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potent stimulation of abscopal effects, combination therapy with irradiation

immune checkpoint inhibition (immuno-radiotherapy, iRT) has revolutionized
the therapeutic guidelines. It has been demonstrated that tumor-draining lymph
nodes (TDLN) are essential for effective antitumor immunity induced by radio-
therapy, immunotherapy, or iRT. Given that the function of TDLN in iRT remains
unclear, this study aimed to investigate the function and mechanism of TDLN in
iRT-induced abscopal effects.

Methods: The function of TDLN was evaluated using unilateral or bilat-
eral MC38 and B16F10 subcutaneous tumor models with or without indicated

List of abbreviations: cGAS-STING, the cyclic GMP-AMP synthase-stimulator of interferon genes; DAPI, 4’,6’-diamidino-2-phenylindole; DC,
dendritic cell; DMEM, Dulbecco’s modified Eagle’s medium; DPBS, Dulbecco’s phosphate-buffered saline; FBS, fetal bovine serum; IFN-y,
interferon-y; iNOS, inducible nitric oxide synthase; iRT, combination treatment with immunotherapy and radiotherapy; MHC I, major
histocompatibility complex class I; M-MDSC, monocytic MDSC; PD-1, programmed cell death protein 1; PD-L1, programmed death-ligand 1;
PMN-MDSC, polymorphonuclear-myeloid-derived suppressor cell; RT, irradiation; RNA-seq, RNA-sequencing; TAM, tumor-associated macrophage;
TDLN, Tumor-draining lymph node; TIL, Tumor-infiltrating lymphocyte.
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TDLN. The flow cytometry, multiple immunofluorescence analysis, and NanoS-
tring analysis were utilized to detect the composition and function of the
immune cells in the primary and abscopal tumor microenvironment. Addition-
ally, we tempted to interrogate the possible mechanisms via RNA-sequencing of
tumor-infiltrating lymphocytes and TDLN.

Results: TDLN deficiency impaired the control of tumor growth by monother-
apy. Bilateral TDLN removal rather than unilateral TDLN removal substantially
curtailed iRT-stimulated anti-tumor and abscopal effects. Furthermore, in the
absence of TDLN, the infiltration of CD45" and CD8" T cells was substan-
tially reduced in both primary and abscopal tumors, and the anti-tumor function
of CD8" T cells was attenuated as well. Additionally, the polarization of
tumor-associated macrophages in primary and abscopal tumors were found to
be dependent on intact bilateral TDLN. RNA-sequencing data indicated that
impaired infiltration and anti-tumor effects of immune cells partially attributed
to the altered secretion of components from the tumor microenvironment.
Conclusions: TDLN play a critical role in iRT by promoting the infiltration of

KEYWORDS

1 | BACKGROUND

Radiotherapy is generally considered as a local treatment
modality, however, an increasing number of preclinical
and clinical studies have demonstrated that radiother-
apy could provoke systemic innate and adaptive immune
responses, and could result in tumor regression outside
the irradiated area in select cases, which is termed “absco-
pal effects” [1-3]. Despite this excitement, some patients
demonstrate primary or secondary radiotherapy resistance
and abscopal effects induced by radiotherapy alone are
rare [4]. In recent years, immunotherapy, especially pro-
grammed cell death protein 1/programmed death-ligand
1 (PD-1/PD-L1) immune checkpoint blockades therapy,
has revolutionized the treatment of various malignan-
cies, such as non-small cell lung cancer, melanoma, and
renal cancer [5, 6]. However, fewer than 50% of patients
exhibit a durable antitumor response and benefit from
immunotherapy alone, with a considerable proportion of
patients developing resistance [7, 8]. Because radiother-
apy can elicit an adaptive immune response and immune
checkpoint inhibitors can enhance T cell function, com-
bination treatment with immunotherapy and radiother-
apy (immuno-radiotherapy, iRT) has been developed and
attempted [9]. Accumulating clinical trials and preclinical
studies have illustrated that the addition of immunother-
apy significantly augments radiotherapy-induced abscopal

CD8* T cells and maintaining the M1/M2 macrophage ratio.

immuno-radiotherapy, tumor-draining lymph node, T cells, tumor-associated macrophage

effects, and radiotherapy may (at least partially) help
to overcome immunotherapy resistance by means of
increasing tumor immunogenicity and reprogramming the
neoplastic microenvironment [10, 11].

The lymph node is an important secondary lymphoid
organ that regulates interactions and trafficking of mul-
tiple types of immune cells, including T, B, and antigen-
presenting cells [12-14]. Radiotherapy could invigorate
the tumor-killing capacity of cytotoxic T cells in the
tumor microenvironment, possibly by promoting major
histocompatibility complex class I (MHC I) expression in
tumor cells and activating the cyclic GMP-AMP synthase-
stimulator of interferon genes (cGAS-STING) pathway in
dendritic cells (DCs) [15, 16]; however, tumor-draining
lymph nodes (TDLN) are also pivotal for radiotherapy-
mediated immune stimulation and abscopal effects [17,
18]. Similarly, although PD-1/PD-L1 blockade is thought
to activate T cells in the tumor microenvironment, TDLN
(instead of non-TDLN) contribute to the anti-tumor effects
of PD-1/PD-L1 blockade as well [19].

Phenotypically, dysfunction of TDLN caused by surgery,
irradiation, pharmacological inhibitors, or genetic ablation
significantly attenuates the anti-tumor effects of radiother-
apy, immunotherapy and iRT [20-22]. Takeshima et al.
[20] reported that surgical excision of TDLN attenuated
the anti-tumor effects induced by irradiation with a declin-
ing proportion of cytotoxic T lymphocytes in the primary
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tumor. Similarly, Marciscano et al. [21] demonstrated that
elective TDLN irradiation reduced immune infiltration
of iRT by regulating chemokine signaling, leading to
the unfavorable tumor immune microenvironment in the
primary tumor. However, the role of the TDLN of absco-
pal tumors remains unclear. In actual clinical practice,
abscopal effects are rare with radiotherapy alone, while
the addition of immunotherapy significantly augments
abscopal effects [23-26]. Buchwald et al. [17] reported the
important role of TDLN in abscopal effects induced by
radiotherapy. Zhang et al. [27] reported the crucial role of
TDLN in regulating local and systemic antitumor effects
induced by hypofractionated radiotherapy and immune
checkpoint inhibitors. However, the role of TDLN in iRT-
induced abscopal effects remains unclear and warrants
further investigation. Mechanically, naive T cells are acti-
vated in TDLN by mature DCs after tumor irradiation, and
the function of irradiation-induced tumor-specific cyto-
toxic T lymphocytes and stem-like CD8" T cells is greatly
compromised in the absence of TDLN [20]. In the context
of immunotherapy, T cells in TDLN are activated after PD-
1blockade treatment [19, 28], and blocking PD-L1 in TDLN
generates progenitor-exhausted T cells that seed the tumor,
contributing to anti-tumor effects [19, 29]. Altogether, pre-
clinical observations have validated the essential role of
TDLN.

Thus far, the vital roles of TDLN in radiotherapy,
immunotherapy, and iRT have been illustrated by several
studies [17, 21, 30]. Since iRT is becoming increasingly uti-
lized in the study of metastatic cancers, the function of
TDLN in iRT-induced anti-tumor effects warrants further
investigation. Therefore, this study sought to evaluate iRT-
induced anti-tumor and abscopal effects in a murine model
with surgically removed TDLN.

2 | MATERIALS AND METHODS

2.1 | Mice and cell lines

Female C57BL/6J mice (age, 6-8 weeks) were purchased
from Beijing Huafukang Biosciences Corporation (Beijing,
China). Experiments involving animals were reviewed and
approved by the Shandong Cancer Hospital according to
Institute Animal Care and Use Committee guidelines (Per-
mit number: SDTHEC2020001013). The mice were bred
and maintained in our air-conditioned animal facility
and housed in a climate-controlled (temperature = 24°C;
humidity = 40%-60%) light-regulated room with a 12/12 h
light/dark cycle and with ad libitum access to food and
water. They were euthanized in a CO, chamber at an exper-
imental or a humane endpoint (tumor size >1500 mm?),
whichever occurred first.

The murine colon adenocarcinoma cell line MC38 and
murine melanoma cell line B16F10 were generous gifts
received from the laboratory of Professor Liufu Deng from
the Shanghai Institute of Immunology, Shanghai Jiaotong
University School of Medicine (Shanghai, China). The
MC38 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM; ThermoFisher, Waltham, USA) and
B16F10 cells in RPMI-1640 (ThermoFisher) supplemented
with 10% fetal bovine serum (FBS; ThermoFisher), 100
U/mL penicillin/streptomycin (Solarbio, Beijing, China) at
37°C with 5% CO,.

2.2 | Subcutaneous tumor models and
treatment

Unilateral or bilateral subcutaneous tumor models were
established using MC38 and B16F10 cells. Briefly, C57BL/6J
mice were subcutaneously inoculated with indicated
tumor cells on the left flank (primary tumor: 1 x 10> MC38
cells or 5 x 10° B16F10 cells) and/or on the right flank
(abscopal tumor: 0.3-0.4 X 10® MC38 cells or 3 X 10° BI6F10
cells) on Day 0. After the diameter of the primary tumors
reached 6-8 mm (approximately on Day 9 for MC38 tumors
and on Day 7-8 for B16F10 tumors post tumor challenge),
the mice were randomly allocated and subjected to various
treatments. Tumors were monitored at least twice every
week, and the mice were euthanized at indicated time
points.

To determine the location of TDLN, methylene blue
staining was performed as previously reported [31]. Briefly,
10 uL medical methylene blue injection was injected sub-
cutaneously at the tumor site, and the mice were sacrificed
and TDLN were dissected 5 min after injection. Unilateral
or bilateral TDLN were surgically removed from mice on
indicated days or sham surgery, and subsequently, anti-PD-
1 (200 ug/mouse; #BE0146, BioXcell, West Lebanon, NH,
USA) was intraperitoneally administrated to mice on the
same day and every other day for a total of three times. One
day after TDLN removal surgery or sham surgery, the pri-
mary tumors (on the left flank) were irradiated with one
fraction of 12 Gy using the RS2000-225 Biological Irradiator
(Rad Source Technologies, Inc. Buford, GA, USA), with the
body of mice protected by a 4-mm-thick lead shield (Sup-
plementary Figure S1A). Thereafter, the tumor volumes
were monitored twice every week.

For in vivo depletion of CD8* T cells, tumor-bearing
mice were intraperitoneally injected with anti-mouse
CD8a antibody (300 ug/mouse; #BE0061, BioXcell) 2 days
before irradiation and twice weekly thereafter. In addi-
tion, tumor-bearing mice were intragastrically injected
with FTY720 (20 ug/mouse; #S5002, Selleck, Houston, TX,
USA) 1 day before tumor-directed irradiation and every
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day thereafter with a lavage needle as described previ-
ously [32]. Peripheral CD3* T cells were detected 48 h after
irradiation.

The mice were euthanized at indicated time points
or after the cumulative tumor burden had reached 1500
mm?, and 60 days after tumor inoculation for CD8* T cell
deletion experiments.

2.3 | Flow cytometry

Subcutaneous tumors were collected 6-7 days after tumor
irradiation, minced with ophthalmic forceps, and sub-
sequently digested with 1 mg/mL collagenase type 4
(LS004186, Worthington, New York, NY, USA) and 0.2
mg/mL Dnase I (DN25, Sigma-Aldrich, St Louis, MO, USA)
at 37°C for 30 minutes. Digestion was terminated using
RPMI-1640 with 2% FBS, and the solution was filtered
using a 70 um cell strainer (Corning, New York, NY, USA)
to obtain single cell suspensions, followed by cell staining
and flow cytometry. For surface staining, the single cell
suspensions were incubated with anti-mouse CD16/CD32
antibody (1:50; #553141, BD Biosciences, Franklin Lakes,
NJ, USA) for 15 minutes at 4°C to block nonspecific
antibody binding, washed with FACS buffer (2% FBS in
PBS), and subsequently stained with an antibody cocktail
against CD45.2 (1:200; #109839, Biolegend, San Diego,
CA, USA), Ly6C (1:200; #128035, Biolegend), Ly6G (1:200;
#127643, Biolegend), CDI11b (1:200; #101216, Biolegend),
F4/80 (1:200; #123137, Biolegend), CD11c (1:200; #117310,
Biolegend), MHC-II (1:200; #107625, Biolegend), CD86
(1:200; #553691, BD Biosciences), CD206 (1:200; #141706,
Biolegend), CD8 (1:200; #100730 or #100753, Biolegend),
and Fixable Viability Stain 780 (1:1000; #565383, BD
Biosciences). For intracellular staining and evaluating the
function of T cells in the tumor microenvironment, the
single cell suspensions were treated with Cell Activation
Cocktail (with Brefeldin A) (1:200; #423304, Biolegend)
for 4 h before cell staining and stained with an anti-
body cocktail against CD45.2 (1:200; #109839, Biolegend)
and CD8 (1:200; #100730 or #100753, Biolegend), The
samples were fixed in fixation/permeabilization buffer
(#562574, BD Biosciences) at 4°C for 1 h, washed with 1
X permeabilisation/wash buffer and incubated with the
corresponding antibody cocktails including Granzyme B
(1:200; #372204, Biolegend), and interferon-y (IFN-y,1:200;
#505831, Biolegend) in permeabilization buffer in the
dark at 4°C for 40-60 minutes. Flow cytometry was
performed on an LSR Fortessa system (BD Biosciences),
and the output was analyzed using the FlowJo software
(version 10.4, TreeStar, Ashland, OR). CD8" T cells were
identified as CD45% CD8*'. IFN-y* and Granzyme B*
were used to define the cytotoxic function of CD8" T

cells. M1 tumor-associated macrophages (TAMs) were
identified as CD45% Ly6C°VLy6G'°" CD11b* F4/80* CD86*
or CD45tLy6C'°VLy6G'°VCDI11b*F4/80* MHCII*, and
M2 TAM were identified as CD45%Ly6Cl°VLy6G!oW
CD11b*F4/80% CD206".

2.4 | RNA-sequencing (RNA-seq) and
NanoString analysis

Single cell suspensions (prepared as mentioned above)
were obtained 7 days after tumor irradiation. Tumor-
infiltrating lymphocytes (TILs) were isolated via den-
sity gradient centrifugation using Ficoll (17-5442-02, GE
Healthcare, Pittsburgh, PA, USA) as described previously
[33]. Briefly, single cells were resuspended in 4 mL of
Dulbecco’s phosphate-buffered saline (DPBS; Solarbio,
Beijing, China) and transferred to a 15 mL tube; subse-
quently, 2 mL of Ficoll was slowly pipetted on the bottom,
and all samples were then centrifuged at 2000 rpm at 20°C
for 20 minutes with no brake and acceleration. Cells in the
interphase were collected, washed and subjected to RNA-
seq. The total RNA of TILs was extracted using the RNeasy
Mini Kit (Qiagen, Hilden, Germany). RNA libraries were
prepared using the VAHTS mRNA-seq v2 Library Prep
Kit (Vazyme, Nanjing, China), and sequencing was per-
formed on the NovaSeq 6000 platform (Berry Genomics
Co., Ltd. Beijing, China). Pathway analysis was performed
via KEGG software. RNA-seq reads were aligned to NanoS-
tring of 770 immune-related genes and analyzed using the
nCounter® analysis system (Fynn Biotechnologies Ltd,
Jinan, China).

2.5 | H&E staining and
Immunofluorescence staining

TDLN were surgically removed from C57BL/6J mice,
formalin-fixed and embedded in paraffin. For H&E stain-
ing, sections were processed by dewaxing, hydration,
dyeing, dehydration, and sealing.

Tumor tissues were obtained 7 days after tumor irra-
diation, fixed in formalin, and embedded in paraffin.
Immunofluorescence staining was performed according to
the manufacturer’s instructions (Opal™ 7-Color Manual
IHC Kit; NEL811001KT, Akoya Biosciences, Marlborough,
MA, USA). Briefly, paraffin sections were incubated with
sodium citrate for 10-25 minutes for antigen retrieval,
blocked using BF block buffer containing 30%-40% goat
serum for 1 h at room temperature, and subsequently incu-
bated with primary antibodies against F4/80 (1:200; 70076,
Cell Signaling Technology, Danvers, MA, USA, marker
of mouse monocytes/macrophages), inducible nitric oxide
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synthase (iNOS, 1:200; ab3523, Abcam, Cambridge, MA,
USA, a marker of mouse M1 TAM), CD206 (1:200; ab64693,
Abcam, a marker of mouse M2 TAM), CD45 (1:200;
20103-1-AP, Proteintech, Chicago, IL, USA), and CD8
(1:200; 98941, Cell Signaling Technology) at room tem-
perature for 2 h or 4°C overnight with an additional
incubation of 0.5-2 h at room temperature. Thereafter,
the sections were incubated with secondary antibodies
(1 X, ARHI001EA, Akoya Biosciences, Marlborough, MA,
USA) for 10 minutes followed by incubation with appro-
priate opal fluorophore reagents at room temperature for
10 minutes. Finally, the sections were stained with 4',6'-
diamidino-2-phenylindole (DAPI) for 7 minutes at room
temperature; and CD457CD8* T cells, F4/80TiNOS™ cells
(M1 TAM) and F4/807CD206% cells (M2 TAM) were pho-
tographed and analyzed on a Vectra Polaris system (Akoya
Biosciences).

2.6 | Statistical analysis

Representative data were obtained from 2-3 independent
experiments and are expressed as mean =+ standard error
(SE). Survival graphs were analyzed using the Kaplan-
Meier method and compared using the log-rank tests.
Two-way ANOVA was used for tumor growth comparison,
and one-way ANOVA for multiple groups comparison, and
all were followed by Tukey’s multiple comparison test. P <
0.05was considered to be statistically significant. All statis-
tical analyses were performed using the GraphPad Prism
software (v8.0.2; La Jolla, CA, USA).

3 | RESULTS

3.1 | Intact TDLN are essential for
iRT-induced anti-tumor and abscopal
effects

To examine the function of TDLN, methylene blue stain-
ing was performed in vivo to determine the location of
TDLN in the tumor models. The location of TDLN was
similar to that reported previously [21]. Subsequently, H&E
staining of the surgically removed tissue revealed typi-
cal lymphoid nodal structure (Supplementary Figure S1B),
indicating that TDLN were successfully removed from the
mouse models when indicated.

To verify the hypothesis that TDLN were important
for iRT, mice with unilateral subcutaneous tumors were
subjected to either monotherapy (irradiation or anti-PD-1
treatment) or combinatorial iRT in the presence or absence
of the corresponding TDLN (Figure 1A). Compared with
radiotherapy or anti-PD-1 therapy, iRT augmented anti-

tumor effects in both MC38 and B16F10 tumor models.
Moreover, intact TDLN were required for iRT-induced
anti-tumor effects (Figure 1B-C, Supplementary Figure
S1C). Furthermore, administration of FTY720, which can
block T cell egress from lymphoid tissues, dramatically
decreased the proportion of peripheral T cells and elimi-
nated iRT-induced anti-tumor effects (Figure 1D-G, Sup-
plementary Figure S1D-E). Therefore, TDLN functioned as
essential hubs of anti-tumor responses induced by iRT.

As previously reported, compared with radiother-
apy, iRT dramatically stimulated abscopal effects, which
requires adequate adaptive immune responses [34]. We
next interrogated whether iRT-stimulated abscopal effects
also require TDLN and found that a single fraction of
12 Gy on a primary tumor with systemic administration
of anti-PD-1 antibody induced dominant abscopal effects
in the bilateral subcutaneous tumor models (Supplemen-
tary Figure SI1F). To further determine the functions of
the TDLN of primary and abscopal tumors, unilateral
or bilateral TDLN were surgically removed before anti-
PD-1 administration and irradiation, and the contribution
of TDLN to anti-tumor and abscopal effects induced by
different treatments varied (Supplementary Figure S2A).
Resection of unilateral or bilateral TDLN alone did not
affect tumor growth (Supplementary Figure S2B), and
it seemed that TDLN slightly influenced the anti-tumor
effects induced by anti-PD-1 monotherapy (Supplemen-
tary Figure S2C). However, intact TDLN of the primary
tumors (instead of the abscopal tumors) were found to
be essential for irradiation monotherapy-induced primary
and secondary tumor regression (Supplementary Figure
S2D), and bilateral (instead of unilateral) TDLN defi-
ciency dramatically attenuated iRT-stimulated abscopal
effects (Figure 1H, Supplementary Figure S2E). In all,
these results suggested that TDLN were essential for iRT-
induced anti-tumor effects, and intact TDLN of both pri-
mary and abscopal tumors were essential for iRT-induced
abscopal effects.

3.2 | Transcriptomes of TILs in
iRT-treated primary and abscopal tumors
demonstrate different repertoires after
removal of bilateral TDLN

iRT-induced abscopal effects depend on adequate innate
and adaptive immune responses, which are executed by
immune cells in the tumor microenvironment. Therefore,
to evaluate the impact of iRT on TILs, TILs were iso-
lated from iRT-treated primary and abscopal tumors 7
days after irradiation and subjected to RNA-seq. TILs, iso-
lated from either primary or abscopal tumors, showed
distinct transcriptomes after iRT and subsequent TDLN
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FIGURE 1 TDLN are essential for anti-tumor and abscopal effects induced by iRT. (A) Schematic diagrams of unilateral and

bilateral subcutaneous tumor models. (B-C) Tumor volumes of the unilateral MC38 (B) and B16F10 (C) tumor models treated as Panel A. (D)
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iRT with or without FTY720 treatment. (G) The proportion of CD3" T cells in peripheral blood in mice treated with or without FTY720. (H)

Tumor volumes of the bilateral MC38 and B16F10 tumor models treated

as Panel A. Representative data were obtained from 2-3 independent
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removal (Figure 2A). Analysis of differentially expressed
genes showed that several genes were downregulated after
bilateral TDLN removal in the context of iRT in both pri-
mary and abscopal tumors when compared with the iRT
group (Figure 2B). For example, Pydc4, Rhov, Oasll, Hdc,
Isgl5, 11119, Saa3, Ccl4, Treml2, H2-QI10, and Cebpe in pri-
mary tumors and Ly6c2, CD8b1, Gimap5, Lat, Hest, Cd3d,
Pglyrpl, Tusc5 and H2-QI0 in abscopal tumors were signif-
icantly downregulated with the absence of TDLN. Because
most of these genes are associated with T cell function
[35-38], the finding indicated that the removal of bilat-
eral TDLN might lead to impaired iRT-induced T cell
responses.

Next, we further compared the pathways enriched in
the iRT group vs. control group with those enriched in the
iRT group vs. the group with iRT treatment combined with
TDLN removal in primary tumors. Two overlapping path-
ways were found, one related to cytokine-cytokine receptor
interaction and the other to phagosome (Figure 2C-D).
Using similar comparison methods to examine the TILs
of abscopal tumors, 9 overlapping pathways were found,
including those related to the cytokine-cytokine receptor
pathway and phagosome in addition to the chemokine
signaling pathway (Figure 2C-D). Moreover, the genes
downregulated in the absence of TDLN were also enriched
in the pathways mentioned above. Of note, metabolic and
oxidative phosphorylation pathways were significantly
upregulated in the TILs of abscopal tumors after iRT,
which were downregulated after TDLN removal, thus indi-
cating a potential difference between the primary and
abscopal tumor microenvironment (Figure 2C).

Furthermore, we examined the transcriptome of bilat-
eral TDLN 1, 3, 5 and 7 days after iRT. Differentially
expressed genes and enriched pathways in the TDLN of
primary and abscopal tumors indicated that the TDLN of
primary and abscopal tumors might contribute to anti-
tumor immune responses through different mechanisms
in a time-dependent manner (Supplementary Figure S3).
In addition, the Thbs4 gene (associated with stem cell dif-
ferentiation) was found to be significantly upregulated in
the iRT groups vs. control groups in both primary and
abscopal tumors. Tumor-reactive stem-like TILs are asso-
ciated with complete cancer regression, and TDLN may be
the source of stem-like cells in tumors [39, 40].

3.3 | TDLN removal impairs iRT-induced
anti-tumor immune responses mediated by
CDS8* T cells

Owing to the importance of CD8* T cells as “effector cells”
for iRT-mediated immune responses and as indicated
by the RNA-seq data (Figure 2B), we assessed whether

TDLN promoted iRT-induced anti-tumor and abscopal
effects via the filtration and function of CD8" T cells in
the tumor microenvironment. We first utilized the uni-
lateral MC38 tumor models, which were subjected to
irradiation and/or anti-PD-1 administration in the pres-
ence or absence of TDLN. Tumors were collected 7 days
post irradiation, and the immune microenvironment was
analyzed via flow cytometry using the gating strategy (Sup-
plementary Figure S4). The results revealed that TDLN
removal adversely affected iRT-induced CD45% and CD8*
T cell infiltration, and monotherapy-stimulated CD45%
and CD8* T cell infiltration was slightly altered by TDLN
removal (Supplementary Figure S5A). These results sug-
gested that iRT-induced CD8" T cell infiltration relied on
intact TDLN. Furthermore, bilateral MC38 tumor models
were established and subjected to iRT treatment with or
without bilateral TDLN removal. TDLN removal alone did
not affect CD45% and CD8* T cell infiltration in either
the primary or abscopal tumor microenvironment with-
out iRT treatment. iRT treatment significantly increased
the infiltration of CD8" and CD45% T cells, which were
substantially reversed by bilateral TDLN removal (Figure
3A-B). Furthermore, the effects of TDLN removal on the
function of CD8' T cells (in the primary and abscopal
tumor microenvironment) were examined. The results
showed that iRT resulted in significant enrichment of IFN-
y* and Granzyme B* CD8* T cells, which was diminished
after bilateral TDLN removal (Figure 3C-F). To visualize
the distribution of CD45" and CD8" T cells in primary and
abscopal tumors, multiplex immunofluorescence staining
was utilized, and evident enrichment of CD45% and CD8*
T cells were detected after iRT. However, bilateral TDLN
removal attenuated this phenomenon (Figure 4A).

Additionally, to verify the involvement of CD8* T cells
in iRT-stimulated abscopal effects, the anti-CD8 neutral-
izing antibody was used in bilateral MC38 tumor models.
The results revealed that CD8" T cell depletion inhibited
anti-tumor effects in both primary and abscopal tumors
with compromised survival outcomes (Figure 4B-C). Alto-
gether, these findings suggest that TDLN-mediated CD8*
T cell infiltration and function are essential for iRT-
induced abscopal effects.

3.4 | TDLN maintain TAM polarization
in the primary and abscopal tumor
microenvironment after iRT

As shown in Figure 2B, transcriptomic analysis showed
that Chill, Hcar2, Irf7, and Ccl3 (primary tumors) along
with Treml2, Cd209a, and RunxItI (abscopal tumors) were
significantly downregulated with the absence of TDLN.
Because these genes are associated with macrophage
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FIGURE 3 TDLN removal abrogates iRT-induced anti-tumor immune responses. Primary and abscopal tumors were collected

and subjected to flow cytometric analysis. Representative data and quantitative analysis of CD45" cells (A) and CD8" T cells (B) isolated from
primary and abscopal tumors. Representative data and quantitative analysis of Granzyme B* (C, E) and IFN-y* (D, F) CD8* T cells isolated

from primary and abscopal tumors. Representative data are obtained from 2-3 independent experiments. Data are expressed as mean + SEM
(n = 5-6 per group). *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. Abbreviations: TDLN, Tumor- draining lymph nodes; SEM,
standard error of the mean; IFN-y, interferon-y; Con, control; Res, resection; iRT, combined immunotherapy and radiotherapy; iRT + Res, iRT

with bilateral TDLN resection.
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enrichment and function [41, 42], it was hypothesized
that TAM might be affected by TDLN deficiency. Bilat-
eral tumor models were utilized herein. Compared with
the control group, the iRT group had significant infil-
tration of polymorphonuclear-myeloid-derived suppressor
cells (PMN-MDSCs) and monocytic MDSCs (M-MDSCs)
in the primary tumor microenvironment, which was not
affected by TDLN removal (Supplementary Figure S5B).
In addition, the abundance of DCs was not dramatically
altered after iRT treatment with or without TDLN (Sup-
plementary Figure S5B). However, in the abscopal tumor
microenvironment, although iRT did not affect the enrich-
ment of PMN-MDSCs, M-MDSCs, and DCs compared with
the control group, TDLN removal decreased the infiltra-
tion of these immune cells (Supplementary Figure S5C).
Moreover, the infiltration of TAM was decreased in both
primary and abscopal tumors after iRT, and TDLN removal
reversed this phenomenon (Supplementary Figure S5D).
Thus, TDLN removal influenced the reprogramming of the
tumor microenvironment in both primary and abscopal
tumors.

Given that the proportion of TAM consistently varied
in primary and abscopal tumors with iRT in the absence
of bilateral TDLN, we further analyzed the polarization
of TAM. Using a similar gating strategy as mentioned
above (Supplementary Figure S4), we found that com-
pared with iRT alone, iRT with TDLN removal tended to
decrease the infiltration of M1 TAM in primary tumors,
but differences were not statistically significant (P =
0.05, Figure 5A). Although the proportion of M2 TAM
did not significantly change, the CD86tM1/CD206tM2
and MHCII*M1/CD206*M2 ratios significantly decreased
after iRT with TDLN removal (Figure 5A, Supplemen-
tary Figure S5E). In abscopal tumors, iRT failed to affect
the infiltration of CD86* M1 TAM, MHC-II" M1 TAM
or CD206% M2 TAM in the presence or absence of
TDLN. However, compared with Con group, iRT signifi-
cantly upregulated M1/M2 ratio in the CD86* M1/CD206%
M2 population in abscopal immune microenvironments,
which depended on intact TDLN (Figure 5A, Supplemen-
tary Figure S5E). We then further analyzed the expression
profile of M1 TAM-related genes based on the RNA-seq
data using the NanoString molecular panels, and simi-
lar results were obtained. In both primary and abscopal
tumors, iRT increased the expression of M1 TAM marker-
related genes, whereas bilateral TDLN removal signifi-
cantly reversed the increase in gene expression (Figure
5B). Additionally, to visualize the distribution and enrich-
ment of M1 and M2 TAM in primary and abscopal tumors,
multiplex immunofluorescence staining of primary and
abscopal tumors was performed, and F4/80 was used to
define total macrophages, whereas iNOS and CD206 were
used to define M1 and M2 TAM, respectively. Consistent

with the findings of flow cytometry, immunofluorescence
staining revealed impaired enrichment of M1 TAM and
abnormal infiltration of M2 TAM in primary and abscopal
tumors after iRT with bilateral TDLN removal (Figure 5C).
In summary, these results indicated that TDLN partially
promoted iRT-induced abscopal effects by maintaining
TAM polarization.

4 | DISCUSSION
This study revealed that bilateral TDLN partially regulated
iRT-induced anti-tumor immune responses and absco-
pal effects by maintaining the infiltration and function
of CD8* T cells and TAM polarization. iRT evoked an
increase of CD8" T cells and M1 TAM in both primary
and abscopal tumors with intact TDLN, leading to efficient
anti-tumor effects. However, the absence of bilateral TDLN
impaired the enrichment and cytotoxic capacity of CD8*
T cells coupled with M2 polarization of TAM in the pri-
mary and abscopal tumor microenvironment, resulting in
compromised iRT-induced tumor regression. (Figure 6).
Consistent with the findings of previous studies [43],
this study revealed that iRT had more pronounced antitu-
mor effects than radiotherapy or anti-PD-1 monotherapy
in unilateral MC38 and B16F10 mouse models. The essen-
tial roles of TDLN in anti-tumor effects induced by either
radiotherapy or immunotherapy alone has been previously
described [33]. Similarly, in this study, mice treated with
either modality increased tumor volumes/weights owing
to TDLN removal. However, TDLN only partly contributed
to the anti-tumor effects induced by either monotherapy
or combination therapy, since compared with the control
group, the monotherapy or iRT group that were deficient
of TDLN showed limited tumor regression. We propose
two potential reasons for this finding. First, pre-infiltrated
CD8* T cells in the tumor microenvironment determine
the efficiency of anti-tumoral immune responses induced
by immunotherapy, and MC38 and BI16F10 tumors are
known to be “hot” tumors characterized by high infil-
tration of immune cells. Thus, pre-existing immune cells
(especially CD8™ T cells) may contribute to the anti-tumor
effects of monotherapy or iRT. Tumor growth observed
with CD8* T cell depletion verified the hypothesis men-
tioned above, that is, iRT-treated mice without TDLN
showed less tumor regression than those with CD8* T
cell depletion in both primary and abscopal tumors. Sec-
ond, apart from anti-tumor immune responses, irradiation
could induce direct cell death and contribute to tumor
regression. The addition of systemic immunotherapy could
augment radiotherapy-stimulated abscopal effects [4, 23].
In the present study, substantial iRT-induced abscopal
effects were observed in both MC38 and B16F10 bilat-
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TDLN maintains iRT-mediated TAM polarization in the primary and abscopal tumor microenvironment. (A)

Quantitative analysis of M1 and M2-like macrophages isolated from primary and abscopal tumors treated with iRT in the presence or absence
of bilateral TDLN. (B) Heat maps demonstrating genes related to M1 or M2 macrophages in primary and abscopal tumors (NanoString

molecular analysis based on RNA-seq data). (C) Representative images and quantitative analysis of M1-like (F4/80* iNOS*) and M2-like

(F4/80% CD206%) macrophages in primary and abscopal tumors. Data are expressed as mean + SEM (n = 3-7 per group). *, P < 0.05; **, P <
0.01; *** P < 0.001. Abbreviations: TDLN, Tumor-draining lymph node; TAM, tumor-associated macrophage; SEM, standard error of the
mean; Con, control; Res, resection; iRT, combined immunotherapy and radiotherapy; iRT + Res, iRT with bilateral TDLN resection.
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microenvironment in both primary and abscopal tumors. iRT lead to significant infiltration of functional CD8* T cells and M1 TAM in

both primary and abscopal tumors in the presence of TDLN, leading to efficient anti-tumor effects. However, the absence of bilateral TDLN
impaired the enrichment and cytotoxic capacity of CD8* T cells coupled with M2 polarization of TAM in the primary and abscopal tumor
microenvironment, resulting in compromised iRT-induced tumor regression. Abbreviations: TDLN, tumor-draining lymph nodes; TAM,
tumor-associated macrophage; iRT, combined immunotherapy and radiotherapy; iRT + Res, iRT with bilateral TDLN resection.

eral tumor models. To this extent, interestingly, ipsilateral
TDLN removal alone exerted limited effects on iRT-treated
abscopal tumor growth; only bilateral TDLN removal
reversed iRT-induced abscopal tumor regression. Anti-PD-
1/PD-L1 could directly lead to the release of T cells in
TDLN, and TDLN of primary tumors are important sites
for T cell activation via DCs from the irradiated tumor
microenvironment. The unilateral removal of TDLN may
be incompetent to impair iRT-induced abscopal effects.
Hence, the role of contralateral TDLN in stimulating
abscopal responses provides a clinical basis for sparing
them from radiotherapy (or dissection), since ipsilat-
eral TDLN are addressed with radiotherapy or surgery
in most clinical circumstances. Abscopal tumor regres-
sion depends on adequate adaptive anti-tumor immunity.
Therefore, TDLN are essential for anti-tumor and abscopal
effects induced by iRT.

CD8* T cells are vital mediators of antitumor effects
[44]. Herein, bilateral TDLN removal significantly atten-
uated the infiltration and cytotoxic function of CD8" T

cells in iRT-treated primary and abscopal tumor microen-
vironment, which may partially explain the role of TDLN
resection in attenuating anti-tumor effects. Noticeably, the
function (and infiltration) of CD8" T cells was highly
attenuated after iRT with TDLN removal, although the
iRT-treated primary and abscopal tumors still showed mild
tumor regression even after bilateral TDLN removal. As
previously reported, CD8" T cells can be activated by
antigen-presenting cells as well as anti-PD-1 in TDLN
[19, 45] and subsequently migrate to the tumor microen-
vironment with the help of specific cytokines [46]. In
addition to pre-infiltrated CD8% T cells in the tumor
microenvironment, CD8* T cells may also migrate from
other immune organs or peripheral circulation, so less
chemokine production from the primary or abscopal
tumor microenvironment, as demonstrated based on the
RNA-seq data in this study, may contribute to impaired
infiltration of both CD45%" and CD8* T cells. It has demon-
strated tumor antigen-specific CD8* T cells are the main
mediators and perform important functions in the reg-
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ulation of anti-tumor cellular immune responses during
iRT [27, 47]. However, the infiltration and function of
tumor antigen-specific CD8% T cells were not detected
in this study; therefore, it cannot be negated that tumor
antigen-specific CD8' T cells in iRT-treated tumor after
TDLN removal may demonstrate a different trend. In all,
TDLN may maintain CD8" T cell-mediated anti-tumor
immunity.

TAM play an important role in modulating tumor
immune responses. In this study, the M1/M2 TAM ratio
was found to be decreased in primary and abscopal tumors
in the absence of TDLN. To date, most studies have focused
on the adaptive immune compartments, yet the contribu-
tion of other immune subsets to antitumor immunity war-
rants further investigation [48]. Cytokines, chemokines
and cellular components in the tumor microenvironment
largely determine the repertoire of TAM, which in turn
exert adverse or positive effects on anti-tumor immune
responses via cell-cell contact or secretion [49]. It is
hypothesized that TDLN removal may facilitate the forma-
tion of an immunosuppressive microenvironment in both
primary and abscopal tumors, and may consequently alter
the repertoire of TAM, which in turn suppresses the anti-
tumor immunity. In this study, RNA-seq of primary and
abscopal TILs and TDLN illustrated different results, indi-
cating that the underlying mechanisms may be different
between primary and abscopal tumors.

Although the importance of the TDLN in iRT is revealed
in this study, further details of the molecular mecha-
nism how the TDLN maintain T cell infiltration and TAM
polarization are still not clear. In addition, our studies
were derived from animal experiments and lacked vali-
dation of detailed clinical data, which will be needed to
assess the relevance between the survival with or with-
out TDLN while received iRT. Further clinical studies are
required.

5 | CONCLUSIONS

This study highlights the critical role of TDLN as a key
orchestrator of abscopal responses mediated by combined
immunotherapy and radiotherapy. This finding requires
corroboration but provides a strong rationale for develop-
ing therapeutic strategies of preserving uninvolved TDLN.
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