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Abstract

Background: The immune checkpoint inhibitors (ICls) combined with other therapeutic strategies have shown
exciting results in various malignancies, and ICls have now become the gold standard for current cancer treatment. In
several preclinical and clinical investigations, ablation coupled with immunotherapy has proved to be quite effective.
Our previous studies have shown that ablation coupled with ICl is a potential anti-cancer regimen for colorectal can-
cer liver metastases (CRLM). Furthermore, we have reported that following microwave ablation (MWA), the expression
of LAG3 is up-regulated in tumor microenvironment (TME), indicating that LAG3 is implicated in the regulation of
immunosuppressive immune response, and combination therapy of MWA and LAG3 blockade can serve as a promis-
ing therapeutic strategy against cancer.

Methods: The expression of LAG3 was investigated in this study utilizing a preclinical mouse model treated with
MWA. Moreover, we monitored the tumor development and survival in mice to assess the anti-cancer effects of MWA
alone or in combination with LAG3 blockade. Flow cytometry was also used to phenotype the tumor-infiltrating lym-
phocytes (TILs) and CD8™ T cell effector molecules. We finally analyzed the single-cell RNA sequencing (scRNA-seq)
data of infiltrating CD45" immune cells in the tumors from the MWA alone and MWA combined with LAG3 blockade
groups.

Results: After MWA, the expression of LAG3 was up-regulated on sub-populations of TILs, and introducing LAG3
blockade to MWA postponed tumor development and extended survival in the MC38 tumor model. Flow cytometry
and scRNA-seq revealed that LAG3 blockade in combination with MWA markedly boosted the proliferation and the
function of CD8™ TILs, leading to altered myeloid cells in the TME.

Conclusion: Combination therapy of LAG3 blockade and MWA was a unique therapeutic regimen for some solid
tumors, and such combination therapy might reprogram the TME to an anti-tumor manner.
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Background
As a local minimally invasive treatment, microwave
ablation (MWA) has been widely used in the treatment
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types of thermal ablation across studies [4]. MWA causes
higher volumes of necrosis, higher ablation rates, and
increased homogeneity of the decaying region, allowing
it to vaporize larger lesions [5, 6]. Several studies have
also shown that MWA combined with immune therapy
can stimulate a robust anti-tumor immune response
and has promising results [3, 7-11]. For example, it has
been suggested that in the tumor model established by
4T1 breast cancer cells, the MWA can activate the T-cell
immune response, and the combination therapy based on
MWA can significantly induce the Thl-type anti-tumor
response [10]. Moreover, we have previously confirmed
that MWA combined with TIGIT blockade exerts syn-
ergistic effects against cancer in contrast to MWA or
TIGIT blockade alone [12].

Immune checkpoint inhibitor (ICI)-based immu-
notherapies have demonstrated broad advantages and
durable clinical outcomes in cancer treatments [13—15].
However, only a subset of patients acquires substantive
benefits from immunotherapy. This discrepancy sug-
gests that it is urgently necessary to reveal the underlying
mechanism. LAG3, also called CD233, is an inhibitory
receptor that is highly expressed on activated T cells,
natural killer (NK) cells, and plasmacytoid dendritic cells
(DCs)[16-18]. LAG3-targeted immunotherapies have
been tested as an important anti-tumor agent in lots of
clinical trials for multiple types of cancer [19]. It goes
either as a single blockade strategy or in combination
with other marketed ICIs. For example, the recent clini-
cal trial (NCT03470922) has reported that a combination
of LAG-3 and PD-1 blockade can provide a greater ben-
efit with regard to progress-free survival (PFS) than PD-1
blockade alone in patients with previously untreated met-
astatic or unresectable melanoma [15]. Despite its late
stage in clinical trials, the role of LAG3 in the immune
cellular network has not yet been fully addressed. Our
previous studies have shown that radiofrequency ablation
(RFA) combined with PD-1 blockade, or MWA combined
with TIGIT blockade, can serve as important combina-
tional therapeutic strategies [9, 12]. Moreover, we have
also analyzed publicly available single-cell RNA-sequenc-
ing (scRNA-seq) data from the pancreatic ductal adeno-
carcinoma (PDAC) mouse model with and without RFA
therapy, and found that LAG3 expression is up-regulated
in CD8" T and CD4™ T cell subsets after RFA, suggesting
the potential possibilities for the design of combination
therapeutic strategy [20].

In the present study, we treated mice with MWA
or LAG3 blockade and phenotyped their anti-tumor
immune responses in a mouse colon cancer MC38
model. We found that MWA could greatly induce the
expression of LAG3 on tumor-infiltrating lymphocytes
(TILs) in MC38 tumors. These findings suggested that
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LAGS3 expression, which was up-regulated as an immune
self-restrictive molecule after T cell activation, could play
a crucial role in combination therapy with MWA. Mean-
while, in the MC38 tumor model, introducing LAG3
blockade to MWA extended survival and postponed
tumor development. By attracting CD8" TILs penetrat-
ing the tumor microenvironment (TME), LAG3 blockade
combined with MWA increased the proliferation and
activities of CD8" T cells while reshaping myeloid cells.
These findings supported the idea that LAG3 blockade
combined with MWA might be a unique treatment regi-
men that improved anti-tumor immunity synergistically.

Material and methods

Cell line and mice

The MC38 cells (mouse colon cancer cell line) in the pre-
sent study have been used in our previous report [12].
MC38 cells were maintained in DMEM supplemented
with 10% (v/v) fetal bovine serum (FBS, Gibco, Thermo
Fisher Scientific, USA), 100 U/mL penicillin, and 100 pg/
mL streptomycin. Cavens Laboratory Animals provided
the 6-8 week-old C57BL/6 mice (male) and kept them
in a particular pathogen-free (SPF) facility (Changzhou,
China). All animal studies were carried out in accordance
with protocols authorized by the Third Affiliated Hospi-
tal of Soochow University’s Ethics Committee.

Animal models, MWA treatment and LAG3 blockade
therapy

Each C57BL/6 mouse had a total of 3 x 10° MC38 tumor
cells implanted subcutaneously into their bilateral sides
(1.5 x 10 MC38 cells for each side) to establish the
tumor model according to our previous report [12]. Only
after the tumor volume reached roughly 300 mm? was
MWA can be performed on the tumor on the right flank.
MWA was conducted using an ablation electrode (Micro-
wave Ablation Antennas, Canyon Medical Inc., Jiangsu
Nanjing) percutaneously inserted in the center of the
tumor as reported in our previous study [12]. The treat-
ments lasted 2—4 min at 70 °C and 8 W. LAG3 blockade
was then intraperitoneally administered four times every
3 days, starting on day 1 after MWA. An anti-LAG3 mAb
(Clone C9B7W, BioXcell, USA) was administered at a
dose of 200 pg per mouse per injection. The diameters of
the tumors on the left flank were measured every other
day, and the tumor volume was calculated using the for-
mula as follows: Volume=Length x Width?*/2. Tumor
growth curve and the overall survival (OS) were observed
and charted.

Flow cytometry
Tumor tissues from the left tumors were collected and
digested with Liberase TL (Catalog No. 05401020001,
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Roche) and DNase I (Catalog No. 10104159001, Roche)
for 30 min at 37 °C, and prepared into single-cell suspen-
sion as reported in our previous study [12]. Antibodies
used in staining and flow analysis included CD45 (Clone
30-F11), CD3 (Clone 17A2), CD4 (Clone GK1.5), CD8
(Clone 53-6.7), NK1.1 (Clone PK136), LAG3 (Clone
C9B7W), Foxp3 (Clone 3G3), CD11b-BV650 (Clone
M1/70), MHC-II (Clone AF6-120.1), CD1llc (Clone
N418), CD206 (Clone C068C2), F4/80 (Clone BM8) and
CD103 (Clone M290). Intracellular cytokine staining was
also performed as described in previous study [12]. Fol-
lowing stimulation, the cells were labeled with antibod-
ies against surface markers, fixed, and permeabilized
using the Invitrogen Fixing/Permeabilization Solution
kit’s manufacturer’s instructions. Antibodies against
TNF-a (Clone MP6-XT22) and IFN-y (Clone XMG1.2)
were used to stain the fixed cells. A BD FACS Aria II flow
cytometer was used to collect data, which were then ana-
lyzed using FlowJo software.

scRNA-Seq

The procedure described above was used to make single-
cell suspensions of tumor cells from the left tumors. The
cells were enriched for FACS sorting using the CD45
(TIL) Microbead Mouse Kit (Catalog No. 130-110-618,
Miltenyi Biotec, Leiden, the Netherlands) and labeled
with the antibodies Ghost DyeTM Violet 510 Viability
Dye (Cell Signaling Technology) and Percp-Cy5.5-CD45
(Clone 30-F11). A BD Aria II device was used to sort
about 5 x 10° CD45" cells per sample. Single cells were
sorted into flow tubes based on the FACS analysis, and
cell viability was determined by calculating the AOPI to
guarantee adequate cell quality. The cell suspension was
then put onto the chromium single-cell controller (10X
Genomics) to form single-cell gel beads in the emulsion
according to the manufacturer’s directions, with 300—600
viable cells per microliter as measured by CountStar. An
S1000TM Touch Thermal Cycler (Bio-Rad) was used to
perform single-cell transcriptome amplification at 53 °C
for 45 min, followed by incubation at 85 °C for 5 min and
storage at 4 °C. The quality of the cDNA templates was
tested using Agilent 4200 equipment after they were pro-
duced and amplified (performed by CapitalBio Technol-
ogy, Beijing).

scRNA-Seq data processing, integration of multiple
scRNA-Seq data, dimension reduction, and unsupervised
clustering

The Cell Ranger Single-Cell Software Suite was used to
match the freshly generated scRNA-seq data acquired
from 10X Genomics to the mml0 mouse reference
genome and quantify it. The pre-filtered data obtained by
Cell Ranger was used to construct a Seurat object with
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the R package Seurat (version 3.2.3). With the Doublet-
Finder package, doublets were eliminated. The overall
UMI count, the number of identified genes, and the frac-
tion of mitochondrial gene count per cell were all used to
apply quality control to cells in a stepwise way. Cells with
more than 5,000 UMI counts and 10% mitochondrial
gene counts were specifically screened out. The workflow
in Seurat was used to analyze single-cell data for dimen-
sion reduction and unsupervised clustering analysis.
Using the Find Variable Features function with the option
“n features = 2,000,” 2,000 highly variable genes were cho-
sen for downstream analysis. The data were then inte-
grated and a new matrix with 3,000 features was created,
in which the possible batch effect was regressed, using
the Integrated Data function. To minimize the dimen-
sionality of the scRNA-seq dataset, principal component
analysis (PCA) was conducted on an integrated data
matrix. The top 40 PCs were submitted to downstream
analysis using Seurat’s Elbow plot program. The primary
cell clusters were found using Seurat’s Find Clusters tool
with a resolution of 0.1. The clusters were then displayed
using two-dimensional tSNE or UMAP plots. Each cell
was classified into a recognized biological cell type using
conventional markers established in a previous work.

Differential gene expression analysis

DEGs were identified between clusters using the EdgeR
package (version 3.28.1). The calcNormFactors func-
tion was used to normalize the raw data from the Seu-
rat object using TMM (trimmed mean of M-values),
and the estimateDisp function was used to estimate the
dispersion of gene expression levels. The DEGs were
chosen for display using the Seurat package’s DotPlot
function.

Trajectory analysis

Single-cell trajectories were built with the Monocle2 R
package (version 2.14.0) that introduced pseudotime.
Genes were filtered by the following criteria: expressed in
more than 10 cells. Then, the ECDF plot was performed
by the ggplot2 package geom_ecdf() function to compare
different states between two samples.

Statistical analysis

Statistical analysis was performed using Graphpad Prism
v8. The log-rank test was used for comparisons in over-
all survival. Two-way ANOVA was used for comparing
tumor growth curves. The two-tailed un-paired Student’s
t-test was used to compare two groups and the ANOVA
test was used for multiple comparisons.
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Fig. 1 LAG3 expression is up-regulated upon MWA. A and B. Representative flow cytometry plot and a corresponding quantitative plot showing
the proportion of LAG3-expressing cells in tumor or spleen, indicating that LAG3 was highly expressed on CD4 T cells, CD8T cells and NK cells in
MC38 tumor tissues (n=4). C and D. Representative flow cytometry plot and corresponding quantitative plot showing the increased proportion of
LAG3+CD8*T cells in MC38 tumors on day 10 after MWA treatment (n=4). P<0.05, "P<001,
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Results

LAG3 is up-regulated in TILs upon MWA

As a co-inhibitory receptor, LAG3 is highly expressed
in hyperactivated T cells [21]. Using the MC38 tumor

model, we first investigated the LAG3 expression on
TILs. Our data revealed that the LAG3 expression was
much higher on TILs, including CD4™ TILs, CD8™ TILs,
and NK cells, compared with splenocyte compartments
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(Fig. 1A and B). Next, we assessed the LAG3 expression
in the distant tumor environment after MWA treatment
in the MC38 tumor model established as in our previ-
ous work [12]. The expression of LAG3 was significantly
enhanced in CD4" TILs, CD8" TILs, and NK cells on day
10 after MWA (Fig. 1C and D). We then analyzed pub-
licly available scRNA-seq data from the PDAC mouse
model with and without RFA therapy [20]. Consistently,
we found that LAG3 expression was also up-regulated
in different T cell populations, especially in CD8' T and
CD4™ T cell subsets after RFA (Fig. 2A and B).

MWA and LAG3 blockade synergistically delay tumor
growth

MWA induced a robust immune response and up-regu-
lated the LAG3 expression on T cells. Subsequently, we
sought to combine MWA and LAG3 blockade to assess
whether MWA would benefit the therapeutic efficacy of
LAG3 blockade, following the protocol we have used in
our previous study (Fig. 3A) [12]. MC38 tumor-bearing
mice were divided into four groups. The control group
was given the isotype control, the MWA group was given
MWA and the isotype control, the LAG3 blockade group
was given the anti-LAG3 monoclonal antibody, and the
MWA plus LAG3 blockade group was given MWA and
the anti-LAG3 monoclonal antibody. MC38 tumors were
unaffected by LAG3 blockade alone, whereas tumors in
either the MWA group or MWA combined with LAG3
blockade group showed significantly delayed tumor out-
growth (Fig. 3B). Furthermore, the OS of the MWA group

and MWA combined with the LAG3 blockade group was
significantly longer compared with the control group and
LAG3 blockade alone group (Fig. 3C). These results indi-
cated that the MWA plus LAG3 blockade could promote
the anti-tumor immune response by targeting LAG3-
expressing TILs in the TME.

scRNA-seq analysis reveals a transcriptional landscape

in TME

To have a deeper understanding of what was happen-
ing in the TME, we performed scRNA-seq experiments
using the transplant tumor model MC38. We sorted the
tumor-infiltrating CD45" immune cells. Based on the
gene expression, all the CD45" immune cells could be
divided into four clusters, namely the myeloid cells, T
cells, B cells, and NK cells (Fig. 4A). Furthermore, we
looked into the proportion of each cluster between the
MWA group and the combination group, and found
that the proportion of myeloid cells was increased a lit-
tle bit in the combination group (Fig. 4B). Subsequently,
we conducted the subcluster analysis of the myeloid cells
and T cells. We found that the proportions of monocytes,
TAM1 and TAM2 cells were slightly increased in the
combination group (Fig. 4C and D). Besides, among the
T cell clusters, we could only find slight changes of the
percentages of CD4" T cells, Treg cells, and NKT cells
bwtween the two groups. We found that the proportion
of CD8" T cells was increased in the MWA combined
with the LAG3 blockade group based on scRNA-seq and
flow analysis (Fig. 4E and F). Even so, we also carried out
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the flow cytometry analysis to confirm the differences of
sub-populations in MWA and MWA combined with the
LAG3 blockade groups, and we found that the percent-
age of Treg cells was not significantly changed (Addi-
tional file 1: Figure S1A and S1B). We also did not find
significant changes of DCs, Macrophages, or even DCI1,
DC2, type I macrophages and type II macrophages in
MWA and MWA combined with the LAG3 blockade
groups (Additional file 1: Figure S1C, S1D and S1E).

Combination therapy of MWA and LAG3 blockade results
in increased TILs

In order to better understand the underlying mechanisms
that were responsible for enhanced anti-tumor activities
in the MWA combined with the LAG3 blockade group,
we checked the proportions of TILs in the tumors from
different groups (Fig. 5). Compared with tumors har-
vested from control mice, the proportion of CD45" TILs
was increased by 3—4 folds in tumors isolated from the

combination group (Fig. 5A and B). Within the CD45"
TILs, we reported that the proportions of CD4" T and
CD8*' T cells were significantly higher compared with
the control group, MWA group alone, and LAG3 block-
ade alone group (Fig. 5C and D). Overall, these results
showed that MWA combined with LAG3 blockade
resulted in more inflamed TME.

Combination therapy of MWA and LAG3 blockade alters
CD8™* TILs

In order to have a better understanding of how MWA
combined with LAG3 blockade altered the CD8' TILs,
we did a detailed sub-clustering of all the CD8" T cells
from the MWA group and MWA combined with the
LAG3 blockade group. We identified three different
clusters, which were stem-like CD8, effector CD8, and
exhausted CDS8 clusters (Fig. 6A). Figure 6B shows the
DEGs in each cluster. The stem-like CD8 cluster had high
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Fig. 4 Transcriptional landscape of TME in the MWA alone and MWA combined with LAG3 blockade groups. A and B. UMAP analysis of all the cells
in TME of the MWA alone or MWA combined with the LAG3 blockade group and the proportions of different subpopulations in each sample (MWA
group: 8971 cells; MWA combined with the LAG3 blockade group: 8733 cells). C and D. UMAP analysis of all the myeloid cells in TME of the MWA
alone or MWA combined with LAG3 blockade group and the proportions of different subpopulations in each sample. E and F. UMAP analysis of all
the lymphocytes in TME of the MWA alone or MWA combined with LAG3 blockade group and the proportions of different subpopulations in each
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expressions of naive genes, such as T¢f7, Ccer7, Lefl, and
II7r. In contrast, T cell function genes, such as Gzma,
Gzmk, and Gzmb, were highly expressed in the effector
CDS8 cluster. For the exhausted CD8"' T cells cluster, we
found that multiple immune checkpoint molecules and
Ifng were significantly expressed in such cluster (Fig. 6B).
LAG3 was exclusively expressed in the exhausted CD8*
T cell cluster, and the proportion of this cluster was sig-
nificantly decreased after the combination treatment
(Fig. 6C and D). We next performed trajectory analyses
and found that CD8" T cells underwent extensive differ-
entiation from stem-like CD8* T cells to effector CD8T T
cells and exhausted CD8™ T cells cluster (Fig. 6E and F).
Then, we also applied the ECDF plot to exhibit the cumu-
lative distribution of pseudotime regarding to LAG3

blockade and combination therapy groups, and further
demonstrated that the pseudotime of combination ther-
apy group was lower than that of LAG3 blockade group,
suggesting the higher percentage of effector CD8™ T cells
in combination therapy group (Fig. 6G).

MWA and LAG3 blockade synergistically enhance CD8* T
cell functions

We next found that the production of IFN-y and TNF-«
in CD8' T cells in the MWA group was similar to that
in the control group (Fig. 7A-C). Also, we found that
IFN-y and TNF-« were higher in CD8™ T cells from the
LAGS3 blockade group or combination group compared
with the control group or MWA group (Fig. 7A-C).
Next, we also examined the expressions of Ifug and Tnf
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genes in scRNA-seq dataset. Consistently, the average
gene expressions of Ifug and Tnf were up-regulated in
the combination group compared with the MWA alone
group (Fig. 7D). These results showed that LAG3 block-
ade enhanced MWA-induced anti-tumor immunity by
increasing the proportion of functional CD8™ T cells.

Combination therapy of MWA and LAG3 blockade alters
the cell-cell communication across all immune subsets

To fully examine cell-cell communication among differ-
ent immune cell sub-populations, we used Cell Chat to
quantitatively characterize and compare the predicted

intercellular communication networks across the MWA
and combination therapy groups as described in our
previous study [22]. In the combination group, the inter-
actions between myeloid cells and CD8" T cells were sig-
nificantly enhanced both in the number of interactions
and the strength (Fig. 8A), indicating a more immune-
activated TME. We next assessed the specific receptor-
ligand pairs and found that the IFN and CXCL pathways
were more enriched in the combination therapy group
compared with the MWA alone group (Fig. 8B). Besides,
we investigated the CXCL signaling pathway network,
and from the chord plot, we could clearly see more



Shao et al. Journal of Translational Medicine ~ (2022) 20:433 Page 10 of 13
+ +
A CD45*CD8"gated
CD8+FN-y + 5 | CD8+FN-y + 5 | CD8+IFN-y + 5 | CDB+IFN-y +
003 112 0% 101 10°% 205 ©°3 238
0% . ‘.-:I 104 10t = 0%
N 3 3 :
A
S
/ 10° = 10°% 2
o 3 o3
= Ho % 3
prre—r T TP prerrrerpprerTTY o
105 -10 3 103 10 105 -10 3 0 103 10A 105
5 _. CD8+TNF-o.+ 5 _| CD8+TNF-a+ CD8+TNF-a+ 5 _| CDB+TNF-o. +
1o 109 ° 12.0 1072 194 10°% 284
10° 104 = 104 = 104
On’= 10° o 10° 10%
% El E 3 3
5o d o 3 o 3 o3
7
[T 3 3 3 3
Ewa = -10° 4 403 4 0?3
T USRI L BR) Ll UAMELA . L IRRLA | Ty Ty MR . LR T T T T T
10 0 102 10 10° 10° o 103 104 10° 0% o 10° 104 10° 10?0 10° 10 10°
CD8-PE-cy7
9 Percent Expressed
30— o Control |3_ 407 0 Control |ﬁ Exhausted CD8_Lag3_MWA ) ° .10
0o MWA 4 |+ 2 0O MWA i @ ; gg
— 2 —_
- ‘g Vg ‘i\o, a0 |§ * o Exhausted CD8_MWA : gg
.| v ant-LAG3+MWA i |V ant-LAG3+MWA 'a v ® 5
= 20— = 2
o (V] Z  Fffector CD8_Lag3 MWA Average Expression
° v : 20 e 15
7 = 1.0
1‘ + = Effector CD8_MWA 05
) o ] v @ 00
Q4o o - o -0.5
o ‘ 3104 o H Stem-like CD8_Lag3_MWA &% -1.0
> - L - r@
s 0 - g m] Stem-like CD8_MWA
0 0
&
« <8
Features

ok

expression of Ifng and Tnfin scRNA-seq dataset. P<0.05, "P<0.01,

Fig. 7 Anti-LAG3 coordinates with MWA to promote CD8* T cell functions A-C. Representative flow cytometry plots and corresponding
quantitative bars showing the proportion of IFN-y and TNF-a expressing CD8" TlLs in different treatment groups. D. Dot plot showing the gene
P<0.001

interactions in the combination therapy group compared
with the MWA alone group (Fig. 8C). On the other hand,
we examined the specific genes in the CXCL signaling
pathway (Fig. 8D) and IFN signaling pathway (Fig. 8E) in
the MWA alone group and combination therapy group.
We found that the expressions of these genes were up-
regulated in the combination therapy group, which was
consistent with the findings that the interactions among
the CXCL pathway and IFN pathway were stronger in the
combination therapy group.

Discussion

A great deal of success has been achieved in the treat-
ment of various malignancies with combination immu-
notherapy based on ICI [23, 24]. In many preclinical

and clinical settings, ablation coupled with ICIs has pro-
duced unprecedented OS benefits for cancer patients.
Shi et al. demonstrated that RFA could induce robust T
cell-mediated anti-tumor immune responses in distant
tumors, and Chen et al. have also shown that combina-
tion therapy of MWA and TIGIT blockade synergisti-
cally promotes anti-tumor immune response in mouse
colon cancer model [9, 12]. Furthermore, RFA does not
prevent tumor recurrence in certain individuals, indicat-
ing that alternative immune-suppression pathways were
involved in the TME after FRA [25]. Many clinical tri-
als comparing RFA and MWA have demonstrated that
both two methods represented similar efficacy and safety,
while MWA has technical advantages in terms of reduced
heat sink effect and faster ablation [4, 26]. In the present
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study, we found that MWA can greatly induce the expres-
sion of LAG3 on TILs, especially on CD8™ TILs, indicat-
ing that the combination regimen could provide benefits.
Therefore, it’s of great imporatance to reveal the thera-
peutic effect of combinational strategy against cancer and
explore its possible clinical application prospect.

As we know, LAG3 is highly expressed on activated
T cells, NK cells, and plasmacytoid DCs [16-18]. Simi-
lar to the CD4 molecule, LAG3 has four distinct Ig-like
domains, sharing the same ligand as CD4, the MHC-II
[27]. LAG3 blockade results in enhanced T cell expan-
sion and up-regulated function signature in vitro [28,
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29]. Upon tumorigenesis and chronic viral infection,
such as the LCMV C13 strain, LAG3 is up-regulated
in T cells along with other immune inhibitory recep-
tors, such as PD-1, TIM3, and TIGIT [30-32]. More-
over, currently, as the next generation of immune
checkpoint therapy in cancer, LAG-3 has been confirmed
as an important candidate target, for example, the clini-
cal trials NCT00732082, NCT00349934, NCT02614833,
NCT01968109 and NCT02460224, have shown that
LAG-3 blockade can not only improve the antitumor
immune responses but also can potentiate other forms
of immunotherapy [33]. However, the molecular mecha-
nism of how LAG3 affects the T cell function in the sce-
nario of cancer still remains to be illustrated. It has been
suggested that the antagonistic mAb against LAG3 could
blockade the interaction between LAG3 and MCH-II
molecules expressed by tumor and/or immune cells,
leading to the promotion of tumor cell apoptosis [34].
Another phase I clinical trial has reported that, IMP321,
a soluble form of LAG3, can have an objective response
rate (ORR) of 50% in metastatic breast cancer when com-
bined with paclitaxel [35]. Therefore, we aimed to iden-
tify whether LAG3 blockade could significantly enhance
the MWA-induced anti-tumor immune response by
introducing more inflamed tumors and more functional
CD8" T cells.

In summary, MWA dramatically induced the expres-
sion of LAG3 on different TILs sub-populatios in TME,
and anti-LAG3 treatment in combination with MWA,
could significantly suppress tumor development,
increase effector CD8*' TILs, and restore the tumor-
killing function of exhausted CD8" T cells. The pre-
sent similar mechanism was also found in our previous
studies, such as RFA combined with PD-1 blockade,
and MWA combined with TIGIT blockade, it is neces-
sary to evaluated the therapeutic efficacy of the above
three combined treatment methods separately, or even
perform the investigation of triple therapy strategy,
such as MWA plus PD-1 and LAG3 blockade [9, 12].
In fact, we tried MWA plus TIGIT and PD-1 blockade,
and the results revealed that the triple therapy showed
significant advantages in contrast to MWA plus TIGIT,
MW.A plus PD-1, or even MWA and TIGIT alone (data
not shown). Furthermore, the LAG3 blockade plus
MWA dramatically improved T cell interaction, dem-
onstrating that the combination of LAG3 blockade and
MWA could effectively suppress the inhibitory signals
on T cells in a synergistic manner. Therefore, LAG3
blockade combined with MWA might be employed in
the clinical setting to reprogram the TME in an anti-
cancer manner, revealing the potential value of the clin-
ical application.
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Conclusions

Our present study first reported that the combination
of LAG3 blockade and MWA could extend the survival
and postponed tumor development in the MC38 bilat-
eral tumor model, and the combination therapy could
reprogram the TME to an anti-tumor manner via pro-
moting the functions of CD8*TILs.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512967-022-03646-7.

Additional file 1: Figure S1. Flow cytometry analysis was used to
confirm the differences of sub-populations in MWA and MWA combined
with the LAG3 blockade groups. A. Gating strategy of tumor infiltrating
Foxp3™Tregs. B. The percentage of Tregs was not significantly changed

in MWA and MWA combined with the LAG3 blockade groups (n=>5 for
each group). C. Gating strategy of sub-sets of tumor infiltrating DCs and
macrophages. D. There were not significant changes of DCs, DC1, DC2

in MWA and MWA combined with the LAG3 blockade groups (n=5 for
each group). E. There were not significant changes of Macrophages, type |
macrophages and type Il macrophages in MWA and MWA combined with
the LAG3 blockade groups (n=5 for each group).

Author contributions

Conception and design: JJ and LC; administrative support: JJ and LC; provision
of study materials or patients: DS, YC and TL; collection and assembly of data:
DS, JC, DZ and XZ; data analysis and interpretation: HH and YC; manuscript
writing: all authors; final approval of manuscript: all authors. All authors read
and approved the final manuscript.

Funding

The present study was supported by the National Natural Science Founda-
tion of China (81972869, 82172689 and 81902386), the Key R&D Project of
Jiangsu Province (BE2022721 and BE2022719), the Natural Science Founda-
tion of Jiangsu Province (BK20211065), China Postdoctoral Science Founda-
tion (2021M700543, 2021M700547), High-Level Talents Project of Jiangsu
Commission of Health (LGY2020034), the Applied Basic Research Foundation
of Changzhou (CJ20190094, CJ20210089 and CJ20210021) and Changzhou
International Cooperation Project (CZ2021005), and the open fund of state
key laboratory of Pharmaceutical Biotechnology, Nanjing University, China
(No. KF202203).

Availability of data and materials
All data generated or analyzed during this study are included in this published
article.

Declarations

Ethics approval and consent to participate

The authors are accountable for all aspects of the work, including ensuring
that any questions related to the accuracy or integrity of any part of the work
have been appropriately investigated and resolved.

Consent for publication
Not applicable.

Competing interests

The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential
competing interests.

Author details

"Department of Tumor Biological Treatment, The Third Affiliated Hospital

of Soochow University, Changzhou 213003, Jiangsu Province, China. 2Jiangsu
Engineering Research Center for Tumor Immunotherapy, The Third Affiliated


https://doi.org/10.1186/s12967-022-03646-7
https://doi.org/10.1186/s12967-022-03646-7

Shao et al. Journal of Translational Medicine

(2022) 20:433

Hospital of Soochow University, Changzhou, Jiangsu Province, China. *Institute
of Cell Therapy, The Third Affiliated Hospital of Soochow University, Chang-
zhovu, Jiangsu Province, China. “Department of Gastroenterology, The Third
Affiliated Hospital of Soochow University, Changzhou, Jiangsu Province, China.
°State Key Laboratory of Pharmaceutical Biotechnology, Nanjing University,
Nanjing 210023, Jiangsu, People’s Republic of China.

Received: 13 June 2022 Accepted: 18 September 2022
Published online: 30 September 2022

References

1.

Granata V, Grassi R, Fusco R, Setola SV, Palaia R, Belli A, Miele V, Brunese
L, Grassi R, Petrillo A, et al. Assessment of ablation therapy in pancreatic
cancer: the radiologist’s challenge. Front Oncol. 2020;10:560952.

Lu M, Yao W, Zhang T, Fan W, Zhong Z, Li J, Zhang F. Feasibility and
efficacy of microwave ablation combined with lodine-125 seed
implantation in local control of recurrent retroperitoneal liposarcomas:
initial clinical experience. Oncologist. 2017,22(12):1500-5.

Chu KF, Dupuy DE. Thermal ablation of tumours: biological mecha-
nisms and advances in therapy. Nat Rev Cancer. 2014;14(3):199-208.
Vietti Violi N, Duran R, Guiu B, Cercueil JP, Aube C, Digklia A, Pache |,
Deltenre P, Knebel JF, Denys A. Efficacy of microwave ablation versus
radiofrequency ablation for the treatment of hepatocellular carcinoma
in patients with chronic liver disease: a randomised controlled phase 2
trial. Lancet Gastroenterol Hepatol. 2018;3(5):317-25.

Liu C, Liang P, Liu F, Wang Y, Li X, Han Z, Liu C. MWA combined with
TACE as a combined therapy for unresectable large-sized hepotocel-
lular carcinoma. Int J Hyperthermia. 2011;27(7):654-62.

Cheung TT, Ma KW, She WH. A review on radiofrequency, microwave
and high-intensity focused ultrasound ablations for hepatocellular
carcinoma with cirrhosis. Hepatobiliary Surg Nutr. 2021;10(2):193-209.
Machlenkin A, Goldberger O, Tirosh B, Paz A, Volovitz I, Bar-Haim E,

Lee SH, Vadai E, Tzehoval E, Eisenbach L. Combined dendritic cell
cryotherapy of tumor induces systemic antimetastatic immunity. Clin
Cancer Res. 2005;11(13):4955-61.

Waitz R, Solomon SB, Petre EN, Trumble AE, Fasso M, Norton L, Allison
JP. Potent induction of tumor immunity by combining tumor cryoabla-
tion with anti-CTLA-4 therapy. Cancer Res. 2012;72(2):430-9.

ShiL, Chen L, Wu C, Zhu Y, Xu B, Zheng X, Sun M, Wen W, Dai X, Yang M,
et al. PD-1 Blockade boosts radiofrequency ablation-elicited adaptive
immune responses against tumor. Clin Cancer Res. 2016;22(5):1173-84.

. LiL, Wang W, Pan H, Ma G, Shi X, Xie H, Liu X, Ding Q, Zhou W, Wang S.

Microwave ablation combined with OK-432 induces Th1-type response
and specific antitumor immunity in a murine model of breast cancer. J
Transl Med. 2017;15(1):23.

. Duan X, Wang M, Han X, Ren J, Huang G, Ju S, Zhang Q. Combined use

of microwave ablation and cell immunotherapy induces nonspe-
cific immunity of hepatocellular carcinoma model mice. Cell Cycle.
2020;19(24):3595-607.

. ChenY,Huang H, LiY, Xiao W, Liu Y, Chen R, Zhu Y, Zheng X, Wu C,

Chen L. TIGIT Blockade exerts synergistic effects on microwave ablation
against cancer. Front Immunol. 2022;13:832230.

. Kubli SP, Berger T, Araujo DV, Siu LL, Mak TW. Beyond immune check-

point blockade: emerging immunological strategies. Nat Rev Drug
Discovery. 2021;20(12):899-919.

. Kraehenbuehl L, Weng CH, Eghbali S, Wolchok JD, Merghoub T.

Enhancing immunotherapy in cancer by targeting emerging immu-
nomodulatory pathways. Nat Rev Clin Oncol. 2022;19(1):37-50.

. Tawbi HA, Schadendorf D, Lipson EJ, Ascierto PA, Matamala L, Castillo

Gutierrez E, Rutkowski P, Gogas HJ, Lao CD, De Menezes JJ, et al.
Relatlimab and nivolumab versus nivolumab in untreated advanced
melanoma. N Engl J Med. 2022;386(1):24-34.

. Andrews LP, Marciscano AE, Drake CG, Vignali DA. LAG3 (CD223) as a

cancer immunotherapy target. Immunol Rev. 2017;276(1):80-96.

. MaruhashiT, Sugiura D, Okazaki IM, Okazaki T. LAG-3: from

molecular functions to clinical applications. J Immunother Cancer.
2020;8(2):e001014.

18.

20.

21.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.
33.

34.

35.

Page 13 of 13

Ruffo E, Wu RC, Bruno TC, Workman CJ, Vignali DAA. Lymphocyte-acti-
vation gene 3 (LAG3): the next immune checkpoint receptor. Semin
Immunol. 2019;42:101305.

. Guy C, Mitrea DM, Chou PC, Temirov J, Vignali KM, Liu X, Zhang

H, Kriwacki R, Bruchez MP, Watkins SC, et al. LAG3 associates with
TCR-CD3 complexes and suppresses signaling by driving co-recep-
tor-Lck dissociation. Nat Immunol. 2022. https://doi.org/10.1038/
$41590-022-01176-4.

Fei Q, PanY, Lin W, Zhou Y, Yu X, Hou Z, Yu X, Lin X, Lin R, Lu F, et al.
High-dimensional single-cell analysis delineates radiofrequency abla-
tion induced immune microenvironmental remodeling in pancreatic
cancer. Cell Death Dis. 2020;11(7):589.

Yang M, DuW, Yi L, Wu S, He C, Zhai W, Yue C, Sun R, Menk AV, Delgoffe
GM, et al. Checkpoint molecules coordinately restrain hyperactivated
effector T cells in the tumor microenvironment. Oncoimmunology.
2020;9(1):1708064.

. Jin'S, Guerrero-Juarez CF, Zhang L, Chang |, Ramos R, Kuan CH, Myung

P, Plikus MV, Nie Q. Inference and analysis of cell-cell communication
using Cell Chat. Nat Commun. 2021;12(1):1088.

Khalil DN, Smith EL, Brentjens RJ, Wolchok JD. The future of cancer
treatment: immunomodulation, CARs and combination immunother-
apy. Nat Rev Clin Oncol. 2016;13(5):273-90.

Smyth MJ, Ngiow SF, Ribas A, Teng MW. Combination cancer immu-
notherapies tailored to the tumour microenvironment. Nat Rev Clin
Oncol. 2016;13(3):143-58.

Shi L, Wang J, Ding N, Zhang Y, Zhu Y, Dong S, Wang X, Peng C, Zhou
C, Zhou L, et al. Inflammation induced by incomplete radiofrequency
ablation accelerates tumor progression and hinders PD-1 immuno-
therapy. Nat Commun. 2019;10(1):5421.

Gupta P, Maralakunte M, Kumar MP, Chandel K, Chaluvashetty SB,
Bhujade H, Kalra N, Sandhu MS. Overall survival and local recurrence
following RFA, MWA, and cryoablation of very early and early HCC: a
systematic review and Bayesian network meta-analysis. Eur Radiol.
2021;31(7):5400-8.

Huard B, Mastrangeli R, Prigent P, Bruniquel D, Donini S, El-Tayar N, Mai-
gret B, Dreano M, Triebel F. Characterization of the major histocompat-
ibility complex class Il binding site on LAG-3 protein. Proc Natl Acad Sci
U'S A.1997,94(11):5744-9.

Workman CJ, Vignali DA. Negative regulation of T cell homeo-

stasis by lymphocyte activation gene-3 (CD223). J Immunol.
2005;174(2):688-95.

Workman CJ, Vignali DA. The CD4-related molecule, LAG-3 (CD223),
regulates the expansion of activated T cells. Eur J Immunol.
2003;33(4):970-9.

Woo SR, Turnis ME, Goldberg MV, Bankoti J, Selby M, Nirschl CJ, Bettini
ML, Gravano DM, Vogel P, Liu CL, et al. Immune inhibitory molecules
LAG-3 and PD-1 synergistically regulate T-cell function to promote
tumoral immune escape. Cancer Res. 2012;72(4):917-27.

Blackburn SD, Shin H, Haining WN, Zou T, Workman CJ, Polley A, Betts
MR, Freeman GJ, Vignali DA, Wherry EJ. Coregulation of CD8+ T cell
exhaustion by multiple inhibitory receptors during chronic viral infec-
tion. Nat Immunol. 2009;10(1):29-37.

Wherry EJ. T cell exhaustion. Nat Immunol. 2011;12(6):492-9.
Marin-Acevedo JA, Dholaria B, Soyano AE, Knutson KL, Chumsri S, Lou
Y. Next generation of immune checkpoint therapy in cancer: new
developments and challenges. J Hematol Oncol. 2018;11(1):39.
Nguyen LT, Ohashi PS. Clinical blockade of PD1 and LAG3-potential
mechanisms of action. Nat Rev Immunol. 2015;15(1):45-56.

Brignone C, Gutierrez M, Mefti F, Brain E, Jarcau R, Cvitkovic F, Bousetta
N, Medioni J, Gligorov J, Grygar C, et al. First-line chemoimmuno-
therapy in metastatic breast carcinoma: combination of paclitaxel and
IMP321 (LAG-3lg) enhances immune responses and antitumor activity.
JTransl Med. 2010;8:71.

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


https://doi.org/10.1038/s41590-022-01176-4
https://doi.org/10.1038/s41590-022-01176-4

	LAG3 blockade coordinates with microwave ablation to promote CD8+ T cell-mediated anti-tumor immunity
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Material and methods
	Cell line and mice
	Animal models, MWA treatment and LAG3 blockade therapy
	Flow cytometry
	scRNA-Seq
	scRNA-Seq data processing, integration of multiple scRNA-Seq data, dimension reduction, and unsupervised clustering
	Differential gene expression analysis
	Trajectory analysis
	Statistical analysis

	Results
	LAG3 is up-regulated in TILs upon MWA
	MWA and LAG3 blockade synergistically delay tumor growth
	scRNA-seq analysis reveals a transcriptional landscape in TME
	Combination therapy of MWA and LAG3 blockade results in increased TILs
	Combination therapy of MWA and LAG3 blockade alters CD8+ TILs
	MWA and LAG3 blockade synergistically enhance CD8+ T cell functions
	Combination therapy of MWA and LAG3 blockade alters the cell–cell communication across all immune subsets

	Discussion
	Conclusions
	References




