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SUMMARY

Although adjuvants typically enhance immune responses, we show that repeated alum administration—
termed adjuvant conditioning (AC)—induces an immunosuppressive environment that delays allogeneic
graft rejection by expanding myeloid-derived suppressor cells (MDSCs). AC-induced MDSCs suppress an-
tigen-specific adaptive responses both in vitro and in vivo, a process dependent on NLRP3 and IL-1
signaling. Allogeneic pancreatic islets transplanted into AC-treated NLRP3~/~ mice are not protected, con-
firming the necessity of NLRP3. Moreover, AC-induced MDSCs cultured with LPS exhibit reduced pro-inflam-
matory and increased immunosuppressive cytokine production. Similarly, prolonged alum exposure blunts
inflammatory cytokine production in human cells. Together, these findings reveal that AC establishes an
immunosuppressive milieu via the NLRP3/IL-1 axis. This work suggests that targeting this pathway could

promote allograft tolerance in transplant recipients.

INTRODUCTION

The utilization of adjuvants in the context of immunization po-
tentiates the adaptive immune response driven by T and B
cells. Aluminum salts (hereafter alum) are among the major ad-
juvants utilized in human vaccine formulations to potentiate the
immune response against an antigen. Nevertheless, “non-spe-
cific” antigen-independent immunization with alum before im-
munization has been associated with the suppression of the
adaptive immune response, with lower total and specific IgM
and IgG production.” Similar to alum, the systemic administra-
tion of CpG-rich DNA oligonucleotides prior to immunization
has been linked to reduced T cell expansion and diminished
ovalbumin-specific cytotoxic T lymphocyte (CTL) activity.?
Treatment of mice with an exopolysaccharide from Bacillus
subtilis demonstrated the alleviation of graft-versus-host dis-
ease severity,® highlighting the role of Toll-like receptor (TLR)
activation in establishing an immunosuppressive milieu in the
context of allotransplant. We previously demonstrated that,
when alum is employed as an adjuvant for non-specific immu-
nization, a strategy termed adjuvant conditioning (AC), it
induced the expansion of myeloid-derived suppressor cells
(MDSCs).* AC-induced MDSCs suppressed T cell proliferation
in vitro and significantly delayed the rejection of allogeneic
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pancreatic islets. These findings underscore the potential of
AC as a pre-treatment strategy to enhance immune suppres-
sion preceding transplantation.

MDSCs represent a subset of immature myeloid cells origi-
nating from the bone marrow during systemic inflammation or
cancer progression.””” These cells are comprised of various
populations, such as monocytes and granulocytes, MDSCs,
and can be detected in the peripheral blood and spleens of
both mice and humans.*%° Monocyte-MDSCs (M-MDSCs) are
CD11b*Ly6C"9" cells, whereas polymorphonuclear (PMN)-
MDSCs exhibit CD11b*Ly6C'°"Ly6G* markers.'>'" MDSCs
play a significant role in promoting cancer angiogenesis and tu-
mor growth,'>'® as well as contributing to anti-tumor drug resis-
tance and metastasis.’>'® Moreover, MDSCs have shown
promise in therapeutic applications within transplantation
models in mice.”'"*" Among the suppressive mechanisms em-
ployed by MDSCs are the release of nitric oxide and prosta-
glandin E,, potent inhibitors of T cell responses.?>2® Addition-
ally, there is a growing recognition of the correlation between
inflammasome-dependent IL-1 and the expansion, mobilization,
and suppressive function of tumor-induced MDSCs.?’~>* This
association can be attributed to the dual role of this pro-inflam-
matory cytokine in promoting resistance to infection while also
contributing to inflammation control.
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As alum has been suggested to signal through the NLRP3/IL1
pathway, we explored the role of inflammasome activation in
adjuvant conditioning (AC).**>°° First, we demonstrate that AC
skews the adaptive immune response toward a Th2 phenotype
in response to vaccine challenge. Next, we show that the
observed effect of AC on adaptive immunity and the expansion
of MDSCs is partially dependent on the NLRP3/IL1 pathway.
Further, we demonstrate that AC MDSCs produce less proin-
flammatory cytokines, but more immunosuppressive cytokines
compared to controls in response to in vitro stimulation with
LPS, an unrelated inflammatory stimulus. In addition, we demon-
strate that the previously observed protective effect of AC to al-
loislet rejection is abrogated in the absence of NLRP3 signaling.
Further, we are also able to partially recapitulate the observed
AC effects on human cells in vitro in response to prolonged expo-
sure of human PBMCs to alum. These data suggest that the ef-
fect of AC on innate and adaptive immunity is at least partially
dependent on NLRP3/IL-1 signaling and further that AC may
induce an immunosuppressive state that can therapeutically
manipulate adaptive immunity in transplant patients.

RESULTS

Adjuvant conditioning shapes the adaptive immune
response in vivo

As we have previously shown, AC expands MDSCs, which inhibit
T cell proliferation in vitro, as well as prolong the survival of
pancreatic islet transplantation in an allogeneic setting.” To
assess the impact of adjuvant conditioning on the development
of the adaptive immune response in vivo, we treated mice with
the conditioning protocol, which involves three subsequent in-
jections of alum i.p., every other day, and immunized the mice
with alum-adsorbed ovalbumin (OVA) after OT-II cells adoptive
transfer (design experiment in Figure 1A). The number of OVA-
specific CD4 T cells was increased inimmunized mice compared
to mice that received AC and immunization (Figures 1B and
S1B). Additionally, Th1-skewed CD4*Va*Thet* cells as well as
Th2-skewed CD4*Va*GATA3" cells were significantly
decreased in AC-immunized, compared to Alum-OVA-immu-
nized, mice (Figures 1C and 1D). This was also accompanied
by a subtle less production of OVA-specific IgG in AC-treated
mice (Figure 11).

Of note, AC-immunized mice exhibited enhanced differentia-
tion of Th17 cells and regulatory T cells (Tregs) (CD4*Va*RORyT*
and CD4*Va*Foxp3*, respectively), compared to Alum-OVA-
immunized mice (Figures 1E and 1F). This differentiation pattern
was further confirmed when splenocytes were restimulated
in vitro with OVA, as AC-immunized mice displayed elevated
production of interleukin-17A (IL-17A) and transforming
growth factor p (TGF-B) (CD4*Va'IL-17A* and CD4*VaLAP*)
(Figures 1G and 1H). These results demonstrate that AC treat-
ment dampens the adaptive immune response.

NLRP3 activation is involved in the effects of adjuvant
conditioning on the adaptive immune response in vivo
Alum is a widely employed adjuvant inimmunization protocols,*”
and its activity has been shown to involve NLRP3 activation,>-*
however, this is a controversial topic, since there are reports of
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specific antibody production in the absence of inflammasome
activation.®®**° Indeed, in our model, we confirmed that
NLRP3-deficient mice exhibited reduced the expansion of
OVA-specific CD4 T cells and lower levels of OVA-specific IgG
compared to WT mice when immunized with OVA in the pres-
ence of alum (Figures S2B and S2C), as previously shown.*>*°
To assess whether the effects of AC involve NLRP3 activation,
we performed AC with alum and immunized mice with OVA and
utilized resiquimod (R848) as an adjuvant*' (Figure 2A) to avoid
NLRP3 involvement in the development of the adaptive immune
response. We found that AC dampened CD4 T cell responses to
OVA, as well as OVA-specific IgG and IgE antibody levels, also in
the presence of resiquimod (Figures 2B-2D and S2C). The ef-
fects on AC-treated mice were lost or significantly decreased
in the absence of NLRP3 (Figures 2B-2D and S2C). We also
observed that AC decreased Th1 and Th2 responses under
these experimental conditions (Figures 2E and S2D). Further-
more, AC followed by the immunization of mice deficient in
NLRP3 heightened differentiation not only of Th1 and Th2 cells
but also of Th17 cells and Tregs (Figures 2E and S2D). Overall,
these data demonstrate an important role for the NLRP3 inflam-
masome in driving the immunosuppression that follows AC.

NLRP3-dependent IL-1 signaling is involved in the
effects of adjuvant conditioning on the adaptive immune
response in vivo

Although extensive literature exists regarding the inflammatory
effects of IL-1, recent studies have shown its capacity to stimu-
late the expansion of immunosuppressive cells such as MDSCs
and Tregs, consequently promoting tumor growth,?:%1:42:43
Notably, we found that NLRP3 deficiency impairs the production
of both IL-1a and IL-1p following AC (Figure S2A). To determine
whether the AC-driven immunosuppression involves IL-1
signaling, we used Anakinra to block IL-1 signaling during AC,
followed by the adoptive transfer of OT-Il splenocytes and
alum-OVA immunization. Our findings indicate that IL-1
blockade restored the proliferation of OVA-specific CD4 T cells
(Figures 2F and 2G), facilitated Th1 and Th2 differentiation
(Figures 2l and S2E), and restored OVA-specific IgG and IgE pro-
duction (Figures 2H and S2F). Intriguingly, the elevation in Th17
and Treg differentiation persisted (Figures 2| and S2E), suggest-
ing that the Th17/Treg phenotype induced by the conditioning is
independent of IL-1 signaling during AC, indicating other effects
that AC may induce effects that do not involve NLRP3 activation
and IL-1.

Adjuvant conditioning induces the reprogramming of
myeloid cells to an immunosuppression phenotype

In agreement with our previous findings that showed the capac-
ity of AC to expand MDSCs, AC led to an increase in total sple-
nocytes and spleen weight (Figures S3A and S3B), and to
the expansion of CD11b*Ly6C* and CD11b*Ly6G* cells
(Figures 3A, S3C, and S3D).* To test the immunosuppressive ac-
tivity of MDSCs differentiated upon AC treatment, we isolated
splenic CD11b*GR1* cells from saline or AC-treated mice
were isolated and treated them with LPS (200 ng/mL) in vitro.
CD11b*GR1" cells from conditioned mice produced reduced
levels of TNF-a and IL-6 compared to the cells isolated from
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Figure 1. Adjuvant conditioning (AC) shapes the adaptive immune response in vivo

(A) Experimental design. 8-10-week-old male or female C57BL/6 mice were injected intraperitoneally (i.p.) with either Alum Imject (8mg in 200 pL) or saline three
times, every other day. 24 h after the last injection, mice were adoptively transferred with 5 x 106 OT-Il splenocytes intravenously, and 24 h after the transfer, mice
were immunized subcutaneously with 10 pg OVA adsorbed in 1.5mg of Alum Imject, in a homologous prime (day 1) and boost (day 8) protocol. Seven days after
the boost (day 15), mice were euthanized, and spleens were analyzed for OVA-specific Th1, Th2, Th17, and Treg total numbers.

(B) Flow cytometry plots and total number of OVA-specific T cells, evidenced by the expression of CD4*Va* in splenocytes from mice treated with either saline or
alum before the immunization. Flow cytometry plots and total number of OVA-specific Th1 (C), Th2 (D), Th17 (E), and Tregs (F), evidenced by the expression of
CD4*"Vo*Tbet*, CD4*Va*GATA3", CD4*Va*RORyT*, and CD4*Va Foxp3* in splenocytes from mice treated with either saline or alum before the immunization.
(G) Flow cytometry plots and total number (H) of OVA-specific Th17 and Tregs, evidenced by the expression of CD4*Va*IL-17A and CD4*Va*LAP* in splenocytes
treated with either saline or alum before the immunization and further cultured with OVAp (2 ug/mL) in vitro for 48h in the presence of brefeldin A.

(I) OVA-specific IgG titer in serum from mice treated with either saline or alum before the immunization. Data shown represent three or more experiments and are
expressed as mean + SEM; Student’s t test was used for analysis; p values are indicated in each graph. All statistical analyses were performed using GraphPad

Prism. See also Figure S1.

saline-treated mice (Figures 3B and 3C). Additionally, these cells
showed elevated levels of IL-10 and nitric oxide (Figures 3D and
3E) compared to their saline-treated counterparts, indicating an
immature neutrophil/monocyte suppressor programming.?®**
In functional assays, AC-induced splenic CD11b*GR1* cells
demonstrated potent suppression of CD4 T cell proliferation,
with efficacy extending up to a 1:4 MDSC:T cell ratio
(Figures 3F and 3G) and induced increased CD4 T cell

death when compared to saline CD11b*GR1* at a 1:1 ratio
(Figure 3H). It is important to note that CD11b*GR1* isolated
from saline treated mice are able to somewhat suppress T cell
proliferation at 1:1 ratio (Figure 3G) but are not as potent
compared to the suppression from cells observed from
MDSCs isolated from AC-treated mice.

Furthermore, the anti-inflammatory effect persisted up to
14 days following conditioning. This is evidenced by sustained
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Figure 2. NLRP3 activation and IL-1 signaling are required for the effects of adjuvant conditioning in the adaptive immune response

(A) Experimental design. 8-10-week-old male or female WT or NLRP3~/~ mice were injected intraperitoneally (i.p.) with either Alum Imject (8mg in 200pL) or saline
three times, every other day. 24 h after the last injection, mice were adoptively transferred with 5 x 10° OT-Il splenocytes intravenously, and 24 h after the transfer,
mice were immunized with 10 ug OVA adsorbed in Resiquimod (R848) (OVA-RSQ) (50ug), in a homologous prime (day 1) and boost (day 8) protocol. Seven days
after the boost (day 15), mice were euthanized, and spleens were analyzed for OVA-specific Th1, Th2, Th17, and Treg total numbers.

(B) Total number of OVA-specific T cells, evidenced by the expression of CD4*Va* in splenocytes from mice treated with either saline or alum before the im-
munization.

(C) OVA-specific IgG titer in serum from mice treated with either saline or alum before the immunization.

(D) Flow cytometry plots of OVA-specific T cells, evidenced by the expression of CD4*Va™* in splenocytes from mice treated with either saline or alum before the
immunization.

(E) Total number of OVA-specific Th1, Th2, Th17 and Tregs, evidenced by the expression of CD4*Va*IFN-y*, CD4*Va*IL-4*, CD4*Va*IL-17A*, and CD4* Vo' LAP™,
respectively in splenocytes treated with either saline or alum before the immunization and further cultured with OVAp (2 pg/mL) in vitro for 48h in the presence of
brefeldin A.

(F) Flow cytometry plots and total number (G) of OVA-specific T cells, evidenced by the expression of CD4*Va™ in splenocytes from mice treated with either saline,
alum, or alum * Anakinra (30 mg/kg) (AC*AK) before the immunization.

(H) OVA-specific IgG titer in serum from mice treated with either saline, alum or alum + Anakinra (30 mg/kg) (AC + AK) before the immunization.

(legend continued on next page)
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levels of CD11b*Ly6C* and CD11b*Ly6G" cells (Figures 3l and
3J), with a gradual increase in PD-L1, and sustained IDO expres-
sion (Figures S3F-S3H). When isolated, CD11b"GR1* cells
exhibit low TNF-a production upon LPS treatment in vitro
(Figure 3K), while nitric oxide production was present regardless
of LPS stimulation (Figure 3L). These results suggest that AC
leads to a long-lasting reprogramming of CD11b*GR1* cells
that acquire an immunosuppressive phenotype.

Adjuvant conditioning-induced myeloid-derived
suppressor cell expansion and suppressor function
require NLRP3 activation and interleukin-1 signaling
Since there are reports of NLRP3 and IL-1 involvement in MDSC
expansion and suppressor function in tumor models,>® we next as-
sessed the role of the NLRP3/IL-1 axis on AC-induced MDSC
expansion and suppressor function. AC-treated NLRP3 ™/~ mice
revealed a notable decrease in the expansion of CD11b*Ly6C*
and CD11b*Ly6G* populations compared to their wild-type coun-
terparts (Figure 4A). Additionally, we observed that the immuno-
suppressive function of AC-induced CD11b*GR1* cells was
impaired in the absence of NLRP3 (Figures 4C and S3J).

To further explore the requirement for IL-1 signaling down-
stream of NLRP3 activation for MDSC expansion and suppressor
function, we administered Anakinra during the conditioning proto-
col. We observed that the expansion of both CD11b*Ly6C* and
CD11b*Ly6G* populations was reduced, accompanied by
impaired immunosuppressive function when compared to AC-
induced MDSCs derived from WT mice (Figures 4B, 4C, and
S3L-S3M). This suggests that NLRP3 activation and subsequent
IL-1 signaling during AC are crucial for the expansion and sup-
pressor function of MDSCs, as previously shown for tumor-
induced MDSCs.?® Furthermore, we found no evidence of
the anti-inflammatory phenotype in AC-treated NLRP3~/~
CD11b*GR1™ cells, or in the presence of IL-1 signaling blockade.
Instead, we observed increased production of TNF-a and IL-6,
alongside diminished nitric oxide release in NLRP3~/~
CD11b*GR1™* cells treated with LPS (Figures 4D-4G), further sug-
gesting a possible role of NLRP3 signaling in the reprogramming
of CD11b*GR1" cells to an immunosuppressive phenotype.

Adjuvant conditioning-induced myeloid-derived
suppressor cells inhibit the adaptive immune response
in vivo via NLRP3 activation and interleukin-1 signaling
To investigate the impact of AC-induced MDSCs on shaping the
adaptive immune response in vivo, we adoptively transferred
CD11b*GR1" cells isolated from AC or saline-treated mice into
C57BL/6 recipients and mice immunized with Alum-OVA
(Figure 5A). Mice that received WT AC-induced MDSCs
exhibited impaired expansion of OVA-specific CD4 T cells
compared to those receiving CD11b*GR1" cells from WT sa-
line-injected mice (Figures 5B and 5C). Moreover, recipients of
WT AC-induced MDSCs showed diminished levels of OVA-
specific IgG production (Figure 5D), demonstrating that WT
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CD11b*GR1" cells induced during AC exposure also suppress
the adaptive immune response in vivo.

To explore the involvement of the NLRP3/IL-1 axis in MDSCs’
suppressor function in vivo, we adoptively transferred AC or sa-
line-induced CD11b*GR1* cells isolated from NLRP3-deficient
mice, or WT mice treated with Anakinra during the AC-treatment.
Mice receiving NLRP3-deficient AC or saline-induced MDSCs
demonstrated comparable expansion of OVA-specific CD4
T cells in both percentage and absolute numbers to control
immunized mice, and similar results were obtained in mice
receiving CD11b*GR1* cells from Anakinra-treated donors
(Figures 5E and 5F). Furthermore, OVA-specific IgG production
was restored in mice that received NLRP3-deficient AC or sa-
line-induced CD11b*GR1™ cells, but not in those those receiving
cells from Anakinra-treated WT donors (Figure 5G). Overall,
these data underscore the role of the NLRP3/IL-1 axis in the sup-
pressive function of AC-induced MDSCs in vivo.

Adjuvant conditioning-induced in vivo
immunosuppressive phenotype requires myeloid-
derived suppressor cells activation

We previously demonstrated that adjuvant conditioning prolongs
the survival of allogeneic pancreatic islet transplants through the
expansion of MDSCs.* Since we the data above suggests that
AC-induced MDSCs expansion and suppression function are
dependent on NLRP3, we explored whether this effect extends
to allogeneic responses in vivo and performed allogeneic islet
transplantation in WT and NLRP3~/~ saline or AC-treated mice
(Figure 6A). Our findings revealed that AC significantly delays
allogeneic islet rejection in WT but not in NLRP3-deficient mice
(Figure 6B), underscoring the crucial role of NLRP3 in promoting
the observed protective effect of AC in vivo.

We further investigated the impact of adjuvant conditioning on
the allogeneic response using an additional model. The cuta-
neous allogeneic response was assessed by measuring ear
pinna swelling up to 24 h post-challenge (Figure 6C). Condi-
tioned WT mice exhibited reduced ear swelling compared to sa-
line-treated controls (Figure 6D), confirming the suppressive ef-
fect of the conditioning protocol on the allogeneic response.
Consistent with our allogeneic islet transplantation experiments,
conditioned NLRP3™/~ mice failed to suppress the allogeneic
response, showing similar levels of ear swelling as saline-treated
controls (Figure 6D). Collectively, the data strongly suggest the
critical role of NLRPS3 in the creation of an immunosuppressive
milieu that is capable of regulating allogeneic responses in vivo
following AC.

Alum stimulation induces an immunosuppressive
phenotype in human PBMCs in vitro

Finally, we investigated whether adjuvant conditioning-induced
immunosuppression also occurs in humans; we adapted an
innate training protocol for in vitro studies.*®*” Human PBMCs
were stimulated with alum (once, twice, or three times) before

() Total number of OVA-specific Th1, Th2, Th17 and Tregs, evidenced by the expression of CD4*Va*IFN-y*, CD4*Va'*IL-4*, CD4*Va*IL-17A* and CD4*Va'LAP*
in splenocytes treated with either saline, alum or alum + Anakinra (30 mg/kg) (AC + AK) before the immunization and further cultured with OVAp (2 ug/mL) in vitro
for 48h in the presence of brefeldin A. Data shown represent three or more experiments, and are expressed as mean + SEM; Student’s t test was used for analysis;
p values are indicated in the graphs. All statistical analyses were performed using GraphPad Prism. See also Figure S2.
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Figure 3. Adjuvant conditioning induces the reprogramming of myeloid cells to an immunosuppressed phenotype

(A) Flow cytometry plots of CD11b*Ly6C* and CD11b*Ly6G* cells in the spleen 24h after saline or alum injections.

(B) TNF-a, IL-6 (C), IL-10 (D), and nitric oxide (E) production from CD11b*GR1" cells isolated from saline or AC-treated mice cultured with either medium or LPS
(200 ng/mL) for 24h.

(F) Histograms of CD4*Va* cells in a suppression assay using isolated CD11b*GR1" cells. Isolated MDSCs from spleens from AC-treated mice were cultured with
OVAp (1 pg/mL), WT splenocytes (1 x 10%) and isolated OT-Il naive CD4 T cells (2 x 10°) in the ratios (MDSC: T cell) indicated in the graph.

(G) Percentage of CD4*Va*CTV'®Y cells in a suppression assay using isolated CD11b*GR1* cells and OT-Il CD4 T cells.

(legend continued on next page)
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Figure 4. AC-induced MDSCs expansion and suppressor function requires NLRP3 activation and IL-1 signaling

(A) Total number of CD11b*Ly6C* and CD11b*Ly6G cells in the spleen 24h after saline or alum injections in WT and NLRP3 deficient mice.

(B) Total number of CD11b*Ly6C* and CD11b*Ly6G cells in the spleen 24h after saline, alum, or alum+Anakinra (30 mg/kg) (AC + AK) injections.
(

C) Histograms of CD4*Va* cells in a suppression assay using isolated CD11b*GR1* from WT and NLRP3 deficient mice treated with saline, alum, or alum+Anakinra
(30 mg/kg) (AC + AK), and percentage of CD4*Va*CTV®" cells.

(D) TNF-a, IL-6 (E), IL-10 (F), and nitric oxide (G) production from CD116"GR1* cells isolated from WT or NLRP3 ™~ mice injected either with saline, alum, or
alum+Anakinra (30 mg/kg) (AC + AK), cultured with either medium or LPS (200 ng/mL) for 24h. Data shown represent three or more experiments, and are expressed as
mean + SEM; Student’s t test was used for analysis; p values are indicated in each graph. All statistical analyses were performed using GraphPad Prism.

LPS stimulation (Figure 7A) in an attempt to recapitulate adjuvant  tested after LPS stimulation. When cells were treated with multi-
conditioning. The supernatant was collected for viability assays ple doses of alum, the secretion of the proinflammatory cyto-
and cytokine detection. We observed that a single alum stimula-  kines, and especially IL-12, TNF-a, IL-8, and IL-6, declined
tion induced an increase in nearly all the inflammatory cytokines  (Figure 7C), and this effect depended on the dose of alum

(H) Percentage of CD4*Va*FVD* cells in a suppression assay using isolated CD11b*GR1* cells and OT-Il CD4 T cells.

() Flow cytometry plots of CD11b*Ly6C* and CD11b*Ly6G" cells in the spleen 1 day, 7 days, and 14 days after saline or alum injections.

(J) Total count of CD11b*Ly6C* and CD11b*Ly6G™ cells in the spleen 1 day, 7 days, and 14 days after saline or alum injections.

(K) TNF-a and nitric oxide (L) production from CD11b*GR1* cells isolated 1 day, 7 days, and 14 days after saline or alum injections were cultured with either
medium or LPS (200 ng/mL) for 24h. Data shown represent three or more experiments and are expressed as mean + SEM; Student’s t test was used for analysis; p
values are indicated in each graph. All statistical analyses were performed using GraphPad Prism. See also Figure S3.
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(A) Experimental design. Briefly, 2 x 106 CD11b*GR1* cells isolated from either AC, alum + Anakinra (30 mg/kg) (AC + AK) or saline-injected WT or NLRP3~/~ mice
were adoptively transferred to C57BL/6 mice before the immunization protocol.

(B) Flow cytometry plots and total number of OVA-specific T cells (C), evidenced by the expression of CD4*Va™ in splenocytes from mice adoptively transferred
with CD11b*GR1"* cells isolated from either AC or saline-injected C57BL/6 before the immunization protocol.

(D) OVA-specific IgG titer in serum from mice adoptively transferred with CD11b*GR1* cells isolated from either AC or saline-injected WT mice before the im-
munization protocol.

(E) Flow cytometry plots and total number of OVA-specific T cells (F), evidenced by the expression of CD4*Va* in splenocytes from mice adoptively transferred
with CD11b*"GR1* cells isolated from either alum+Anakinra (30 mg/kg) (AC + AK) or saline-injected WT or NLRP3 ™/~ mice before the immunization protocol.
(G) OVA-specific IgG titer in serum from mice adoptively transferred with CD11b*GR1™ cells isolated from either alum-+Anakinra (30 mg/kg) (AC*AK) or saline-
injected WT or NLRP3~/~ mice before the immunization protocol. Data shown represent three or more experiments and are expressed as mean + SEM; Student’s

t test was used for analysis; p values are indicated in the graphs. All statistical

(Figure 7D). Viability assays confirmed sufficient cell survival 24 h
after each alum stimulation; however, there was a slight increase
in monocyte cell death, compared to T and B cells (Figures 7B,
S4A, and S4B), suggesting either an active immunosuppressive
phenotype or that PBMCs are developing resistance to LPS
signaling. These findings demonstrate that AC drives immuno-
suppression, or maybe a resistance to inflammatory signaling
both in mouse and human cells.

DISCUSSION

Currently, several strategies are employed to induce immuno-
suppression in patients with autoimmune diseases or undergo-
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analyses were performed using GraphPad Prism.

ing transplantation, including various clinical trials testing new
drugs and cell based therapy protocols.**°° Exploring the po-
tential of FDA-approved adjuvants such as alum represents a
novel approach to these protocols. These substances, tradition-
ally known for enhancing immune responses to foreign antigens,
could also be leveraged to expand immunosuppressive cell pop-
ulations, potentially aiding in the induction of tolerance. Our
group has previously demonstrated the potential of aluminum
hydroxide salts in the protection of mice from neonatal sepsis,
inducing emergency myelopoiesis,®' and prolonging allogeneic
graft survival.* Herein, we demonstrate that adjuvant condition-
ing, in an NLRP3 dependent manner, expands MDSCs, which
effectively suppresses antigen-specific adaptive immune
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Figure 6. Adjuvant conditioning promotes allogeneic tolerance dependent on NLRP3

(A) Allogeneic pancreatic islet transplantation experimental design. Briefly, alum or saline-treated WT or NLRP3 ™~ mice were treated with streptozotocin (STZ)
4 days before the transplantation with Balb/c isolated pancreatic islets. Survival of the graft was assessed daily by checking blood glucose levels.

(B) Survival curve of alum or saline-treated WT or NLRP3~/~ mice that underwent allogeneic pancreatic islet transplantation. WT saline (n = 5), AC (n = 6),
NLRP3 /" saline (n = 5), AC (n = 6). Graft survival significance was assessed by Kaplan-Meier/Mantel-Cox log rank test.

(C) Cutaneous hypersensitivity experimental design. Briefly, alum or saline-treated WT or NLRP3~'~ mice were subcutaneously immunized with 20 x 10° Balb/c
splenocytes on the neck. Seven days later, mice were challenged with 20 x 1 0° Balb/c splenocytes injected subcutaneously into the base of the ear, as described

by Zecher et al. (2009)."°

(D) Cutaneous allogeneic response was assessed by measuring ear pinna swelling (mm) at 2-, 4- and 24-h post-challenge. p-values show the comparison
between ear swelling at 24-h post-challenge. n = 10 for each group. Data shown represent three or more experiments and are expressed as mean + SEM;
Student’s t test was used for analysis; p values are indicated in each graph. All statistical analyses were performed using GraphPad Prism.

response both in vitro and in vivo, supporting the concept that
AC induces immunosuppression and facilitates tolerance.

The effects of adjuvant conditioning before immunization and/
or infections have been studied by other groups; however, the
mechanism by which each adjuvant exerts that effect is different.
In a protocol similar to what we describe here as adjuvant condi-
tioning, EPS, an exopolysaccharide derived from Bacillus subti-
lis, has demonstrated protective effects in various contexts:
preventing allergic eosinophilia,®>>* combating infections
caused by C. rodentium®® and S. aureus,”® and mitigating severe
GVHD.® EPS exerts its immunosuppressive actions through a
mechanism involving TLR4-dependent IDO expression in den-
dritic cells.®>”*® Similarly, CpG, another TLR ligand, when admin-
istered during conditioning prior to immunization, reduces total
IgG titers’? and suppresses CD8 T cell cytotoxic responses
via an IDO-dependent mechanism,® highlighting a consistent
pattern of TLR-induced immunosuppressive mechanisms.
Furthermore, although controversial, some studies have demon-
strated that aluminum hydroxide salts have been noted for their
ability to suppress antibody production, either alone or in combi-
nation with CpG.'*?

Previous studies have shown consistent findings regarding in-
flammasome activation occurring prior to immunization or during
infections. Inflammasomes are multi-protein complexes that
assemble upon the cytosolic detection of microbial patterns or
harmful stimuli, resulting in the activation of caspase-1, pyrop-

totic cell death, and the release of IL-1p and IL-18. These pro-
cesses play a critical role in the control of bacterial and parasitic
infections.”*°" Despite their association with increased inflam-
mation, inflammasome activation has been reported to exert
anti-inflammatory effects as well. Notably, NLRP3 activation
has been linked to immunosuppressive outcomes such as
reduced CD8 T cell responses against tumors®~°° and induction
of protective responses in colitis.®®®” Activation of caspase-1, a
key effector of the inflammasome complex, has been observed
to contribute to CD4 T cell depletion during HIV infection,®® while
blocking IL-18 signaling in T cells may exacerbate disease
severity in murine colitis models.®”"*® Our findings, showing
reduced expansion of specific CD4 T cells and diminished anti-
body production following the conditioning regimen, are consis-
tent with these documented effects in the literature. However,
our findings associated with the suppression of antigen specific
IgG responses are controversial, as there have been reports both
supporting these findings, as well as contradicting these results.
In our study, the effect on immunoglobulin production is likely
more reflective of the expansion of MDSCs, which have been
shown to suppress IgG and modulate humoral responses as
opposed to a direct effect of alum itself.”°" Regardless, we
certainly acknowledge this limitation in the explanation for the
mechanism of humoral suppression.

NLRP3-dependent IL-1 has been implicated in the generation,
expansion, and suppressor function of MDSCs in mouse tumor
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models.?31:33:3465.73.74 Qur study also demonstrates a critical
role of NLRP3 activation and IL-1 signaling in promoting both
the expansion and suppressive function of these MDSCs
in vitro and in vivo. However, the effect of suppressive effect of
LPS stimulation on AC MDSCs is unexpected and suggests
that NLRP3/IL1 signaling could lead to a tolerogenic response.

Overall, our findings demonstrate that AC can shape both
innate immunity and subsequent adaptive immune responses
through the activation of NLRP3. Taken together, these data
imply that adjuvants designed to target the NLRP3/IL1 pathway
can be used to produce an immunosuppressive milieu to amelio-
rate proinflammatory pathologies and to condition recipients
prior to transplantation.

Limitations of the study

We showed that repeated alum administration is able to sup-
press the adaptive immune response, and this immunosuppres-
sive environment involves the expansion of MDSCs through an
NLRP3/IL-1 dependent mechanism. We used a global NLRP3
knockout mouse strain, which allowed us to show the involve-
ment of NLRP3 activation in the expansion and suppressor func-
tion of MDSCs by alum, but it still does not give us evidence of
which cell types require inflammasome activation for the pheno-
type we observed. Certainly, the use of conditional inflamma-
some components knock out in myeloid cells would give us
more insights into the mechanism of adjuvant conditioning.
Finally, we understand the limitation of the in vitro stimulation
of PBMCs in an attempt to simulate adjuvant conditioning in hu-
mans may not be the best approach to investigate possible
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changes to immune cells induced by
alum, given that we only observed a
reduction of inflammatory cytokine pro-
duction, and did not investigate the transcriptional and epige-
netic changes in the different cell types. However, the results
we have observed in mice might not be fully recapitulated in
PBMCs, given the complexity of the immune response, the
inherent well known variability of cytokine production in human
samples as seen in Figure S5,°77 and the requirement for a
complete organism to study this mechanism. Our study presents
insight into a novel pathway promoting suppressive innate im-
munity and provides the platform for the additional studies
mentioned above to further explore the therapeutic role of adju-
vant conditioning in solid organ transplant.

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to and will
be fulfilled by the lead contact, Alex Cuenca.

Materials availability
This study did not generate new unique reagents.

Data and code availability

Data acquired specifically for this study are available within the article itself and
the supplemental information. Experimental protocols and additional details
regarding methods employed in this study will be made available through
reasonable request with the corresponding author.

ACKNOWLEDGMENTS
This work was supported by the American Pediatric Surgical Association Jay

Grosfeld Scholar Grant, Society of University Surgeons Junior Faculty Award,
Hardy Hendren Faculty Development Fund at Boston Children’s Hospital, and



iScience
Article

the Junior Translational Investigator Service Award from the Translational
Research Program at Boston Children’s Hospital.

AUTHOR CONTRIBUTIONS

Conceptualization, A.G.C. and T.B.; methodology, T.B., V.F., R.C., and W.P.;
investigation, T.B. and W.P.; writing — original draft, T.B. and A.G.C.; writing —
review and editing, T.B., V.F., R.C., M.S.R., I.Z., and A.G.C.; funding acquisi-
tion, A.G.C.; resources, M.S.R., V.F., and A.G.C.; supervision, A.G.C.

DECLARATION OF INTERESTS

The authors declare no competing interests.

STARx*METHODS

Detailed methods are provided in the online version of this paper and include
the following:

o KEY RESOURCES TABLE
o METHOD DETAILS
Drug administration
Preparation of single-cell suspensions
Cell culture
OVA immunization protocol
Enzyme-linked immunosorbent assay (ELISA)
MDSCs enrichment
Flow cytometry
CDA4 T cell suppression assay
Western blotting
Human PBMC isolation for stimulation in vitro
Cytokine detection
Nitric oxide detection
o Allogeneic pancreatic islet transplantation
o Allogeneic cutaneous hypersensitivity
® QUANTIFICATION AND STATISTICAL ANALYSIS

O O OO OO OO0 OO0 0 O

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/].isci.
2025.112653.

Received: October 1, 2024
Revised: December 12, 2024
Accepted: May 9, 2025
Published: May 13, 2025

REFERENCES

1. Schmoeckel, K., Mrochen, D.M., Hihn, J., Pétschke, C., and Broker, B.M.
(2018). Polymicrobial sepsis and non-specific immunization induce adap-
tive immunosuppression to a similar degree. PLoS One 13, e0192197.

2. Wingender, G., Garbi, N., Schumak, B., Jiingerkes, F., Endl, E., von Bubn-
off, D., Steitz, J., Striegler, J., Moldenhauer, G., Tuting, T., et al. (2006).
Systemic application of CpG-rich DNA suppresses adaptive T cell immu-
nity via induction of IDO. Eur. J. Immunol. 36, 12-20.

3. Kalinina, O., Talley, S., Zamora-Pineda, J., Paik, W., Campbell, E.M., and
Knight, K.L. (2021). Amelioration of Graft-versus-Host Disease by Exopo-
lysaccharide from a Commensal Bacterium. J. Immunol. 206, 2101-2108.

4. Ge, J., Pan, W., Feeney, N.J., Ott, L., Anderson, E., Alessandrini, A., Za-
noni, I., Markmann, J.F., and Cuenca, A.G. (2023). Adjuvant conditioning
induces an immunosuppressive milieu that delays alloislet rejection
through the expansion of myeloid-derived suppressor cells. Am. J. Trans-
plant. 23, 935-945.

10.

11.

12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

22,

23.

¢? CellPress

OPEN ACCESS

. Serafini, P., Borrello, I., and Bronte, V. (2006). Myeloid suppressor cells in

cancer: recruitment, phenotype, properties, and mechanisms of immune
suppression. Semin. Cancer Biol. 16, 53-65.

. Melani, C., Chiodoni, C., Forni, G., and Colombo, M.P. (2003). Myeloid cell

expansion elicited by the progression of spontaneous mammary carci-
nomas in c-erbB-2 transgenic BALB/c mice suppresses immune reac-
tivity. Blood 102, 2138-2145.

. Bronte, V., Brandau, S., Chen, S.-H., Colombo, M.P., Frey, A.B., Greten, T.

F., Mandruzzato, S., Murray, P.J., Ochoa, A., Ostrand-Rosenberg, S., et al.
(2016). Recommendations for myeloid-derived suppressor cell nomencla-
ture and characterization standards. Nat. Commun. 7, 12150.

. Almand, B., Clark, J.l., Nikitina, E., van Beynen, J., English, N.R., Knight, S.

C., Carbone, D.P., and Gabrilovich, D.l. (2001). Increased production of
immature myeloid cells in cancer patients: a mechanism of immunosup-
pression in cancer. J. Immunol. 766, 678-689.

. Young, M.R., and Lathers, D.M. (1999). Myeloid progenitor cells mediate

immune suppression in patients with head and neck cancers. Int. J. Immu-
nopharm. 21, 241-252.

Damuzzo, V., Pinton, L., Desantis, G., Solito, S., Marigo, |., Bronte, V., and
Mandruzzato, S. (2015). Complexity and challenges in defining myeloid-
derived suppressor cells. Cytometry B Clin. Cytom. 88, 77-91.

Dolcetti, L., Marigo, I., Mantelli, B., Peranzoni, E., Zanovello, P., and
Bronte, V. (2008). Myeloid-derived suppressor cell role in tumor-related
inflammation. Cancer Lett. 267, 216-225.

Ahn, G.-O., and Brown, J.M. (2008). Matrix metalloproteinase-9 is required
for tumor vasculogenesis but not for angiogenesis: role of bone marrow-
derived myelomonocytic cells. Cancer Cell 13, 193-205.

Yang, L., Huang, J., Ren, X., Gorska, A.E., Chytil, A., Aakre, M., Carbone,
D.P., Matrisian, L.M., Richmond, A., Lin, P.C., and Moses, H.L. (2008).
Abrogation of TGF beta signaling in mammary carcinomas recruits Gr-1
+CD11b+ myeloid cells that promote metastasis. Cancer Cell 13, 23-35.
Shojaei, F., Wu, X., Zhong, C., Yu, L., Liang, X.-H., Yao, J., Blanchard, D.,
Bais, C., Peale, F.V., van Bruggen, N., et al. (2007). Bv8 regulates myeloid-
cell-dependent tumour angiogenesis. Nature 450, 825-831.

Marvel, D., and Gabrilovich, D.I. (2015). Myeloid-derived suppressor cells
in the tumor microenvironment: expect the unexpected. J. Clin. Investig.
125, 3356-3364.

Veglia, F., Sanseviero, E., and Gabrilovich, D.l. (2021). Myeloid-derived
suppressor cells in the era of increasing myeloid cell diversity. Nat. Rev.
Immunol. 27, 485-498.

Dugast, A.-S., Haudebourg, T., Coulon, F., Heslan, M., Haspot, F., Poirier,
N., Vuillefroy de Silly, R., Usal, C., Smit, H., Martinet, B., et al. (2008).
Myeloid-derived suppressor cells accumulate in kidney allograft tolerance
and specifically suppress effector T cell expansion. J. Immunol. 780,
7898-7906.

Yang, F., Li, Y., Wu, T., Na, N., Zhao, Y., Li, W., Han, C., Zhang, L., Lu, J.,
and Zhao, Y. (2016). TNFa-induced M-MDSCs promote transplant im-
mune tolerance via nitric oxide. J. Mol. Med. 94, 911-920.

He, Y., Wang, B., Jia, B., Guan, J., Zeng, H., and Pan, Z. (2015). Effects of
Adoptive Transferring Different Sources of Myeloid-Derived Suppressor
Cells in Mice Corneal Transplant Survival. Transplantation 99, 2102-2108.
He, Y., Bei, J., Zeng, H., and Pan, Z. (2016). The roles of sepsis-induced
myeloid derived suppressor cells in mice corneal, skin and combined
transplantation. Transpl. Immunol. 34, 8-13.

Zhang, W., Li, J., Qi, G., Tu, G., Yang, C., and Xu, M. (2018). Myeloid-
derived suppressor cells in transplantation: the dawn of cell therapy.
J. Transl. Med. 16, 19.

Rodriguez, P.C., Hernandez, C.P., Quiceno, D., Dubinett, $.M., Zabaleta,
J., Ochoa, J.B., Gilbert, J., and Ochoa, A.C. (2005). Arginase | in myeloid
suppressor cells is induced by COX-2 in lung carcinoma. J. Exp. Med.
202, 931-939.

Donkor, M.K., Lahue, E., Hoke, T.A., Shafer, L.R., Coskun, U., Solheim, J.
C., Gulen, D., Bishay, J., and Talmadge, J.E. (2009). Mammary tumor

iScience 28, 112653, June 20, 2025 11



https://doi.org/10.1016/j.isci.2025.112653
https://doi.org/10.1016/j.isci.2025.112653
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref1
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref1
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref1
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref2
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref2
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref2
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref2
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref3
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref3
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref3
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref4
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref4
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref4
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref4
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref4
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref5
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref5
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref5
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref6
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref6
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref6
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref6
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref7
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref7
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref7
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref7
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref8
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref8
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref8
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref8
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref9
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref9
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref9
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref10
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref10
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref10
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref11
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref11
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref11
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref12
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref12
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref12
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref13
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref13
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref13
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref13
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref14
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref14
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref14
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref15
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref15
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref15
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref16
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref16
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref16
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref17
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref17
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref17
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref17
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref17
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref18
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref18
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref18
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref19
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref19
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref19
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref20
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref20
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref20
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref21
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref21
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref21
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref22
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref22
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref22
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref22
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref23
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref23

¢? CellPress

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

12

OPEN ACCESS

heterogeneity in the expansion of myeloid-derived suppressor cells. Int.
Immunopharmacol. 9, 937-948.

Mao, Y., Poschke, I., Wennerberg, E., Pico de Coafa, Y., Egyhazi Brage,
S., Schultz, ., Hansson, J., Masucci, G., Lundqvist, A., and Kiessling, R.
(2013). Melanoma-educated CD14+ cells acquire a myeloid-derived sup-
pressor cell phenotype through COX-2-dependent mechanisms. Cancer
Res. 73, 3877-3887.

Navasardyan, |., and Bonavida, B. (2021). Regulation of T Cells in Cancer
by Nitric Oxide. Cells 10, 2655. https://doi.org/10.3390/cells10102655.

Sreeramkumar, V., Fresno, M., and Cuesta, N. (2012). Prostaglandin E2
and T cells: friends or foes? Immunol. Cell Biol. 90, 579-586.

Bunt, S.K., Sinha, P., Clements, V.K., Leips, J., and Ostrand-Rosenberg,
S. (2006). Inflammation induces myeloid-derived suppressor cells that
facilitate tumor progression. J. Immunol. 176, 284-290.

Bunt, S.K., Yang, L., Sinha, P., Clements, V.K., Leips, J., and Ostrand-
Rosenberg, S. (2007). Reduced inflammation in the tumor microenviron-
ment delays the accumulation of myeloid-derived suppressor cells and
limits tumor progression. Cancer Res. 67, 10019-10026.

Papafragkos, I., Grigoriou, M., Boon, L., Kloetgen, A., Hatzioannou, A.,
and Verginis, P. (2022). Ablation of NLRP3 inflammasome rewires MDSC
function and promotes tumor regression. Front. Immunol. 73, 889075.

Tengesdal, I.W., Dinarello, A., Powers, N.E., Burchill, M.A., Joosten, L.A.
B., Marchetti, C., and Dinarello, C.A. (2021). Tumor NLRP3-Derived IL-
1B Drives the IL-6/STAT3 Axis Resulting in Sustained MDSC-Mediated
Immunosuppression. Front. Immunol. 72, 661323.

Elkabets, M., Ribeiro, V.S.G., Dinarello, C.A., Ostrand-Rosenberg, S., Di
Santo, J.P., Apte, R.N., and Vosshenrich, C.A.J. (2010). IL-1p regulates
a novel myeloid-derived suppressor cell subset that impairs NK cell devel-
opment and function. Eur. J. Immunol. 40, 3347-3357.

Luo, M., Wang, H., Liu, K., Liu, M., Tan, S., Zhu, Y., and Zhang, H. (2022).
IL-1R1 blockade attenuates liver injury through inhibiting the recruitment
of myeloid-derived suppressor cells in sepsis. Biochem. Biophys. Res.
Commun. 620, 21-28.

Shi, H., Qin, Y., Tian, Y., Wang, J., Wang, Y., Wang, Z., and Lv, J. (2022).
Interleukin-1beta triggers the expansion of circulating granulocytic
myeloid-derived suppressor cell subset dependent on Erk1/2 activation.
Immunobiology 227, 152165.

Koehn, B.H., Saha, A., McDonald-Hyman, C., Loschi, M., Thangavelu, G.,
Ma, L., Zaiken, M., Dysthe, J., Krepps, W., Panthera, J., et al. (2019).
Danger-associated extracellular ATP counters MDSC therapeutic efficacy
in acute GVHD. Blood 734, 1670-1682.

Eisenbarth, S.C., Colegio, O.R., O’Connor, W., Sutterwala, F.S., and Fla-
vell, R.A. (2008). Crucial role for the Nalp3 inflammasome in the immunos-
timulatory properties of aluminium adjuvants. Nature 453, 1122-1126.

Hornung, V., Bauernfeind, F., Halle, A., Samstad, E.O., Kono, H., Rock, K.
L., Fitzgerald, K.A., and Latz, E. (2008). Silica crystals and aluminum salts
activate the NALP3 inflammasome through phagosomal destabilization.
Nat. Immunol. 9, 847-856.

Zhao, T., Cai, Y., Jiang, Y., He, X., Wei, Y., Yu, Y., and Tian, X. (2023). Vac-
cine adjuvants: mechanisms and platforms. Signal Transduct. Targeted
Ther. 8, 283.

Kool, M., Pétrilli, V., De Smedt, T., Rolaz, A., Hammad, H., van Nimwegen,
M., Bergen, .M., Castillo, R., Lambrecht, B.N., and Tschopp, J. (2008).
Cutting edge: alum adjuvant stimulates inflammatory dendritic cells
through activation of the NALPS3 inflammasome. J. Immunol. 187,
3755-3759.

McKee, A.S., Munks, M.W., MacLeod, M.K.L., Fleenor, C.J., Van Rooijen,
N., Kappler, J.W., and Marrack, P. (2009). Alum induces innate immune re-
sponses through macrophage and mast cell sensors, but these sensors
are not required for alum to act as an adjuvant for specific immunity.
J. Immunol. 7183, 4403-4414.

iScience 28, 112653, June 20, 2025

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

iScience
Article

Li, H., Willingham, S.B., Ting, J.P.-Y., and Re, F. (2008). Cutting edge: in-
flammasome activation by alum and alum’s adjuvant effect are mediated
by NLRP3. J. Immunol. 187, 17-21.

Tomai, M.A., Miller, R.L., Lipson, K.E., Kieper, W.C., Zarraga, |.E., and Va-
silakos, J.P. (2007). Resiquimod and other immune response modifiers as
vaccine adjuvants. Expert Rev. Vaccines 6, 835-847. https://doi.org/10.
1586/14760584.6.5.835.

Arpaia, N., Green, J.A., Moltedo, B., Arvey, A., Hemmers, S., Yuan, S.,
Treuting, P.M., and Rudensky, A.Y. (2015). A Distinct Function of Regula-
tory T Cells in Tissue Protection. Cell 162, 1078-1089.

Popovic, B., Golemac, M., Podlech, J., Zeleznjak, J., Bilic-Zulle, L., Lukic,
M.L,, Cicin-Sain, L., Reddehase, M.J., Sparwasser, T., Krmpotic, A., and
Jonjic, S. (2017). IL-33/ST2 pathway drives regulatory T cell dependent
suppression of liver damage upon cytomegalovirus infection. PLoS
Pathog. 73, e1006345.

Kalafati, L., Kourtzelis, I., Schulte-Schrepping, J., Li, X., Hatzioannou, A.,
Grinenko, T., Hagag, E., Sinha, A., Has, C., Dietz, S., et al. (2020). Innate
Immune Training of Granulopoiesis Promotes Anti-tumor Activity. Cell
183, 771-785.e12.

Zecher, D., van Rooijen, N., Rothstein, D.M., Shlomchik, W.D., and Lakkis,
F.G. (2009). An innate response to allogeneic nonself mediated by mono-
cytes. J. Immunol. 7183, 7810-7816.

Réring, R.J., Debisarun, P.A., Botey-Bataller, J., Suen, T.K., Bulut, 0.,
Kilic, G., Koeken, V.A.C.M., Sarlea, A., Bahrar, H., Dijkstra, H., et al.
(2024). MMR vaccination induces trained immunity via functional and
metabolic reprogramming of y8 T cells. J. Clin. Investig. 134, e170848.
https://doi.org/10.1172/jci170848.

Vuscan, P., Kischkel, B., Hatzioannou, A., Markaki, E., Sarlea, A., Tintoré,
M., Cufié, J., Verginis, P., de Lecea, C., Chavakis, T., et al. (2024). Potent
induction of trained immunity by Saccharomyces cerevisiae p-glucans.
Front. Immunol. 15, 1323333. https://doi.org/10.3389/fimmu.2024.
1323333.

Mclnnes, I.B., and Gravallese, E.M. (2021). Immune-mediated inflamma-
tory disease therapeutics: past, present and future. Nat. Rev. Immunol.
21, 680-686.

Pilch, N.A., Bowman, L.J., and Taber, D.J. (2021). Imnmunosuppression
trends in solid organ transplantation: The future of individualization, moni-
toring, and management. Pharmacotherapy 47, 119-131.

Ott, L.C., and Cuenca, A.G. (2023). Innate immune cellular therapeutics in
transplantation. Front. Transplant. 2, 1067512. https://doi.org/10.3389/
frtra.2023.1067512.

Rincon, J.C., Cuenca, A.L., Raymond, S.L., Mathias, B., Nacionales, D.C.,
Ungaro, R., Efron, P.A., Wynn, J.L., Moldawer, L.L., and Larson, S.D.
(2018). Adjuvant pretreatment with alum protects neonatal mice in sepsis
through myeloid cell activation. Clin. Exp. Immunol. 197, 268-278.

Swartzendruber, J.A., Incrocci, R.W., Wolf, S.A., Jung, A., and Knight, K.L.
(2019). Bacillus subtilis exopolysaccharide prevents allergic eosinophilia.
Allergy 74, 819-821.

Jones, S.E., and Knight, K.L. (2012). Bacillus subtilis-mediated protection
from Citrobacter rodentium-associated enteric disease requires espH and
functional flagella. Infect. Immun. 80, 710-719.

Jones, S.E., Paynich, M.L., Kearns, D.B., and Knight, K.L. (2014). Protec-
tion from intestinal inflammation by bacterial exopolysaccharides.
J. Immunol. 792, 4813-4820.

Paynich, M.L., Jones-Burrage, S.E., and Knight, K.L. (2017). Exopolysac-
charide from Bacillus subtilis induces anti-inflammatory M2 macrophages
that prevent T cell-mediated disease. J. Immunol. 798, 2689-2698.

Paik, W., Alonzo, F., 3rd, and Knight, K.L. (2019). Probiotic exopolysac-
charide protects against systemic staphylococcus aureus infection,
inducing dual-functioning macrophages that restrict bacterial growth
and limit inflammation. Infect. Immun. 87, e00791-18. https://doi.org/10.
1128/1A1.00791-18.


http://refhub.elsevier.com/S2589-0042(25)00914-9/sref23
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref23
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref24
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref24
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref24
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref24
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref24
https://doi.org/10.3390/cells10102655
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref26
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref26
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref27
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref27
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref27
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref28
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref28
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref28
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref28
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref29
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref29
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref29
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref30
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref30
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref30
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref30
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref31
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref31
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref31
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref31
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref32
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref32
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref32
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref32
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref33
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref33
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref33
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref33
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref34
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref34
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref34
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref34
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref35
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref35
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref35
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref36
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref36
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref36
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref36
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref37
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref37
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref37
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref38
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref38
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref38
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref38
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref38
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref39
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref39
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref39
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref39
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref39
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref40
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref40
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref40
https://doi.org/10.1586/14760584.6.5.835
https://doi.org/10.1586/14760584.6.5.835
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref42
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref42
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref42
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref43
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref43
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref43
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref43
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref43
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref44
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref44
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref44
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref44
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref45
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref45
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref45
https://doi.org/10.1172/jci170848
https://doi.org/10.3389/fimmu.2024.1323333
https://doi.org/10.3389/fimmu.2024.1323333
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref48
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref48
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref48
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref49
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref49
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref49
https://doi.org/10.3389/frtra.2023.1067512
https://doi.org/10.3389/frtra.2023.1067512
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref51
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref51
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref51
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref51
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref52
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref52
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref52
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref53
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref53
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref53
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref54
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref54
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref54
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref55
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref55
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref55
https://doi.org/10.1128/IAI.00791-18
https://doi.org/10.1128/IAI.00791-18

iScience
Article

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Zamora-Pineda, J., Kalinina, O., Sperling, A.l., and Knight, K.L. (2023).
Mechanism of TLR4-mediated anti-inflammatory response induced by
exopolysaccharide from the probiotic Bacillus subtilis. J. Immunol. 217,
1232-1239.

Kalinina, O., Minter, L.M., Sperling, A.l., Hollinger, M.K., Le, P., Osborne,
B.A., Zhang, S., Stiff, P., and Knight, K.L. (2024). Exopolysaccharide-
treated dendritic cells effectively ameliorate acute graft-versus-host dis-
ease. Transplant. Cell. Ther. 30, 79.e1-79.e10.

Lamkanfi, M., and Dixit, V.M. (2014). Mechanisms and functions of inflam-
masomes. Cell 157, 1013-1022.

Rathinam, V.A.K., and Fitzgerald, K.A. (2016). Inflammasome complexes:
Emerging mechanisms and effector functions. Cell 165, 792-800.

Broz, P., and Dixit, V.M. (2016). Inflammasomes: mechanism of assembly,
regulation and signalling. Nat. Rev. Immunol. 76, 407-420.

Daley, D., Mani, V.R., Mohan, N., Akkad, N., Pandian, G.S.D.B., Savadkar,
S., Lee, K.B., Torres-Hernandez, A., Aykut, B., Diskin, B., et al. (2017).
NLRP3 signaling drives macrophage-induced adaptive immune suppres-
sion in pancreatic carcinoma. J. Exp. Med. 274, 1711-1724.

Das, S., Shapiro, B., Vucic, E.A., Vogt, S., and Bar-Sagi, D. (2020). Tumor
cell-derived IL1p promotes desmoplasia and immune suppression in
pancreatic cancer. Cancer Res. 80, 1088-1101.

Theivanthiran, B., Evans, K.S., DeVito, N.C., Plebanek, M., Sturdivant, M.,
Wachsmuth, L.P., Salama, A.K., Kang, Y., Hsu, D., Balko, J.M., et al.
(2020). A tumor-intrinsic PD-L1/NLRP3 inflammasome signaling pathway
drives resistance to anti-PD-1 immunotherapy. J. Clin. Investig. 730,
2570-2586.

van Deventer, H.W., Burgents, J.E., Wu, Q.P., Woodford, R.-M.T., Brickey,
W.J., Allen, I.C., McElvania-Tekippe, E., Serody, J.S., and Ting, J.P.-Y.
(2023). Supplementary Figure 7 from The Inflammasome Component
NIrp3 Impairs Antitumor Vaccine by Enhancing the Accumulation of
Tumor-Associated Myeloid-derived suppressor cells. https://doi.org/10.
1158/0008-5472.22385651.v1.

Yao, X., Zhang, C., Xing, Y., Xue, G., Zhang, Q., Pan, F., Wu, G., Hu, Y.,
Guo, Q., Lu, A, et al. (2017). Remodelling of the gut microbiota by hyper-
active NLRP3 induces regulatory T cells to maintain homeostasis. Nat.
Commun. 8, 1896. https://doi.org/10.1038/s41467-017-01917-2.

Mak’Anyengo, R., Duewell, P., Reichl, C., Horth, C., Lehr, H.-A., Fischer,
S., Clavel, T., Denk, G., Hohenester, S., Kobold, S., et al. (2018). NIrp3-
dependent IL-1p inhibits CD103+ dendritic cell differentiation in the gut.
JCI Insight 3, €96322. https://doi.org/10.1172/jci.insight.96322.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

¢? CellPress

OPEN ACCESS

Monroe, K.M., Yang, Z., Johnson, J.R., Geng, X., Doitsh, G., Krogan, N.J.,
and Greene, W.C. (2014). IFI16 DNA sensor is required for death of
lymphoid CD4 T cells abortively infected with HIV. Science 343, 428-432.

Holmkvist, P., Pool, L., Hagerbrand, K., Agace, W.W., and Rivollier, A.
(2016). IL-18Ra-deficient CD4* T cells induce intestinal inflammation in
the CD45RB" transfer model of colitis despite impaired innate responsive-
ness. Eur. J. Immunol. 46, 1371-1382.

Wang, Y., Schafer, C.C., Hough, K.P., Tousif, S., Duncan, S.R., Kearney, J.
F., Ponnazhagan, S., Hsu, H.-C., and Deshane, J.S. (2018). Myeloid-
derived suppressor cells impair B cell responses in lung cancer through
IL-7 and STAT5. J. Immunol. 201, 278-295.

Tsukamoto, H., Kozakai, S., Kobayashi, Y., Takanashi, R., Aoyagi, T., Nu-
masaki, M., Ohta, S., and Tomioka, Y. (2019). Impaired antigen-specific
lymphocyte priming in mice after Toll-like receptor 4 activation via induc-
tion of monocytic myeloid-derived suppressor cells. Eur. J. Immunol. 49,
546-563.

Wu, X., Zhu, D., Tian, J., Tang, X., Guo, H., Ma, J., Xu, H., and Wang, S.
(2020). Granulocytic myeloid-derived suppressor cell exosomal prosta-
glandin E2 ameliorates collagen-induced arthritis by enhancing IL-10+ B
cells. Front. Immunol. 77, 588500.

Tu, S., Bhagat, G., Cui, G., Takaishi, S., Kurt-Jones, E.A., Rickman, B.,
Betz, K.S., Penz, M., Bjorkdhl, O., Fox, J.G., and Wang, T.C. (2011). Over-
expression of interleukin-1p induces gastric inflammation and cancer and
mobilizes myeloid-derived suppressor cells in mice. Cancer Cell 19, 154.
Kaplanov, I., Carmi, Y., Kornetsky, R., Shemesh, A., Shurin, G.V., Shurin,
M.R., Dinarello, C.A., Voronov, E., and Apte, R.N. (2019). Blocking IL-1f re-
verses the immunosuppression in mouse breast cancer and synergizes
with anti-PD-1 for tumor abrogation. Proc. Natl. Acad. Sci. USA 116,
1361-1369.

Schindler, R., Mancilla, J., Endres, S., Ghorbani, R., Clark, S.C., and Dinar-
ello, C.A. (1990). Correlations and interactions in the production of
interleukin-6 (IL-6), IL-1, and tumor necrosis factor (TNF) in human blood
mononuclear cells: IL-6 suppresses IL-1 and TNF. Blood 75, 40-47.

De Groote, D., Zangerle, P.F., Gevaert, Y., Fassotte, M.F., Beguin, Y., Noi-
zat-Pirenne, F., Pirenne, J., Gathy, R., Lopez, M., and Dehart, 1. (1992).
Direct stimulation of cytokines (IL-1 beta, TNF-alpha, IL-6, IL-2, IFN-
gamma and GM-CSF) in whole blood. I. Comparison with isolated
PBMC stimulation. Cytokine 4, 239-248.

Caiello, I., Minnone, G., Holzinger, D., Vogl, T., Prencipe, G., Manzo, A., De
Benedetti, F., and Strippoli, R. (2014). IL-6 amplifies TLR mediated cyto-
kine and chemokine production: implications for the pathogenesis of rheu-
matic inflammatory diseases. PLoS One 9, e107886.

iScience 28, 112653, June 20, 2025 13



http://refhub.elsevier.com/S2589-0042(25)00914-9/sref57
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref57
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref57
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref57
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref58
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref58
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref58
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref58
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref59
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref59
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref60
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref60
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref61
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref61
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref62
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref62
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref62
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref62
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref63
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref63
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref63
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref64
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref64
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref64
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref64
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref64
https://doi.org/10.1158/0008-5472.22385651.v1
https://doi.org/10.1158/0008-5472.22385651.v1
https://doi.org/10.1038/s41467-017-01917-2
https://doi.org/10.1172/jci.insight.96322
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref68
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref68
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref68
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref69
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref69
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref69
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref69
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref70
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref70
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref70
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref70
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref71
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref71
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref71
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref71
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref71
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref72
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref72
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref72
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref72
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref73
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref73
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref73
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref73
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref74
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref74
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref74
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref74
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref74
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref75
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref75
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref75
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref75
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref76
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref76
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref76
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref76
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref76
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref77
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref77
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref77
http://refhub.elsevier.com/S2589-0042(25)00914-9/sref77

¢? CellP’ress iScience
OPEN ACCESS
STARxMETHODS
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
CD11b PE Invitrogen, clone M1/70 12-0112-82
Ly6C PeCy7 BioLegend, clone HK1.4 128016
Ly6G PercP-Cy5 BioLegend, clone 1A8 127616
CD3 FITC Invitrogen, clone 17A2 11-0032-82
CD4 PeCy7 Invitrogen, clone GK1.5 25-0041-82
PD-L1 BV421 BioLegend, clone 10F.9G2 124315
T-bet BV605 BioLegend, clone 4B10 644821
GATA3 PE BioLegend, clone 16E10A23 653804
RORgT BV421 BioLegend, clone Q31-378 656013
Foxp3 PercP-Cy5 BioLegend, clone MF-14 320016
IFN-g PE BioLegend, clone AN-18 505808
IL-4 BV421 BioLegend, clone 11B11 504122
IL-17-A BV605 BioLegend, clone TC11-18H10 506940
LAP PercP-Cy5 BioLegend, clone TW7-16B4 141410
TCR Va2 PE BioLegend, clone B20.1 127806
TCR Va2 PercP-Cy5 BioLegend, clone B20.1 127808
Purified anti-IDO Antibody BioLegend, clone 2E2/IDO1 122402
Purified anti-p-actin Antibody BioLegend 664801
HRP Goat anti-rat IgG BioLegend 405405
HRP Goat anti-mouse IgG Sigma-Aldrich A4416
Anakinra - Kineret Sobi NDC 66658-230-01

Biological samples

Human PBMCs

Leukoreduction System Cones from Boston
Children’s Hospital blood bank

Chemicals, peptides, and recombinant proteins

Alum Adjuvant

Lysis buffer ACK

STZ

Saline

LPS

Resiquimod (R848)

OVAp

OVA-V

RPMI-1640 Medium
Penicillin-Streptomycin (10000 U/mL)

MEM Non-Essential Amino Acids Solution
(100X)

Fetal Bovine Serum
Sodium Pyruvate (100 mM)
2ME (2-Mercaptoethanol)

Lymphoprep density gradient medium
centrifugation

EDTA
PBS 10x
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G-Biosciences
Gibco
Sigma
Gibco
Sigma
Invivogen
Invivogen
Sigma
Corning
Gibco
Gibco

Gibco
Gibco
Gibco
STEMCELL Technologies

Sigma-Aldrich
Corning

786-1215
A1049201
S0130
14190250
L4391
tirl-r848
vac-pova
V1701
10-040-CV
15140122
11140050

26140079
11360070
21985023
07801

E9884
46-013-CM

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Tween 20 Sigma-Aldrich P1379

Carbonate-Bicarbonate Buffer with Azide Sigma-Aldrich 08058

BioUltra, tablet

OPD (o-Phenylenediamine Dihydrochloride) Sigma-Aldrich P8287

TBS 10X, pH 7.4, DNase/RNase and Corning 46-012-CM

protease free

BSA (Bovine Serum Albumin) Sigma-Aldrich A2153

Sulfuric Acid, 99.999% Sigma-Aldrich 339741

Critical commercial assays

Mouse IL-1a ELISA R&D Systems MLAOO

Mouse IL-1b ELISA R&D Systems MLB00C

LEGENDplex™ Mouse Inflammation Panel BioLegend 740446

(13-plex) with V-bottom Plate

LEGENDplex™ Human Inflammation Panel BioLegend 740389

(13-plex) with V-bottom Plate

CyQUANT™ LDH Cytotoxicity Assay Kit Invitrogen C20300

Griess Reagent Kit Invitrogen G7921

Fixation/Permeabilization Kit BD Biosciences 554714

Mouse MDSC Enrichment Kit StemCell Technologies 19762

Mouse Naive CD4* T Cell Isolation Kit StemCell Technologies 19765

Fixable Viability Dye (FVD) eFluor™ 780 Invitrogen 65-0865-14

Zombie Violet™ Fixable Viability Kit BioLegend 423113

CellTrace™ Violet Cell Proliferation Kit, for Invitrogen C34557

flow cytometry

Accu-Chek Guide Meter Accu-check 07562462001

Accu-Chek Guide Test Strips (50 count) Accu-check 07453744119

Experimental models: Organisms/strains

C57BL/6J (H-2°) mice Jackson Laboratory #000664

Balb/C (H-2% mice Jackson Laboratory #000651

OT-Il (B6.Cg-Tg(Terarerb)425cen ) Jackson Laboratory #004194

NLRP3”" (B6.129S6-Nirp3™m 8/ ) Jackson Laboratory #021302

Software and algorithms

LSRFortessa HTS with FACS Diva BD Biosciences v8.0.2

FlowdJo BD Biosciences v10

Graphpad Prism Graphpad v10

Affinity Designer Affinity Designer V1.10.8

Microsoft Word Microsoft

Microsof Excel Microsoft

Fluostar Omega

BMG Labtech

METHOD DETAILS

For the study, 8-10-week-old males and females C57BL/6J (H-2°), Balb/C (H-29), OT-Il (B6.Cg-TgTcraTerb)425Cn; )y and NLRP3™
(B6.129S6-NIrp3™™'E%/J) mice were purchased from Jackson Laboratory. Mice and littermate controls were randomly assigned
to the treated and control groups at the start (the sample size for each group in each experiment was 5). Mice were housed under
controlled conditions (22 + 2C) with a 12-hour light/dark cycle and had ad libitum access to food and water. All animals were kept
under a specific pathogen-free facility at Boston Children’s Hospital. All mouse experimental protocols were approved by the Insti-
tutional Animal Care and Use Committees of Boston Children’s Hospital under protocol number 20-01-4117/00001847.

Human PBMC samples (buffy coat donations) were collected following written informed consent from each donor. The protocols
for sample collection were approved in advance by the local medical ethics committee (IRB-P00038916), in accordance with the

Declaration of Helsinki.
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Drug administration

For adjuvant administration, mice received either saline or alum (8mg in 200 pL) (Thermo Fischer Scientific) intraperitoneally every
other day three times. For IL-1 signaling blockade, KINERET® (Anakinra) was injected intraperitoneally at a dose of 30mg/kg at
time points described in each figure.

Preparation of single-cell suspensions

The mice were euthanized by CO, and spleens were aseptically removed, minced, filtered through a sterile 70 um filter (BD, USA), and
centrifuged to collect a single-cell suspension. Splenocytes underwent red blood cell lysis with RBC lysis using ACK lysis buffer
(ThermoFisher Scientific). Briefly, the cell suspension was centrifuged at 300 x g for 5 minutes at 4°C, and the supernatant was dis-
carded. The pellet was resuspended in freshly prepared RBC lysis buffer (0.15 M ammonium chloride, 10 mM potassium bicarbonate,
0.1 mM EDTA, pH 7.2-7.4) and incubated at room temperature for 5 minutes with occasional gentle mixing. Following incubation, the
reaction was quenched by adding an excess volume of PBS or culture medium, and the cells were centrifuged at 300 x g for 5 mi-
nutes. The supernatant containing lysed RBCs was removed, and the cell pellet was washed twice with PBS before resuspending in
the appropriate medium for downstream applications.

Cell culture

Complete RPMI-1640 medium was prepared by supplementing RPMI-1640 basal medium (Corning) with 10% heat-inactivated fetal
bovine serum (FBS) (Gibco), 2 mM L-glutamine (Gibco), 100 U/mL penicillin (Gibco), and 100 pg/mL streptomycin (Gibco). The me-
dium was filtered through a 0.22 pm filter for sterility and stored at 4°C until use. Before cell culture, the medium was warmed to 37°C
in a water bath.

OVA immunization protocol

Wild-type or NLRP3 deficient mice were adoptively transferred with 5x10° total splenocytes from OT-Il mice intravenously. 24h after
the adoptive transfer, mice were immunized subcutaneously with OVA grade-V (100pg) (Sigma-Aldrich) adsorbed either to Alum Im-
ject (1.5mg), or to Resiquimod (R848) (InvivoGen) (50p.g) in a homologous prime and boost (day 0 and 7) protocol. At day 15 after
priming, mice were euthanized, and spleens were collected for phenotyping and restimulation in vitro with 2pg/mL of OVAp 323-
339 (InvivoGen), and blood was collected for serum OVA-antibody detection. For MDSCs adoptive transfer experiments, 2x10° of
spleen-isolated CD11*GR1* were injected intravenously 24h before the OVA immunization protocol.

Enzyme-linked immunosorbent assay (ELISA)

Blood samples were obtained from mice via cardiac punction he collected blood samples were left to sit overnight at 4°C, followed by
centrifugation the next day to obtain serum samples which were then frozen at —20°C. OVA-specific IgG levels were measured using
an indirect ELISA. Briefly, 96-well EIA/RIA plates (Corning) were coated overnight at 4°C with 100 pL of OVA (50 pg/mL) in carbonate-
bicarbonate buffer (pH 9.6). The plates were then washed three times with PBS-Tween (0.05% Tween-20 in PBS) and blocked with
5% bovine serum albumin (BSA) at room temperature for 1 hour to prevent nonspecific binding. After blocking, serum samples were
diluted in PBS and added to the wells followed by incubation for 2 hours at room temperature. The plates were then washed three
times with PBS-Tween, and HRP-conjugated goat anti-mouse IgG (Sigma Aldrich) was added and incubated for 1 hour. After another
series of three washed with PBS-Tween, the reaction was developed using OPD substrate (o-phenylenediamine dihydrochloride)
(Thermo Fisher Scientific) and stopped with 2N sulfuric acid. Absorbance was measured at 450 nm using a microplate reader,
and IgG titer was defined as the highest serum dilution yielding an optical density (OD) value exceeding the mean OD of negative
control samples plus two standard deviations.

MDSCs enrichment

CD11b*GR1* cells were isolated using negative selection from mouse spleens using the EasySep mouse MDSC (CD11b*Gr1%)isola-
tion kit (StemCell) according to the manufacturer’s protocol. Purity of isolated MDSCs were verified using flow cytometry to be >90%.
Isolated MDSCs were cultured in RPMI 1640 medium (ThermoFisher Scientific) containing 10% fetal bovine serum (Corning),
200pg/mL penicillin (ThermoFisher Scientific), 200 U/mL streptomycin (ThermoFisher Scientific), and 0.05mM 2-mecaptoethanol
(Sigma-Aldrich) for 24h in the presence or not of LPS (200ng/mL) (Sigma-Aldrich cat 297-473-0).

Flow cytometry

The following antibodies were used for surface staining: CD11b (clone: M1/70; Invitrogen), Ly6C (clone: HK1.4; BioLegend), Ly6G
(clone: 1A8; BioLegend), CD3 (clone: 17A2; Invitrogen), CD4 (clone: GK1.5; Invitrogen), TCR Va2 (clone B20.1, Biolegend). program
cell death protein ligand 1 (PD-L1; clone: 10F.9G2; BioLegend). Samples were fixed and permeabilized with Fix/Perm buffer accord-
ing to the manufacturer’s instruction (eBioscience) before intracellular protein staining. The following antibodies were used for intra-
cellular staining: Tbet (clone: 4B10; BioLegend), GATAS (clone: 16E10A23; BioLegend), RORyT (clone: Q31-378; BioLegend), Foxp3
(clone: MF-14; BioLegend), IFN-y (clone: AN-18; BioLegend), IL-4 (clone: 11B11; BioLegend), IL-17A (clone: TC11-18H10.1;
BioLegend), LAP (clone: TW7-16B4; BioLegend). Splenocytes were cultured with GolgiPlug (BD Biosciences) for 48h for intracellular
cytokine detection. Cell viability was determined Fixable Viability Dye eFluor™ 780 (eBioscience™), Zombie Red™ or Zombie
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Aqua™ Fixable Viability (Biolegend). Samples were collected on LSRFortessa HTS with BD FACSDiva v8.0.2 software (BD Biosci-
ences). FlowJo v10 was used for flow data analysis.

CD4 T cell suppression assay

Lymphocyte proliferation was assessed using CellTrace™ Violet (CTV) dye dilution. Briefly, naive CD4 T cells isolated from the spleen
of OT-Il mice were labeled with 5 uM CTV (Thermo Fischer Scientific) by incubating at 37°C for 20 minutes in the dark. The labeling
reaction was quenched by adding complete culture medium supplemented with 10% fetal bovine serum (FBS), followed by washing
with fresh medium. Labeled cells were then added to culture with 10° C57BL/6 total splenocytes and stimulated with 1pg/mL of OVAp
323-339 (InvivoGen) and cultured at 37°C for 72-96 hours. CD11b*GR1™ cells were isolated from alum-treated or saline-treated an-
imals and cultured in different MDSC to T cell ratios (1:1, 1:4, and 1:8) to assess MDSCs suppressor function. After incubation, cells
were harvested and analyzed by flow cytometry. CTV fluorescence intensity was measured in the appropriate channel, with progres-
sive dye dilution indicating successive cell divisions. Data were analyzed using FlowJo software to determine the proliferation index
and percentage of dividing cells.

Western blotting

CD11b*GR1"* cells were isolated using negative selection from mouse spleens using the EasySep mouse MDSC (CD11b*Gr1™)
isolation kit (StemCell) according to the manufacturer’s protocol and resuspended in RIPA lysis buffer (Thermo Fischer Scientific)
containing protease and phosphatase inhibitors (Thermo Fischer Scientific). Total protein was assessed by BCA assay (Thermo
Fischer Scientific). 20ug of total protein was mixed with loading buffer, boiled for 5 minutes at 90°C, and cooled to room temperature.
SDS-PAGE gel electrophoresis was performed in NUPAGE 12% acrylamide gels submerged in tris buffer pH 7.4. Proteins were sepa-
rated at 70V for 10 minutes, followed by 60 mins at 120V. The gel was assembled into a western blot sandwich per manufacturers’
instructions (BioRad), and the MW ladder and samples were transferred to a 0.45um PVDF membrane using a TransBlot Turbo trans-
fer machine (BioRad) at 25V for 7 mins. The resulting western blot was washed in tris buffer and blocked in 3% BSA for 1 hour, fol-
lowed by overnight incubation with primary mouse anti-IDO1 (clone: 2E2/IDO1; BioLegend). The blot was washed with Tris and incu-
bated with secondary goat anti-mouse-HRP (A9044, Sigma Aldrich) for 2 hours at room temperature. The blot was washed in tris and
ECL cocktail (BioRad), applied per the manufacturers’ instructions, and exposed accumulatively for a maximum of five minutes on a
Biorad ChemiDoc for 5 minutes. Images were processed using ImagelLab (BioRad).

Human PBMC isolation for stimulation in vitro

All buffy coat donations were collected following written informed consent from each donor. The protocols for sample collection were
approved in advance by the local medical ethics committee (IRB-P00038916), in accordance with the Declaration of Helsinki. PBMCs
were isolated using Lymphoprep density gradient medium centrifugation (Stemcell Technologies). Blood was diluted in a 1:1 ratio
with PBS 1x, 2% fetal bovine serum, and 4 mM EDTA to prevent cell death and clumping. The diluted blood was carefully layered
on 10 mL of Lymphoprep medium at room temperature in a 50 mL Falcon tube, avoiding mixing. The tube was then placed in a centri-
fuge and spun for 30 minutes at 900xg at 23°C with minimum deceleration. After centrifugation, the cell ring between the upper layer
(plasma) and the lower layer (Lymphoprep) was collected and washed with PBS 1x, 2% fetal bovine serum, and 4 mM EDTA. Red
blood cells were lysed using 10 ml of ACK lysing buffer (Gibco) for 10 minutes at room temperature. The PBMCs were washed again,
resuspended in PBS 1x, 2% fetal bovine serum, and 4 mM EDTA, counted, and kept on ice for further use. Isolated PBMCs were
plated 3x10° in each well of a round bottom 96-well plate and stimulated with Alum Imject™ at 250 or 500ug/mL for 24h for one,
two or three times, and later stimulated with LPS (200ng/mL) for an additional 24h, all in 200uL/well. In between alum stimulations
the supernatant was changed, stored at -80°C, and fresh complete RPMI was added. Cell viability after alum stimulation was as-
sessed by LDH release, measured using CYQUANT™ LDH Cytotoxicity Assay (ThermoFisher Scientific). In order to calculate the
viability, we used controls of 3x10° cells cultured in complete RPMI for 0% cell death, and cells cultured in complete RPMI, but in
the last 30 minutes of culture, the media was replaced by complete RPMI containing Triton X-100 0.1%(Merck) for 100% cell death.
The activity of LDH was measured in the supernatant of the cell cultures according to manufacturer’s instructions. Cell death was
calculated as a percentage of the 100% cell death control.

Cytokine detection

Cytokine release in the supernatant was assessed using LEGENDplex™ Mouse Inflammation Panel 1 (740150; BioLegend) and
LEGENDplex™ Human Inflammation Panel 1 Standard (740811; BioLegend). Serum cytokines were assessed by Mouse IL-1
beta/IL-1F2 DuoSet ELISA (DY40105; R&D Systems™) and Mouse IL-1 alpha/IL-1F1 Quantikine ELISA Kit (MLAOO; R&D Systems™).

Nitric oxide detection

Nitric oxide production by isolated CD11b*Gr1* cells cultured in vitro with or without LPS stimulation (200ng/mL) was assessed by
Griess Reagent Kit (Invitrogen), using the manufacturer instructions. Nitric oxide (NO) production was indirectly measured by quan-
tifying nitrite NO,, levels in cell culture supernatants using the Griess reaction. Briefly, 100 pL of culture supernatant was mixed with an
equal volume of Griess reagent (1% sulfanilamide in 5% phosphoric acid and 0.1% N-(1-naphthyl)ethylenediamine dihydrochloride)
in a 96-well microplate. The reaction was incubated at room temperature for 20 minutes in the dark, allowing color development.
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Absorbance was measured at 540 nm using a microplate reader. A sodium nitrite NaNO, standard curve (0-100 pM) was prepared in
parallel to determine nitrite concentrations in the samples. The results were expressed as pM nitrite, based on interpolation from the
standard curve.

Allogeneic pancreatic islet transplantation

Diabetes was induced in recipient mice (wild-type or NLRP3™) by intraperitoneal injection of streptozotocin (STZ) at a dose of
240 mg/kg (Sigma-Aldrich). Mice with blood glucose levels exceeding (e.g., 300 mg/dL for two consecutive days) were considered
diabetic and selected for transplantation. Donor pancreatic islets were isolated from 8-week-old Balb/c mice using collagenase
digestion and density gradient centrifugation. Briefly, the pancreas was perfused with collagenase solution (Roche), digested at
(87°C for 15 minutes), and purified by density gradient centrifugation. Isolated islets were handpicked under a stereomicroscope
and cultured in complete RPMI-1640 medium at 37°C with 5% CO, before transplantation. For transplantation, 300-500 purified is-
lets were implanted under the kidney capsule of recipient diabetic mice. Mice were anesthetized using isoflurane and a small incision
was made to expose the kidney. Islets were loaded into a Hamilton syringe and gently injected beneath the kidney capsule. The inci-
sion was closed using absorbable sutures or wound clips, and mice were monitored postoperatively. Blood glucose levels were
measured daily to assess graft function. Mice with sustained normoglycemia (e.g., blood glucose <200 mg/dL) were considered suc-
cessfully engrafted.

Allogeneic cutaneous hypersensitivity

To assess allogeneic cutaneous hypersensitivity, C57BL/6 wild-type and NLRP3™" mice were immunized subcutaneously with
20x10° Balb/c splenocytes in 100 pL PB at the dorsal flank. Seven days post-immunization, mice were challenged with 20x108
Balb/c splenocytes injected in 10 uL PBS into the base of the ear pinna. Ear swelling was measured using a digital caliper before
and 2-, 4- and 24-hours after challenge to quantify the delayed-type hypersensitivity (DTH) response. The degree of swelling was
calculated as the difference in ear thickness between pre- and post-challenge measurements. Mice injected with saline alone served
as negative controls.

QUANTIFICATION AND STATISTICAL ANALYSIS
All experiments were repeated at least three times with a minimum number of 5 animals per group (n=5). Statistical analysis was per-
formed using GraphPad Prism version 10. Two-tailed unpaired Student t test was used to calculate differences between experi-

mental animals. One-way analysis of variance was used for multiple comparisons. Graft survival significance was assessed by
Kaplan-Meier/Mantel-Cox log-rank test. P value of <0.05 was considered a statistically significant difference.
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