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Purpose: A tertiary lymphoid structure (TLS) refers to an organized infiltration of
immune cells that is linked to a positive prognosis and improved response to
immunotherapy. However, methods that promote TLS formation are limited and
challenging to implement in clinical settings. In this study, we aimed to promote
the formation and maturation of TLSs in lung adenocarcinoma (LUAD) by
combining low-dose radiotherapy (LDRT) with immunotherapy.

Methods: Tissue sections from 198 patients who had undergone surgery were
examined. Risk factors for patient survival were assessed, and the relationship
between TLSs and five-year survival was analyzed. The Kras-LSL-G12D
spontaneous lung cancer mouse model was used to screen the optimal
irradiation dose (0/1/2 Gy whole lung irradiation) for promoting TLS formation.
LDRT combined with anti-PD-1 was used to promote the formation and
maturation of TLSs.

Results: TLS+, TLS™9", TLS+GC+ and CD89" within TLS+ were associated with
a favorable prognosis. LDRT increased the formation of early TLSs in the
Kras-LSL-G12D lung cancer mouse model. In addition, LDRT combined with
anti-PD-1 treatment can significantly improve the maturity of TLSs in mouse
LUAD, resulting in greater antitumor effects. This antitumor effect was strongly
associated with the number of CD8+ T cells within the TLSs.

Conclusion: We successfully applied LDRT combined with PD-1 inhibitor therapy
for the first time, which increased both the quantity and maturity of TLSs in lung
cancer. This approach achieved a promising antitumor effect.
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Introduction

Non-small cell lung cancer (NSCLC) is the most prevalent type of
cancer and the leading cause of cancer-related death worldwide (1).
NSCLC encompasses squamous cell carcinoma, adenocarcinoma,
and large cell carcinoma. Among these subtypes, lung
adenocarcinoma (LUAD) is the most common subtype of NSCLC
(2). The utilization of innovative screening techniques has enhanced
the early diagnosis of NSCLC. Nevertheless, a substantial number of
patients experience relapse following treatment, with only a minority
attaining sustained disease-free survival (DFS) in the long term (3).
Despite certain advancements in radiotherapy, targeted therapy, and
immunotherapy for NSCLC, there has been only a marginal
improvement in the overall survival rate (4, 5). Consequently, it is
imperative to explore novel therapeutic approaches for lung cancer.
Recently, tertiary lymphoid structures (TLSs) have garnered attention
as an important element associated with the clinical response to
immunotherapy (6).

TLSs are lymphoid formations that develop in nonlymphoid
tissues during chronic inflammation, such as chronic infection,
autoimmune disease, and cancer (7). TLSs are characterized by their
vascularization and consist of T-cell regions containing mature
dendritic cells, germinal centers with follicular dendritic cells and
proliferating B cells, and high endothelial venules (HEV/PNAJ) (8).
TLSs have been linked to a positive prognosis in various types of
cancer, including lung cancer (9), colorectal cancer (10), melanoma
(11), and pancreatic cancer (12). Recently, numerous reports have
shown that TLSs can enhance the response to immune checkpoint
inhibitors (ICIs) treatment (13, 14). The induction of TLS
formation for antitumor purposes is a promising area of research.
However, current methods are still limited. The main methods
include stimulating TLS formation in tumors by injecting T
follicular helper (TFH) cells (15), inducing spontaneous TLS
formation in the kidneys, liver, and lungs through the conditional
deletion of Notch signaling in adult mice using the standard Notch
signaling factor Rbpj (16), and inducing TLS formation through the
intratumoral injection of the B lymphocyte chemokine CXCL13
(17). However, these methods are challenging to implement in a
clinical setting. In recent years, low-dose radiotherapy (LDRT) with
doses ranging up to 2 Gy per segment has emerged as a promising
approach to enhancing antitumor immunity (18).

In cancer immunotherapy, investigations on the potential of
LDRT remain relatively limited. Several studies have provided
evidence that LDRT can elicit distinct biological responses in
comparison to those of high and moderate doses of radiation (19,
20). Research has demonstrated that LDRT has the potential to
augment immune function, impede tumor growth, and bolster the
body’s immune response toward malignancies (21). The
mechanism by which LDRT enhances immune function primarily
involves the activation of various cellular reactions within immune
organs and different T-cell signaling pathways (22, 23). Recent
clinical data suggest that exposure to low-dose radiation can
reprogram the tumor microenvironment (TME). It is also
believed that this radiation exposure promotes the infiltration of
immune cells, thereby enhancing the antitumor effects (24, 25).
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In recent years, there has been an increase in the number of
clinical investigations and foundational trials focusing on the
combination of radiation therapy and immunotherapy (26-29).
However, most studies on this combined therapy primarily
concentrate on a specific type of immune cell in the TME,
particularly CD8+ T cells (30-32). Importantly, the antitumor
effect of the TME is exerted as a whole rather than being
attributed to individual cells within it. The TME includes a
lymphocyte cluster called the TLS, which consists of various
immune cells and operates as a cohesive unit (6). By
administering whole-lung LDRT to the Kras-LSL-GI12D lung
cancer mouse model, we observed an increase in the number of
TLSs in the cancer tissues compared with control tumors.
Encouragingly, we revealed that LDRT significantly promoted the
antitumor effects of anti-PD-1 therapy, offering a cost-effective and
straightforward treatment strategy for the future clinical
management of NSCLC, particularly in advanced patients.

Materials and methods
Patient cohort

This study included a total of 198 patients diagnosed with stage
I-1IT lung adenocarcinoma who had undergone standard surgical
resection at the Affiliated Hospital of Jiangnan University between
2016 and 2018. Formalin-fixed and paraffin-embedded specimens
were collected from these 198 patients. The researchers conducted a
retrospective analysis to evaluate clinicopathological features and
five-year survival rates. The assessed clinicopathological
characteristics included variables such as age, sex, clinical stage,
histological differentiation grade, pleural invasion, vascular
invasion, lymphatic invasion, and perineural invasion. Samples
were independently evaluated by two experienced pathologists.
TNM staging was performed on patients with non-small cell lung
cancer according to the 8th edition of the TNM staging system. The
study included 87 males and 111 females, with a median age of 64
years (range: 32-82 years). Survival time was measured from the day
of surgery until the fifth-year post-surgery.

Hematoxylin and eosin staining

The tissue sections were deparaffinized in a xylene solution.
Then, the sections were hydrated using a high to low concentration
gradient of alcohol. Afterwards, the sections were stained with
hematoxylin. Subsequently, the sections were washed and placed
in alcohol hydrochloride to return to blue, and differentiated in a
differentiation solution. Following this, the sections were rinsed and
dehydrated using a low to high concentration gradient of alcohol.
Next, the sections were stained with alcohol eosin. The slices were
then dehydrated in pure alcohol and made transparent in xylene.
Finally, after drying, the slices were sealed with neutral resin. All the
aforementioned steps were completed using the Leica ST5020
multi-function dyeing machine (Leica, Germany).
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Immunohistochemical and multiplex
immunofluorescence staining

Tumor tissues were fixed in 10% formalin, embedded in
paraffin, and continuously sectioned. For both staining protocols,
4 um thick sections were cut from formalin-fixed paraffin-
embedded lung cancer tissue. The sections were dewaxed,
rehydrated, and then subjected to antigen retrieval by boiling at
97°C for 20 minutes in sodium citrate (pH = 6.0) or Tris-EDTA (pH
= 9.0). The endogenous peroxidases were then blocked by
incubating the sections in an endogenous peroxidase blocking
solution for 10 minutes. Next, the sections were incubated with
10% goat serum at room temperature for 30 minutes to block non-
specific binding.

For THC staining, the tissues were diluted with a monoclonal
diluent and then incubated with a monoclonal antibody overnight
at 4°C. Antibodies for staining TLS and other related markers in
human tissue included CD3 (ab16669, Abcam), CD20 (ab78237,
Abcam), CD21 (abs145284, Absin), CD23 (ab92495, Abcam),
PNAd (ab111710, Abcam), CD4 (IR379, ABP), and CD8 (IR024,
ABP). Antibodies against TLS and T-cell markers for staining
mouse tissue included CD3 (ab16669, Abcam), CD19 (ab245235,
Abcam), B220 (RA3-6B2, eBioscience), CD21 (abs145284,
ABS145284), Absin), CXCL13 (ab78237, Abcam), GL7 (14-5902-
82, eBioscience), CD4 (ab183685, Abcam), and CD8 (ab209775,
Abcam). For MIF staining, only one antigen was detected per
round, including primary antibody incubation, secondary
antibody incubation, tyramine signaling amplification (TSA)
visualization, and then labeling the next protein after antigen
repair and protein blocking with the same antibodies as those
used in THC staining. TSA visualization was achieved using the
XTSA 7-color multifactor IHC kit (AXT37025031, Alpha X), which
contains the fluorophores (4’,6-diaminidine 2-phenylindole
(DAPI), XTSA 480 (CD23), XTSA 520 (CD20 and B220), XTSA
570 (CD3), XTSA 620 (CD21), XTSA 690 (PNAd and CD19),
XTSA 780 (CD163 and CXCL13), XTSA signal amplifying solution,
and anti-quenching sealing tablets. After labeling all of the antigens
in each panel, microwave treatment was performed to remove the
TSA antibody complex with EDTA buffer at 97°C for 20 minutes.
All slides were redyed with DAPI for 5 minutes and sealed in
antifade mounting medium.

Assessment of TLSs in lung cancer

To evaluate TLSs in patient tumor samples, we implemented the
optimization techniques employed in previous investigations (33).
TLS positive (TLS") immunocyte clusters were identified using
H&E staining and THC CD20 and CD3 staining. Immunocyte
clusters that were not CD20" and CD3" were considered TLS
negative (TLS™). To quantify TLS density, we quantified the
number of TLSs in each slide and divided the slides into TLS™"
°" TLS"" groups by the slide area using 0.08/mm?2 as a cutoff value.
SlideViewer software (3DHISTECH, Hungary) was utilized to
calculate the slide area. CD23 was utilized as a marker for
germinal centers, and the statistical methodology remained
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consistent with what was previously mentioned. The various
stages of TLS assessment remain identical to those previously
described. TLSs lacking follicular dendritic cells (FDCs)
represented the initial phase of TLS development and were
denoted as early TLSs (E-TLSs). TLSs containing FDCs but
lacking germinal centers (GCs) were referred to as primary
follicle-like TLSs (PFL-TLSs), while TLSs with GCs were referred
to as secondary follicle-like TLSs (SFL-TLSs). T assess CD8
expression in TLSs, the overall number of germinal centers and
CD8-expressing cells within every TLS in each section was obtained.
Subsequently, the sum of the CD8/TLS ratios was used as the final
metric, wherein a score above 13 denoted CD8™8" and a scorebelow
13 denoted CD8"".

In the analysis of mouse tumor samples, based on previous
research (17), the detection of immune cell aggregation was
observed through two staining methods, namely, H&E staining
and IHC B220 or CD19 staining. Immune cell aggregation served as
an indicator of TLSs (TLS"), while the absence of such aggregation
indicated a lack of TLSs (TLS"). To evaluate the density of TLSs, the
number of TLSs per section was calculated and then divided by the
area of the section. The assessment of CD3 involved counting the
number of T cells (CD3") in the vicinity and within all TLSs. GCs
were identified by using GL7 as a marker. The process of dividing
the TLS stages and evaluating CD8 positive staining followed the
same approach as previously explained. As a validation technique,
the spleen of the mice was utilized as a positive control for all the
aforementioned staining techniques (Figure SIA).

Tumor models

C57BL/6)Smoc-Kras™*S-G12DISmee mpice were purchased from
Shanghai Model Organisms Center, Inc., (Shanghai, China). C57BL/6]
mice were purchased from GemPharmatech (Nanjing, China) and
raised under specific pathogen-free conditions. Two spontaneous
models of lung cancer were constructed in situ: 1). AAV2/9-CMV
bGI-Cre-EGFP-pA (Shanghai Model Organisms Center, Inc.,
Shanghai, China) was diluted in PBS to make a 2*10"'/50 pl working
fluid. C57BL/6JSmoc-Kras™*MS1-G12DISmoc yere anesthetized by
isoflurane inhalation, and the working solution was given to the
lungs of the mice through the nasal cavity, 50 pl/tablet. After eight
weeks, lung tumor formation was observed using the Micro-CT
imaging system (Quantum GX2, PerkinElmer). 2). C57BL/6] mice
were intraperitoneally injected with 800 mg/kg ethyl carbamate (EC)
(Sigma, USA) (8% ethyl carbamate prepared with normal saline, 0.1
ml/10 g body weight) twice a week, and lung tumor formation was
observed at 20 w after the start of modeling for five consecutive weeks
using a micro-CT imaging system of live small animals.

Tumor therapy

C57BL/6JSmoc-Kras®™*(-SL-G12D)Smoe e yere randomly
divided into three groups to receive low-dose radiotherapy: (1)
control group (unirradiated group), (2) 1 Gy group, and (3) 2 Gy
group. Radiation therapy was delivered to the chest. Briefly, mice
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were anesthetized with isoflurane, and the chest was irradiated with
1 and 2 Gy depending on the experiment using the Biological X-ray
irradiometer (RS2000Plus) using 7.2 Gy/minute at 160 KV, 25 mA,
30 cm SSD. Depending on the location, a 3x3 cm collimator was
used to focus the radiation. Seven days later, the mice were
euthanized, and whole lung samples were collected.

Then, after selecting the optimal irradiation dose, the two
models of mice were randomly divided into four groups for
combined treatment: (1) control group (untreated group), (2) 1
Gy group, (3) PD-1 inhibitor treatment group (intraperitoneal
injection of 10 mg/kg PD-1 inhibitors every three days), and (4) 1
Gy+PD-1 treatment group (radiation and intraperitoneal injection
of 10 mg/kg PD-1 inhibitors every three days). Seven days later, the
mice were euthanized, and whole lung samples were collected.

Flow cytometry analyses

Whole lung tissue with tumors was cut into small pieces and then
suspended in PBS to form a cell suspension. After combined treatment
with collagenase, deoxyribonuccinase I, and hyaluronidase (Sigma,
USA), the tumors were digested at 37°C for 50 minutes and
subsequently screened through a 70 um filter (BD Falcon, USA).
The immune cells were isolated with a mouse tumor infiltrating tissue
monocyte isolation kit (Solar Bio, China). The immune cells were
suspended in PBS and stained with specific flow cytometry antibodies
after counting (the stained antibodies are listed in Supplementary Table
S1) and incubated on ice for 30 minutes. After washing with PBS twice,
the suspended cells were analyzed by flow cytometry. Flow cytometry
data were obtained and analyzed on a NovoCyte Penteon flow
cytometer (Agilent, NovoExpress 1.6.2).

Statistical analyses

We employed RStudio (V3.5.3) and SPSS Statistics 27.0 software
to conduct statistical analyses. To determine the TLS density and
CDS/TLS thresholds, we utilized receiver operating characteristic
(ROC) curve analysis. For categorical variables, we analyzed
differences between the groups using the Pearson y2 test. To assess
the relationship between potential risk factors and five-year survival,
we used Kaplan—Meier survival curves and Cox proportional hazard
regression analyses. To compare the number of pulmonary surface
nodules, the number of cells in flow cytometry data, TLS number and
density, we employed Student’s t test. We performed other statistical
analyses using GraphPad 9.5.1. Statistical significance was
determined as a two-tailed p < 0.05 in all tests.

Results

The TLS number in LUAD is associated with
a favorable prognosis

Using primary LUAD tissues from 198 diagnosed LUAD
patients at the Affiliated Hospital of Jiangnan University, we

Frontiers in Immunology

10.3389/fimmu.2023.1334408

conducted a preliminary experiment with H&E staining to
investigate the presence of TLSs (Table 1). TLSs were defined as
dense lymphocyte clusters that positively expressed CD3 and CD20.
Among these patients, 127 (64.14%) had TLS structures
(Figures 1A, B). The TLS densities in the majority of patients
were concentrated in the range of 0-0.083 TLS/mm2 (Figure 1C).
Of these 127 patients, 60 had TLS™#" and 67 had TLS™Y
(Figure 1D). We used the MIF assay to evaluate complete TLSs in
two patients with high TLS density, including B cells (CD20),
follicular dendritic cells (FDCs/CD21), T cells (CD3), GCs (GC/
CD23), and surrounding macrophages (CD163) that encircled the
cell cluster and contained HEVs (Figure 1F). We further divided E-
TLSs, PFS-TLSs, and SFL-TLSs by evaluating GCs and FDCs
(Figures 1G-I). TLSs in the TLS™&" group exhibited a higher
overall maturity than those in the TLS"*" group (Figure 1E). The
relationship between TLS status and clinicopathological features
was assessed (Table 2), and TLS status was obviously associated
with tumor size, TNM stage, pathological grade, lymphatic
metastasis and pleural invasion. Among TLS* tumors, TLS
density was negatively correlated with clinical stage and positively
correlated with the number of infiltrating CD8+ T cells (Table 3). In
addition, the presence of intratumoral TLSs was linked to a
favorable prognosis (HR = 0.55, p = 0.0092) (Figure 1]).
Furthermore, subgroup analysis showed that improved prognostic
outcomes were observed in TLS" patients with different TNM
stages, including I (HR = 0.35, p = 0.0031), IT (HR = 032, p =
0.017), and III (HR = 0.25, p < 0.001) (Supplementary Figure S2A-
C). Among those TLS® patients, the TLS"™*" group exhibited a
better prognosis than the TLS" group (HR = 0.25, p < 0.0001)
(Figure 1K). Moreover, we evaluated the maturation status of TLSs
in the 127 TLS+ patients using CD23 staining and demonstrated
that TLS'GC" patients (n=63) showed an improved prognosis
compared with TLS'GC™ patients (n=64) (HR=0.44, p=0.013)
(Supplementary Figures S2D, E). Altogether, these discoveries
emphasize the noteworthy impact of intratumoral TLSs on the
survival of LUAD patients.

CD8" T cells in the TLS are associated with
a favorable prognosis

It has been reported that an abundance CD8" T cells in the
TME is associated with a favorable prognosis (34). Therefore, we
examined the colocalization of CD20, CD4, and CD8 (Figure 2A).
CD8+ T cells are an important part of the tumor immune response
and play an important role in killing cancer cells, while CD4+ T
cells mainly play a role in regulating the tumor immune response
(35). As a result, we only evaluated the number of internal CD8"
cells in the TLS" group. To accurately locate CD8+ T cells within
TLSs, IHC was performed using anti-CD20 and anti-CD21
antibodies on three consecutive sections in the same area
(Figure 2B). We established CD8/TLS scoring criteria, and based
on its ROC curve cutoff (11.29), 57 patients were classified as
CD8"i" and 70 patients as CD8"™ (Figure 2C). Furthermore, by
analyzing the correlation between TLS density and CD8 score
(Table 3), we observed a positive correlation between CD8/TLS
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TABLE 1 Clinical and histologic characteristics of the LSCC patient
cohort (n = 198) from the Affiliated Hospital of Jiangnan University.

Characteristics

Number (%)

HR? (95% ClI)

Gender 0.85
Male 87 (43.9) 0.5-1.5
Female 111 (56.1)

Age 1.0
<Median 98 (49.5) 0.97-1.0
=Median (64) 17 (8.6)

>Median 83 (41.9)

Tumor size 0.97
<Median 91 (46.0) 0.88-1.1
=Median (2 cm) 24 (12.1)

>Median 83 (41.9)

TLS (-/+) 0.366*
TLS- 71 (35.9) 0.19-0.70
TLS+ 127 (64.1)

cTNM 1.8*

I 130 (65.8) 1.2-2.7
il 34 (17.1)

11 34 (17.1)

Pathological grades (adenocarcinoma) 091
Poorly differentiated 64 (32.3) 0.64-1.3
Moderately differentiated 99 (50.0)

Highly differentiated 35 (17.7)

Lymphatic metastasis 0.43
Yes 34 (17.1) 0.16-1.1
No 164 (82.9)

Pleural Invasion 0.40%
Yes 25 (12.6) 0.17-0.90
No 173 (87.4)

Vascular invasion 1.0

Yes 53 (26.8)

No 145 (73.2)

Nerve invasion 0.77
Yes 10 (5.1) 0.30-2.0
No 188 (94.9)

TNM was assessed according to the 8th Edition of the TNM Staging System for non-small cell
lung cancer.

“HR was calculated by univariate Cox regression analysis of Five-year survival, comparing the
presence or absence of categorical variables (lymph node metastasis, pleural invasion, vascular
invasion, nerve invasion, TLS-/+), or continuous variables (age, tumor size, TNM,
pathological grade).

*P < 0.005.
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score and TLS density (r=0.79) (Figure 2D). Notably, patients with
CD8™ie" exhibited a better prognosis than CD8“*™ patients
(HR=0.23, p < 0.0001) (Figure 2E). In summary, these findings
indicate that in the TLS" group, high-density TLSs predict increased
infiltration of CD8+ T cells, which may serve as an important
indicator of the survival rate in LUAD patients.

Comparative analysis of TLSs in Kras-LSL-
G12D models and Ethyl Carbamate-
induced lung adenocarcinoma

mouse models

Based on the aforementioned analyses of the clinical cases, we
discovered that the presence of TLSs, higher TLS density, and a more
advanced stage of TLS are indicators of a favorable prognosis.
Therefore, our aim was to investigate methods that increase the
number of TLSs and promote their transition to a more advanced
stage through animal experiments. As TLSs are not present in
transplanted tumor models or metastatic tumor models (36), we
selected a mouse model of spontaneous lung adenocarcinoma. This
model included the genetically engineered mouse model (C57BL/
6]Sm0c—Krasem‘l(LSL’GnD)Smoc, AAV-Cre of LUAD, hereafter
referred to as the KrasG12D model) and a more cost-effective ethyl
carbamate (EC)-induced lung adenocarcinoma model (EC model)
(Figures 3A, B) (37). We used CT scans to confirm the presence of
lung cancer in mice (Figures 3C, D). In spontaneous native
KrasG12D mice, TLSs exhibited similar characteristics to human
LUAD, making them the gold standard preclinical model for
studying this type of cancer. We identified TLSs in KrasG12D mice
through the morphology of lymphocyte aggregation using H&E
staining and the presence of B220, CD19, and CD3 markers
(Figures 3E, F). TLSs were present in 58.33% (n = 12) of
KrasG12D mice (Figure 3I) and were similar to those in human
LUAD tumors. TLSs were observed in KrasG12D mouse tumors, but
the composition of TLSs in these tumors was mainly B cells with a
limited presence of T cells and an incomplete FDC (CD21) network
(Figure 3F). However, in the EC model, we failed to observe TLSs
using H&E staining and CD19, a commonly used marker for TLSs
(Figures 3G, H). Our analysis revealed that TLSs can be observed in
the KrasG12D model but not in the EC model (Figure 3]). Therefore,
we mainly used the KrasG12D model for subsequent studies.

LDRT can promote the infiltration of
immune cells and the formation of TLSs in
a mouse lung cancer model

The findings of various studies have demonstrated that LDRT
possesses the ability to reprogram the TME and facilitate extensive
immune cell infiltration (18, 29). We evaluated the effect of whole-
lung LDRT on the development of TLSs in mouse lung cancer. The
LDRT dose was administered using a gradient irradiation of 0/1/2
Gy. (Figure 4A). The infiltration of CD3+ T, B220+ B, and CD19+ B
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FIGURE 1

TLSs in LUAD are associated with a favorable prognosis. (A) Representative HGE staining of a TLS in LUAD tissue (black arrow); Using the IHC
method, CD3 and CD20 were used to locate TLSs in the same region of successive sections. (B) Out of a cohort of 198 LUAD patients, 127 had TLS+
and 72 had TLS-. (C) The TLS density was divided from low to high into seven density zones, most of which are concentrated in 0-0.083 TLS/mm2
(D) Using the ROC curve, TLS+ patients were divided into 67 TLS"*" density and 60 TLS™9" density patients. (E-1) T cells (CD3), B cells (CD20), FDCs
(CD21), GC cells (CD23), HEVs/PNAd, and macrophages (CD163) were used to define complete TLSs in two LUAD patients with TLS™9" density using
the MIF technique (F). Each TLS was evaluated at a different stage. E-TLS, early TLS; PFL-TLS, primary follicle-like TLS with differentiated FDC (red
reticular structure); SFL-TLS, secondary follicle-like TLS with GC reaction (pink area) (G-1). The percentages of E-TLS, PFL-TLS, and SFL-TLS were
assessed using the MIF technique in the TLS"®" and TLS™9" groups (E). The image was captured using the ZEISS Axioscan? full-slice imaging system.
(J) Five-year Kaplan—Meier survival curves for patients with and without intratumoral TLSs. (K). Five-year Kaplan—Meier survival curves for TLS-*" and
TLSH9" patients. The log-rank (Mantel-Cox) test was applied to compare the survival data in Figure (3, K). LUAD, lung adenocarcinoma; MIF, multiple
immunofluorescence; IHC, Immunohistochemical techniques; FDC, follicular dendritic cells; GC, germinal center; TLS, tertiary lymphoid structure.

cells in the lung and the number of TLSs formed were assessed ~ confirmed by the flow cytometry results (Figures 4F-I). Overall,
seven days after LDRT (Figures 4B, C). Interestingly, when  these findings showed that 1 Gy radiotherapy can enhance the
compared to the 0 and 2 Gy groups, only 1 Gy irradiation infiltration of immune cells and the formation of TLSs. However,
obviously increased TLS production and the number of CD3+ T  further exploration of combination therapies is warranted, as many
cells in the tumor tissues (Figures 4D, E), which was further of the TLSs observed were immature.
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TABLE 2 The TLS (-/+) relationship with the clinical pathological parameters.

10.3389/fimmu.2023.1334408

patients
Characteristics P value
(n=198)
Gender
Male 87 26 61
2.408 0.121
Female 111 45 66
Age (Median)
<64 115 45 70
1.277 0.258
>64 83 26 57
Tumor size (Median)
<20 115 49 66
5.435 0.020
>2.0 83 22 61
cTNM
I 130 55 75
11 34 9 25 7.101 0.029
111 34 7 27
Pathological grades (adenocarcinoma)
Poorly differentiated 35 27 8
Moderately differentiated 99 28 71 31.697 <0.001
Highly differentiated 64 16 48
Lymphatic metastasis
Yes 34 7 27
4.162 0.041
No 164 64 100
Pleural Invasion
Yes 25 7 18
0.768 0.381
No 173 64 109
Vascular invasion
Yes 53 9 44
11.425 <0.001
No 145 62 83
Nerve invasion
Yes 10 4 6
0.003 0.954
No 188 67 121

The bold values denote statistical significance at P<0.05 level.

LDRT combined with anti-PD-1 therapy
can promote the formation and maturation
of TLSs, enhance the anticancer effect, and
increase the number of internal CD8+

T cells

Previous studies have demonstrated that TLSs can enhance ICI
therapeutic reactivity (13, 38). Therefore, we conducted further
investigations to explore whether LDRT could enhance the
anticancer effect of PD-1 inhibitors. In the KrasG12D model,
whole-lung irradiation with 1 Gy was administered, and
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intraperitoneal injection of anti-PD-1 was given on the day of
irradiation and day 4 (dual-treatment group) (Figure 5A). First, the
flow cytometry analysis showed that the proportions of the two
major B-cell types of TLSs, B220+ B cells and CD19+ B cells, were
significantly increased in the dual-treatment group. (Figures 5B-D).
In the subsequent H&E staining, it was observed that LDRT
promoted the formation of TLSs, consistent with previous results.
Notably, while the anti-PD-1 group showed only a slight increase in
TLS numbers, the dual-treatment group exhibited a significant
increase in both the number and density of TLSs compared to the
LDRT group. (Figures 5E-G).
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TABLE 3 The TLS density relationship with the clinical pathological parameters.

patients TLS density
Characteristics P value
(n=127) Low High
Gender
Male 61 34 27
0.419 0.518
Female 66 33 33
Age (Median)
<64 70 38 32
0.146 0.702
>64 57 29 28
Tumor size (Median)
<2.0 66 38 28
1.281 0.258
>2.0 61 29 32
cTNM
I 75 42 33
11 25 7 18 8.560 0.014
111 27 18 9
Pathological grades (adenocarcinoma)
Poorly differentiated 8 7 1
Moderately differentiated 71 35 36 4.224 0.121
Highly differentiated 48 25 23
Lymphatic metastasis
Yes 27 14 13
0.011 0916
No 100 53 47
Pleural Invasion
Yes 18 9 9
0.064 0.800
No 109 58 51
Vascular invasion
Yes 44 24 20
0.079 0.799
No 83 43 40
Nerve invasion
Yes 7 4 3
0.001 0.980
No 120 68 52
CD8 within TLS
Low 73 66 7
97.67 <0.0001
High 54 1 53

The bold values denote statistical significance at P<0.05 level.

Due to the diffuse growth of lung tumors in the KrasG12D
model, they do not exhibit nodular growth. Hence, the assessment
of the lung specimen relies solely on its morphology. Our findings
indicated that the surface morphology of the lung in the dual-
treatment group was noticeably smoother and exhibited
significantly better normalization compared to the other groups.
(Figure 5H). H&E staining revealed a significantly higher

Frontiers in Immunology

proportion of normal lung tissue in the dual-treatment group
than in the other groups (Figures 5E, I; Supplementary Figure
S3A). Moreover, we performed MIF staining using B-cell markers
(B220, CD19), T-cell markers (CD3), FDC markers (CD21), GC
markers (GL7), and B lymphocyte chemokines (CXCL13), and TLS
maturation was assessed using B220, CD21 and GL7 (Figure 5K).
The level of TLS maturity directly correlates with its potential
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CD8+ T cells in TLSs are associated with a favorable prognosis. (A) CD20, CD4, and CD8 were colocalized in two LUAD patients with high-density
TLSs using the MIF technique. (B) Three consecutive sections of the TLS+ patients were used to evaluate CD20, CD21 and CD8 in the same region
using IHC staining, and CD8+ T cells within TLSs were precisely identified. (C) CD8/TLS score statistics in high- and low-density TLSs. Student’s t test
was used to compare the mean of the two groups. Correlation analysis between (D) TLS and CD8/TLS scores. (E) Five-year Kaplan—Meier survival
curves for CD8"°" and CD8M9" patients. Logarithmic rank (Mantel-Cox) tests were used to compare the survival data in the graphs. MIF, multiple
immunofluorescence counting; IHC, Immunohistochemical techniques; TLS, tertiary lymphoid structure.

antitumor efficacy, meaning that a higher level of TLS maturity
results in a stronger antitumor effect (38). Interestingly, we observed
that the dual-treatment group exhibited the highest proportion of
TLSs (Figure 5]) while also demonstrating the highest proportions
of both E-TLSs and PFL-TLSs (Figures 5L, M). However, the most
mature TLS type (SFL-TLSs), assessed by GC expression, was not
observed in our study, with mouse spleens used as positive controls
(Supplementary Figure S1A). CXCL13, a chemokine specific to B
lymphocytes, has the ability to attract B-cell aggregates and facilitate
the development and maturation of TLSs to some extent.
Interestingly, the presence of CXCL13 was observed only in the
dual-treatment group (Supplementary Figure S3B), which aligned
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with the aforementioned results of the dual-treatment group and
indicated a higher level of TLS maturity.

Subsequently, we utilized MIF staining to evaluate the
colocalization of B220, CD4, and CDS8 in tissue sections from
KrasG12D model mice (Figure 6A). IHC was then employed to
accurately identify CD8+ T cells within the TLS range in three
consecutive sections in the same area using anti-B220 and anti-
CD21 antibodies (Figure 6B). CD8/TLS scoring metrics were also
utilized. The CD8/TLS scores in the dual-treatment group were
found to be significantly higher than those in the other groups
(Figure 6C). Flow cytometry analyses further confirmed a
significant increase in CD8+ T cell numbers in the dual-treatment
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FIGURE 3

TLSs are present in a mouse lung cancer model. (A, B) KrasG12D lung cancer mouse model and EC-induced mouse lung cancer model diagram.

(C, D) CT images of lung cancer in two mouse models. (E) HGE staining of TLSs and tumors in the KrasG12D model. (F) TLSs in KrasG12D model
mice were evaluated by CD3, B220, CD19, and CD21 at the same location in four consecutive sections using IHC. (G) H&E staining of tumor-
infiltrating lymphocytes and tumor cells in EC model mice. (H) The main marker CD19 was used to determine the presence of TLSs in EC model
mice by IHC. (I) Ratio of TLS-/+ in the KrasG12D model (n=12). (J) Comparison of TLS quantity between the two models. IHC, Immunohistochemical
techniques; EC, ethyl carbamate TIL, tumor infiltrating lymphocytes; TLS, tertiary lymphoid structure. *p<0.05.

group (Figures 6D, E). In summary, the aforementioned results  Dijscussion
demonstrated that LDRT (1 Gy) combined with anti-PD-1

treatment can effectively enhance the generation and maturation In this study, we investigated the effect of LDRT on TLSs for the
of TLSs in the KrasG12D model. Additionally, it promotes the first time and revealed that LDRT (1 Gy) enhances the formation of
generation of CD8+ T cells within TLSs, thereby enhancing the  TLSs. Additionally, we found that combining LDRT with anti-PD-1

antitumor effect. not only increased the number of TLSs in the tumor but also
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FIGURE 4

LDRT can promote the infiltration of immune cells and the formation of TLSs in lung cancer model mice. (A) Irradiation schedule of KrasG12D model
mice. (B) CD19 (TLS main marker) IHC staining was used to assess TLS numbers after 0/1/2 Gy irradiation using panoramic scan techniques (n=3 per
group). (C) MIF staining of B220, CD3, and CD19 in the 0/1/2 Gy group (n=3 per group). The number of CD3+ T cells and the number of TLSs in the
(D, E). 0/1/2 Gy group were evaluated, and the mean values of the two groups were compared by Student's t test. (F=I) Flow cytometry analysis of
mouse lung mononuclear cell suspensions and the percentages of CD19+ B cells, B220+ B cells, and CD3+ T cells in the corresponding groups

(n = 3 per group). Student’s t test was used to compare the mean between groups, and the results are shown as the mean + SD. *p<0.05, **p<0.01,
***p<0.001. MIF, multiple immunofluorescence counting; IHC, Immunohistochemical techniques; TLS, tertiary lymphoid structure

improved their maturity, resulting in significantly enhanced
antitumor effects compared with those of the single treatments.
The TME includes tumor cells as well as nontumor cells from
different lineages. The role of the immune microenvironment in the
development and progression of tumors has been extensively
researched since the successful implementation of immunotherapy
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for NSCLC (39, 40). TLSs are believed to play a critical role in immune
responses, both cellular and humoral, against tumor cells. They have
also been found to be positively associated with clinical outcomes in
patients with various solid tumors (41-43). Based on this research, we
found that the TLS levels in LUAD tumors were indeed strongly
associated with better survival. In particular, the presence and density
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FIGURE 5

LDRT combined with anti-PD-1 therapy can promote the formation and maturation of TLSs and enhance the anticancer effect. (A) KrasG12D model
mouse therapy model. (B—D) Flow cytometry analysis and percentage of CD19+ B cells and B220+ B cells in mouse whole lung mononuclear cell
suspensions (n = 4 per group). Student’s t test was used to compare the mean values between groups, and the results are shown as the mean + SD
(E) TLS representation of H&E staining in different treatment groups. (F, G) Statistical graph of the number and density of TLSs in each group (n=4 for
each group). Student’s t test was used to compare the mean between the groups, and the results are shown as the mean + SD. (H) Lung surface
morphology in different treatment groups. (l) Statistical plots of the percentage of lung consolidation area under the total lung in each group
according to H&E staining (n=4 for each group). Student’s t test was used to compare the mean value between groups, and the result is shown as
the mean + SD. (J) Statistics on the percentage of E-TLS and PFS-TLS for each group. (K) The colocalization of T cells (CD3), B cells (B220 and
CD19), FDC (CD21) and B lymphocyte chemokine (CXCL13) using MIF technology was used to identify complete TLSs in the different mouse groups
Each TLS was evaluated at a different depth. E-TLS, early TLS; PFL-TLS, primary follicle-like TLS with differentiated FDC (red reticular structure). The
image was captured using the ZEISS Axioscan7 imaging system. (L, M) Comparison of the number of E-TLSs and PPL-TLSs in each group (n=4 for
each group). Student’s t test was used to compare the mean between groups, and the result is shown as the mean + SD. *p<0.05, **p<0.01,
***p<0.001. MIF, multiple immunofluorescence counting; IHC, Immunohistochemical techniques; TLS, tertiary lymphoid structure.
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LDRT combined with anti-PD-1 therapy can promote the formation and maturation of TLSs, enhance the anticancer effect, and increase the number
of internal CD8+ T cells. (A) In the KrasG12D model, MIF technology was used to evaluate the colocalization of B220, CD4 and CD8. (B) In three
consecutive sections, IHC technology was used to evaluate B220, CD21 and CD8 at the same site and precisely identify CD8+ T cells within TLSs.
(C) CD8/TLS scores among the groups. Student’s t test was used to compare the mean values between groups, and the results are shown as the
mean + SD. (D, E) Flow cytometry analysis of the percentage of CD8+ T cells in mouse whole lung mononuclear cell suspensions (n = 4 per group).
Student’s t test was used to compare the mean between the groups, and the results are shown as the mean + SD. *p<0.05, **p<0.01, ***p<0.001
MIF, multiple immunofluorescence counting; IHC, Immunohistochemical techniques; TLS, tertiary lymphoid structure.

of TLSs, and specifically CD8" T cells within these structures, can serve
as a superior prognostic indicator. Furthermore, we conducted a
comparison between the presence of TLSs in GCTLSs and
GC'TLSs. Our findings are consistent with previous studies (10, 33,
44, 45), showing that GC"TLSs but not GC TLSs are linked to better
survival rates. Our study underscores the powerful antitumor effects of
TLSs within primary tumors. However, it is essential to acknowledge
that the precision of our data might be impacted by the relatively small
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sample size. Therefore, further validation of our findings with a larger
sample size is necessary.

While there have been documented techniques for inducing the
generation of TLSs, their implementation poses a substantial challenge
(15-17). The discovery of a more pragmatic approach to facilitate the
development and maturation of TLSs in a clinical context is urgently
needed. Prior investigations have explored the utilization of LDRT to
counteract immune deficiency in the TME and transform “cold
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tumors” into “hot tumors” (16). In this research, using the KrasG12D
model, we illustrated that a dose of 1 Gy results in the heightened
infiltration of immune cells within the TME and an increase in TLS
formation, suggesting that LDRT may promote the efficiency of tumor
immunotherapy by transforming “cold tumors” into “hot tumors”.
Previous research has indicated that the response of neoadjuvant
immune checkpoint blockade (ICB) treatment in melanoma patients
is linked to the number of TLSs in their tumors (14). This finding
prompted us to investigate whether LDRT enhances the anticancer
effect of ICI treatment by inducing the development of TLSs. Taking
these findings and the induction effect of LDRT on the formation of
TLSs revealed by our study into consideration, we evaluated the efficacy
of 1 Gy whole lung radiotherapy and PD-1 blockade combination
therapy in a KrasG12D lung cancer mouse model. Our findings
revealed that the combined application of LDRT and PD-1 blockade
can augment both the quantity and maturity of intratumoral TLSs,
along with a noteworthy increase in the number of CD8+ T cells within
TLSs, resulting in excellent anticancer effects. In the context of TLS
formation, it has been discovered that the induction of TLS can be
attributed to interleukin-17 (IL-17) produced by T cells. IL-17 has the
ability to stimulate the expression of CXCL13 and CCL19 in stromal
cells of mice, thereby promoting the development of bronchial
associated lymphoid tissue (iBALT). This represents a type of TLS
formation in lung tissue (6, 41). Our study also observed that the
combination of 1Gy radiation and anti-PD-1 treatment could induce
the expression of CXCL13, which may play a role in TLS formation.
However, the specific mechanism behind TLS formation remains
controversial, and it is a key area for future research. In addition, the
limited duration of treatment may have been the primary factor
contributing to the modest effect observed with monotherapy,
particularly with anti-PD-1 therapy. Furthermore, the short
treatment duration may explain the absence of SFL-TLSs. Therefore,
future experiments with prolonged treatment periods should be
performed to address this issue.

To summarize, our research developed an approach to increase
the formation and maturation of TLSs in a KrasG12D mouse model,
which consequently enhanced the treatment efficacy against tumors.
This investigation presents novel concepts for treating patients with
advanced-stage lung cancer, offering potential improvements in
clinical care. It is crucial to acknowledge that our discoveries rely
on observations from a singular animal model, necessitating
additional studies to assess the reproducibility of this technique in
various tumor models. Moreover, exploring the mechanism by which
this specific combination therapy promotes the maturation of TLSs
warrants further inquiry.
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