzed 
for activated natural killer (NK) cells (A), monocytes (B), CD4 + T cells (C), CD8 + T cells (D), and plasmacytoid dendritic cells (pDCs) (E) by flow 
cytometry. Average values were normalized to sham control and plotted as fold change. Bars represent the mean of n = 3 independent 
experiments. Error bars represent SE from the mean. * indicates significant difference from sham control, and # indicate significant difference 
from rIL-1α. *p < .05; **p < .01; ***p < .001; ****p < .0001
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Fig. 3  IL-1αMPs combined with radiotherapy (RT) induces an anti-tumor response in non-irradiated tumors. HNSCC (mEERL) bilateral tumor‐
bearing C57Bl/6 mice (n = 9–10/treatment group) were treated with RT (8 Gy 1X), CPH:SA IL‐1α‐MPs (IL‐1αMPs) or their combination (A). Equivalent 
doses of Blank MPs were administered to Sham mice as a control. RT was administered to the irradiated tumor on Treatment Day 1 followed by two 
doses of CPH:SA IL‐1α‐MPs (equivalent to 7.5 μg rIL‐1α in 18.75 mg MPs/ dose) intraperitoneally on Treatment days 2 and 10. Tumor growth 
of both irradiated (B) and non-irradiated tumors (C) were monitored overtime. D-G: Tumor growth rate of both irradiated and non-irradiated 
of individual animals in each of the treatment groups are shown in spaghetti plots (D-G). Error bars = SEM. *: p < 0.05, ns: non-significant

Fig. 4  Radiotherapy depletes the immune cell population in the tumor draining lymph nodes. Inguinal lymph nodes near the irradiated tumors 
were harvested from a subset of mEERL tumor‐bearing C57Bl/6 mice (n = 4/treatment group) on Treatment Day 3 (1day after the first dose of IL-1α 
MPs) and Treatment Day 11 (1day after the second dose of IL-1α MPs). Lymph node homogenates were analyzed by flow cytometry for select 
immune cell subsets i.e. CD45 + cells (A), CD3 + T cells (B), CD4 + T cells (C), CD8 + T cells (D), HPV + CD8 + T cells (E), NK cells (F), and dendritic cells 
(DCs) (G). Both irradiated and non-irradiated tumors were harvested from a subset of mice from each treatment group. Tumors were homogenized 
and single cell suspensions were analyzed by flow cytometry for macrophages (H) and DCs (I). Error bars represent standard error from the mean. 
*p < .05
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2nd dose of IL-1αMPs), we observed a general recov-
ery of the immune cell populations in the DLNs 
from RT-treated mice (Fig.  4A-G) compared to Day 
3. The DLN immune cell populations from the RT-
treated mice were not different from the control 
mice; and the DLN immune cell populations from the 
RT + IL-1αMP-treated mice were not different from 
the IL-1αMP-treated mice (Fig.  4A-G). The analysis 
of tumor-infiltrating immune cells at this time point 
revealed that tumors from the RT + IL-1αMP-treated 
mice at Day 11 showed significantly higher infiltration 
of macrophages and DCs (but not other immune cells 
[data not shown]) in the irradiated (proximal) tumor 
only compared to the control (Fig.  4H,I). No changes 
in macrophages, DCs or other immune cells were 
observed in the unirradiated (distal) tumor (Fig. 4H,I). 
These results suggest that the effect of IL-1αMPs on 
immune cells proliferation is severely blunted by RT-
indued lymphodepletion but can be restored with time 
(~ 10 days) to control levels.

Radiotherapy ± IL‑1αMPs induces changes in immune cell 
recruitment
To investigate if changes in tumor-infiltrating immune 
cells were associated with the decreased proximal and 

distal tumor growth observed in RT + IL-1αMP-treated 
mice (Fig. 3B,C,G), we waited until significant differences 
were observed in tumor growth (Fig. 3B,C) and analyzed 
immune cells from both the irradiated and non-irradiated 
tumors from a subset of mice (n = 4–5/group) on Day 19 
(7 days after the last MP treatment). Of all the immune 
cell populations analyzed (Fig.  5A-H), the irradiated 
tumors of RT + IL-1αMP-treated mice showed a signifi-
cant increase in antigen (HPV-E7)-specific CD8 + T cells 
compared to control (Fig. 5E). Remarkably, we found sig-
nificantly higher CD8 + T cells (Fig. 5D) cells and HPV-E7 
CD8 + T cells (Fig. 5E) cells in the non-irradiated tumors 
of RT + IL-1αMP-treated mice compared to control sug-
gesting that the anti-tumor effect of RT + IL-1αMP treat-
ment may be associated with increased CD8 + T cells. 
To confirm this, we investigated the impact of CD8 + T 
cell depletion on tumor response to RT + IL-1αMP com-
bination therapy. Anti-CD8 antibodies were adminis-
tered to mice 6 days before the start of RT (Day −7) and 
continued twice per week for 2 weeks (Fig.  5I). Valida-
tion of CD8 + T cell depletion by the depletion antibody 
from the spleens of treated mice is shown in Fig.  5J. 
While there was no significant protection in anti-tumor 
response observed in the irradiated (proximal) tumors 
(Fig. 5K), depletion of CD8 + T cells completely protected 

Fig. 5  Combination of radiotherapy (RT) and IL-1αMP therapy enhances tumor infiltration of immune effector cells. Irradiated and non-irradiated 
tumors were harvested from a subset of mice from each treatment group (n = 4–5/treatment group) 7 days after the last treatment (Treatment 
Day 17) from Fig. 3. Tumors were homogenized and single cell suspension were analyzed by flow cytometry for select immune cell subsets 
such as CD3 + T cells (A), CD4 + T cells (B), HPV + CD4 + T cells (C), CD8 + T cells (D), HPV + CD8 + T cells (E), NK cells (F), macrophages (G), 
and DCs (H). HNSCC (mEERL) bilateral tumor‐bearing C57Bl/6 mice (n = 10–12/treatment group) were treated with RT (8 Gy 1X) + CPH:SA IL‐1α 
MPs with or without anti-CD8 antibodies (I). Splenic peripheral blood mononuclear cells (PBMCs) were isolated from a subset of mice (n = 4) 
on Treatment Day 11 day and were analyzed by flow cytometry for validation of CD8 + T cell depletion (J). Tumor growth of both irradiated (K) 
and non-irradiated tumors (L) were monitored overtime. Error bars represent standard error from the mean. *p < .05
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non-irradiated (distal) tumors from the anti-tumor 
effects of the combination therapy (Fig.  5L). Altogether 
these data suggest that the combination of IL-1αMPs 
with RT may induce systemic anti-tumor immunity by 
increasing the production of CD8 + T cells.

Discussion
Altogether, our results indicate that the safe addition of 
IL-1α using CPH:SA-based IL-1α-MP delivery to RT-
based protocols may be a promising immunotherapeutic 
strategy to target local and systemic disease. While the 
cellular release of activating IL-1 ligands (in addition to 
other DAMPS) is triggered by RT, IL-1 ligands were of 
interest here for several reasons. First, it is known that 
a lack of pre-existing DC activity in tumors impedes 
the proliferation/activation of TILs (including cytotoxic 
CD8 + T cells); and on the ability of RT to trigger an 
anti-tumor immune response and synergize with immu-
notherapy [18]. IL-1 ligands are able to increase DC 
maturation and activation [27, 28] which is supported 
by our in  vitro PBMC/cancer cell co-cultures showing 
IL-1α-induced DC activation (Fig.  2E) and our in  vivo 
results showing DC activation in TDLNs after IL-1αMP 
treatment (Fig.  4G). We additionally showed that mice 
exposed to RT + IL-1αMPs generated an increase in 
CD8 + T cell and antigen-specific (HPV-E7) CD8 + T 
cell infiltration in non-irradiated (distal) tumors (com-
pared to control, Fig.  5D,E) and the anti-tumor effect 
of RT + IL-1αMPs on distal tumors was CD8 + T cell 
dependent (Fig. 5I-L). Second, unlike checkpoint inhibi-
tors that only stimulate T cell activation, IL-1 ligands can 
activate NK cells (Fig. 2A) [29, 30], in addition to CD4+ 
(Fig.  2C) [31] and CD8+ T cells (Fig.  2D) [32–34] sug-
gesting a more broad anti-tumor immune cell profile may 
be stimulated. Third, clinical studies with rIL-1 ligands 
(marketed as Dainippon and Immunex) have shown 
promising results [23]. However, development of dose-
related side effects, most notable hypotension, resulted in 
lessened enthusiasm for this approach which led to our 
rationale of slow and sustained MP delivery of IL-1α.

Despite RT triggering IL-1α release, RT (alone) did not 
increase immune cell activation in the PBMC/cancer cell 
co-cultures in Fig. 2. It is possible that IL-1 ligands were 
not released in sufficient quantities—which is unlikely 
since remarkably low levels of IL-1 ligands can trig-
ger immune cell activation [35, 36]. Alternatively, it is 
likely that RT-induced IL-1 ligands, despite their potent 
biological activity, are quickly cleared (within 1 h) by 
the induction of IL-1RA preventing the sustained bio-
logic effect on immune cell activation [35, 36]. Indeed, 
our results indicate that the release of IL-1RA after RT 
mimics the same release pattern as IL-1α (Fig.  1D) and 
IL-1β (Fig.  1E). Immune cells are highly responsive to 

very small amounts of IL-1 ligands; and IL-1RA levels 
of over 100-fold molar excess are required to block IL-1 
ligand binding to the IL-1R1. In fact, maximal biological 
responses are observed even when less than 5% of avail-
able IL-1R1 are occupied by IL-1 [35, 36]. It is for these 
reasons that our goal is to safely disrupt the IL-1α/IL-
1RA balance by the slow release of IL-1 ligands over time 
using appropriate delivery vehicles in combination with 
RT to trigger and sustain maximum systemic anti-tumor 
immunity.

RT-induced ablation of in-field tumor-infiltrating lym-
phocytes (TILs) and TILs in the TDLNs is major factor 
in the disappointing outcomes of RT + immunotherapy 
studies especially for LA-HNSCC. Despite the favorable 
results in tumor growth we show with RT + IL-1αMPs 
(Fig.  3B,C), immune cell depletion in the TDLNs was 
evident 2 days after RT exposure in our in  vivo stud-
ies (Fig.  4). However, by 10 days after RT exposure, the 
immune cells were recovered to respective control lev-
els (Fig.  4) although it is possible that they could have 
recovered sooner than this time point that we chose to 
analyze. This brings up the issue of timing or sequenc-
ing of RT and immunotherapy. The administration of 
immunotherapy before, at the same time or immedi-
ately after RT may not be wise given that RT-induced 
lymphodepletion negates the efficacy of most immu-
notherapies that require lymphocytes for their mecha-
nism of action. Instead finding the optimum immune 
cell recovery period following RT before administration 
of immunotherapy would allow for the most efficacious 
RT/immunotherapy combination response. In support 
of this we did not observe a notable separation in the 
RT + IL-1αMP tumor growth curves until Treatment 
Day 11 (10 days after RT, Fig. 3B,C), which corresponds 
to when the immune cells had fully recovered to control 
levels (Fig. 4).

Other factors affecting the efficacy of RT + immuno-
therapy are RT dose, fractionation protocols and nodal 
sparing. Monocytes and DCs are more tolerant to low 
dose (0.5–2 Gy) radiation compared to T cells; however 
high doses of radiation (above 5 Gy) can lead to substan-
tial cell death [37, 38]. In the current study we used a 
high RT dose of 8 Gy, which explains why we observed 
a broad depletion of immune cells (Fig. 4) in the TDLNs 
in all RT-treated mice 2 days after RT exposure. The 
other limitation of our approach of using 8 Gy is that this 
dose is much higher than the standard RT dose for LA-
HNSCC which is 2 Gy per day for a total of 70 Gy over 
7 weeks. High RT in LA-HNSCC patients is associated 
with late toxicities related to mucositis, dermatitis, dys-
phagia. However, our justification for the use of 8 Gy for 
these studies is the desire to use a single dose of RT to 
allow a recovery period for circulating immune-effector 
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cells. RT fractionation schedules such as those used in 
standard protocols for LA-HNSCC (2 Gy/day, 5 frac-
tions/week over 7 weeks) may negatively affect anti-
tumor immune response due to the repeated killing of 
circulating immune effector cells [39]. Perhaps additional 
studies using single moderate doses of RT in combina-
tion with immunotherapy as investigated in the current 
work would answer important questions about preferred 
RT dosing and fractionation schedules to combine with 
immunotherapy.

Lastly, studies have shown that nodal RT can improve 
control of disease that has spread to the lymph nodes but 
may kill immune-effector cells residing in those lymph 
nodes [40, 41]. The incorporation of image-guided tar-
geted RT (e.g. cone beam CT image guidance with treat-
ment planning) to minimize the radiation dose delivered 
to adjacent non-targeted tissues (including lymph nodes) 
should partially address this issue. However, previous 
studies compared tumor growth and T cell infiltration 
after RT to the tumor versus RT to both tumor and the 
DLNs. No difference in tumor growth rate was observed, 
but the proportion and number of CD8 + cells infiltrat-
ing the tumor significantly decreased when lymph nodes 
were included in the radiation field. Moreover, an increase 
in T-cell chemoattractant and a higher antigen-specific T 
cell response was noted when DLNs were excluded from 
the irradiation field and only the tumor was radiated [42]. 
Clearly, given the opposing roles of lymph nodes in dis-
ease dissemination and anti-tumor immune response, 
more studies are needed to address this issue.

Conclusions
In summary, our data provide a rationale for the addition 
of CPH:SA IL-1αMPs to RT which may boost anti-tumor 
immune response and target both local and systemic dis-
ease. This novel immunotherapeutic strategy and may 
possibly prevent tumor recurrence after surgery from 
undetected cancer cells in high-risk LA-HNSCC patients.

Abbreviations
IL-1α	� Interleukin-1 alpha
IL-1β	� Interleukin-1 beta
IL-1RA	� Interleukin-1 receptor antagonist
IL-6	� Interleukin-6
PBMCs	� Peripheral blood mononuclear cells
NK	� Natural killer
APC	� Antigen-presenting cell
DC	� Dendritic cell
pDC	� Plasmacytoid dendritic cell
mDC	� Monocytic dendritic cells
MYD88	� Myeloid differentiation factor 88
ICS	� Intracellular cytokine staining
HNSCC	� Head and neck squamous cell carcinoma

Acknowledgements
Acknowledgements: The authors would like to acknowledge the DeGowin 
Blood Center at the University of Iowa Hospitals and Clinics. The data pre-
sented herein were obtained at the Flow Cytometry Facility, which is a Carver 

College of Medicine / Holden Comprehensive Cancer Center core research 
facility at the University of Iowa. The facility is funded through user fees and 
the generous financial support of the Carver College of Medicine, Holden 
Comprehensive Cancer Center, and Iowa City Veteran’s Administration Medical 
Center. Research reported in this publication was supported by the National 
Center for Research Resources of the National Institutes of Health under 
Award Number 1 S10 OD034193-01. Research reported in this publication was 
supported by the National Cancer Institute of the National Institutes of Health 
under Award Number P30CA086862.

Authors’ contributions
Authors’ contributions: Conception and design: MMH, ALS; Development of 
methodology: MMH, RH, AKS; Acquisition of data: MMH, INK; Analysis and 
interpretation of data: MMH, AKS, ALS; Writing, review, and/or revision of 
the manuscript: MMH, ALS; Study supervision: ALS. All authors reviewed the 
manuscript.

Funding
This work was funded by Merit Review Award #I01 BX004829 from the United 
States (U.S.) Department of Veterans Affairs Biomedical Laboratory Research 
and Development Service.

Data availability
Availability of data and materials: The data and materials used and/or analyzed 
during the current study are available from the corresponding author on 
reasonable request.

Declarations

Ethics approval and consent to participate
All procedures performed in studies involving human immune cells were in 
accordance with the ethical standards of the institutional and/or national 
research committee and with the 1964 Helsinki declaration and its later 
amendments or comparable ethical standards. These studies were reviewed 
and approved by the Institutional Review Board of the University of Iowa 
(IRB #201402735). All patients/participants provided their written informed 
consent to participate in these studies. Approval for all animal procedures was 
obtained from the Institutional Animal Care and Use Committee (IACUC) at 
the University of Iowa and compliance with the guidelines set by the National 
Institutes of Health was maintained.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Interdisciplinary Graduate Program in Human Toxicology, University of Iowa, 
Iowa City, IA, USA. 2 Department of Radiation Oncology, University of Iowa Hos-
pital and Clinics, University of Iowa, Iowa City, IA, USA. 3 Holden Comprehen-
sive Cancer Center, University of Iowa Hospital and Clinics, University of Iowa, 
Iowa City, IA, USA. 4 Department of Pharmaceutical Sciences and Experimental 
Therapeutics, College of Pharmacy, University of Iowa, Iowa City, IA, USA. 

Received: 21 January 2025   Accepted: 24 March 2025

References
	1.	 Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, Bray 

F. Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and 
Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin. 
2021;71(3):209–49.

	2.	 Monnerat C, Faivre S, Temam S, Bourhis J, Raymond E. End points for new 
agents in induction chemotherapy for locally advanced head and neck 
cancers. Ann Oncol. 2002;13(7):995–1006.

	3.	 Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global 
cancer statistics 2018: GLOBOCAN estimates of incidence and 



Page 11 of 11Hasibuzzaman et al. BMC Cancer          (2025) 25:588 	

mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin. 
2018;68(6):394–424.

	4.	 Pfister DG, Spencer S, Adelstein D, Adkins D, Anzai Y, Brizel DM, et al. Head 
and Neck Cancers, Version 2.2020, NCCN Clinical Practice Guidelines in 
Oncology. J Natl Compr Canc Netw. 2020;18(7):873–98.

	5.	 Bonner JA, Harari PM, Giralt J, Azarnia N, Shin DM, Cohen RB, et al. Radio-
therapy plus cetuximab for squamous-cell carcinoma of the head and 
neck. N Engl J Med. 2006;354(6):567–78.

	6.	 Gillison ML, Trotti AM, Harris J, Eisbruch A, Harari PM, Adelstein DJ, et al. 
Radiotherapy plus cetuximab or cisplatin in human papillomavirus-pos-
itive oropharyngeal cancer (NRG Oncology RTOG 1016): a randomised, 
multicentre, non-inferiority trial. Lancet. 2019;393(10166):40–50.

	7.	 Mehanna H, Robinson M, Hartley A, Kong A, Foran B, Fulton-Lieuw T, et al. 
Radiotherapy plus cisplatin or cetuximab in low-risk human papilloma-
virus-positive oropharyngeal cancer (De-ESCALaTE HPV): an open-label 
randomised controlled phase 3 trial. Lancet. 2019;393(10166):51–60.

	8.	 Zhu M, Yang M, Zhang J, Yin Y, Fan X, Zhang Y, et al. Immunogenic Cell 
Death Induction by Ionizing Radiation. Front Immunol. 2021;12: 705361.

	9.	 Weichselbaum RR, Liang H, Deng L, Fu YX. Radiotherapy and immuno-
therapy: a beneficial liaison? Nat Rev Clin Oncol. 2017;14(6):365–79.

	10.	 Kang J, Demaria S, Formenti S. Current clinical trials testing the com-
bination of immunotherapy with radiotherapy. J Immunother Cancer. 
2016;4:51.

	11.	 Asna N, Livoff A, Batash R, Debbi R, Schaffer P, Rivkind T, Schaffer M. Radia-
tion therapy and immunotherapy-a potential combination in cancer 
treatment. Curr Oncol. 2018;25(5):e454–60.

	12.	 Luke JJ, Lemons JM, Karrison TG, Pitroda SP, Melotek JM, Zha Y, et al. 
Safety and Clinical Activity of Pembrolizumab and Multisite Stereotactic 
Body Radiotherapy in Patients With Advanced Solid Tumors. J Clin Oncol. 
2018;36(16):1611–8.

	13.	 Lee NY, Ferris RL, Psyrri A, Haddad RI, Tahara M, Bourhis J, et al. Avelumab 
plus standard-of-care chemoradiotherapy versus chemoradiotherapy 
alone in patients with locally advanced squamous cell carcinoma of the 
head and neck: a randomised, double-blind, placebo-controlled, multi-
centre, phase 3 trial. Lancet Oncol. 2021;22(4):450–62.

	14.	 Plavc G, Strojan P. Combining radiotherapy and immunotherapy in defini-
tive treatment of head and neck squamous cell carcinoma: review of 
current clinical trials. Radiol Oncol. 2020;54(4):377–93.

	15.	 Tao Y, Aupérin A, Sun X, Sire C, Martin L, Coutte A, et al. Avelumab-
cetuximab-radiotherapy versus standards of care in locally advanced 
squamous-cell carcinoma of the head and neck: The safety phase of 
a randomised phase III trial GORTEC 2017–01 (REACH). Eur J Cancer. 
2020;141:21–9.

	16.	 Yu Y, Lee NY. JAVELIN Head and Neck 100: a Phase III trial of avelumab and 
chemoradiation for locally advanced head and neck cancer. Future Oncol. 
2019;15(7):687–94.

	17.	 Gough MJ, Crittenden MR. Immune system plays an important role in 
the success and failure of conventional cancer therapy. Immunotherapy. 
2012;4(2):125–8.

	18.	 Blair TC, Bambina S, Alice AF, Kramer GF, Medler TR, Baird JR, et al. Den-
dritic Cell Maturation Defines Immunological Responsiveness of Tumors 
to Radiation Therapy. J Immunol. 2020;204(12):3416–24.

	19.	 Hasibuzzaman MM, He R, Khan IN, Sabharwal R, Salem AK, Simons-
Burnett AL. Characterization of CPH:SA microparticle-based delivery 
of interleukin-1 alpha for cancer immunotherapy. Bioeng Transl Med. 
2023;8(3): e10465.

	20.	 Espinosa-Cotton M, Rodman Iii SN, Ross KA, Jensen IJ, Sangodeyi-Miller 
K, McLaren AJ, et al. Interleukin-1 alpha increases anti-tumor efficacy of 
cetuximab in head and neck squamous cell carcinoma. J Immunother 
Cancer. 2019;7(1):79.

	21.	 Chen L, Apte RN, Cohen S. Characterization of PLGA microspheres for the 
controlled delivery of IL-1α for tumor immunotherapy. J Control Release. 
1997;43(2):261–72.

	22.	 Veltri S, Smith JW 2nd. Interleukin 1 trials in cancer patients: a review 
of the toxicity, antitumor and hematopoietic effects. Stem Cells. 
1996;14(2):164–76.

	23.	 Dinarello CA. Overview of the interleukin-1 family of ligands and recep-
tors. Semin Immunol. 2013;25(6):389–93.

	24.	 Veltri S, Smith JW 2nd. Interleukin 1 Trials in Cancer Patients: A Review 
of the Toxicity. Antitumor and Hematopoietic Effects Oncologist. 
1996;1(4):190–200.

	25.	 Smeets MF, Mooren EH, Abdel-Wahab AH, Bartelink H, Begg AC. Differen-
tial repair of radiation-induced DNA damage in cells of human squamous 
cell carcinoma and the effect of caffeine and cysteamine on induction 
and repair of DNA double-strand breaks. Radiat Res. 1994;140(2):153–60.

	26.	 Weber A, Wasiliew P, Kracht M. Interleukin-1 (IL-1) pathway. Sci Signal. 
2010;3(105):cm1.

	27.	 Ainscough JS, Frank Gerberick G, Zahedi-Nejad M, Lopez-Castejon G, 
Brough D, Kimber I, Dearman RJ. Dendritic cell IL-1alpha and IL-1beta 
are polyubiquitinated and degraded by the proteasome. J Biol Chem. 
2014;289(51):35582–92.

	28.	 Eriksson U, Kurrer MO, Sonderegger I, Iezzi G, Tafuri A, Hunziker L, 
et al. Activation of dendritic cells through the interleukin 1 receptor 
1 is critical for the induction of autoimmune myocarditis. J Exp Med. 
2003;197(3):323–31.

	29.	 Dinarello CA, Conti P, Mier JW. Effects of human interleukin-1 on natural 
killer cell activity: is fever a host defense mechanism for tumor killing? 
Yale J Biol Med. 1986;59(2):97–106.

	30.	 Pullyblank AM, Guillou PJ, Monson JR. Interleukin 1 and tumour necrosis 
factor alpha may be responsible for the lytic mechanism during anti-
tumour antibody-dependent cell-mediated cytotoxicity. Br J Cancer. 
1995;72(3):601–6.

	31.	 Ben-Sasson SZ, Hu-Li J, Quiel J, Cauchetaux S, Ratner M, Shapira I, et al. 
IL-1 acts directly on CD4 T cells to enhance their antigen-driven expan-
sion and differentiation. Proc Natl Acad Sci U S A. 2009;106(17):7119–24.

	32.	 Belardelli F, Ciolli V, Testa U, Montesoro E, Bulgarini D, Proietti E, et al. Anti-
tumor effects of interleukin-2 and interleukin-1 in mice transplanted with 
different syngeneic tumors. Int J Cancer. 1989;44(6):1108–16.

	33.	 Braunschweiger PG, Johnson CS, Kumar N, Ord V, Furmanski P. Antitumor 
effects of recombinant human interleukin 1 alpha in RIF-1 and Panc02 
solid tumors. Cancer Res. 1988;48(21):6011–6.

	34.	 Braunschweiger PG, Kumar N, Constantinidis I, Wehrle JP, Glickson JD, 
Johnson CS, Furmanski P. Potentiation of interleukin 1 alpha mediated 
antitumor effects by ketoconazole. Cancer Res. 1990;50(15):4709–17.

	35.	 Arend WP. The balance between IL-1 and IL-1Ra in disease. Cytokine 
Growth Factor Rev. 2002;13(4–5):323–40.

	36.	 Arend WP, Welgus HG, Thompson RC, Eisenberg SP. Biological properties 
of recombinant human monocyte-derived interleukin 1 receptor antago-
nist. J Clin Invest. 1990;85(5):1694–7.

	37.	 Mulvey A, Muggeo-Bertin E, Berthold DR, Herrera FG. Overcoming 
Immune Resistance With Radiation Therapy in Prostate Cancer. Front 
Immunol. 2022;13: 859785.

	38.	 Barsoumian HB, Hsu J, Nanez S, Hu Y, Hsu EY, Riad TS, et al. The Rad-
Scopal Technique as an Immune Adjuvant to Treat Cancer. Immuno. 
2023;3(1):74–85.

	39.	 Nakamura N, Kusunoki Y, Akiyama M. Radiosensitivity of CD4 or CD8 posi-
tive human T-lymphocytes by an in vitro colony formation assay. Radiat 
Res. 1990;123(2):224–7.

	40.	 Darragh LB, Gadwa J, Pham TT, Van Court B, Neupert B, Olimpo NA, et al. 
Elective nodal irradiation mitigates local and systemic immunity gener-
ated by combination radiation and immunotherapy in head and neck 
tumors. Nat Commun. 2022;13(1):7015.

	41.	 Pasquier C, Chaltiel L, Massabeau C, Rabeau A, Lebas L, Lusque A, 
et al. Impact of radiation on host immune system in patients treated 
with chemoradiotherapy and durvalumab consolidation for unre-
sectable locally advanced non-small cell lung cancer. Front Oncol. 
2023;13:1186479.

	42.	 Marciscano AE, Ghasemzadeh A, Nirschl TR, Theodros D, Kochel CM, 
Francica BJ, et al. Elective Nodal Irradiation Attenuates the Combinato-
rial Efficacy of Stereotactic Radiation Therapy and Immunotherapy. Clin 
Cancer Res. 2018;24(20):5058–71.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Radiotherapy is enhanced by CPH:SA IL-1α microparticles in a murine HNSCC tumor model
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Cell lines and reagents
	ELISA and clonogenic assays
	In vitro co-cultures and immune cell activation
	Fabrication and characterization of MPs loaded with rIL-1α
	In vivo mouse model
	Tumor and lymph node immune cell infiltration
	Statistical analyses

	Results
	Radiotherapy triggers IL-1 signaling
	IL-1α activates immune effector cells in vitro
	IL-1αMPs combined with RT induces an anti-tumor response
	Radiotherapy is associated with lymphodepletion
	Radiotherapy ± IL-1αMPs induces changes in immune cell recruitment

	Discussion
	Conclusions
	Acknowledgements
	References


