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3.5.3PD-L1 regulation in TAMs

Following the characterization of the endogenous CD8* T cell population, the
analysis proceeded to define the subset of F4/80*CD11b* myeloid cells within
the TME of WT and NLRP3-deficient PancOVA tumors. First, the infiltration rate
of F4/80*CD11b* cells was assessed within the WT PancOVA tumor tissues and
was found to be increased (Fig. 28A). Second, the phenotype of these myeloid
cells was analyzed by measuring the expression of the canonical macropage
markers CD80, CD206, and MHC-II. Macrophages within the WT and NLRP3-
deficient tumor tissue exhibited an increased percentage of CD80* cells com-
pared to CD206* and MHC-II* cells (Fig. 28B), indicating a phenotypical sht of
TAMs towards an M1-like subset.

As data from the previous subsection described a link between the NLRP3 in-
flammasome and the regulation of the co-inhibitory receptor ligand PD-L1 (see
section 3.5.1, p. 78), the expression of PD-L1 on TAMs within a tumoral NLRP3-
depleted milieu was investigated. Notably, elevated PD-L1 levels were observed
in TAMs within the NLRP3-KO-derived tumor tissue (Fig. 28C). Furthermore, the
percentage of CD80*PD-L1* macrophages did not differ between TAMs from WT
and Nirp3” tumor-bearing mice, whereas an increased co-expression of CD206
and PD-L1 was found on the F4/80*CD11b* cells in the TME of NLRP3-deficient
PancOVA tumors.

Conclusively, a higher amount of F4/80*CD11b* cells infiltrated the WT tumors.
However, no difference were observed in the expression of specific M1 and M2
subset markers. Interestingly, a statistical trend towards higher amounts of PD-L1
expression on TAMs from within NLRP3-deficient tumors was detected.

82



3 Results

A WT nirp3”
6] 6.
10 10 -tq
-
1.8% " -
1094 10°4 3.55% a
3]
)
8 2
3 <
fril i
] u“
o4 °
3 ES
105 o 1l14 105 106
600K 600K 600K
65.5%
12.7%
WT o] e e aokd
200K o '-f T, 200K 200K -
Ve
B e it aras e o
0 |I)4 105 10 1n7 o 1n‘ 1n5 1ns 107

800K

600K

53.3%

nip3” < oo ]
3}

2]
w
200K o
T 0
T

800K o

600K o

400K

200K o

21.3%

800K o

600K o

400K o

200K o

T ™ T T
o 10% 10° 10% 107 ) 10* 10° 10% 107 o 10% 10° 10% 107
—»CD80 —»CD206 —»MHC-II
C WT nirp3”
100 10%4 10°
87.3% 94.8%
80
10° . 10°5
@ .
g 60 ",A\"
S Tt @ 10
w0
= g ks
3 Yo 3
204 0% Y 10°4
od [ |
O gt T T T
o 0t 10 108 0 200K 400K 600K 800K 10M 0 200K 400K GOOK 80K 1.0M
—»PD-L1 —»FSC-A
D 107 1077
1084 1089
72.4%
10°4 10°4 i
o 1044 4 —
g w 100
a
O 34 10° *a 80
2
oo o4 o
10’4 SN N e 8 60
RN e e
*
~ 40
1073 1073 w
ey
10°4 10°4 °
17.3% R 207
s 10°4 -
N D "
10°
0y

PD-L1 MFI

ns

Hl PancOVA
PancOVA"P3

il

MHCII™

° EE PancOVA

Em PancOVA
PancOVA"3
o
% %k %k
%k %k %k k
% % %k %
% % % %k
100
ns ns
N s s
2 80+ °
T
[=]
O 60
(=
©
5T 40 .
b
5 o
R 207 i.;
o
CD80" CD206"
x10° 0.0673
)
-
T
5 4x10°4 l
N
(=3
o [
5
W 2x10%
-
o
)
0
ns *

1

CD80*PD-L1* CD206'PD-L1"

PancOVA""3

Fig. 28: Ex vivo analysis of F/80*CD11b* subsets in the TME of PancOVA and PancOVA"P3
tumor-bearing mice. 1x10% WT PancOVA or NLRP3-KO PancOVA"P3 cells were injected sub-
cutaneously into the left flank of WT mice. Mice were sacrificed after ten days for flow cytom-
etry analysis of the TME.(A) Infiltration rate of F4/80*CD11b* macrophages in the tumor (n =

5).

Expression of (B) M1 and M2 subset-specific receptors CD80, CD206, and MHC-II (n =

5), (C) co-inhibitory receptor ligand PD-L1 (n = 5), and (D) double-positive CD80*PD-L1* and
CD206*PD-L1* macrophages (n = 5). Bars represent mean + SD. Statistics were evaluated by
unpaired, two-tailed t-test without (C) or with Welch correction (A) or by two-way ANOVA with
Tukey’s comparisons (B, D). ns = not significant, * p< 0.05, ** p < 0.01, *** p < 0.001, and **** p

< 0.0001.
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4 Discussion

The interaction of T cells and macrophages is pivotal for immune surveillance and
response. The differentiation and activation of effector T cell subsets depend on
the presented antigen, and vice versa, the function of macrophages can be mod-
ulated by cytokines secreted by activated effector T cells. In cancer, however,
this process is far more complex. The TME establishes a complex and immuno-
suppressive milieu, that drives macrophages away from the classical M1 or M2
phenotype, thereby remodeling their function. As a consequence, TAMs acquire
immunosuppressive features that suppress effector T cell responses. The loss of
cytotoxic effector function and limited response to tumorigenesis leads to T cell
exhaustion and contributes to tumor evasion and progression.

Lately, the accumulation of TAMs in the TME and the receptor ligand PD-L1 en-
gaging with the co-inhibitory receptor PD-1 have been proposed to dysregulate
TAM-T cell interaction and, thus, promote exhaustion of T cells (Kersten et al.,
2022, H. Li et al., 2022, Waibl Polania et al., 2025). Another factor promoting T
cell exhaustion is the cytokine IL-18, which, via IL-18R downstream signaling on
effector T cells, regulates the IL-2/STAT5/mTOR pathway and, thus, contributes
to immune evasion (Lutz et al., 2023). However, whether immune cells, such
as TAMs, or the tumor cells themselves provide the intratumoral IL-18 remains
unanswered. In addition, the crosstalk between T cells and TAMs is likely not
restricted to a single interaction but represents an accumulation (Waibl Polania
et al., 2025).

The results of this work showed a link between the myeloid NLRP3 inflamma-
some and PD-L1 expression on M2-like macrophages in vitro and TAMs ex vivo,
promotion of T cell exhaustion by macrophages with an M2 phenotype, and the
behavior of T cells and macrophages in NLRP3-deficient tumors. This section will
dissect and discuss the role of myeloid NLRP3 and its cytokines for IL-18/IL-18R
signaling-mediated T cell exhaustion to clarify the crosstalk of macrophages and
T cells in the TME.

4.1 Macrophages develop characteristic features despite shorter differen-
tiation time

Macrophages arise from haematopoietic progenitor cells and are recruited to sites
of inflammation. Due to their heterogeneous nature, the function adapts depend-
ing on the external immunological stimuli. To study macrophages in vitro, cells
are differentiated from myeloid bone marrow progenitor cells to form BMDMs for
six to seven days before activation (Vats et al., 2006, Zhuang et al., 2012, Desai
et al., 2023). Here, the percentage of F4/80* macrophages was investigated at
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earlier time points to assess a mature population of macrophages before day 7.
Indeed, an increase of approx. 20 % was observed for the expression of F4/80*
cells at day 4 after differentiation and before activation (Fig. 10). Further, the phe-
notype of BMDMs was analyzed after differentiation for four days to assess if they
reached sufficient maturity. Stimulation with LPS and IFN-y induced an M1-like
phenotype, as the percentage of CD80* cells increased (Fig. 11). Additionally,
Tnf, Acod1, Cxcl9, and Gpb1 gene expression was induced (Fig. 12), although
the differentiation of BMDMs was shortened from seven to four days. The M1 phe-
notype is characterized by elevated expression of CD80 and the secretion of TNF
(Chavez-Galan et al., 2015, C. Li et al., 2021). A recent bioinformatics analysis
of M1 macrophages in cervical cancer also supports that the expression of Cxcl9
and Gpb1 positively correlates with the M1 phenotype (Liao et al., 2024). Fur-
thermore, the induction of mMRNA expression of Acod1 and Gpb1 is a response
to IFN-y stimulation and signaling through the TLR (Qiu et al., 2018, R. Lang and
Siddique, 2024). Meanwhile, BMDMs exposed to |IL-4 adopted an M2-like pheno-
type, expressing the MRC1 on the protein and transcriptional level and causing
the expression of the genes Arg1 and Fizz1 (Fig. 12). Induction of the transcripts
Arg1, Mrc1, and Fizz1 are triggered by IL-4 (Stein et al., 1992, Corraliza |.M. et al.,
1995,Raes et al., 2002, Martinez et al., 2013, Ou et al., 2021) through binding to
the receptor and activating downstream signaling (Martinez and Gordon, 2014).
However, using M2 as name for alternatively activated macrophages is generic
and describes macrophages activated other than M1, as discussed elsewhere
(Mantovani et al., 2004). They define the M2 forms as M2a induced by IL-4 or IL-
13, M2b induced by exposure to immune complexes and TLRs or IL-1R, and M2c
induced by IL-10. Depending on the stimuli, M2 macrophages form subsets with
shared functional properties and distinct transcriptional profiles (Mantovani et al.,
2004). Classifying macrophages into an M1 or M2 subset simplifies the charac-
terization of macrophages for this work’s experiments, but it does not capture the
full continuum of functional states that macrophages can form. Especially in the
TME, many macrophages with a mix of pro- and anti-inflammatory characteristics
exist in between as a combination of factors in the tissue influences the subsets
(Boutilier and Elsawa, 2021). Respectively, future experiments need to include
more markers on protein and transcriptional level for validating the full spectrum
of macrophage plasticity.

4.2 Canonical in vitro activation of the NLRP3 inflammasome by LPS and
higericin

Inflammation is a response to foreign pathogens triggered by myeloid cells such
as macrophages. The binding of PAMPs and DAMPs leads to the activation of the
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NLRPS3 inflammasome via intracellular signaling cascades and results in the se-
cretion of inflammatory cytokines such as IL-1p and IL-18 (Kelley et al., 2019). In
vitro, this can be achieved via the two-signal model (canonical activation) (Guarda
et al.,, 2011, T. Lang et al., 2018, Koller et al., 2024). The first signal is mediated
by the binding of LPS to TLR4, which induces the transcriptional regulation of
NLRPS3, pro-IL-1p and pro-IL-18 via the transcription factor NF-xB (Ramachan-
dran et al., 2024). The second signal, which leads to the assembly of the in-
flammasome and the processing of pro-IL-1p and IL-18 by caspase-1, can be
induced by various stimuli (Kelley et al., 2019), with ATP and nigericin being the
most commonly used for in vitro experiments (Guarda et al., 2011, T. Lang et al.,
2018, Koller et al., 2024). In this work it was investigated whether the NLRP3
inflammasome can be induced in BMDMs via the canonical signaling pathway in
vitro.

Treating polarized wild type BMDMs with LPS and nigericin did not significantly
increase the inflammasome expression at the protein level (Fig. 14). Surpris-
ingly, the treatment nevertheless led to the release of IL-1p and IL-18 by BMDMs
with an M2-like phenotype (Fig. 15). Interestingly, M1-like BMDMSs produced only
small amounts of the cytokines. In similar studies, stimulating murine BMDMs
with LPS followed by nigericin or ATP treatment led to an increased expres-
sion of the NLRP3 inflammasome protein and the release of IL-1$ and IL-18
(Guarda et al., 2011, T. Lang et al., 2018, Koller et al., 2024). The reported
increase in NLRP3 expression may be due to stimulating unpolarized BMDMs
instead of macrophages with an M1 or M2 phenotype. It is possible that the
interaction with TLRs not only induces the expression of the NLRP3 inflamma-
some but also the M1-like phenotype (Rumpel et al., 2024). The lack of secre-
tion of NLRP3-mediated cytokines in M1-like BMDMs may be related to the fact
that these macrophages have already been stimulated with LPS for 24 hours,
and, thus, cannot be further stimulated in a pro-inflammatory way. Adding a third
group called MO (not polarized macrophages) might be necessary to test whether
NLRPS3 expression is more inducible in unpolarized BMDMs compared to the M1
or M2 subset.

Although NLRP3-deficient BMDMs neither expressed the inflammasome nor se-
creted IL-18, an increased release of IL-18 in NLRP3 KO BMDMs with an M2-
like phenotype was observed after treatment with LPS and nigericin (Fig. 15).
A study about whether the community-acquired respiratory distress syndrome
(CARD) toxin acts as a second signal (similar to ATP or nigericin) to activate the
inflammasome reported that NLRP3 KO BMDMSs did not release any IL-1p despite
the presence of pro-IL-1p (Bose et al., 2014). Using a respiratory syncytial virus
(RSV) infection model, a similar depletion in NLRP3 expression and IL-1p release
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while expressing pro-IL-1p was observed in NLRP3 KO BMDMs (Segovia et al.,
2012). The ability of caspase-8 to process pro-lL-1 may be a mechanism to
maintain IL-1p release even if caspase-1 is impaired due to NLRP3 depletion, but
activation of other inflammasomes like AIM2 or NLRC4 (W. Zhang et al., 2024).
However, caspase-8 activity in an NLRP3 KO model has to be confirmed in fur-
ther studies with BMDMs with an M2-like phenotype. Overall, the inflammasome
in murine primary macrophages derived from bone marrow can be induced by
a two-step activation with LPS followed by nigericin and is functionally active if
not depleted. Although the two-step activation of the inflammasome has already
been extensively demonstrated and described (Guarda et al., 2011, T. Lang et al.,
2018, Kelley et al., 2019, Koller et al., 2024), this preliminary work was necessary
in order to answer the question posed in this work.

4.2.1 The (un)likely subset shift due to NLRP3 and its cytokines

In general, no difference in the M1 or M2 subset phenotype development was
observed when macrophages could not form the NLRP3 inflammasome due to
a knockout of the protein complex. Treating NLRP3 KO BMDMs with LPS and
IFN-y induced the expression of CD80 and activated the transcriptional regula-
tion of TNF and ACOD1. CD206 was induced on both the surface and the RNA
level in NLRP3 KO BMDMs polarized with IL-4. These observations are consis-
tent with the overall characteristics described for either M1 or M2 macrophages
(Chavez-Galan et al., 2015). A comparison between wild type and NLRP3-
deficient BMDMs polarized into an M1 or M2 phenotype further strengthened
the fact that a depletion of the inflammasome does not affect the subset de-
velopment. No physiological changes in the mRNA levels of inflammatory cy-
tokines were observed in wild type and NLRP3 knockout BMDMs with an M1 or
M2 macrophage phenotype (Han et al., 2022, X. Zhu et al., 2023). However, M1
phenotype-associated genes can be decreased in NLRP3-deficient macrophages
compared to wild type macrophages after NLRP3 activation (X. Zhu et al., 2023).
The release of the NLRP3-mediated, pro-inflammatory cytokines IL-1f and IL-18
promotes the differentiation of macrophages towards an M1 subset (W. Zhang
et al., 2020). As M2-like macrophages released high levels of these cytokines, a
potential shift in the M2 phenotype after stimulation with LPS and nigericin was
investigated. The percentage of CD206* cells in the M2-like subset remained
high and even inclined to rise after NLRP3 activation (Fig. 16). The expression of
CD80 on M2-like BMDM s after LPS+Nig treatment was still significant lower com-
pared to M1-like BMDMs and trended towards a decrease after inflammasome
activation. Interestingly, two days after in vitro activation of the inflammasome,
the percentage of CD80" cells in the M2-like subset increased (Fig. 23). How-
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ever, this subset’s ratio of CD206* and MHC-II* cells stayed high compared to
M1-like BMDMs. The presence of IL-1f can result in an increased expression of
pro-inflammatory cytokines in MDSCs (Tu et al., 2008), suggesting a shift towards
a more inflammatory phenotype in the presence of IL-15. Contrary, treatment with
different concentrations of IL-18 did not influence the expression of characteristic
M1 or M2 markers in the murine myeloid cell line RAW264.7 (Kobori et al., 2018).
IL-18 and IL-1p in the microenvironment of macrophages has no immediate effect
on the subset, but prolonged exposure to the pro-inflammatory cytokines favors
an inflammatory phenotype. However, solely observing phenotypical changes
using flow cytometry has limits, as the expression of genes associated with the
respective M1/M2 subset also have to be considered. Forthcoming experiments
have to link the expression of subset markers to the transcriptional changes and
regulations of genes. Of great interest here are the changes that may take place
at the transcriptional level but were not considered due to limitations of this study.

4.3 A crosslink between NLRP3-mediated IL-13 and PD-L1

Engagement of TLR4 triggers a signaling cascade of the transcription factor NF-
xB. Activation of NF-xB leads to the transcriptional regulation of not only the
NLRP3 inflammasome and also induces expression of PD-L1, which is the lig-
and for the immune checkpoint PD-1. The PD-L1-NLRP3 inflammasome inter-
action in melanoma has been identified as a tumor-intrinsic signaling pathway
(Theivanthiran et al., 2020). In accordance with the literature, polarization of
BMDMs with LPS and IFN-y resulted in high levels of PD-L1 on the surface com-
pared to BMDMs treated with IL-4 (Fig. 18) (Freeman et al., 2000, MUhlbauer
et al., 2006, H. Li et al., 2018). Polarizing macrophages into an M1 phenotype by
LPS increased the mRNA and protein levels of PD-L1 (Tang et al., 2024). Thus,
BMDM s polarized into macrophages with an M1 phenotype by LPS and IFN-y ex-
press more PD-L1 than M2-like BMDMSs regardless of the knockout of the NLRP3
inflammasome. Surprisingly, M1-like BMDMs with NLRP3 KO expressed less
PD-L1 than macrophages derived from wild type mice. In a murine pancreatic
cancer model, it was also observed that TAMs from tumor-bearing wild type mice
express higher levels of PD-L1 than TAMS from tumor-bearing Nirp3” mice (Fig.
26). The knockout of NLRP3 in the human monocyte cell line THP-1 also led
to reduced PD-L1 levels compared to the native THP-1 cells (Tengesdal et al.,
2022). Altogether, there is a connection between the myeloid NLRP3 inflamma-
some and PD-L1, indicated by less PD-L1 expression in the absence of NLRPS3.
Activation of the NLRP3 inflammasome in in vitro-generated BMDMSs did not in-
crease PD-L1 in wild type and NLRP3 KO M1-like BMDMs. Interestingly, treat-
ment of LPS followed by nigericin led to an upregulation of PD-L1 in wild type
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M2-like macrophages (Fig. 19). An association of increased PD-L1 levels and M2
macrophages was found in GSVA data analysis of glioblastoma patients, show-
ing that the expression of the ligand receptor correlated with the infiltration and
chemokines of M2 macrophages (Z. Zhu et al., 2020). Additionally, PD-L1 ex-
pression was shown to be induced in M2 macrophages in both a prostate and
a lymphoma model, presumably through the JAK1/STAT1 pathway mediated by
chimeric antigen receptor (CAR) T cells (Yamaguchi et al., 2022). However, ex-
pression of PD-L1 did not increase in M2-like BMDMs generated from NLRP3-
deficient mice. As previously discussed, treatment of LPS and nigericin only in-
duced IL-18 and IL-1p release in wild type M2-like BMDMSs but not in NLRP3-
deficient M2-like BMDMs. Inhibition of inflammasome activity by the specific
NLRP3 inhibitor MCC950 led to suppressed release of IL-13 and IL-18 and sup-
pressed expression of PD-L1 in M2-like BMDMs (Fig. 20). High IL-18 levels
were also associated with increased levels of PD-L1 in a B cell ymphoma model
(Lu et al., 2021). Treatment of lymphoma-bearing mice with the NLRP3 inhibitor
MCC950 suppressed the expression of PD-L1 in the tumor tissue and decreased
the amount of cleaved caspase-1, IL-13, and IL-18 in both spleen and tumor tis-
sues. Inhibition of NLRP3 with MCC950 reduced PD-L1 expression in various
studies (Lu et al., 2021, Ding et al., 2022, Pan et al., 2024). Also, NLRPS3 inhibitor
OTL1177 suppressed IL-1p, caspase-1, and PD-L1 levels in macrophages, re-
ducing progression in breast cancer and melanoma contexts (Tengesdal et al.,
2021, Tengesdal et al., 2022).

Supplementing IL-1p without activating the NLRP3 inflammasome (by LPS and
nigericin) in M2-like BMDMSs generated from wild type or NIirp3”- mice induced
PD-L1 expression (Fig. 21). Stimulating hepatoceullar carcinoma (HCC) cells
with recombinant IL-1b also induced PD-L1 expression on the tumor cells, con-
firming the responsibility of IL-1p for increased PD-L1 levels (Zong et al., 2019).
Neutralization of IL-13 suppressed the expression of PD-L1 (C. Xu et al., 2023).
Conversely, IL-18 supplementation did not affect PD-L1 expression, despite be-
ing associated with increased PD-L1 levels (Lu et al., 2021). Studies show that
IL-18 derived from macrophages induces and increases the expression of PD-
L1 on other cells in the TME, e.g., NK cells (Jiao and Zhang, 2023), suggesting
that macrophages are not the primary target cells of IL-18. This work confirmed
that myeloid NLRP3-derived IL-1p causes activation of PD-L1 expression. Follow-
up investigations should address whether the release of IL-1p and IL-18 by the
myeloid NLRP3 inflammasome can also induces PD-L1 in pancreatic tumor cell
lines.
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4.4 Crosstalk between macrophages and T cells in vitro

To shape the immune response, macrophages and T cells engage in a com-
plex crosstalk, affecting each other’s activity and contributing to various immune
responses, including inflammation and tumor immunity. A dysregulation in the
immune response leads to a shift in the microenvironment, influencing immune
cells and promoting immunosuppressive phenotypes and functions. In the TME,
macrophages are polarized into TAMs with pro-tumorigenic activity, producing
pro-inflammatory and immunosuppressive cytokines, which enables TAMs to sup-
press anti-tumor T cell response. In a pancreatic mouse model, Lutz et al. could
show that the pro-inflammatory cytokine IL-18 promotes T cell exhaustion of in-
tratumoral CD8* T cells through IL-18R signaling (Lutz et al., 2023). Knockout
of the IL-18R resulted in an increase of CD8* T cell infiltration and accumulation
of CD8* 1118r" CTLs in pancreatic tumor spheroids (Lutz et al., 2023, Nasiri et
al., 2023). As macrophages express the NLRP3 inflammasome and produce its
cytokines IL-18 and IL-1p upon activation, this work investigated if the myeloid
NLRP3-derived cytokines promote T cell exhaustion. For this, two in vitro co-
culture systems were established; one to study the influence of macrophages for
T cell motility and the other to investigate the exhaustion of T cells.

It is essential to determine the ratio of cells in a co-culture system beforehand.
Ratios of ten, five, two, and one CD8* T cells to one F4/80* BMDM were tested
and analyzed using flow cytometry. The percentage of PD-1*TIM-3*-expressing
and TNF*IFN-y*-producing activated CD8* T cells was not affected by the pres-
ence of either M1- or M2-like BMDMs (Suppl. Fig. 3). Stimulation of the CD8* T
cells before the co-culture resulted in an increase of PD-1*TIM-3* cells in a 10:1
ratio independently of M1 an M2 subset. Additionally, no changes in the produc-
tion of TNF and IFN-y were observed in any ratio with the M1- or M2-like BMDMs,
suggesting that exhaustion of T cells was not induced and cytotoxic activity of T
cells remained unaffected. The increase in PD-1 and TIM-3 on the surface of
T cells, at a ratio of 10:1 to macrophages (regardless of the myeloid subset),
alone is also not sufficient to determine the exhaustion state, as the individual ex-
pression of co-inhibitory receptors can also be a sign of activated T lymphocytes
(Wherry and Kurachi, 2015), indicating activation of cytotoxic T cells by macro-
phages. Depending on the tumor and the specific tissue, the ratio of T cells to
macrophages can differ. However, to study cell-cell-dependent interactions and
immune responses, a common experimental setup includes a higher T cell to
macrophage ratio even though not necessarily reflecting the natural proportions.
Macrophages and other APCs have the capacity to simultaneously activate mul-
tiple T cells and secrete cytokines (David M. Underhill et al., 1999, Roth et al.,
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2021). Therefore, a ratio of one macrophage to ten T cells seemed sufficient for
the experimental setup of an in vitro co-culture.

4.4.1 Optimized spheroid model for motility analysis

After assessing a sufficient ratio of T cells and macrophages, a co-culture was es-
tablished in a pancreatic cancer spheroid model. The fluorescent dyes enabled
a quantitative analysis of various parameters, including quantity, volume, use of
morphology, and motility, using the Imaris software (Slusny et al., 2024, Zimmer
et al., 2025). Imaris enabled algorithms facilitating the tracking of cells over time
(Fig. 17). This work covered solely the motility analysis of M2-like macrophages
with activated or not activated NLRP3 inflammasome. The remaining results were
published elsewhere (see Slusny et al., 2024).

After 4 hours of co-culture in the pancreatic cancer spheroid model, the abun-
dance of untreated macrophages was higher in the periphery of spheroids than
the number of infiltrating macrophages. In addition, the rate of untreated macro-
phages infiltrating spheroids increased by 115 % from 4 to 18 hours of co-culture,
indicating directed migration of macrophages into spheroids over time (Slusny
et al., 2024). Cells treated by LPS and nigericin to induce activation of the
NLRP3 inflammasome resulted in a slight increase in macrophages infiltrating
into spheroids compared to untreated infiltrating macrophages. At both early and
late time points, the average speed, track displacement, and also the track length
were independent of location and NLRP3 activation status of the macrophages
(Fig. 17). Analysis of the directional and undefined movement, as indicated by
the straightness factor, was unaffected by the NLRP3 activation status and the
location of the macrophages. Other studies report that NLRP3 activation en-
hanced the infiltration of macrophages into tumors, whereas suppression of the
inflammasome lead to a reduction in macrophage infiltration into tumors (H. E.
Lee et al., 2019, Huang et al., 2020). Interestingly, depending on the structure
of the extracellular environment, which can be dense or loose, macrophages can
adopt different migration modes (W.-J. Gao et al., 2021). For example, in a dense
extracellular matrix (ECM) macrophages adopt an elongated shape with protru-
sions for mesenchymal migration, whereby favoring a round shape for amoeboid
movement in loose ECM. Moreover, macrophages with an M2 phenotype exhibit
a stronger motility than the M1 subset (W.-J. Gao et al., 2021). Consequently,
the migration of macrophages in an extracellular environment depends foremost
on the nature of the ECM and the subset of the macrophages. The number of
myeloid cells infiltrating the TME additionally depends on the inflammatory envi-
ronment shaped by macrophages and their inflammasome. Overall, the motility
of macrophages may contribute to the location of T cells and lead to prolonged
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interactions that may fail to activate the T cells but instead prime them for T cell
exhaustion (Peranzoni et al., 2018, Kersten et al., 2022). Following this, experi-
ments with a knockout of NLRP3 in BMDMs are warranted to elucidate the spe-
cific effect of NLRP3 on myeloid motility. Furthermore, a comparison of M1- and
M2-like macrophages is required to establish subset-specific migration patterns.
The presence of macrophages in the co-culture of T cells and the pancreatic can-
cer spheroids did neither increase nor decrease the total number of T cells infil-
trating the spheroids regardless of inflammasome activation (Slusny et al., 2024).
The average speed of T cells interacting with macrophages with activated NLRP3
was elevated after 4 hours, indicating that NLRP3-derived cytokines |IL-18 and IL-
18 enhance T cell motility. However, an increased motility was also observed in
IL-18R-deficient T cells in co-culture with LPS+Nig-treated macrophages (Slusny
et al., 2024). This suggests that the myeloid NLRP3 and its associated cytokines
not solely influence the velocity of T cells. Nigericin can also induce cellular pro-
cesses, such as autophagy and pyroptosis in LPS-primed macrophages (J. Cao
et al., 2022). The in vitro activation of the inflammasome, leading to the produc-
tion of IL-18 and IL-1B, has the secondary effect of ascending levels of PD-L1
expression on M2-like BMDMSs, as discussed in 4.3. Studies show that blockade
of PD-L1 on DCs and tumor cells or anti-PD-1 decreases T cell motility, indi-
cating a role for the PD-1/PD-L1 axis in T cell motility (Fife et al., 2009, Peran-
zoni et al., 2018). Accordingly, experiments with NLRP3-specific inhibitors, such
as MCC950, and the blocking of PD-L1 may be warranted to delineate specific
NLRP3-mediated effects.

4.4.2 Macrophages promote T cell exhaustion in vitro

The NLRPS3 inflammasome is mainly expressed in macrophages, labeling the
myeloid subset as an interesting target cell type to promote IL-18R-mediated ex-
haustion in intratumoral T cells. Previous work established an in vitro exhaustion
assay to induce T cell dysfunction through repetitive stimulation with the model
antigen OVA in CD8* T cells (Hellmund, 2023, Lutz et al., 2023). The assay was
extended by the additional polarization of BMDMSs into M1- or M2-like subsets
with in vitro-activated NLRP3 inflammasome. The percentage of PD-1*TIM-3* T
cells did not increase in the co-culture with either M1- or M2-like BMDMs (Fig.
23). Interestingly, the ratio of LAG-3* T cells decreased in the presence of M1-
and M2-like BMDMs compared to CD8* T cells cultured alone. This is the first
time that high PD-1 and TIM-3 expression has been described in combination
with low LAG-3 levels in vitro. Absence of LAG-3 may indicate that a particular
form of immunosuppression normally associated with LAG-3 is not present. Low
levels of these co-inhibitory receptors are usually found on naive CD8* T cells
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(EITanbouly and Noelle, 2021). Upon encountering their cognate antigen and
becoming activated, CD8* T cells often show an increased LAG-3 and PD-1 ex-
pression (Grosso et al., 2007, Petrovas et al., 2006, Wherry and Kurachi, 2015).
In a study of head and neck squamous cell carcinoma (HNSCC) a positive cor-
relation between TAMs and the expression of LAG-3 on TILs was found (Deng et
al., 2016), suggesting that macrophages can interact with CD8* T cells through
various ligands, potentially influencing LAG-3 expression. One of these ligands
could be MHC class Il molecules (Zhao et al., 2022). Interaction of the T cellular
LAG-3 with the MHC-II ligand can trigger signals to downregulate T cell func-
tion and potentially promote LAG-3 expression. Gene set enrichment analysis
(GSEA) of ovarian cancer showed a correlation between NLRP3 and multiple im-
mune checkpoints like LAG-3, PD-1, and PD-L1, indicating a connection between
the inflammasome and the co-inhibitory receptors (Pan et al., 2024). However, it
remains unknown which myeloid component influences LAG-3 expression.

Singe changes in the co-inhibitory receptor expression do not necessarily reflect
functional capacity, it was assessed by cytokine production in CD8* cells (Fig.
23). Co-culture of CD8* T cells with M2-like BMDMs led to reduced percent-
ages of TNF*IFN-y* cells, suggesting an impairment of T cell effector function
by macrophages with an M2 subset. A closer look at the production of cytokines
revealed that the percentage of TNF* CD8* T cells decreases in the presence of
M2-like BMDMs with an in vitro-activated inflammasome. In contrast, the IFN-y
percentages in CD8* T cells remained mostly unsolicited. Thereby, macrophages
with an M2 phenotype promote the exhaustion of T cells by affecting the produc-
tion of TNF. T cells’ more advanced and terminal exhaustion state is character-
ized by a loss of TNF and IFN-y production (Sakuishi et al., 2010). In contrast,
TNF production is lost during the intermediate state of exhaustion, whereas IFN-y
is lost at the advanced stage (Wherry et al., 2003), suggesting that T cells cul-
tured with M2-like macrophages in vitro adopt an intermediate exhaustion phe-
notype. The suppression of effector function can be achieved through various
mechanismes, including direct inhibition of T cell activity and the creation of an im-
munosuppressive TME. TAMs express the ligands PD-L1 as well as CD80, which
bind to the inhibitory receptors PD-1 and CTLA-4, inducing T cell dysfunction
(Petty and Yang, 2017). An in vitro co-culture model of chimeric antigen receptor
(CAR)-engineered T cells with M1 or M2-polarized macrophages reported that
the presence of M2 macrophages inhibited antitumor cytolytic activity and IFN-
y secretion of T cells (Yamaguchi et al., 2022). These M2 macrophages also
showcased increased PD-L1 expression levels. Contrary to this work’s obser-
vation that PD-L1 expression was solely induced by IL-1p and not IL-18 (Fig.
21), elevated PD-L1 expression was associated with IL-18 secretion (Lu et al.,
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2021). However, this finding was demonstrated in tissue from patients with dif-
fuse large B cell lymphoma (DLBCL) without specifying the source of IL-18. Yet,
they found out that neutralization of IL-18 led to reduced expression of the co-
inhibitory receptors PD-1 and TIM-3 on CD8* T cells (Lu et al., 2021), indicating
that NLRP3-mediated cytokines contribute to immunosuppressive cell types. The
M2-like subset used here expresses a functional active NLRP3 inflammasome,
which upregulates PD-L1 through IL-18 in a feedback loop. So, macrophages
with an M2 subset partially promote the in vitro exhaustion state of repetitively
stimulated T cells by acting as a platform cell type and secreting pro-inflammatory
cytokines. Still, how the macrophages exactly promote T cell exhaustion in vitro
remains unknown. Accordingly, the neutralization of IL-18 and IL-1p, the inhibition
of NLRP3 by specific inhibitors, and the blockade of PD-L1 are needed to ascer-
tain if there is a combined effect of PD-L1 expression and inflammasome activity
on T cells or if one bears more impact on T cell dysfunction. Another possibility
may be an extended co-culture duration to assess whether T cells reach the ter-
minal state of T cell exhaustion. In addition, an analysis of transcription factors
like TOX and mTOR by flow cytometry may be promising to reveal distinctions in
the progression of the exhaustion state of CD8* T cells at the transcription level.
Lastly, the role of tumoral NLRP3-derived cytokines for PD-L1 expression and T
cell exhaustion needs to be further investigated in the future.

4.4.3 NLRP3 suppression partly delays progression of exhaustion in vitro

The secretion of cytokines that shape the microenvironment and interact with lig-
ands and their respective receptors can promote cytolytic effector function and
impair the T cell response. Specifically, NLRP3 activity affects T cell function and
migration, influencing the overall immune response. Accordingly, the deficiency or
suppression of the inflammasome are promising targets to enhance T cell effec-
tor function. The inhibition of NLRP3 in M2-like BMDMs in the in vitro co-culture
exhaustion model with CD8* T cells decreased the proportion of PD-1*TIM-3*-
expressing cells (Fig. 24). However, no distinctions in the LAG-3 expression were
observed due to pharmacological suppression of the inflammasome, indicating
that the low percentages of LAG-3* cells occur independently of NLRP3-mediated
effects. Conversely, LAG-3 expression on CD3* T cells and PD-L1 on tumor cells
were repressed through MCC950 treatment in a co-culture of peripheral blood
mononuclear cells (PBMCs) and the liver heptatocellular carcinoma (LIHC) cell
line Hep3B (Ding et al., 2022). In addition, the inhibition by MCC950 appears to
affect TIM-3 expression more than PD-1 levels. Indeed, a recent study observed
a positive correlation between TIM-3 expression and the NF-xB/NLRP3 pathway
(S. Yu et al., 2023). Through activation of the NF-xB/NLRP3/caspase-1 pathway
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by TIM-3 on CD8* they suggest an increase of pro-inflammatory cytokines IL-1f
and IL-18, causing an inflammatory microenvironment which suppresses the im-
mune response of CD8* T cells. In HNSCC, blocking the NLRP3 inflammasome
by MCC950 improved the anti-tumor response by preventing loss of CD8* T cell
infiltration and a decreased expression of co-inhibitory receptors PD-1 and TIM-3
(L. Chen et al., 2018). Altogether, NLRP3-mediated cytokines partly regulate the
expression of immune checkpoint receptors PD-1 and TIM-3.

NLRPS3 activation in the M2 subset led to an impaired cytokine production in
CD8*. Despite the expectation of increased effector function through MCC950
treatment to suppress the inflammasome-mediated secretion of IL-18 and IL-18,
production of the effector cytokines IFN-y and TNF was still dysfunctional. So
far, it has only been described that the application of MCC950 in mice led to re-
duced IFN-y production in CD3* T cells (Lu et al., 2021). IL-18 has been known
initially as IFN-y-inducing factor (IGIF) in T cells (Okamura et al., 1995, Kohno
et al.,, 1997, Ingram et al., 2011). NLRP3 activation in the M2 subset led to an
impaired cytokine production in CD8*. Despite the expectation of increased effec-
tor function through MCC950 treatment to suppress the inflammasome-mediated
secretion of IL-18 and IL-1p, production of the effector cytokines IFN-y and TNF
was still dysfunctional. So far, it has only been described that the application of
MCC950 in mice led to reduced IFN-y production in CD3* T cells (Lu et al., 2021).
IL-18 has been known initially as IGIF in T cells (Okamura et al., 1995, Kohno et
al., 1997, Ingram et al., 2011). Triggering NLRP3 in cold tumors can result in
increased production of IFN-y in CD8* T cells by IL-18 and IL-1p, enhancing cy-
totoxicity and antitumor responses to overcome resistance to immune checkpoint
blockade (ICB) (X. Liu et al., 2025). Also, it was found out that administration of
IL-18 enhanced the antitumor function of CD8* in a murine in vivo model (P.-H.
Lee et al., 2019). Interestingly, the specific inhibitor MCC950 could also possibly
suppress the NLRP3 inflammasome of T cells. As some studies suggest, the
inflammasome is also expressed in CD4* and CD8* T cell populations (Bruchard
et al., 2015, Talley et al., 2023). Furthermore, suppressed NLRP3 activity by
MCC950 can result in reduced proportions of active Caspase-1 and production
of IL-1B, thus repressing the development and effector functions of CD8* T cells
(Lai et al., 2024). Therefore, the dysfunctional production of effector cytokines
in T cells might be related to the inhibition of the NLRP3 inflammasome and its
cytokines, resulting in impaired T cell activation. IL-1p seems essential for the de-
velopment of T cells as a boost of early effector responses; however, continuous
NLRP3 expression and sustained IL-1p and IL-18 signaling drive exhaustion pro-
grammes (Lutz et al., 2023). Thus, the dual role of NLRP3-mediated cytokines for
effector function and exhaustion of T cells has to be considered for further exper-
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iments. Accordingly, experiments without MCC950 but instead with neutralization
antibodies for IL-18 and IL-13 and the isolation of macrophages from NLRP3-
deficient mice might be warranted to specify the effect of NLRP3-mediated cy-
tokine secretion for T cell exhaustion. In addition, suppression of PD-L1 alone
may be necessary to elucidate the NLRP3-specific impact on the dysfunctional
state of T cells.

4.5 Less pro-tumorigenic TME through NLRP3 depletion

Over the last decade, CRISPR/Cas9 genome editing has emerged as a trans-
formative tool, enabling precise and efficient modification of genetic sequences.
This technology has facilitated the development of therapeutic intervention, partic-
ularly in targeting genes that contribute to disease progression and resistance to
treatment. In the context of PDAC, one such target is the NLRP3 inflammasome,
which plays an increasingly recognized role in shaping the immunosuppressive
tumor microenvironment. Emerging evidence suggests that NLRP3 activation
promotes tumor progression and hinders effective immune surveillance in PDAC
(Daley et al., 2017, Hamarsheh and Zeiser, 2020). Therefore, a CRISPR/Cas9-
mediated knockout of NLRP3 represents a promising strategy to disrupt these
pro-tumorigenic inflammatory pathways. Preclinical studies demonstrate that the
knockout of NLRP3 by CRISPR/Cas9 attenuates production of IL-1 and IL-18,
remodeling the microenvironment, thus representing a highly promising thera-
peutic strategy against aggressive malignancies (C. Xu et al., 2018). Here, the
knockout of the NLRP3 inflammasome in the tumor cell line PancOVA resulted
in decreased tumor progression and reduced tumor growth in a murine SC pan-
creatic cancer model (Fig. 27). In similar studies, a reduced tumor progression
and growth were observed with the inoculation of tumor cells with an NLRP3-KO
(Theivanthiran et al., 2020, Tengesdal et al., 2021, Luciano et al., 2024). Addition-
ally, they found out that host mice lacking NLRP3 did not show the same reduction
(Tengesdal et al., 2021). Silencing of tumoral NLRP3 also suppresses cancer pro-
gression (Theivanthiran et al., 2020, Theivanthiran et al., 2022), confirming that
tumor-intrinsic NLRP3 drives malignancy rather than stromal inflammasome ac-
tivity. This is supported by an elevated infiltration of CD8* T cells in the Nirp3”
tumors and the expression of co-inhibitory checkpoint receptors TIM-3 and LAG-
3 (Fig. 27). Gene silencing of NLRP3 in mouse melanoma cells also increased
the amount of CD8* T cells infiltrating the tumor by approximately 10 %, improv-
ing anti-PD-1 checkpoint therapy efficacy (Theivanthiran et al., 2020). Moreover,
elevated percentages of TILs were already achieved through pharmacological
inhibition of NLRP3 by OLT1177 (Tengesdal et al., 2022). In combination with
anti-PD-1 therapy, NLRP3 inhibition can reduce surface PD-1 MFl on CD8* T
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cells compared to the controls (Tengesdal et al., 2021). Blockade of NLRP3 in
lymphoma models reduced the proportion of PD-1*TIM-3* T cells, as well as MD-
SCs, TAMs, and Tregs (Lu et al., 2021). A pan-cancer and RNA-sequencing data
analysis even link NLRP3 expression to heightened PD-1, PD-L1, TIM-3, and
LAG-3 across tumor types (Romero et al., 2020, Ding et al., 2022), demonstrat-
ing that the NLRP3 inflammasome can induce the expression of immune check-
points in T cells. Interestingly, this work observed an increase of IL-18 and IL-1f
in the TME of the SC knockout tumors (Fig. 27). Usually, genetic depletion and
treatment with specific NLRP3 inhibitors of the inflammasome in mice repress
the secretion of the NLRP3-mediated IL-1p (Zaki et al., 2010, Guo et al., 2016,
Tengesdal et al., 2021, Tengesdal et al., 2022). Even genomic editing of NLRP3
is described to result in attenuated cytokine levels in the peritoneal lavage fluid
(C. Xu et al., 2018). The discrepancy with the current scientific understanding
may be due to the model used in this work. Here, a tumor without tumoral NLRP3
was implanted in the murine pancreatic model, which is infiltrated by APCs whose
inflammasome may still be functionally intact. Nevertheless, the absence of tu-
mor NLRP3 resulted in suppressed tumor growth and a repressed progression of
T cell exhaustion.

Deficiency of tumoral NLRP3 decreased the percentage of F4/80*CD11b* cells
infiltrating the tumor (Fig. 28). However, lack of tumoral NLRP3 did not affect
the expression of phenotypical macrophage markers CD80, CD206, and MHC-II.
Studies using CRISPR or small hairpin RNA (sh)RNA to silence NLRP3 in tu-
mor cells primarily examined reduced recruitment of polymorphonuclear MDSCs
and increased infiltration of CD8* T cells (Theivanthiran et al., 2020, Theivanthi-
ran et al., 2022). To date, CRISPR/Cas9-mediated knockout of NLRP3 in tumoral
cells has not been studied regarding TAM infiltration dynamics and changes in the
TAM polarization. Contrary to the current literature, TAMs infiltrating NLRP3 KO
tumors showed elevated levels of PD-L1 MFI (Fig. 28). NLRPS3 inhibition through
MCC950 treatment and silencing of the inflammasome by shRNA reduces PD-L1
expression in vivo (Tengesdal et al., 2022, W. Liu et al., 2023, Pan et al., 2024).
In addition, it was also shown that blockade of NLRP3 reduced infiltration of TAMs
and MDSCs (Pan et al., 2024). Thereby, a reduction in PD-L1 levels was expected
in the SC pancreatic tumor model, as extensive evidence exists for NLRP3-driven
regulation of PD-L1 via pharmacological or genetic depletion. It remains open
why tumor-infiltrating TAMs express elevated PD-L1 levels compared to the con-
trols. Overall, the role of myeloid as opposed to the tumoral NLRP3 in regulating
the immune response and T cell exhaustion remains unclear. Respectively, future
experiments should include the application of a NIrp3 CRISPR/Cas9 knockout in
a cell line suitable for murine orthotopic models to verify the immunosuppressive
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role of tumoral NLRP3 in tumor development. Furthermore, an in-depth analy-
sis of the tumor stroma and immune cell infiltrate, e.g., by RNA sequencing, is
warranted to depict the composition of the TME.

4.6 Concluding remarks

The role of the NLRP3 inflammasome is crucial for the clearance of foreign patho-
gens and molecules through a process known as inflammation. The secretion of
pro-inflammatory cytokines and the recruitment of pro-inflammatory immune cell
types create a complex environment in which the composition of the microen-
vironment shapes the immune response. However, growing evidence indicates
that persistent and chronic inflammation promotes the onset of various cancer
entities, leading to dysfunctional immune cells. The present study revealed a role
for NLRP3 activity and macrophage-T cell interactions in T cell exhaustion. The
secretion of myeloid NLRP-mediated cytokines IL-18 and IL-13 enhanced the ex-
pression of PD-L1, the ligand for the immune checkpoint PD-1, on macrophages,
resulting in a self-adjusting regulation of the receptor ligand (Fig. 29). Interest-
ingly, genetic depletion of NLRP3 disabled inflammasome-mediated regulation
of PD-L1. By implication, suppression of inflammasome activity by the specific
NLRP3 inhibitor MCC950 not only repressed secretion of IL-18 and IL-1 pro-
duction but also prevented an increase in PD-L1 expression on macrophages.
Therefore, the findings of this study support a crosslink between NLRP3 activity,
its cytokines, and PD-L1 levels. The combination of NLRP3-specific inhibitors
with ICB, such as anti-PD-L1 therapy, may be promising for targeting myeloid cell
subsets with an immunosuppressive phenotype, and, thus, shaping the TME less
pro-tumorigenic.

Fig. 29: NLRP3-mediated regulation of
PD-L1. Activation of the inflammasome in
macrophages leads to the cleavage of pro-
IL-18 and pro-IL-1p into their respective ac-
tive forms. Through binding of IL-1p to the
IL-1R, an intracellular signaling cascade re-
pro-IL-18 COCD206 sults in the upregulation of PD-L1 on the
pro-IL-1B surface of the APCs. This figure is based
on data from this work.

This work also explored the interaction between macrophages and T cells, aim-
ing to elucidate the macrophage-T cell crosstalk involved in the development of
early exhaustion. Using an in vitro exhaustion co-culture model, it was revealed
that macrophages with an M2-like phenotype promote T cell dysfunction, as indi-
cated by the impairment of cytotoxic cytokine production. Despite certain limita-
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tions, this study indicates that a combination of the PD-1/PD-L1 axis interaction
and IL-18R signaling through binding of myeloid NLRP3-derived IL-18 promotes
exhaustion of CD8"* T cells in vitro (Fig. 30). It also strengthens the role of myeloid
NLRP3 for the progression of T cell exhaustion. Future studies are needed to clar-
ify the interplay between the PD-1/PD-L1 axis and NLRP3-mediated signaling in
the progression of T cell exhaustion. Here, it is also warranted to test combina-
tions of immune checkpoint therapy with inflammasome inhibition.

Exhausted T cell

pro-IL-18 C D CD206
pro-IL-13

APC

Fig. 30: Interaction of exhausted CD8* T cells and APCs. Inflammasome activation results in
the cleavage of pro-IL-18 and pro-IL-18 into their respective active forms. Through binding of IL-18
to the IL-1R, an intracellular signaling cascade upregulates PD-L1 expression on the surface of
the APC. Myeloid PD-L1 interacts with the checkpoint receptor PD-1 on the surface of the T cells,
resulting in an upregulation of PD-1. NLRP3-derived IL-18 binds to the T cellular IL-18R leading
to IL-18R-mediated T cell exhaustion, indicated by loss of TNF and IFN-y production. This figure
is based on data from this work and information of the publication Lutz et al., 2023.

This study also revealed that tumoral NLRP3 promotes intratumoral exhaus-
tion of CD8* T cells and tumor progression. This finding is both relevant and
novel as it highlights the role of tumoral NLRP3-mediated signaling in shaping an
immunosuppressive and pro-tumorigenic TME. Additionally, this study revealed
complex interactions that depend on NLRP3 signaling between tumor cells and
the surrounding tissue, the stroma, in the TME of cancer, which promote immuno-
suppression and immune evasion. Therefore, future studies should focus on the
effect of tumoral inflammasome activation and signaling on tumor-stroma interac-
tions, as well as on how to specifically target this process therapeutically. Overall,
the data from this study highlighted a pro-tumorigenic and immune-evasive role of
NLRP3 inflammasome signaling in the microenvironment of tumors, while simul-
taneously encouraging new combined treatment approaches for immunotherapy.
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Pancreatic cancer is one of the most malignant and lethal tumor entities. Due to
diagnosis at late stages and its aggressiveness, many patients with pancreatic
cancer face a poor prognosis. Low immunogenicity, low antigenicity, and drug re-
sistance further complicate the treatment of this cancer. Immunosuppressive cell
populations within the tumor alter the microenvironment in a manner that renders
it highly immune-avoidant. This results in a dysregulation of crosstalk between T
cells and macrophages facilitating the progression of cancer. In pancreatic cancer
models, a dysfunctional state of T cells is promoted by IL-18R-mediated signal-
ing and associated with T cell exhaustion. IL-18 is a pro-inflammatory cytokine
processed by the NLRP3 inflammasome. This study investigated the potential
role of the myeloid NLRP3 inflammasome for IL-18R-mediated signaling in T cell
exhaustion. Genetic depletion and pharmacological inhibition of NLRP3 were uti-
lized to explore the functionality of the inflammasome after in vitro activation in
BMDMs. Treatment of BMDMs with LPS and nigericin induced the inflamma-
some, as indicated by the production of IL-18 and IL-1p. Notably, NLRP3-derived
IL-18 promoted the upregulation of PD-L1 on the cell surface. Accordingly, analy-
sis of TAMs in the TME of mice lacking NLRP3 revealed reduced PD-L1 expres-
sion. An in vitro co-culture model was used to analyze the interactions between T
cells and macrophages during the early development of T cell exhaustion. Promi-
nent markers for co-inhibitory checkpoint receptors were used to investigate the
effect of NLRP3-mediated signaling for exhaustion in CD8* T cells. The pro-
portion of T cells expressing PD-1 and TIM-3 displayed no difference when co-
cultured with the M1- or M2-like subset. However, a loss of effector function was
observed in T cells co-cultured with M2-like BMDMs, as indicated by impaired
TNF production. Employing a CRISPR/Cas9 knockout of NLRP3 in a tumor cell
line, tumor growth and the composition of the TME in host mice were analyzed.
Tumors lacking NLRP3 showed repressed growth and progression. Moreover, el-
evated infiltration of CD8* T cells and reduced percentages of PD-1*TIM-3* cells
were observed in the knockout tumors. Finally, these findings suggest that the
NLRP3 inflammasome plays a dual role in regulating immunosuppressive tumor
milieu. Through T cell-intrinsic effects of IL-18R signaling and the upregulation of
PD-L1, the inflammasome contributes intratumoral T cell exhaustion.
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Das Pankreaskarzinom, oder auch Bauchspeicheldriisenkrebs, ist eine der bésar-
tigsten und tdédlichsten Tumorarten weltweit. Aufgrund der spaten Diagnose und
der Aggressivitat des Tumors weisen viele Patienten, die am Pankreaskarzinom
erkranken, eine schlechte Prognose auf. Geringe Immunogenitat, geringe Anti-
genitat und Medikamentenresistenz erschweren zudem die Behandlung dieses
Tumors. Immunsuppressive Zellpopulationen des Tumors modellieren die Mikro-
umgebung, sodass sie in hohem Mal3e immunologisch maskierend ist. Dies re-
sultiert in einer Dysregulierung der Wechselwirkung zwischen T-Zellen und Ma-
krophagen und begtinstigt schlieBlich das Fortschreiten der Erkrankung. In Mod-
ellen des Pankreaskarzinoms wird ein dysfunktionaler Zustand der T-Zellen durch
IL-18R-vermittelte Signale geférdert und ist mit einer Erschdpfung der T-Zellen
verbunden. IL-18 ist ein pro-inflammatorisches Zytokin, das durch das NLRP3-
Inflammasom sekretiert wird. In dieser Studie wurde die potenzielle Rolle des
myeloiden NLRP3 Inflammasoms fir die IL-18R-vermittelte Signalgebung bei der
T-Zell-Erschdpfung untersucht. Genetische Depletion und pharmakologische In-
hibition von NLRP3 wurden eingesetzt, um die Funktionalitdt des Inflammasoms
nach der Aktivierung in aus dem Knochenmark stammende Makrophagen (bone
marrow-derived macrophages, BMDMs) in vitro zu untersuchen. Die Behandlung
von BMDMs mit LPS und Nigericin induzierte das Inflammasom, nachgewiesen
durch die Produktion von IL-18 und IL-1f. Interessanterweise l6ste supplemen-
tiertes und von NLRP3 stammendes IL-1p die Hochregulierung von PD-L1 auf der
Zelloberflache aus. Dementsprechend ergab die Analyse von Tumor-assoziierten
Makrophagen in der Tumormikroumgebung von Mausen, denen NLRP3 fehlt,
eine reduzierte PD-L1 Expression. Durch ein in vitro-Ko-Kulturmodell wurden die
Interaktionen von T-Zellen und Makrophagen bei der friihen Entwicklung der T-
Zell-Erschdpfung analysiert. Prominente Marker firr ko-inhibitorische Checkpoint-
Rezeptoren wurden verwendet, um die Auswirkungen der NLRP3-vermittelten
Signaltransduktion auf die Erschépfung von CD8* T-Zellen zu untersuchen. Der
Anteil der T-Zellen, die PD-1 und TIM-3 exprimierten, unterschied sich nicht,
wenn sie mit M1- oder M2-ahnlichen Makrophagen kultiviert wurden. Allerdings
wurde bei T-Zellen, die mit M2-ahnlichen BMDMSs ko-kultiviert wurden, ein Verlust
der Effektorfunktion beobachtet, was sich in einer verminderten TNF-Produktion
zeigte. Unter Verwendung eines CRISPR/Cas9-Knockouts von NLRP3 in einer
Tumorzelllinie wurden das Tumorwachstum und die Zusammensetzung der Tumor-
mikroumgebung in Empfangermausen analysiert. NLRP3-defiziente Tumoren
zeigten ein geringeres Wachstum und eine geringere Progression. Daruber hin-
aus wurden in den NLRP3-defizienten Tumoren eine erhéhte Infiltration von CD8*-
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T-Zellen und ein geringerer Anteil an PD-1*TIM-3* T-Zellen beobachtet. Die in
dieser Arbeit vorgestellten Ergebnisse zeigen einen dualen Mechanismus des
NLRP3 Inflammasoms als Regulator eines immunsuppressiven Tumormilieus.
Durch T-Zell-intrinsische Effekte der IL-18R-Signalgebung und die Hochregulie-
rung von PD-L1 tragt das NLRP3 Inflammasom zur intratumoralen T-Zell-Erschép-
fung bei.
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Suppl. Fig. 1: Gating strategy for FACS analysis of bone marrow-derived macrophages.
Acquired cells were first gated for myeloid cells (SSC-A : FSC-A), followed by gating for single
cells (FSC-H : FSC-A). F4/80-positive macrophages were identified based on the expression of
F4/80.
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Suppl. Fig. 2: In vitro activation of the NLRP3 inflammasome and its cytokines does not
alter subtypes of NLRP3-deficient BMDMs. 3x10° cells of Nirp3” mice were were seeded per
well in 48-well-plates and differentiated with 50 ng/mL recombinant M-CSF-1 for 4 days followed
by polarization into M1- or M2-like subtypes for 24 hours. Then, the macrophages were treated
with 200 ng/mL LPS for 2 hours, followed by 10 uM Nigericin for 1 hour (LPS+Nig), or not. The
cells were harvested, stained with the respective antibody cocktail, and analyzed by flow cytome-
try. (A) Percentage of CD80* of F4/80* cells in untreated versus LPS+Nig-treated macrophages
(n = 3). (B) Percentage of CD206* of F4/80* cells in untreated versus LPS+Nig-treated macro-
phages (n = 3). (C) Percentage of MHC-II* of F4/80* cells in untreated versus LPS+Nig-treated
macrophages (n = 3). Abbreviations: -: no activation of the NLRP3 inflammasome. Bars rep-
resent mean + SD. Statistics were evaluated by two-way ANOVA followed by Tukey’s multiple
comparisons. ns = not significant. * p< 0.05, *™* p < 0.01, *** p < 0.001, and **** p < 0.0001.



8 Appendix

A oa | Jam oam | Jrme own | Joann oaw%
% ns ns ns
1ﬂ3 \EI3 IO3 103’
, —
I
N 20+
od o4 oq o4 ®Qq 2
, Joest 153% 5 Josan 261% 5 Joson 263% 5 Joasn 2w | = O 8 -|-
1023 074 A0 . T 10" durm ; — F 4
o 10? 10° 10 0 107 10° 10 0 10? 10 10 o 10? 10° w0t 4 8 ° B 1:10
- B= .
1% ) 2% 2 S0 770% saon e | 2 O 109 = :
10*4 10%4 10t 10%4 [P = 15
< o = — 1
> o =
=~
O 3 3] 3 = = I 1:2
Swe 10 1 1 + t =
o J = -
E< 0 o0 o> bd = +H 11
98w 10? 10? ? - 10 ng/mL OVA
ohoid o od o4
=N arm
W
012
%% % ns ns
. N
! 20
0
P
03 £
wn | = O — .
R *'-_ o — #
= Q ° = m 110
o | 9 O 104 = °
=
< k3 3 = = 15
= - =
3 2 — e W 132
w = SERE
28 = I I z — |||l
Ex 0 = f] = 1:1
Da - 10 ng/mL OVA
e 1655
0?10 o
——» TIM3-BV421
C 1:10 1:5 1:2 1:1
S | g B | g T | s Jaoow T
10* 104 10! 10t 100
i ns ns ns ns
.
1w W @ w N 80 t %
. ==
wn o |}
10 10? 102 102 2 b I — 104
° Joson ram | Jaaow o | © Jor s | ° Jaoon o | 2 8 60 BE 55
£ |
= H
< o e as2% o] 9% o5 0% i 12% E 8 40 = EE 1:10
S [ E — H — 15
5 ° = i
w 2 204 e HE ) q-
—la [ = HH 1:2
Edo 1 = || # . o
£ B .
=g 0- - G :
S A 102 10? 10? 10 ng/mL OVA
[SHIRE Ao s | © Yozsw rom | O doaw som | O doow n
0 10° 10* 10° o 10° 10t 10° o 10° 10t 10° 0 10° 10 10°
——» TIM3-BV421
D 1:10 1:5 1:2 1:1
o aon | wen R S P | g don o
100+
ns ns ns ns
' —
by
N 80
. g = .
=
Z G 6o =
= + —
+ © —
L O 44 =
Z 0 —
< F e =
> 4] o —]
o oL e 204 —]
w la, °\ —
—a ], — —]
Ex =
> 0- =
S T . 10 ng/mL OVA

w00 10t 1®

o
—» TIM3-BV421

Suppl. Fig. 3: Titration of the macrophage: T cell ratio for co-culture experiments. 1x10*
(1:10), 2x10* (1:5), 5x10* (1:2), and 1x10° (1:1) bone marrow-derived cells were seeded in 96-
well-plates and differentiated with 50 ng/mL MCSF-1 for four days. Then, cells were polarized into
M1- (100 ng/mL LPS and 20 ng/mL IFN-y) or M2-like (20 ng/mL IL-4) macrophages for 24 hours.
Separately, antigen-specific CD8* T cells were isolated from spleen and lymph nodes of OT-I mice
and activated by anti-CD3 and anti-CD28 for two days. This was followed by cultivation with (+) or
without (-) the model antigen OVA257-264 for two days. For the co-culture, 1x10° CD8* T cells were
added to the macrophages. After 48 hours, flow cytometry analysis was performed. Expression
of PD-1*TIM-3* in CD8* T cells co-cultured with M1- (A) and M2-like macrophages (B) (n = 3).
Percentage of TNF*IFN-y* CD8* T cells in co-culture with M1- (C) and M2-like macrophages (D)
(n = ). Bars represent mean + SD. Statistics were evaluated by two-way ANOVA followed by
Dunnett’s multiple comparisons (* between (-) and (10 gn/mL OVA); # compared to 1:10 of each
condition). ns = not significant. * p< 0.05, ™ p < 0.01. # p<0.05.
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