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Blockade of AIM2 inflammasome or
o1-AR ameliorates IL-1p release and
macrophage-mediated
immunosuppression induced by

CAR-T treatment
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Li Zha,"? Shuci Liu,? Yuchen Liu,"? Junnian Zheng,? Ming Shi © -2

ABSTRACT

Background Interleukin (IL) 1 released from monocytes/
macrophages is one of the critical determinants in
mediating the adverse events of chimeric antigen
receptor T cell (CAR-T) therapy, including cytokine release
syndrome and neurotoxicity. However, the molecular
mechanisms of IL-1 production during CAR-T therapy
remain unknown.

Methods The roles of AIM2 and o:1-adrenergic receptor
(0r1-AR) in CAR-T treatment-induced IL-1 release

were evaluated by gene silencing, agonist or antagonist
treatment. The phenotype switch of macrophages in
response to CAR-T treatment was analyzed concerning
cytotoxicity of CAR-T cells and proliferation of activated T
cells.

Results This study provided the experimental evidence
that CAR-T treatment-induced activation of AIM2
inflammasome of macrophages resulted in the release

of bioactive IL-1B3. CAR-T treatment-induced o.1-AR-
mediated adrenergic signaling augmented the priming

of AIM2 inflammasome by enhancing IL-13 mRNA and
AIM2 expression. Meanwhile, tumor cell DNA release
triggered by CAR-T treatment potentiated the activation

of AIM2 inflammasome in macrophages. Interestingly, an
apparent phenotypic switch in macrophages occurred after
interacting with CAR-T/tumor cells, which greatly inhibited
the cytotoxicity of CAR-T cells and proliferation of activated
T cells through upregulation of programmed cell death-
ligand 1 (PD-L1) and indoleamine 2,3-dioxygenase (ID0)
in the macrophages. Blockade of AIM2 inflammasome or
o1-AR reversed the upregulation of PD-L1 and IDO and
the phenotypic switch of the macrophages.

Conclusion Our study implicates that CAR-T therapy
combined with the blockade of AIM2 inflammasome or o1-
AR may relieve IL-1B-related toxic side effects of CAR-T
therapy and ensure antitumor effects of the treatment.

INTRODUCTION

Adoptive immunotherapy with chimeric
antigen receptor T (CAR-T) cells has shown
promising clinical impact on the survival
of patients with cancer, most notably those

with hematologic malignancies.' > However,
CAR-T therapy can also cause dangerous side
effects, including cytokine release syndrome
(CRS) and neurotoxicity, hindering its thera-
peutic application. CRS is the most common
acute toxicity of CAR-T therapy, character-
ized by fever, hypotension, and respiratory
insufficiency. Patients with neurotoxicity
induced by CAR-T therapy exhibit a diverse
array of neurologic symptoms, such as tremor,
dysgraphia, expressive aphasia, apraxia, and
impaired attention. The precise mechanism
remains unclear.””

Currently, there are many unanswered
questions regarding the optimal clinical
management of CRS. It has been shown
that the administration of monoclonal anti-
bodies against the interleukin (IL) 6 receptor
(tocilizumab) is effective in the clinical
management of adverse events of CAR-T
therapy.6 However, it does not attenuate the
neurotoxicity, partially due to the inability of
tocilizumab to cross the blood-brain barrier
thereby inhibiting the IL-6 signaling in the
CNS. The current recommendations prefer
the use of corticosteroids for the treatment of
patients with high-grade CRS or neurologic
adverse effects. Unfortunately, corticoste-
roids may impair the effectiveness of CAR-T
therapy.”™

Recent studies have demonstrated that IL-1
released from monocytes/macrophages is
one of the critical determinants mediating
the adverse events of CAR-T therapy.w H
However, the mechanisms of IL-1 production
during CAR-T therapy remain unknown.
Understanding these underlying mechanisms
may provide an effective strategy for clinical
management of the side effects of CAR-T
therapy during the early stage of CRS.
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Accumulating evidence suggests that macrophages
are critical regulators of tumor immunity and immuno-
therapy.'* Macrophages are able to polarize into different
phenotypes in response to cues from the local tissue
microenvironment. Within a brief period of time after
CAR-T therapy, rapid and massive death of target cells
occurs. Whether the abrupt change in the microenviron-
ment causes a shift in macrophage polarization is largely
unexplored.

In this study, we provide the first experimental evidence
that CAR-T treatment-induced activation of the AIM2
inflammasome results in the release of bioactive IL-1P.
ol-adrenergic receptor (0l-AR)-mediated adrenergic
signaling further promotes AIM2 inflammasome acti-
vation and IL-1B production. The cooperation of the
AIM2 inflammasome pathway and adrenergic signaling
induces macrophage polarization towards an immu-
nosuppressive phenotype by upregulating the expres-
sion of programmed cell death-ligand 1 (PD-L1) and
indoleamine 2,3-dioxygenase (IDO). Blockade of the
AIM2 inflammasome or ol-AR reduces the production
of bioactive IL-1p and reverses macrophage phenotype
switch triggered by CAR-T therapy.

MATERIALS AND METHODS

Cell culture, flow cytometry, quantitative real-time PCR,
ELISA, western blot, co-immunoprecipitation, AIM2
shRNA (short hairpin RNA)-mediated silencing, immu-
nofluorescence and cytotoxicity of tumor-specific CAR-T
cells are described in detail in the online supplemental
materials and methods.

Viral vector construction

The construction of the anti-CD19, anti-BCMA or Her2
chimeric antigen receptor (CAR) has been reported by
us and other groups.””™® The lentiviral transfer plasmid
contains an anti-CD19, anti-BCMA or anti-Her2 single
chain variable fragment, human CD8a hinge and trans-
membrane region and human 4-1BB and human CD3{
signaling moieties. The lentivirus was manufactured by
Genechem Shanghai, China).

CAR-T cell production

Primary peripheral blood mononuclear cells (PBMCs)
were isolated from peripheral blood of the healthy donor
and the patients with diffuse large B cell lymphoma or
B cell acute lymphoblastic leukemia (B-ALL). T lympho-
cytes were isolated using the EasySep human T Cell Isola-
tion Kit (STEMCELL) according to the manufacture’s
instruction. The procedure for the production of CAR-T
cells has been described in our previous studies.”™"

Primary macrophage production and M2 macrophage
polarization

To obtain the primary human macrophages, PBMCs were
treated with 100ng/mL macrophage colony-stimulating
factor (PeproTech) in RPMI (Roswell Park Memorial

Institute) 1640 medium supplemented with 20% fetal
bovine serum for 7 days. To generate M2 macrophages,
the cells were treated with 20ng/mL IL-4 (PeproTech)
and 20ng/mL IL-13 (PeproTech) for an additional
72hours.

The polarization of M2 macrophages derived from
THP-1 cells is described in our previous study.'” Briefly,
THP-1 cells were treated with 320nM phorbol-12-
myristate-13-acetate (PMA, Sigma) for 6hours and then
with PMA plus 20ng/mL IL-4 (PeproTech) and 20ng/
mL IL-13 (PeproTech) for 18hours to obtain the M2
phenotype.

Generation of the coculture system

The 5x10° THP-1 cells/well or 1x10° PBMCs were seeded
into the six-well plates and polarized into M2 macro-
phages. After thoroughly washing to remove all PMA and
cytokines, the macrophages were cocultured with CAR-T
cells and Raji cells. The ratio of CAR-T cells, tumor cells,
and macrophages was 1:3:1. In some experiments, the cells
were treated with thalidomide (1pM), VX-765 (20 pM),
Ac-YVAD-CMK (10pM), prazosin (10pM), propranolol
(10pM), or epinephrine (1 pM) (Selleck Chemicals).

Tumor cell DNA labeling

Raji cells were incubated in complete medium supple-
mented with 0.5 pg/mL 5-ethynyl-2’-deoxyuridine (EdU)
for 3 days to label tumor cell DNA. Afterwards, the cells
were rigorously washed by PBS and subjected to the cocul-
ture with CAR-T and macrophages.

T cell proliferation assay

Autologous T cells were labeled with 5pM carboxyflu-
orescein succinimidyl ester (CFSE, Selleck Chemicals)
for 25min at 4°C and preactivated with plate-bound
2pg/mL anti-CD3 (Thermo Fisher) at 37°C, 5% CO,
for 16-18hours. Three days after activation, the T cells
were incubated with the macrophages for 2 days ata T
cell:macrophage ratio of 5:1. The proliferation of T cells
was measured by CFSE staining and flow cytometry. In
some experiments, 5mg/mL antihuman PD-L1 neutral-
izing antibody (Biolegend), bmg/mL isotype control
antibody (Biolegend) or 4mg/mL 1-MT (Selleck Chemi-
cals) was added in the coculture.

Clinical samples

All clinical tissue samples were obtained from the Affil-
iated Hospital of Xuzhou Medical University with the
informed consent of patients and with approval for exper-
iments from the hospital.

Statistical analysis

All of the data are presented as mean+SEM. The data
were analyzed by comparing the means using one-way
analysis of variance (ANOVA) followed by Dunnett’s test
or two-way ANOVA followed by Bonferroni’s post hoc
test or t-test. A value of p<0.05 was considered statistically
significant.
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RESULTS

CAR-T treatment induces IL-1f release by macrophages
through activating the AIM2 inflammasome pathway

IL-1 is a putative mediator of inflammation released by
activated monocytes or macrophages. Previous studies
demonstrated that CAR-T cell-induced CRS, which usually
occurs within days of T cell infusion, is mediated by macro-
phages and abated by IL-1 blockade.'’ " To explore the
mechanisms of IL-1 release in response to CAR-T treat-
ment, we used the in vitro cocultue system, which was
modified according to a previous study.'® We established
the model by coculturing CD19 CAR-T cells, Raji cells,
which are human lymphoblast-like cells expressing high
levels of CD19, and M2 macrophages. Since the propor-
tion of M2-like macrophages is significantly increased in
patients with leukemia and lymphoma,'™* we used M2
macrophages induced from the PBMCs derived from the
same healthy donor of CAR-T cells. IL-1B in the super-
natants of the coculture system was evaluated by ELISA
assay. As shown in figure 1A, the level of IL-1B was very
low in the cultural supernatants of tumor cells, CAR-T, or
macrophages alone. The production of IL-1B was signifi-
cantly increased when macrophages were cocultured
with CAR-T cells, while the level of IL-1B is the highest
in the supernatants of CAR-T cell/tumor cell/macro-
phage coculture. Similar results were observed in cocul-
turing CAR-T cells, tumor cells, and M2 macrophages
derived from the human monocyte-like cell line THP-1
(figure 1B). These data are fully consistent with the
observations in the previous studies, demonstrating that
IL-1B is released predominantly by the macrophages.'’ 1
Clearly, the macrophages were activated after coculturing
with CAR-T and Raji cells. Our data also indicate that the
in vitro model is reasonable and feasible.

The activation of caspase-1, which is triggered by
inflammasomes, is required for proteolytic cleavage of
the IL-1B precursor pro-IL-1B. Assembly of the inflam-
masome complex is initiated by the nucleotide binding
domain and leucine-rich repeat-containing (NLR)
proteins or absent in melanoma 2 (AIM2)-like recep-
tors, including NLRP1, NLRP3, NLRC4, and AIM2.* **
To explore whether CAR-T treatment triggers the activa-
tion of inflammasomes, the expression of inflammasomes
(NLRP1,NLRP3, NLRC4, AIM2), caspase-1, and pro-IL-1[3
was examined in the adherent macrophages by western
blot. Meanwhile mature IL-1B and cleaved caspase-1 in
the coculture supernatants were determined. Figure 1C
showed that the expression of NLRP1 and NLRC4 was
present in the macrophages derived from human PBMGCs
of all the groups. However, NLRP3 was observed only in
the macrophages cocultured with CAR-T cells or CAR-T/
tumor cells. Coincidentally, the pro-caspase-1 and pro-
IL-1P were also remarkably increased in these two groups.
Noticeably, only in the coculture system of macrophage/
CAR-T/tumor cells, the expression of AIM2 was remark-
ably upregulated. Moreover, the cleaved caspase-1 and
mature IL-1P released into the supernatant were detected
in macrophage/CAR-T/tumor cell coculture. To further

verify the finding, the macrophages and CD19 CAR-T
cells derived from the PBMCs of seven patients with
diffuse large B cell lymphoma or B-ALL were employed.
As shown in online supplemental figure 1, in most of
the donors examined, the upregulation of AIM2 in the
macrophages and mature IL-1B in the supernatant were
evidently detected in the coculture of macrophage/
CAR-T/tumor cells. The most obvious findings in the
macrophages derived from THP-1 cells cocultured with
the CAR-T/tumor cells were remarkable upregulation
of AIM-2, which is consistent with the above results, and
increased release of cleaved IL-1B in the supernatant
(figure 1D). The levels of cleaved IL-1P in supernatants
and AIM2 in the CAR-T cells and Raji cells cultured alone
are shown in online supplemental figure 2. To explore
whether the mature IL-1B released from macrophages
depends on the specific interaction between CAR-T cells
and cancer cells, the BCMA (B-cell maturation antigen)
CAR-T and Her2 CAR-T cells were used in the coculture
model. Online supplemental figure 3 shows that Raji cells
were negative for Her2 or BCMA expression and that
Her2 CAR-T or BCMA CAR-T did not upregulate the level
of cleaved IL-1f in the cultural supernatants compared
with CD19 CAR-T treatment. These data imply that the
specific interaction between CAR-T cells and cancer cells
triggers AIM2 inflammasome activation and production
of bioactive IL-1B from macrophages.

To verify the role of AIM2 inflammasome in the
production of bioactive IL-1B induced by CAR-T/
tumor cells, the expression of AIM2 in THP-1 cells was
knocked down by the specific ShRNAs. The transfected
THP-1 cells were then induced with 1L-4/11-13 for M2
polarization. Figure 1E demonstrates that IFN-y-induced
AIM2 expression was effectively inhibited by the shRNA
AIM2-sh1. Knockdown of AIM2 greatly reduced the level
of cleaved IL-1B in the coculture supernatant of CAR-T
cells/tumor cells/macrophages. The production of IL-1[3
was not significantly affected by AIM2-sh2, which did not
silence the expression of AIM2 (figure 1F). The role of
the AIM2 inflammasome in inducing IL-1f release from
the macrophages triggered by CAR-T/tumor cells was
further confirmed by a pharmacological inhibitor of
AIM2 inflammasome, thalidomide, as thalidomide did
not exert evident effects on the apoptosis and prolifer-
ation of CAR-T cells, Raji cells or M-THP-1 cells (online
supplemental figure 4), but evidently repressed the
release of bioactive IL-1B in the cocultue supernatant of
CAR-T cells/tumor cells/macrophages (figure 1G).

Activation of the AIM2 inflammasome pathway is triggered by
CAR-T-induced tumor cell DNA release

AIM2 is a cytosolic double-stranded DNA (dsDNA) sensor
that can only be activated by dsDNA in the cytosol, regard-
less of whether it is derived from pathogens or damaged
tissues.” *° A recent study showed that CAR-T cells induce
target cell pyroptosis that is characterized by apoptosis-
like chromatin condensation and DNA fragmentation in
the early stage, followed by necrosis-like cell membrane
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CAR-T treatment induces IL-18 release by macrophages through activating AIM2 inflammasome pathway. (A,B)

The CD19 CAR-T cells were cocultured with Raji cells and M2 macrophages derived from PBMCs (M-PBMCs) (A, “**p<0.001)
or macrophages derived from THP-1 cells (M-THP-1) (B, ***p<0.001). The concentration of IL-1f in the supernatants of the
coculture system was evaluated by ELISA assay. (C,D) The expression of inflammasomes (NLRP1, NLRP3, NLRC4, AIM2), pro-
caspase-1, and pro-IL-1f in the whole cell lysate (WCL) of adherent M-PBMC (C) or M-THP-1 (D) in response to the coculture
was examined by western blot. Meanwhile mature IL-1p and cleaved caspase-1 in the culture medium (CM) were determined
by western blot. (E) The expression of AIM2 in THP-1 cells was knocked down by the specific shRNAs. The transfected THP-1
cells were then induced with IL-4/IL-13 for M2 polarization. The expression of AIM2 in the presence of IFN-y (100 ng/mL) was
evaluated by western blot. (F,G) The expression of mature IL-13 and cleaved caspase-1 in the coculture supernatants and
pro-caspase-1, pro-IL-1B3, and AIM2 in the M-THP-1 in response to AIM2 knocking down or AIM2 inhibitor (thalidomide) was
examined by western blot. Data are presented as mean+SEM and analyzed by one-way analysis of variance (ANOVA) followed
by Dunnett’s test. CAR-T, chimericantigen receptor T; PBMCs, peripheral blood mononuclear cells.

pore formation, cellular swelling, and membrane
rupture, leading to release of cellular contents, including
dsDNA.? We speculated that activation of the AIM2
inflammasome during the CAR-T treatment might be
triggered by the dsDNA, which is released from dying
tumor cells and engulfed by macrophages.

To test this hypothesis, we analyzed the levels of dsDNA
in the coculture supernatant of Raji cells with the T cells
that are genetically modified to express a CAR specific

for CD19 (CD19 CAR-T cells). As shown in figure 2A, the
level of dsDNA was significantly higher in the supernatant
of Raji cells cocultured with CD19 CAR-T cells than in the
supernatant of Raji cells alone or cocultured with mock T
cells. To observe the phagocytosis of tumor cell DNAs by
macrophages, the cellular DNAs were prelabeled by EAU
in live Raji cells and the macrophages were labeled with
CellTracker Deep Red (CTDR) before the coculture. The
proportion of CTDR+/EdU+ cells, which represent the
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Figure 2 Activation of the AIM2 inflammasome pathway is triggered by CAR-T-induced tumor cell DNA release. (A) The level of
double-stranded DNA (dsDNA) in the supernatant of Raji cells cocultured with CD19 CAR-T cells or mock T cells was evaluated
by using the dsDNA assay kit (**p<0.001). (B) The cellular DNAs were prelabeled by 5-ethynyl-2’-deoxyuridine (EdU) in live

Raji cells and the macrophages labeled with CellTracker deep red (CTDR) before the coculture. The proportion of CTDR+/EdU+
cells, which represent the macrophages phagocytozing the tumor cell DNAs, was analyzed by flow cytometry (**p<0.001). (C,D)
The co-localization of the tumor cell DNAs with the cytosolic DNA sensor AIM2 in the microphages was examined by confocal
microscopy and quantified (D, ***p<0.001). (E) The binding of AIM2 to ASC in the macrophages derived from THP-1 cells (M-
THP-1) cocultured with CAR-T and Raji cells was evaluated by co-immunoprecipitation. (F) The expression of mature IL-1f3

and cleaved caspase-1 in the coculture supernatants and pro-caspase-1, pro-IL-1f, and AIM2 in the M-THP-1 cocultured with
CAR-T/Raji cells in the presence of the caspase-1-specific inhibitors VX765 or ac-YVAD-cmk was evaluated by western blot.
(G) The concentration of IL-1f in supernatants of the coculture of CAR-T/Raji/M-THP-1 in the presence of VX765 or ac-YVAD-
cmk was examined by ELISA assay (*p<0.01, ***p<0.001). Data are presented as mean+SEMand analyzed by by two-way
analysis of variance (ANOVA) followed by Bonferroni’s post hoc test or by one-way ANOVA followed by Dunnett’s test. CAR-T,
chimericantigen receptor T; CM, culture medium; WCL, whole cell lysate.
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macrophages phagocytozing the tumor cell DNAs, was
analyzed by flow cytometry. The results showed that the
percentage of the CTDR+/EdU+ cells was significantly
higher in the coculture of CAR-T cells/tumor cells/
macrophages than in the coculture of tumor cells/macro-
phages (figure 2B). No tumor cell DNA was detected in
the macrophages cultured alone. By confocal microscopy,
we observed the co-localization of the tumor cell DNAs
with the cytosolic DNA sensor AIM2 in the microphages
cocultured with CAR-T and Raji cells (figure 2C,D), indi-
cating that the CAR-T treatment induced the phagocy-
tosis of the tumor cell DNAs by the macrophages and the
interaction of tumor cell DNA/AIM2.

Upon binding to dsDNA, AIM2 recruits the adapter
protein, which is the speck-like protein associated to
apoptosis (ASC) and initiates the assembly of AIM2/ASC,
leading to auto-cleavage of procaspase-1 and release of
its active form.” ** By using co-immunoprecipitation,
we demonstrated increased binding of AIM2 to ASC in
the coculture of CAR-T cells/Raji cells/macrophages
(figure 2E), suggesting that the CAR-T treatment induces
the formation and activation of the AIM2 inflammasome in
the macrophages. Moreover, the caspase-1-specific inhib-
itors VX765 or AC-YVAD-CMK repressed the production
of bioactive IL-1B in the macrophages cocultured with
CAR-T/Raji cells (figure 2F,G). These data support that
the CAR-T treatment induces the release of tumor cell
DNA. The latter is then phagocytozed by macrophages
and sensed by AIM2, resulting in AIM2 inflammasome
formation, caspase-1 activation, and IL-1p release.

Activation of a1-AR augments CAR-T treatment-induced AIM2
inflammasome activation

The previous study showed that cytokine release induced
by T cell-activating therapeutic agents was accompanied
by a catecholamine surge and inhibition of catechol-
amine synthesis reduced cytokine release.”’ Thus, we
attempted to determine the role of adrenergic recep-
tors (ARs) in CAR-T treatment-induced IL-1B release.
Figure 3A shows that the release of IL-13 was moderately
repressed by prazosin, the antagonist of otl-AR but not
propranolol, the inhibitor of B-AR when the macro-
phages were cocultured with CAR-T and tumor cells, as
determined by ELISA. In addition, online supplemental
figure 5 shows that addition of both prazosin and thalid-
omide more evidently repressed the upregulation of
IL-1B release compared with the antagonist of ol-AR or
AIM2 used alone. This indicates that activation of otl-AR
adrenergic signaling triggered by CAR-T treatment plays
a key role in AIM2 inflammasome activation. Figure 3B
confirms the above data, as the expressions of AIM2 and
pro-caspase-1 in the macrophages and the release of
cleaved IL-1B into the coculture supernatant of CAR-T
cells/tumor cells/macrophages could be inhibited by
prazosin but not propranolol. The cleaved IL-1B release
could be further enhanced by addition of epinephrine
into the coculture system (figure 3C,D). We collected
the CAR-T cells and Raji cells growing in the suspension

and the adherently growing THP-1-derived macrophages
after coculture for 24hours, and examined the tran-
scription of IL-13 mRNA. The upregulation of the IL-1f3
mRNA level predominantly occurred in the macrophages
and epinephrine further promoted the transcription of
IL-1B (figure 3E). The increased transcription of IL-1f3
mRNA in the macrophages could be remarkably inhib-
ited by prazosin (figure 3F). These data prove that o1-AR-
mediated adrenergic signaling promotes the activation
of the AIM2 inflammasome and production of IL-1B in
the macrophages interacting with tumor cells and CAR-T
cells. The upregulation of the inflammasome-associated
genes including IL-1B and AIM2, as a priming signal, is
vital for the activation of the AIM2 inflammasome.™ **
Thus, our findings suggest that oll-adrenergic signaling
augments CAR-T treatmentinduced AIM2 inflam-
masome activation at least partially through enhancing
the priming signal.

CAR-T therapy induces macrophage phenotype switch by
upregulating PD-L1 and IDO

Macrophages are highly plastic and undergo pheno-
typic transformation in response to microenvironmental
stimuli. Previous studies showed that phagocytosis of
apoptotic cells by macrophages in damaged tissues
induced immunosuppressive phenotypes, leading to
immune tolerance.* To explore the effects of the interac-
tion between CAR-T cells, macrophages and tumor cells
on the cytotoxicity of CAR-T cells, CD19 CAR-T cells, Raji
cells and macrophages derived from PBMCs are cocul-
tured for 24hours, and then the Raji/Luc cells were
added into the coculture system for 48hours. The lucif-
erase activity was measured to exhibit the cytotoxicity of
CAR-T cells. Online supplemental figure 6 shows that the
coculture of macrophages with both CAR-T and Raji cells
critically inhibits the cytotoxicity of CD19 CAR-T cells. To
further investigate whether the phenotype of the macro-
phages is altered after contacting with CAR-T and tumor
cells, the macrophages derived from human PBMCs were
preincubated with CAR-T and Raji cells for 24hours
and then co-incubated with CAR-T cells for 36hours.
The CAR-T cells were then isolated and incubated with
Raji/Luc cells. Figure 4A,B shows that the macrophages
contacting with both CAR-T and Raji cells remarkably
inhibit the cytotoxicity of CD19 CAR-T (figure 4A) but
not mock T cells (figure 4B), indicating that the pheno-
type of macrophages is altered after encountering CAR-T
and tumor cells. A recent study reported that induc-
tion of bioactive IL-1B mediated by caspase-1 triggers
upregulation of PD-L1 and IDO, which exert immu-
nosuppressive effects, in macrophages.” To explore
the mechanisms of the phenotype switch of the macro-
phages, we examined the expression of PD-L1 and IDO in
the macrophages. Western blot analysis demonstrates that
the expressions of PD-L1 and IDO are markedly upregu-
lated in the macrophages derived from human PBMCs
after coculturing with CAR-T and Raji cells (figure 4C).
The macrophage phenotype switch is also confirmed by
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the T cell proliferation assay. The macrophages isolated
from the coculture were then co-incubated with the
activated autologous T cells labeled with CFSE. Flow
cytometry analysis of cell division by dilution of CFSE
was used to assess the effect of the macrophages on T
cell proliferation. The data in figure 4D,E shows that the
macrophages contacting with both CAR-T and Raji cells
remarkably inhibited the proliferation of the activated
T cells. This phenomenon was also confirmed by using

macrophages derived from THP-1 cells (figure 4F,G).
To further confirm the upregulation of PD-L1 and IDO,
the macrophages derived from THP-1 cells were labeled
with CTDR and then cocultured with CAR-T and tumor
cells. The expressions of PD-L1 and IDO were analyzed
by flow cytometry and confocal microscopy. The results
show that the increased expressions of PD-L1 and IDO
are clearly detected on the surface or in the cytoplasm of
the macrophages after encountering CAR-T and tumor
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mock T cells for 36 hours. The CAR-T cells (A) or mock T cells (B) were then isolated and incubated with Raji/Luc cells and

then luciferase activity was measured to exhibit the cytotoxicity of CAR-T cells. (C) The expression of PD-L1 and IDO in the M-
PBMCs after coculturing with CAR-T and Raji cells was examined by western blot. (D-G) M-PBMCs (D) or macrophages derived
from THP-1 cells (M-THP-1) (F) were preincubated with CAR-T and Raji cells for 24 hours and then cocultured with the activated
autologous T cells labeled with CFSE. Flow cytometry analysis of cell division by dilution of CFSE was used to assess the effect
of the macrophages on T cell proliferation. The divided T cells were quantified (*p<0.05, **p<0.001) (E,G). (H) Flow cytometry
was employed to evaluate the level of PD-L1 and IDO in M-THP-1 after coculturing with CAR-T and Raji cells (**p<0.001). (I) M-
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cells; PD-L1, programmed cell death-ligand 1.
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cells (figure 4H,I). Online supplemental figure 6 shows
that blockade of PD-L1 or IDO with anti-PD-L1 antibody
or IDO inhibitor (1-MT) reverses the inhibition of CAR-T
cells cytotoxicity induced by the coculture of CAR-T cells/
tumor cells/macrophages. To further illustrate whether
PD-L1 and IDO mediate the immunosuppressive effects
of the macrophages, PD-L1 antibody or 1-MT was added
to the coculture of the preactivated T cells and the macro-
phages from the coculture system with CAR-T and Raji
cells. Figure 4] K demonstrated that PD-L1 neutralization
or IDO inhibition effectively alleviated the repressive
effects of the macrophages on the proliferation of T cells.
Noticeably, addition of both anti-PD-L1 antibody and
IDO inhibitor completely reversed the inhibitory effects
of the macrophages (figure 4J,K). These data suggest
that CAR-T therapy induces the phenotype switch of the
macrophages by upregulating the expression of PD-L1
and IDO.

Activation of the AIM2 inflammasome triggered by CAR-T
treatment induces macrophage phenotype switch

It is considered that IFN-y (Interferon 7y) released by
activated T cells is a major inducer of PD-LI expression
by cancer cells. Recent studies demonstrated that IL-1[3
released by macrophages is also an important inducer of
PD-L1 expression by cancer cells.”® To further explore the
mechanisms about the phenotype switch of macrophages
in the presence of CAR-T and tumor cells, we treated the
macrophages with recombinant human IL-1B. As shown
in figure 5A, human IL-1f evidently enhanced the expres-
sion of PD-L1 and IDO in the macrophages derived from
THP-1 cells or human PBMCs. We therefore speculated
that activation of the AIM2 inflammasome, which is
responsible for IL-1B production (figures 1 and 2), might
be involved in the induction of immunosuppressive
phenotypes in the macrophages. Blockade of AIM2 with
thalidomide evidently relieved the repression on CAR-T
cell cytotoxicity induced by coculture of CAR-T cells/
tumor cells/macrophages (online supplemental figure
6). To further determine the role of the AIM2 inflam-
masome in inducing the immunosuppressive phenotype,
AIM2 expression in the macrophages was knocked down
by the specific shRNAs. Figure 5B,C shows that the inhib-
itory effect of the macrophages on the activated T cell
proliferation was effectively reversed by knockdown of
AIM2. The expressions of PD-L1 and IDO in the macro-
phages induced by coculture with CAR-T and Raji cells
were also repressed (figure 5D). The specific inhibitors
of caspase-1, VX765 or AC-YVAD-CMK, had similar effects
on the expression of PD-L1 and IDO (figure 5E). The
growth inhibitory effect on preactivated T cells could
be antagonized by addition of the inhibitor of the AIM2
inflammasome, thalidomide, into the coculture of CAR-T
cells/tumor cells/macrophages. The data in figure 5F-H
demonstrate that blocking AIM2 inflammasome activa-
tion alleviated the suppressive effects of the macrophages
on T cells and reversed the upregulation of PD-L1 and
IDO of the macrophages induced by contacting with

CAR-T and tumor cells. Importantly, treatment with
recombinant human IL-1B upregulated PD-L1 and IDO
in the presence of thalidomide to the level comparable
to CAR-T treatment-induced macrophages (figure 5H).
Collectively, our data indicate that activation of the AIM2
inflammasome governs the phenotype switch of macro-
phages during CAR-T therapy.

Activation of a1-AR is involved in phenotype switch of
macrophages induced by contacting with CAR-T and tumor
cells

Previous data demonstrated that ol-AR signaling was
involved in the activation of the AIM2 inflammasome
and release of bioactive IL-1f in the macrophages in the
coculture system (figure 3). Therefore, oil-AR-mediated
adrenergic signaling may also participate in inducing the
phenotype switch of the macrophages. Online supple-
mental figure 6 showed that blockade of ot1-AR by using
prazosin alleviated the repression of CAR-T cell cytotox-
icity induced by coculture of CAR-T cells/tumor cells/
macrophages. To confirm the role of :1-AR in the pheno-
type manipulation of macrophages, prazosin was added
to the coculture of CAR-T cells/tumor cells/macro-
phages and then the isolated macrophages were cocul-
tured with preactivated T cells. The data demonstrated
that blockade of 0:1-AR relieved the suppressive effects of
the macrophages on T cell proliferation (figure 6A,B).
Upregulation of PD-L1 and IDO in macrophages was also
inhibited by prazosin but not propranolol (figure 6C).
Addition of recombinant human IL-1B into the cocul-
ture system restored the expression of PD-L1 and IDO in
the presence of prazosin (figure 6D). The agonist of the
adrenergic signaling, epinephrine, significantly enhanced
the expression of PD-L1 and IDO (figure 6E). These
data suggest that otl-AR-mediated adrenergic signaling
may modulate the phenotype switch of macrophages in
the setting of CAR-T therapy through enhancing IL-1[3
production.

DISCUSSION
Previous studies demonstrated that CAR-T therapy-
induced CRS is mediated by proinflammatory mediators
(such as IL-6, IL-1, etc) produced by recipient macro-
phages but not by CAR-T cell-derived Cytokines.10 "' The
side effects of CAR-T therapy could be abated by the IL-1
receptor antagonist anakinra, indicating that IL-1 is one
primary cause of the adverse events associated with CAR-T
therapy. It was reported that the release of IL-1 preceded
the production of IL-6. Moreover, IL-1 could trigger the
production of IL-6."' 7 Therefore, the induction of TL-1
may be the upstream event of the catastrophic cascade
of CRS and neurotoxicity. Unveiling the mechanisms for
IL-1 production in CAR-T therapy will help to establish
effective prevention and control strategies to minimize
the risk of serious adverse events.

The maturation and secretion of IL-1B is strictly
controlled by the inflammasome, which activates
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Figure 5 Activation of the AIM2 inflammasome triggered by CAR-T treatment induces macrophage phenotype switch. (A)
Macrophages derived from THP-1 cells (M-THP-1) or M-PBMCs were treated with recombinant human IL-1B. The expression
of PD-L1 and IDO in the macrophages was detected by western blot. (B,C) M-THP-1 infected with AIM2-shRNA expressing
lentivirals were preincubated with CAR-T and Raji cells for 24 hours and then cocultured with the activated autologous T cells
labeled with CFSE. T cell division was evaluated by flow cytometry (***p<0.001). (D,E) The expression of PD-L1 and IDO in
M-THP-1 after coculturing with CAR-T and Raji cells in response to AIM2 knocking down or caspase-1 inhibitor (VX765 or ac-
YVAD-cmk) treatment was detected by western blot. (F,G) M-THP-1 were preincubated with CAR-T and Raji cells for 24 hours
in the presence of the AIM2 inhibitor thalidomide and then cocultured with the activated autologous T cells labeled with CFSE.
The effects of the macrophages on T cell proliferation were examined by flow cytometry. The divided T cells were quantified
(**p<0.001). (H) In response to thalidomide and IL-1f treatment, the expression of PD-L1 and IDO in M-THP-1 cocultured with
CAR-T and Raji cells detected by western blot. Data are presented as mean+SEMand analyzed by one-way analysis of variance
(ANOVA) followed by Dunnett’s test. CAR-T, chimericantigen receptor T; CFSE, carboxyfluorescein succinimidyl ester; IDO,
indoleamine 2,3-dioxygenase; M-PBMCs, macrophages derived from PBMCs; PBMCs, peripheral blood mononuclear cells;
PD-L1, programmed cell death-ligand 1.
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Figure 6 Activation of a1-adrenergic receptor (0.1-AR) is involved in the phenotype switch of macrophages induced by
contacting with CAR-T and tumor cells. (A,B) The macrophages derived from THP-1 cells (M-THP-1) were preincubated

with CAR-T and Raji cells in the presence of prazosin for 24 hours and then cocultured with the activated autologous T

cells labeled with CFSE. T cell division was evaluated by flow cytometry (**p<0.001). (C-E) Western blot was employed to
detect the expression of PD-L1 and IDO in M-THP-1 after coculturing with CAR-T and Raji cells in the presence of prazosin,
propranolol, IL-1f or epinephrine. Data are presented as mean+SEMand analyzed by one-way analysis of variance (ANOVA)
followed by Dunnett’s test. CAR-T, chimericantigen receptor T; CFSE, carboxyfluorescein succinimidyl ester; IDO, indoleamine

2,3-dioxygenase; PD-L1, programmed cell death-ligand 1.

caspase-1 that cleaves pro-IL-18 into the bioactive IL-1B.%
Our study demonstrated that the expressions of AIM2
and pro-IL-1B were dramatically increased in the macro-
phages, whereas mature IL-1B and cleaved caspase-1 were
released into the coculture supernatant of CAR-T cells,
Raji cells, and macrophages. Noticeably, the release of
bioactive IL-1 was predominantly from the macrophages
and maximal release of IL-1B only occurred in the pres-
ence of both CAR-T and tumor cells. Inhibition of the
AIM2 inflammasome pathway by thalidomide abolished
the effects on the activation of caspase-1 and cleavage of
pro-IL-1B in the macrophages. Suppression of caspase-1
activation by VX765 or AGYVAD-CMK also effectively
abated the production of mature IL-1B. The data suggest
that the interactions of macrophages with CAR-T and

tumor cells trigger the release of bioactive IL-1f through
activation of the AIM2 inflammasome pathway.

AIM2 recognizes cytosolic dsDNA and then forms an
active inflammasome complex with ASC, inducing acti-
vation of downstream caspase-1.*? A recent study showed
that tumor cell pyroptosis, a form of lytic programmed
cell death, which is initiated by inflammasomes, trig-
gers CRS during CAR-T therapy.”’” During pyrotosis of
host cells, caspase-1-dependent membrane pore forma-
tion causes cell swelling and osmotic lysis, leading to the
release of intracellular contents and proinflammatory
cytokines.” Our study indicated that the level of tumor
cell DNA in the coculture supernatant of macrophages/
CAR-T cells/Raji cells was markedly elevated. The phago-
cytosis of the tumor cell DNA by the macrophages and
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Figure 7 Schematic diagram showing the role of the AIM2 inflammasome and o.1-adrenergic receptor (0.1-AR) in the release of
IL-1B and macrophage-mediated immunosuppression triggered by CAR-T treatment. CAR-T, chimericantigen receptor T; CRS,
cytokine releasesyndrome; ds DNA, double-stranded DNA; IDO, indoleamine 2,3-dioxygenase; PD-L1, programmed cell death-

ligand 1.

obvious co-localization of tumor cell DNA and AIM?2
were clearly observed. Concurrent with the release of
tumor cell DNA, the AIM2/ASC complex formation was
detected by co-immunoprecipitation. The production
of bioactive IL-1B could be repressed by the caspase-1
inhibitor. It is reasonable to believe that the cellular DNA
released by pyroptotic tumor cells during CAR-T therapy
was phagocytozed by macrophages, thereby triggering the
activation of the AIM2 inflammasome and release of the
bioactive IL-1B, which drives the production of inflamma-
tory cytokines in CRS.

A previous study demonstrated that cytokine release
induced by T cell-activating therapeutic agents was
accompanied by a catecholamine surge. Catecholamine
produced by macrophages promoted the secretion of
diverse cytokines in the setting of immunotherapy.”
However, how catecholamines boost cytokine produc-
tion is unknown. The types of adrenergic receptors in
human cells for the effects of catecholamines on cytokine
production remain to be identified."" Our study shows
that epinephrine significantly enhanced AIM2 expression
and bioactive IL-1f release in the macrophages induced
by coculturing with CAR-T cells and Raji cells. The effect
of epinephrine could be blocked by the al-AR antago-
nist prazosin, suggesting that catecholamine-mediated
ol-AR signaling promotes the maturation of IL-1B
through augmenting the AIM2 inflammasome activation.
The activation of inflammasome is tightly controlled
by a priming signal, which upregulates the expression
of inflammasome-associated genes. On engagement
of dsDNA, AIM2 initiates the downstream signaling
and assembly of an inflammasome.” We observed that
epinephrine markedly promoted the transcription of
IL-1B in the macrophages triggered by contacting with
CAR-T/Raji cells. The effect resulted from the inter-
actions of the macrophages/CAR-T/Raji cells on the
transcription of IL-1f could be antagonized by prazosin,
implicating that catecholamines boost proinflammatory
cytokine release at least through triggering the priming
signal of the AIM2 inflammasome.

The phenotypes and functions of macrophages are crit-
ically regulated by the surrounding microenvironment.
In response to growth factors and cytokines released in
the local tissue microenvironment macrophages undergo
marked phenotypic and functional changes.” ** Tt has
been reported that cancer treatment, such as chemo-
therapy or targeted therapy, may induce phenotypic switch
of macrophages.” * During CAR-T therapy numerous
tumor cells were killed, accompanied by a massive and
abrupt release of cellular constituents. The phagocytozed
tumor cell DNAs were sensed by AIM2, leading to the
activation of the AIM2 inflammasome pathway and subse-
quent release of proinflammatory cytokines, which may
influence the phenotypes and functions of macrophages.
In the present study, we demonstrated that an apparent
phenotypic switch in macrophages occurred after inter-
acting with CAR-T/tumor cells. The immunosuppres-
sive molecules PD-L1 and IDO were greatly upregulated
in the macrophages. The anti-PD-L1 antibody and IDO
inhibitor effectively abrogated the repressive effects of
the macrophages on the proliferation of activated T cells,
suggesting that CAR-T therapy induces the phenotype
switch of the macrophages by upregulating the expression
of PD-L1 and IDO. Blocking the AIM2 inflammasome or
0.1-AR inhibited the upregulation of PD-L1 and IDO and
the phenotypic switch of the macrophages induced by
CAR-T/tumor cells, indicating that the activation of the
AIM2 inflammasome and adrenergic signaling synergis-
tically promoted the immunosuppressive phenotype of
macrophages during CAR-T therapy.

Taken together, our findings reveal that CAR-T therapy
induces the production of bioactive IL-1 and immuno-
suppresive phenotypes of macrophages mainly through
activating the AIM2 inflammasome and ol-AR-mediated
adrenergic signaling pathway. Our study implicates that
CAR-T therapy combined with blockade of the AIM2
inflammasome and ol-AR may ensure the antitumor
effects of CAR-T therapy and relieve the toxic side effects
associated with the treatment (figure 7). In addition,
prazosin and thalidomide are capable of penetrating
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the

blood-brain barrier, and thus may block the inflam-

matory cascade within the central nervous system. These

two

drugs have been approved by the Food and Drug

Administration for the treatment of hypertension and
multiple myeloma, respectively. Experiences have been
accumulated regarding the dosage, side effect profile,
and toxicity management of these drugs. The findings in

our

study may be helpful in guiding the design and imple-

mentation of future clinical trials.
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