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SUMMARY
Type 1 diabetes (T1D) is an autoimmune disease characterized by the destruction of pancreatic b cells. We
show here that the protein NOD-like receptor family pyrin domain containing 1 (NLRP1) has a key role in the
pathogenesis of mouse and human T1D. More specifically, downregulation of NLRP1 expression occurs dur-
ing T helper 17 (Th17) differentiation, alongside greater expression of several molecules related to Th17 cell
differentiation in a signal transducers and activators of transcription 3 (STAT3)-dependent pathway. These
changes lead to a consequent increase in interleukin 17 (IL-17) production within the pancreas and higher
incidence of diabetes in streptozotocin (STZ)-injected mice. Finally, in patients with T1D and a SNP
(rs12150220) in NLRP1, there is a robust decrease in IL-17 levels in serum and in memory Th17 cells from pe-
ripheral blood mononuclear cells. Our results demonstrate that NLRP1 acts as a negative regulator of the
Th17 cell polarization program, making it an interesting target for intervention during the early stages of T1D.
INTRODUCTION

Type 1 diabetes (T1D) is a T-cell-mediated disease character-

ized by the autoimmune destruction of insulin-producing

pancreatic b cells (Atkinson et al., 2014; Haller et al., 2018).

The incidence of the disease has increased during the past 30

years (Patterson et al., 2009), which can only be explained by al-

terations in the environment or lifestyle (Rewers and Ludvigs-

son, 2016). In that context, several environmental factors have

been proposed as possible triggers for this disease, such as

viral infections (Filippi and von Herrath, 2008) and alterations

in the composition of the gut microbiota (dysbiosis) (Vaarala,

2008). Thus, a better understanding of the environmental trig-

gers involved in the development of T1D is of extreme impor-

tance to delay or even prevent the onset of the disease. Most

of our knowledge on the pathophysiology of T1D comes from

studies on the adaptive immune response, demonstrating a

pathogenic role for both T helper 1 (Th1) (Arif et al., 2011) and

Th17 (Honkanen et al., 2010) cells. Although studies on the

role of the innate immune response in the development of T1D
This is an open access article under the CC BY-N
are scarce (Herold et al., 2013), macrophages have been identi-

fied in the pancreas of patients with T1D (Uno et al., 2007), and

dendritic cells (DCs) were shown to capture antigens released

by apoptotic b cells and present them to antigen-specific

T cells in the pancreatic lymph nodes (PLNs) (Marleau et al.,

2008). Surprisingly, despite several studies demonstrating the

presence of cells from the innate immune response in the path-

ogenesis of T1D, the mechanisms by which pattern-recognition

receptors (PRRs) are activated in these cells and how they

initiate the autoimmune destruction of the insulin-producing

pancreatic b cells remain poorly understood. Our group and

others have shown that the lack of the NOD-like receptor family

pyrin domain containing 3 (NLRP3), a member of the NOD-like

receptor (NLR) family, protects both nonobese diabetic (NOD)

and streptozotocin (STZ)-injected C57BL/6 mice from devel-

oping diabetes (Carlos et al., 2017; Hu et al., 2015). Toll-like re-

ceptor 2 (TLR2) also has a pathogenic role in the disease,

through the production of proinflammatory cytokines, such as

interleukin-1b (IL-1b), IL-12p70, and nitric oxide (NO) (Kim

et al., 2007). Therefore, it is critical to better understand the
Cell Reports 35, 109176, May 25, 2021 ª 2021 The Authors. 1
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role of PRRs in the context of T1D to pursue new therapeutic

strategies that may prevent the onset of the disease.

The NOD-like receptor family pyrin domain containing 1

(NLRP1) is a member of the NLR family that assembles a com-

plex called inflammasome, which ultimately leads to the cleav-

age of pro-IL-1b and pro-IL-18 into their mature forms through

the oligomerization of apoptosis-associated speck-like protein

(ASC) and consequent activation of caspase-1 in myeloid cells

(Shimada et al., 2012). NLRP1 is expressed by several cell types,

which are mostly hematopoietic. Nonetheless, expression has

also been found within glandular epithelial structures, including

the lining of the small intestine, stomach, and colon (Tye et al.,

2018). Human NLRP1 possesses three paralog genes in mice

(Nlrp1a, Nlrp1b, and Nlrp1c), which, in turn, are extremely poly-

morphic between distinct isogenic strains (Boyden and Dietrich,

2006). These variations between mouse strains in the Nlrp1b lo-

cus seem to be responsible for the different responses observed

after stimulation with the lethal toxin (LT) from Bacillus anthracis,

considering that macrophages from susceptible, but not resis-

tant, mouse strains are capable of activating caspase-1 after

exposure to LT (Boyden and Dietrich, 2006). Nlrp1a, on the other

hand, has been shown to induce pyroptosis in hematopoietic

progenitor cells in a caspase-1-dependent pathway, leading to

a state of immunosuppression in mice with an activating muta-

tion in Nlrp1a (Masters et al., 2012). In addition, Nlrp1a induces

dysbiosis through the production of interferon-g (IFN-g) and IL-

18, aggravating dextran sulfate sodium (DSS)-induced experi-

mental mouse colitis (Tye et al., 2018). Collectively, these data

suggest distinct roles for NLRP1 depending on the pathophysi-

ological context, thus, prompting more studies to better charac-

terize its role in distinct pathologies. In the context of T1D, there

are only a few reports in the literature that relate the presence of

polymorphisms in NLRP1, such as rs12150220, with the devel-

opment of human T1D (Magitta et al., 2009; Tang et al., 2013)

or with protection from diabetic nephropathy in T1D patients

(Soares et al., 2017). However, the importance of this receptor,

as well as the cytokines produced by its activation in the induc-

tion of an inflammatory response and further polarization of the

immune response toward a proinflammatory milieu during T1D

development, has not been investigated. Thus, we aimed to

determine the role of NLRP1 both in an experimental mouse

model and in humans with T1D. Our data provide evidence

that NLRP1 acts as a negative regulator of the Th17 cell pro-

gramming in murine models of T1D through the activation of

Nlrp1b in lymphoid cells and also in humans with T1D. In addi-

tion, NLRP1, through the activation of Nlrp1a, is an important re-

ceptor in maintaining the integrity of the gut epithelial barrier,

thus, dampening the translocation of bacteria from the gut during

STZ-induced T1D and, consequently, delaying the onset of the

disease.

RESULTS

NLRP1 has a protective role in STZ-induced T1D
To investigate the possible role of NLRP1 in T1D, wild-type (WT)

mice, or mice that are deficient for all three paralog genes

(Nlrp1a,b,c�/�, hereafter referred to as NLRP1�/� mice) were in-

jected with five doses of STZ and had their blood glucose levels
2 Cell Reports 35, 109176, May 25, 2021
analyzed at days 10 and 15 after the first dose (Figure 1A). Inter-

estingly, we observed that STZ-injected NLRP1�/� presented

higher glycemia levels at days 10 and 15 compared with STZ-in-

jected WT mice (Figures 1B and 1C, respectively). Although dia-

betes (blood glucose levels greater than 200 mg/dL) initiated

already at day 10 in NLRP1�/� mice, WT mice exhibited an inci-

dence peak only at day 15, thus, suggesting a protective role for

this receptor in the development of STZ-induced T1D. In

addition, histopathological analysis showed an increase in the

inflammatory infiltrate (insulitis) in the pancreatic islets of

NLRP1-deficient mice, compared with WT mice, already at day

10 after STZ injections. Of note, 15 days after the injections, in

which most of both WT and NLRP1�/� mice had become dia-

betic, such differences were lost, and both groups displayed

robust insulitis within the pancreas (Figures 2D and 2E).

NLRP1 restrains the differentiation of IL-17-producing
T cells in the PLNs during STZ-induced T1D onset
To determine whether NLRP1 is involved in the induction of path-

ogenic T cells that contribute to T1D development, the frequency

and absolute numbers of Th1, Tc1, Th17, and Tc17 were

analyzed in the PLNs of WT and NLRP1�/� mice, injected with

vehicle or STZ, at days 10 and 15 after the first dose. Ten days

after the first STZ injection, there were no differences in Th1 or

Tc1 cells between groups (Figure 2A). However, an increase in

both frequency and absolute numbers of Th17 and Tc17 cells

were observed in the PLNs of NLRP1�/� mice injected with

STZ, when compared with their WT counterparts (Figure 2B),

thus, indicating a possible role for IL-17-producing T cells in

the increased susceptibility to STZ-induced T1D by NLRP1�/�

mice. Interestingly, a higher IL-17 percentage was already

observed in NLRP1�/� injected with vehicle solution, indicating

that, in the absence of such receptor, there is already a higher

proportion of Th17 cells in the PLNs at baseline (Figure 2B) Addi-

tionally, an increased production of IL-6, but not IL-12, by DCs

within the PLNs was observed (Figure 2C), which corroborates

the increased Th17 population found in the PLNs.

Interestingly, 15 days after the STZ injections, there was an in-

crease in Th1, Tc1, Th17, and Tc17 cells in the PLNs of STZ-in-

jectedWTmice (Figures S1A and S1B), which reconciles with the

incidence peak of the disease observed in those mice (Fig-

ure 1C). Surprisingly, in STZ-injected NLRP1�/� mice, there

was also the induction of Th1 and Tc1 cells, and the initial in-

crease in IL-17-producing T cells observed at day 10 (Figure 2B)

was lost 15 days after the STZ injections (Figures S1A and S1B).

These data suggest that NLRP1 is important in the regulation of

Th17 and Tc17 cells during the initial stages of STZ-induced T1D.

Considering the intimate relationship between Th17 cells and

regulatory T (Treg) cells mediated by the shared common

signaling pathway of transforming growth factor b (TGF-b)

(Lee, 2018), we also analyzed the presence of Treg cells in

NLRP1�/� mice during STZ-induced T1D to investigate whether

an imbalance in the Treg/Th17 axis was also contributing to the

increased susceptibility of NLRP1-deficient mice to STZ-

induced T1D. As shown in Figure 2D, therewas a downregulation

in the frequency of Treg cells in STZ-injectedNLRP1�/�mice, yet

no differences were found in terms of absolute numbers (Fig-

ure 2D). However, despite the shift in the Treg/Th17 axis toward



Figure 1. NLRP1 has a protective role in STZ-induced T1D

(A) WT and NLRP1�/� mice were injected with five doses of STZ (40 mg/kg/day) or vehicle solution (control).

(B and C) Blood glucose levels were determined at days 10 (B) and 15 (C) after the STZ injections.

(D and E) Their pancreata were collected and stainedwith hematoxylin and eosin (H&E) for histopathological analysis 10 (top panel) or 15 (bottom panel) days after

the STZ injections and also for the analysis of insulitis.

The results are a compilation of three independent experiments and are expressed as the means ± SEM. *p % 0.05 was considered statistically significant.
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a proinflammatory phenotype, we believe that Treg cells alone

are not involved in the increased susceptibility of NLRP1�/�

mice to STZ-induced T1D. Finally, to further confirm the impor-

tance of the increased numbers of Th17 cells in the PLNs to

the T1D outcome, WT and NLRP1�/� mice were injected with

a neutralizing anti-IL17A antibody in the beginning of the STZ

regime (Figure 2E). Surprisingly, the blockade of IL-17 was

able not only to rescue mice from developing hyperglycemia in

both WT and NLRP1�/� mice (blood glucose levels greater

than 200 mg/dL) but also to abrogate the difference in blood

glucose levels betweenWT andNLRP1�/� reported in Figure 1C.

Overall, these data indicate that the increased susceptibility of

NLRP1-deficient mice to STZ-induced T1D is Th17-cell

dependent.

Next, levels of proinflammatory cytokines in the pancreas,

which is the target organ of the disease, were determined in

those mice. Both IL-17 and IFN-g were intimately related with

the destruction of the insulin-producing b cells, with a conse-

quent state of hyperglycemia. As demonstrated in Figure 3A,

there is a strong positive correlation between IFN-g and IL-17

levels in the pancreas and the blood glucose levels of WT in-

jected with STZ. As expected, no differences were found in

IFN-g levels in the pancreas at days 10 and 15 of either WT or

NLRP1�/� mice injected with STZ (Figures 3B and 3C, respec-

tively). Surprisingly, there were no differences in IL-17 levels at

day 10 (Figure 3B). However, when STZ-injected NLRP1�/�

mice at 10 days were divided into mice that had already become

diabetic (red circles) and non-diabetic mice (black circles), a sta-

tistical difference in IL-17 levels between diabetic NLRP1�/�

mice and STZ-injected WT mice was observed, thus, corrobo-
rating a pathogenic role for IL-17 in the destruction of the pancre-

atic b cells (Figure 3B). Of note, no statistical differences were

observed in IFN-g levels when the same division (diabetic versus

non-diabetic STZ-injected NLRP1�/�mice) was performed (data

not shown). Even though there was an increase in IL-17 levels in

the pancreatic tissue at day 10 (levels ranged from�3 to�6 ng/g

in both groups), no differences were found between NLRP1�/�

and WT mice at 15 days after the STZ injections, corroborating

the data from the PLNs (Figure 3C). Collectively, these data sug-

gest a protective role for NLRP1 in STZ-induced T1D through the

negative regulation of IL-17 expression during the early stages of

the disease.

Considering that Nlrp1a–c genes are highly polymorphic be-

tween distinct isogenic strains (Boyden and Dietrich, 2006), their

expression in NOD mice was also analyzed. Interestingly, we

observed an increase in both Nlrp1a and Nlrp1b levels in the

pancreas of NOD mice during later stages of the disease

because a statistical difference was only observed at the 20th

week (Figure 3D). Surprisingly, the il17 gene was also expressed,

however, at earlier stages of the disease (10th week). At the peak

of Nlrp1a and Nlrp1b gene expression, IL-17 levels (both RNA

and protein) returned to baseline, which suggest a similar mech-

anism of NLRP1 downregulating IL-17 expression in both STZ-

induced T1D and NOD mice.

The gut microbiota contributes to increased T1D
susceptibility, but not to increased IL-17 levels, in
NLRP1-deficient mice
Our group has recently shown that gut microbiota translocation

to the PLNs is of extreme importance to the development of
Cell Reports 35, 109176, May 25, 2021 3



Figure 2. NLRP1 inhibits Th17 cells during the early stages of STZ-induced T1D

(A–C) WT and NLRP1�/� mice were injected with five doses of STZ (40 mg/kg/day) or vehicle solution (control). These animals were then sacrificed, and the

pancreatic lymph nodes (PLNs) were collected at day 10 for the analysis of the frequency and absolute numbers of Th1 (CD4+IFN-g+), Tc1 (CD8+IFN-g+), Th17

(CD4+IL-17+), Tc17 (CD8+IL-17+) (A and B), and IL-6- and IL-12-producing dendritic cells (C) by flow cytometry.

(D) Alternatively, STZ-injected WT and NLRP1�/� mice were sacrificed 15 days after the STZ injections, and the PLNs were collected for the analysis of the

frequency and absolute numbers of Treg (CD4+Foxp3+) cells.

(E) In another set of experiments, WT and NLRP1�/� mice were injected with five doses of STZ (40 mg/kg/day). On the first day of the STZ injections, mice were

also injected with a neutralizing anti-IL-17A antibody or an isotype control. Blood glucose levels were determined 15 days after the STZ injections.

The results are representative of at least two independent experiments and are expressed as themeans ±SEM. *p% 0.05 was considered statistically significant.
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STZ-induced T1D (Costa et al., 2016). Thus, we hypothesized that

the increase in Th17 cells, and consequent increment in the sus-

ceptibility of NLRP1�/� mice to develop STZ-induced T1D, could

be attributed to a higher translocation of bacteria from the gut to

the PLNs. Thus, the presence of bacteria in the PLNs of WT and

NLRP1�/� mice treated with vehicle or STZ was determined.

Interestingly, both naive and STZ-injected NLRP1�/� mice pre-

sented higher levels of gut bacteria translocation to the PLNs at

10 and 15 days after the STZ injections when compared with

that of WT mice (injected with vehicle or STZ), thus, suggesting

a possible role for NLRP1 in the integrity of the gut-epithelial bar-

rier (Figure S2A). The expression of Nlrp1a and Nlrp1b genes in

the ileum of naive and STZ-injected WT mice was also analyzed.

An increase in Nlrp1a, but not Nlrp1b, expression was observed

during the development of the disease (Figure S2B), which cor-

roborates the work of Tye et al. (2018) showing a more prominent

role for Nlrp1a within the intestinal tissue.

To further confirm that the gut microbiota is involved in the

increased susceptibility of NLRP1�/� mice to STZ-induced

T1D, mice were treated with a cocktail of antibiotics (Abx) for

3 weeks to reduce the number of bacteria present in the gastro-

intestinal tract. Then, they were injected with five doses of STZ

(Figure S2C). Alternatively, another group of NLRP1�/� mice
4 Cell Reports 35, 109176, May 25, 2021
was submitted to the Abx treatment, but, after the Abx treatment,

they were also transplanted with feces from WT mice

(NLRP1�/�[WT] group). Ten days after the fecal transplantation,

which is the necessary time period for the bacteria to colonize

the intestinal tract, mice were injected with STZ (Figure S2C).

Surprisingly, the treatment with the Abx cocktail inhibited the

development of STZ-induced T1D in NLRP1-deficient mice,

making them fully resistant to the disease (Figure S2D). In addi-

tion, even harboring a different gut microbiota composition

(NLRP1�/�[WT] group), these fecal-transplanted NLRP1�/�

mice also developed the disease, with greater incidence,

when compared with that of WT mice. Collectively, these data

suggest that augmented bacterial translocation to the PLNs of

NLRP1�/� mice is involved in the increased susceptibility to

STZ-induced T1D.

Lastly, we analyzed whether the gut microbiota is intimately

related to the increased Th17 levels presented by NLRP1�/� mice

injected with STZ. Interestingly, NLRP1�/� mice submitted to the

Abxcocktail regimenand injectedwithSTZpresented similar levels

of Th17 cells when compared with STZ-injected NLRP1�/� mice

that were not treated with Abx (Figure S2E). These data indicate

that the gut microbiota is not responsible for the increased levels

of Th17 cells displayed by STZ-injected NLRP1�/� mice.



Figure 3. NLRP1 is also associated with dia-

betes development in NOD mice

(A) WT mice were injected with five doses of STZ

(40 mg/kg/day) or vehicle solution (control). Blood

glucose levels were analyzed, and pancreata

collected at days 10 and 15 for the analysis of cyto-

kine production by ELISA. Glycemia from both WT

and NLRP1�/� was correlated with the production of

IFN-g and IL-17.

(B and C) Cytokine production at days 10 (B) and 15

(C) after STZ injections are shown.

(D and E) Alternatively, NOD mice were sacrificed at

4, 10, or 20 weeks of age, and the pancreata was

collected for the analysis of Nlrp1a, Nlrp1b, Ifng, and

Il17mRNA expression by RT-PCR (D) or IL-17 protein

expression by ELISA (E).

The results are representative of at least two inde-

pendent experiments and are expressed as the

means ± SEM. *p% 0.05, **p% 0.005, ***p% 0.001.
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Activation of the inflammasome machinery is not
involved in the increased susceptibility of NLRP1�/�

mice to STZ-induced T1D
Innate immune receptors are also expressed by T cells, and

those receptors have an important role in the differentiation of

naive T cells toward different Th subtypes (Arbore et al., 2016;

Bruchard et al., 2015; Chen et al., 2009). Thus, we hypothesized

that NLRP1 is expressed by T cells and inhibits their differentia-

tion to Th17 cells, which could explain their increase in the PLNs

in the absence of the receptor. Thus, the expression of Nlrp1a

and Nlrp1b in lymphoid (CD3+), myeloid (CD11b+), and other

cellular subtype (CD3�CD11b�) cells in mice that were injected

or not with STZ, was analyzed (Figures S3A and S3B). Surpris-

ingly, in contrast to what was observed in the ileum, in which

Nlrp1a is expressed during diabetes development (Figure 5B),

the levels of Nlrp1a expression remained unaltered (Figure S3A).

Interestingly, Nlrp1b was highly expressed, already by day 7 in

lymphoid cells, and its expression was maintained throughout

the analyzed period (Figure S3B). Nlrp1b was also expressed

in myeloid cells at day 10, indicating possible activation of the in-

flammasome through the NLRP1 receptor.

Next, to further validate or exclude the hypothesis that the in-

flammasome machinery is associated with increased Th17 cells

in the absence of NLRP1, several molecules associated with the

inflammasome were determined. For that, WT and NLRP1�/�

mice, injected with vehicle or STZ, were sacrificed 10 or

15 days after vehicle/STZ administration, and their pancreata

were collected to analyze cytokine production. In the absence

of NLRP1, there was a decrease in the production of cytokines
linked to the inflammasome platform, such

as IL-1b and IL-18 (Figure S3C). Such a

decrease occurred at day 10, but not at

day 15 (Figure S3D), which reconciles with

the expression of Nlrp1b in myeloid cells

(Figure S3B). The production of IL-1a, a

cytokine that does not require cleavage by

caspase-1 and is found in its mature form,

was also determined. As expected, no dif-
ferences were found in IL-1a levels 10 or 15 days after STZ injec-

tions (Figures S3C and S3D). These data suggest that, even in

the absence of proinflammatory cytokines, such as IL-1b and

IL-18, NLRP1�/� mice are still capable of producing a potent

Th17 cell immune response, which, in turn, contributes to the

early manifestation of STZ-induced T1D in these mice.

Then, to exclude the possibility that the NLRP1 inflammasome

is related to the increased susceptibility of NLRP1�/� mice to

STZ-induced T1D, STZ was injected in mice that lack crucial

molecules for the assembly of the inflammasome complex,

such as caspase-1, caspase-11, ASC, and IL-1R (Figure S3E).

Corroborating our hypothesis, none of those animals presented

the same phenotype as NLRP1�/� mice. In fact, mice lacking

ASC and IL-1R were actually resistant to STZ-induced T1D.

Collectively, these data indicate that the activation of the inflam-

masome machinery by the NLRP1 receptor does not protect

mice from the development of STZ-induced T1D.

Inhibition of NLRP1 in lymphocytes is essential for the
induction of Th17 cells in vitro and in vivo

Considering that a robust expression of Nlrp1b in lymphoid cells

was observed (Figure S3B), our next step was to investigate

whether there is a correlation between the expression of Nlrp1b

and the production of IL-17. Therefore, naive CD4+ T cells were

isolated from the lymph nodes and spleen of WT mice and were

differentiated toward a Th17 phenotype with polarizing cyto-

kines. Surprisingly, a robust decrease inNlrp1b gene expression

and NLRP1 protein levels occurred during the differentiation of

Th17 cells, thus indicating that NLRP1 inhibition is necessary
Cell Reports 35, 109176, May 25, 2021 5



Figure 4. NLRP1 inhibition is essential for the induction of a Th17 cell immune response

(A and B) Naive CD4+ T cells isolated from the spleen and lymph nodes were activated with anti-CD3 and anti-CD28 and were further stimulated in vitrowith TGF-

b, IL-6, IL-23, and IL-1b for the differentiation into Th17 cells. Subsequently, the gene relative expression ofNlrp1b (A),Rorc,Rora,Stat3, Il1r1, Il23r, Il17a, and Il22

(B) was analyzed by RT-PCR and protein levels of NLRP1 were assessed by western blot (B).

(C) In another set of experiments, naive CD4+ T cells fromWT and NLRP1�/�mice were isolated from the spleen and lymph nodes and were then stimulated with

IL-6 for 30 min. Then, cells were collected and analyzed for phosphorylation levels of STAT3 (pY705) by flow cytometry.

(legend continued on next page)
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for the acquisition of a Th17 phenotype (Figure 4A). Next, naive

CD4+ T cells were isolated from WT or NLRP1�/� mice and

were differentiated into Th17 cells in vitro (Figure 4B). They

were then analyzed for expression of molecules associated

with the Th17 phenotype. Notably, in the absence of NLRP1 dur-

ing the differentiation of Th17 cells, there was a robust increase

in Rorc, Rora, Stat3, Il23r, Il17a, and Il22 gene expression (Fig-

ure 4B), confirming that NLRP1 represses the expression of

several molecules that are crucial for the acquisition of a Th17

phenotype.

Considering that signal transducers and activators of tran-

scription 3 (STAT3) was increased in NLRP1�/� cells during

the differentiation of Th17 cells and that such a molecule has

a pivotal role in IL-6-mediated Th17 cell differentiation (Yang

et al., 2007), we also analyzed whether NLRP1 could interfere

with such interaction. Thus, CD4+ T cells from WT or NLRP1�/�

mice were stimulated with IL-6 and analyzed for pSTAT3

(Y705). Surprisingly, in the absence of NLRP1, there was a

robust increase in the phosphorylation of STAT3 when

compared with that of WT cells, thus indicating that NLRP1

negatively regulates Th17 cell differentiation through STAT3

phosphorylation (Figure 4C). Finally, protein levels of IL-17

and RORgt were analyzed by either ELISA or flow cytometry.

As expected, there was a robust increase in the frequency of

CD4+IL-17+ (Figure 4D) and CD4+IL-17+Rorgt+ T (Figure 4E)

cells, as well as in IL-17 protein levels in the supernatant of

NLRP1�/� cells compared with that of WT cells (Figure 4F).

Increased expression of RORgt was also observed (Figure 4G),

suggesting that increased IL-17 production in the absence of

NLRP1 may be attributed to a positive regulation of the

Th17’s master regulator, RORgt. To further assess the impor-

tance of NLRP1 in inhibiting the differentiation of Th17 cells,

in vivo experiments were also performed. Isolated CD4+

T cells from WT or NLRP1�/� mice were adoptively transferred

to Rag1�/� mice. Subsequently, those mice were injected with

five doses of STZ and were sacrificed 10 days later to analyze

the presence of Th17 cells in the PLNs (Figures 4H and 4I). An

increased frequency of Th17 cells was observed in Rag1�/�

mice transferred with NLRP1�/� cells when compared with

that of Rag1�/� mice harboring WT cells (Figure 4J), which

also corroborates our in vitro findings. Overall, these data indi-

cate that NLRP1 acts as a negative regulator of Th17 cell differ-

entiation by controlling the STAT3-RORgt axis.

NLRP1 is also a negative regulator of Th17 cells in
humans with T1D
Finally, in an attempt to translate these findings to patients with

T1D, we questioned whether the human receptor functions simi-

larly to mouse Nlrp1b. For that, the single-nucleotide polymor-

phism (SNP) rs12150220 A>T was selected to perform a geno-
(D, E, and G) Alternatively, isolated CD4+T cells fromWT and NLRP1�/� mice wer

cells, as well as the mean fluorescence index (MFI) of RORgt.

(F) Protein levels of IL-17 in the supernatant were measured by ELISA.

(H) Alternatively, isolated, naive T cells from WT and NLRP1�/� were adoptively

(I and J) These animals were then injected with five doses of STZ, sacrificed at da

cytometry.

The results are representative of at least two independent experiments and are e
type-guided assay with peripheral blood mononuclear cells

(PBMCs) isolated from patients with T1D. This variant corre-

sponds to a leucine-to-histidine amino acid change at position

155 (Leu155His) of the NLRP1 receptor (Levandowski et al.,

2013) and has been extensively associated with several autoim-

mune diseases, including T1D (Magitta et al., 2009; Soares et al.,

2017; Tang et al., 2013).

The SNP was genotyped in a cohort of patients with T1D (n =

79). The genotype distribution of rs12150220 A>T variant, as well

as themain characteristics of the T1D cohort, is reported in Table

S1. NLRP1 expression in PBMCs, lymphocytes subpopulations,

and lymphocyte cytokine production were determined and

compared between patients with T1D carrying the SNP

(rs12150220) or not (WT), according to a recessive model of in-

heritance (T/T versus A/A + A/T).

As observed in Figure 5A, there was no difference in NLRP1

expression between carriers of polymorphic homozygote T/T

and the WT group, which reconciles with the work from Levan-

dowski et al. (2013), showing that such SNP in NLRP1 is not

associated with differences in mRNA expression. The frequency

of CD3+ T cells and CD4+ T cells was then determined, and

again, no statistical differences were found between the

rs12150220 and WT groups (Figures 5B and 5C, respectively).

Lastly, the frequency of Th1 and Th17 cells was analyzed. No dif-

ferences were found in Th1 cells between the two groups (Fig-

ure 5D). A tendency, without statistical significance, toward a

decrease in Th17 cell population was found in patients harboring

the mutation (Figure 5E).

Considering that most of our cohort had displayed the disease

for more than 15 years (Table S1), we hypothesized that most of

the effector autoreactive response was found within the memory

compartment, as previously reported (Spanier et al., 2017). Thus,

we determined the frequency of IFN-g- and IL-17-producing

memory (CD45RO+CD45RA�) T cells in PBMCs from WT and

rs12150220 T1D patients. Surprisingly, a robust decrease in

memory Th17 cells was found in patients carrying the

rs12150220 variant in homozygosis, whereas no differences

were found in Th1 cells (Figures 5F and 5G, respectively). In addi-

tion, the production of IL-17 and IFN-g in the serum of those pa-

tients was analyzed. Corroborating the cytometry data, a robust

decline in the production of IL-17, but not in IFN-g production,

was observed in the rs12150220 group.

The present study demonstrates that the polymorphism

rs12150220, in addition to its previously described effect on IL-

1b production (Levandowski et al., 2013), is associated with

lower levels of Th17 cells in patients with T1D. Considering

that this NLRP1 variant has been associated with increased in-

flammasome activation (Levandowski et al., 2013), these find-

ings support the hypothesis of a negative effect of NLRP1 inflam-

masome activation on Th17 lymphocytes.
e polarized in vitro into Th17 cells and were analyzed for the frequency of Th17

transferred to Rag1�/� mice.

y 10, and the PLNs were used to determine the frequency of Th17 cells by flow

xpressed as the means ± SEM. *p % 0.05, **p % 0.005, ***p % 0.0005.
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Figure 5. NLRP1 activation is also linked to

decreased Th17 cells in humans with T1D

(A–G) Blood from patients with T1D harboring, or not

harboring, the mutation in NLRP1 rs12150220 was

collected for the isolation of PBMCs. mRNA expres-

sion of Nlrp1 by RT-PCR (A), and the frequency of

CD3+ T (B), CD4+ T (C), Th1 (CD3+CD4+IFN-g+) (D),

Th17 (CD3+CD4+IL-17+) (E), memory Th17 (CD3+

CD45RO+CD45RA�CD4+IL-17+) (F), and memory

Th1 (CD3+CD45RO+CD45RA�CD4+IFN-g+) (G) cells,

by flow cytometry was then determined.

(Hand I)Alternatively, seracollected from thepatients

were used for the analysis of IFN-g (H) and IL-17 (I)

production by ELISA.

The results are expressed as themeans± SEM. *p%

0.05, **p% 0.005.
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DISCUSSION

The pathogenic role of T cells in T1D is well documented (re-

viewed by Walker and von Herrath, 2016). However, the role of

the innate immune response in the pathogenesis of the disease

remains elusive. In this context, NOD mice deficient for TLR2

(Kim et al., 2007), but not the STZ mouse model (Devaraj et al.,

2011), are resistant to T1D development. In addition, our

research group has recently demonstrated that the innate im-

mune sensors NLRP3 (Carlos et al., 2017) and NOD2 (Costa

et al., 2016) have a detrimental role in the development of STZ-

induced T1D, which was also confirmed in NOD mice (Hu

et al., 2015; Li et al., 2017), even though those receptors signal

differently in those two mouse models of diabetes. The present

study demonstrates that the innate immune receptor NLRP1

has a protective role in T1D, considering that, in the absence

of the receptor, mice injected with STZ become more suscepti-

ble to the disease, displaying a more robust inflammatory infil-

trate within the pancreatic islets, which is correlated with an

increased adaptive immune response or, more specifically,

with increased IL-17-producing T lymphocytes in the PLNs and

in the pancreatic tissue.

The role of IL-17 in T1D remains controversial. Silencing of IL-

17 does not protect NOD mice from the development of the dis-

ease (Joseph et al., 2012). On the other hand, a pathogenic role

for this cytokine in T1D has been demonstrated. For instance,

blockade with a monoclonal antibody anti-IL-17 in the effector

phase of the disease (10 weeks of age) prevents the onset of

T1D in NOD mice (Emamaullee et al., 2009). In the STZ mouse

model, similar findings were reported, thus, corroborating a path-

ogenic role for IL-17 in T1D (Costa et al., 2016; Yaochite et al.,

2013). In humans, increased IL-17 production in the serum of pa-

tients with T1Dwas reported (Ferraro et al., 2011), which also rec-

onciles with murine data. In agreement with both mouse models

and humans with T1D, we demonstrate that increased IL-17 in

the earlier stages of the disease is intimately related to a higher

susceptibility to T1D. Interestingly, within the same group

(NLRP1�/�mice injectedwith STZ), animals that displayed hyper-

glycemia had higher levels of IL-17, whereas those that did not
8 Cell Reports 35, 109176, May 25, 2021
develop diabetes exhibited normal levels of the cytokine. In addi-

tion, a robust positive correlation between increased IL-17-pro-

ducing T cells (Th17 and Tc17) and inflammatory infiltrates, as

well as blood glucose levels, was displayed by NLRP1�/� mice.

Our next step was to investigate what was causing the in-

crease in IL-17 in mice lacking NLRP1. Our research group has

recently shown that the gut microbiota has a critical role in the

development of STZ-induced T1D, through bacteria transloca-

tion to the PLNs, which, in turn, activates myeloid cells via

NOD2, leading to a proinflammatory immune response

(increased Th1 and Th17 cells) (Costa et al., 2016). Thus, we

questioned whether the gut microbiota was responsible for the

induction of Th17 cells in the absence of the NLRP1 receptor.

Surprisingly, mice deficient for NLRP1 exhibited an increased

bacterial translocation to the PLNs. The presence of bacteria

(aerobic and anaerobic) was observed even in naive NLRP1�/�

mice, suggesting a possible role of this receptor in the integrity

of the intestinal epithelial barrier. In this context, other receptors

from the NLR family, such as NLRP6 and NLRP12, are important

for both the profile of the gut microbiota and the integrity of the

intestinal epithelial barrier (Chen, 2014; Elinav et al., 2011; Wlo-

darska et al., 2014). In addition, increased NLRP1 in the colon

from patients with ulcerative colitis (Williams et al., 2015) and a

protective role of NLRP1, possibly throughNlrp1a, in dextran so-

dium sulfate (DSS)-induced colitis (Tye et al., 2018) have been re-

ported. Interestingly, diabetic WT mice (that presented lower

bacterial translocation toward the PLNs compared with diabetic

NLRP1�/� mice) exhibited increased Nlrp1a, but not Nlrp1b,

expression in the ileum, thus, indicating different roles for the

NLRP1 paralog genes in the context of STZ-induced T1D and

suggesting that Nlrp1a may have an important role in the main-

tenance of the gut epithelial barrier. However, to our surprise,

even after the administration of a cocktail of Abx to deplete the

gut microbiota of NLRP1�/� mice, there was still an increase in

Th17 cells in the PLNs, indicating that the driving mechanism

is not the translocation of bacteria from the gut to the PLNs.

Recent studies have shown that innate immune receptors,

such as TLR2, NOD2, and NLRP3 are expressed and functional

in lymphocytes, thus, contributing to their differentiation into
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distinct Th subtypes (Arbore et al., 2016; Bruchard et al., 2015;

Reynolds et al., 2010). Therefore, we hypothesized that NLRP1

also specifically influences lymphoid-cell differentiation. Thus,

we investigated the expression of Nlrp1a and Nlrp1b in both

lymphoid and myeloid cells. Surprisingly, during the develop-

ment of STZ-induced T1D, there was an increase in Nlrp1b,

but not Nlrp1a, not only in lymphoid but also in myeloid cells,

which is suggestive of a possible role of Nlrp1b in the activation

of the inflammasome complex in myeloid cells, as well as in the

differentiation of lymphocytes into distinct Th subtypes. Howev-

er, even though there was a decrease in IL-1b in the absence of

NLRP1, which is an important cytokine for the induction of Th17

cells, the increased susceptibility to STZ-induced T1D of

NLRP1�/� mice was not observed in STZ-injected mice that

lack important molecules for the assembly of the inflammasome

complex, such as caspase-1/11, ASC, and IL-1R. These data

suggest that the increase in Th17 cells in NLRP1-deficient

mice does not rely on the inflammasome machinery. Subse-

quently, the role of NLRP1 specifically in T cells was analyzed,

both in vitro and in vivo. Remarkably, in the absence of NLRP1,

there was an increase in RORgt expression and, consequently,

in Th17 cells, suggesting that NLRP1 in T cells is a negative regu-

lator of the Th17-cell-polarization program.

Lastly, through a genotype-guided assay, we demonstrated

that the SNP rs12150220 A>T in NLRP1 is significantly associ-

ated to reduced levels of Th17 cells and IL-17 in patients with

T1D. This polymorphism has been previously associated to

T1D in different populations (Magitta et al., 2009; Tang et al.,

2013; Zurawek et al., 2010), although the exact mechanism still

remains elusive. (Levandowski et al., 2013) demonstrated the ef-

fect of rs12150220 on IL-1b production in PBMCs. However, no

other functional effects have yet been postulated for that variant.

Intriguingly, both IL-17 and NLRP1 genetics are involved in the

pathogenesis of several autoimmune diseases, even though a

cause-effect relationship has not been established. These re-

sults, in agreement with our experimental model of T1D, suggest

that human NLRP1, similar to mouse Nlrp1b, is a negative regu-

lator of Th17 cells.

In conclusion, our study demonstrates that NLRP1 acts as a

negative regulator of Th17-cell-polarization programming,

possibly through the expression of Nlrp1b in lymphoid cells;

NLRP1 is also important for the integrity of the gut epithelial bar-

rier, possibly through the expression of Nlrp1a. Both function

synergistically to prevent the induction of Th17 cells in the early

stages of STZ-induced T1D, thus, protecting from the develop-

ment of the disease. Likewise, a genetically determined,

increased constitutive NLRP1 activation in patients with T1D

also correlates with decreased Th17 cell immune response,

demonstrating that murine and human NLRP1 display similar

features, making it a putative target for intervention during the

early stages of the disease.
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Costa, F.R.C., Françozo, M.C.S., de Oliveira, G.G., Ignacio, A., Castoldi, A.,
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Giannella-Neto, D., Corrêa-Giannella, M.L., and Pontillo, A. (2017). Gain-of-

function variants in NLRP1 protect against the development of diabetic kidney

disease: NLRP1 inflammasome role in metabolic stress sensing? Clin. Immu-

nol. 187, 46–49.

Spanier, J.A., Sahli, N.L., Wilson, J.C., Martinov, T., Dileepan, T., Burrack, A.L.,

Finger, E.B., Blazar, B.R., Michels, A.W., Moran, A., et al. (2017). Increased

effector memory insulin-specific CD4+ T cells correlate with insulin autoanti-

bodies in patients with recent-onset type 1 diabetes 66, 3051–3060.

Sutterwala, F.S., Ogura, Y., Szczepanik, M., Lara-Tejero, M., Lichtenberger,

G.S., Grant, E.P., Bertin, J., Coyle, A.J., Galán, J.E., Askenase, P.W., et al.

(2006). Critical role for NALP3/CIAS1/cryopyrin in innate and adaptive immu-

nity through its regulation of caspase-1. Immunity 24, 317–327.

Tang, L., Wang, L., Liao, Q., Wang, Q., Xu, L., Bu, S., Huang, Y., Zhang, C., Ye,

H., Xu, X., et al. (2013). Genetic associations with diabetes: meta-analyses of

10 candidate polymorphisms. PLoS ONE 8, e70301.

Tye, H., Yu, C.H., Simms, L.A., de Zoete, M.R., Kim, M.L., Zakrzewski, M.,

Penington, J.S., Harapas, C.R., Souza-Fonseca-Guimaraes, F., Wockner,

L.F., et al. (2018). NLRP1 restricts butyrate producing commensals to exacer-

bate inflammatory bowel disease. Nat. Commun. 9, 3728.

Uno, S., Imagawa, A., Okita, K., Sayama, K., Moriwaki, M., Iwahashi, H.,

Yamagata, K., Tamura, S., Matsuzawa, Y., Hanafusa, T., et al. (2007).



Article
ll

OPEN ACCESS
Macrophages and dendritic cells infiltrating islets with or without beta cells

produce tumour necrosis factor-alpha in patients with recent-onset type 1 dia-

betes. Diabetologia 50, 596–601.

Vaarala, O. (2008). Leaking gut in type 1 diabetes. Curr. Opin. Gastroenterol.

24, 701–706.

Walker, L.S.K., and von Herrath, M. (2016). CD4 T cell differentiation in type 1

diabetes. Clin. Exp. Immunol. 1, 16–29.

Williams, T.M., Leeth, R.A., Rothschild, D.E., Coutermarsh-Ott, S.L., McDa-

niel, D.K., Simmons, A.E., Heid, B., Cecere, T.E., and Allen, I.C. (2015). The

NLRP1 inflammasome attenuates colitis and colitis-associated tumorigenesis.

J. Immunol. 194, 3369–3380.

Wlodarska, M., Thaiss, C.A., Nowarski, R., Henao-Mejia, J., Zhang, J.P.,

Brown, E.M., Frankel, G., Levy, M., Katz, M.N., Philbrick, W.M., et al. (2014).
NLRP6 inflammasome orchestrates the colonic host-microbial interface by

regulating goblet cell mucus secretion. Cell 156, 1045–1059.

Yang, X.O., Panopoulos, A.D., Nurieva, R., Chang, S.H., Wang, D., Watowich,

S.S., and Dong, C. (2007). STAT3 regulates cytokine-mediated generation of

inflammatory helper T cells. J. Biol. Chem. 282, 9358–9363.

Yaochite, J.N., Caliari-Oliveira, C., Davanso, M.R., Carlos, D., Malmegrim,

K.C., Cardoso, C.R., Ramalho, L.N., Palma, P.V., da Silva, J.S., Cunha, F.Q.,

et al. (2013). Dynamic changes of the Th17/Tc17 and regulatory T cell popula-

tions interfere in the experimental autoimmune diabetes pathogenesis. Immu-

nobiology 218, 338–352.

Zurawek, M., Fichna, M., Januszkiewicz-Lewandowska, D., Gryczy�nska,

M., Fichna, P., and Nowak, J. (2010). A coding variant in NLRP1 is

associated with autoimmune Addison’s disease. Hum. Immunol. 71,

530–534.
Cell Reports 35, 109176, May 25, 2021 11



Article
ll

OPEN ACCESS
STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rat anti-mouse IL-17A – PE (clone TC11-18H10) BD Biosciences Cat #559502; RRID:AB_397256

Rat anti-mouse IL-17A – V450 (clone TC11-18H10) BD Biosciences Cat #560522; RRID:AB_1727540

Mouse anti-human IL-17A – BV421

(clone N49-653)

BD Biosciences Cat #562933; RRID:AB_2737902

Rat anti-mouse Foxp3 – PE (clone MF23) BD Biosciences Cat #560408; RRID:AB_1645251

Rat anti-mouse IFNg – PE-Cy7 (clone XMG1.2) BD Biosciences Cat #557649; RRID:AB_396766

Rat anti-mouse IFNg – APC (clone XMG1.2) BD Biosciences Cat #554413; RRID:AB_398551

Mouse anti-human IFNg – BV605 (clone B27) BD Biosciences Cat #562974; RRID:AB_2737926

Rat anti-mouse CD4 – PerCP-Cy 5.5 (clone RM4-5) BD Biosciences Cat #550954; RRID:AB_393977

Mouse anti-human CD4 – FITC (clone RPA-T4) Cat #555346; RRID:AB_395751

Hamster anti-mouseCD3e – APC (clone 145-2C11) BD Biosciences Cat #553066; RRID:AB_398529

Hamster anti-mouse CD3e – FITC

(clone 145-2C11)

BD Biosciences Cat #553062; RRID:AB_394595

Hamster anti-mouse CD3e – APC-Cy7

(clone 145-2C11)

BD Biosciences Cat #557596; RRID:AB_396759

Mouse anti-human CD3 – PE-Cy7 (clone UCHT1) BD Biosciences Cat #563423; RRID:AB_2738196

Rat anti-mouse CD8a – FITC (clone 53-6.7) BD Biosciences Cat #553031; RRID:AB_394569

Rat anti-mouse CD8a – BV605 (clone 53-6.7) BD Biosciences Cat #563152; RRID:AB_2738030

Mouse anti-human CD8 – APC-Cy7 (clone SK1) BD Biosciences Cat #557834; RRID:AB_396892

Rat anti-mouse CD11b – APC-Cy7 (clone M1/70) BD Biosciences Cat #557657; RRID:AB_396772

Hamster anti-mouse CD11c – PE-Cy7 (clone HL3) BD Biosciences Cat #558079; RRID:AB_647251

Mouse anti-human CD45RO – PE (clone UCHL1) BD Biosciences Cat #555493; RRID:AB_395884

Mouse anti-human CD45RA – APC (clone HI100) BD Biosciences Cat #561884; RRID:AB_10893597

Rat anti-mouse IL-6 – PE (clone MP5-20F3) BD Biosciences Cat #554401; RRID:AB_395367

Rat anti-mouse IL-12 – APC (clone C15.6) BD Biosciences Cat #554480; RRID:AB_398560

Mouse anti-Stat3 (Py705) – PE-CF594

(clone 4/P-STAT3)

BD Biosciences Cat #562673; RRID:AB_2737714

Rat anti-mouse CD19 – FITC (clone 1D3) BD Biosciences Cat #557398; RRID:AB_396681

Chemicals, peptides, and recombinant proteins

Gentamicin GIBCO Cat #15750-060

Ionomycin Sigma-Aldrich Cat #I0634

Vancomycin Sigma-Aldrich Cat #V1130

Ampicillin Sigma-Aldrich Cat #A0166

Neomycin Sigma-Aldrich Cat #N1876

Metronidazole Sigma-Aldrich Cat #M1547

Streptozocin Sigma-Aldrich Cat #S0130

Phorbol 12-myristate 13-acetate Sigma-Aldrich Cat #P8139

Ficoll-Paque Plus GE Healthcare Life Sciences Cat #17-1440-02

Recombinant mouse IL-6 R&D Systems Cat #406-ML

Recombinant mouse IL-23 R&D Systems Cat #1887-ML

Recombinant mouse IL-1b/IL-1F2 R&D Systems Cat #401-ML

TGF-beta 1 recombinant protein GIBCO Cat #PHG9202

Purified NA/LE Hamster anti-mouse

CD3e (clone 145-2C11)

BD Biosciences Cat #553057

(Continued on next page)
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Purified NA/LE Hamster anti-mouse

CD28 (clone 37.51)

BD Biosciences Cat #553294

Anti-NLRP1 antibody Abcam Cat #ab3683

Goat anti-rabbit IgG H&L (HRP) Abcam Cat #ab6721

b-actin antibody Cell Signaling Cat #4967

Tris base BioRad Cat #1610719

Nonidet P40 Roche Cat #11754599001

PMSF (Phenylmethanesulfonyl fluoride) Sigma-Aldrich Cat #P7626

Critical commercial assays

CD4+ T cell isolation kit, mouse - MACS Miltenyi Biotec Cat #130-104-454

LS Columns - MACS Miltenyi Biotec Cat #130-042-401

QuadroMACS separator Miltenyi Biotec Cat #130-090-976

GolgiStop Protein Transport Inhibitor BD Biosciences Cat #554724

Phosflow Lyse/Fix Buffer I BD Biosciences Cat #558049

Phosflow Perm/Wash Buffer I BD Biosciences Cat #557885

SV Total RNA isolation system Promega Cat #Z3105

DNeasy Blood & Tissue kits QIAGEN Cat #69504

TaqMan SNP Genotyping Assay, human Applied Biosystems Cat #4351374

TaqMan Genotyping Master Mix Applied Biosystems Cat #4371353

Bradford reagent Supelco Cat #B6916

Luminata Forte HRP Substrate Millipore Cat #ELLUF0100

SIGMAFAST Protease Inhibitor Tablets Sigma-Aldrich Cat #S8820

Mouse IFN-gamma DuoSet ELISA R&D Systems Cat #DY485

Mouse IL-1 beta/IL-1F2 DuoSet ELISA R&D Systems Cat #DY401

Mouse IL-1 alpha/IL-1F1 DuoSet ELISA R&D Systems Cat #DY400

Mouse IL-17 DuoSet ELISA R&D Systems Cat #DY421

Mouse IL-18 DuoSet ELISA R&D Systems Cat #DY7625-05

Human IL-17 DuoSet ELISA R&D Systems Cat #DY317

Human IFN-gamma DuoSet ELISA R&D Systems Cat #DY285

Experimental models: Organisms/strains

Mouse: C57BL/6 The Jackson Laboratory JAX: 000664

Mouse: B6.129S6-Nlrp1btm1Bhk/J The Jackson Laboratory JAX: 021301

Mouse: B6.129S7-Rag1tm1Mom/J The Jackson Laboratory JAX: 002216

Mouse: ASC�/� Sutterwala et al., 2006 N/A

Mouse: B6.129(Cg)-Il1r1tm1.1Rbl/J The Jackson Laboratory JAX: 028398

Mouse: Caspase1�/� Gonçalves et al., 2019 N/A

Mouse: NOD/ShiLtJ The Jackson Laboratory JAX: 001976

Oligonucleotides

Primers for RT-PCR, see Table S2 N/A N/A

Software and algorithms

FlowJo analysis software BD Biosciences https://www.flowjo.com/

solutions/flowjo/downloads

Diva BD Biosciences N/A

ImageQuant 1.3 software GE Healthcare N/A

GraphPad Prism 6.07 GraphPad https://www.graphpad.com/

Other

Accu-Chek Performa Nano Roche Cat # 4015630981854

FACSCanto II Cell Analyzer BD Biosciences Cat #338962
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FACSAria III Cell Sorter BD Biosciences Cat #648282

Nanodrop 2000 Thermo Fisher Scientifc Cat # ND-2000

StepOnePlus Real-Time PCR System Applied Biosystems Cat #4376600

Sub-Cell GT Horizontal Electrophoresis

cell (Power Pac HC)

BioRad Cat #1645050

Mini Trans-Blot Cell BioRad Cat #1703930
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Daniela

Carlos (danicar@usp.br).

Materials availability
This study did not generate new unique reagents.

Data and code availability
This study did not generate or analyze datasets or code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
8-10 weeks-old male C57BL/6 wild-type (WT) mice and mice deficient in NLRP1, ASC, IL-1R and caspase-1 were used. NOD/LtJ

mice were obtained from The Jackson Laboratory. Mice were housed and bred under specific pathogen-free conditions. All animal

procedures were approved by our local ethics committee (Comite^ de Etica noUso de Animais – CEUA – fromRibeir~ao PretoMedical

School, University of Sao Paulo; Process number 139/2012).

Human blood samples and rs12150220 genotyping
Briefly, 40 mL of blood were collected from T1D patients (Table S1), diluted in PBS (1:1) andmixed with Fycoll-Hypaque (also in a 1:1

proportion). Then, the blood was centrifuged at 2000 rpm for 30 min at 25�C and the PBMCwere collected. These cells were washed

twice in PBS and suspended in X-VIVOTM (Lonza) culture media. For the genotyping assays (human Nlrp1 polymorphism,

rs12150220), DNA was extracted from PBMC using a DNeasy Blood & Tissue kit� (QIAGEN) and the analysis was performed

with a Taqman SNP Genotyping Assay (Applied Biosystems), following the manufacturer’s recommendations. All experiments

with human samples were performed in accordance with the ethical standards established by the Declaration of Helsinki and with

our local Ethics Committee in Research (Comitê de Ética em Pesquisa da Faculdade de Medicina de Ribeir~ao Preto – Universidade

de S~ao Paulo, protocol number 1.887.263).

METHOD DETAILS

Diabetes model
Male C57BL/6, ranging from 8 to 10 weeks of age, were injected for five consecutive days, intraperitoneally (i.p.), with 40 mg/kg STZ

(Sigma-Aldrich). STZ was diluted in sodium citrate buffer (pH = 4.5), and immediately injected after preparation. Blood samples were

collected from the tail vein of non-fasted mice and glycemia was analyzed with the glucometer system AccuCheck Nano (Accu-

Check�). Micewere considered diabetic after two consecutive readings above 200mg/dL. Control mice received only sodium citrate

buffer (vehicle) i.p. for five consecutive days.

FACS analysis of T cell subsets
Phenotypical analysis of cells isolated from either PLNs or PBMCwere performed through flow cytometry. For the detection of Treg,

Th17/Tc17 and Th1/Tc1 cells, the expression of Foxp3, IL-17 and IFN-g within CD3+CD4+ and CD3+CD8+ T cells or within

CD45RA-CD45RO+CD3+CD4+ memory T cells was determined after in vitro stimulation with 50 ng/ml phorbol myristate acetate

(PMA – Sigma Aldrich), 500 ng/ml ionomycin (Sigma Aldrich) and, subsequently, Golgi Stop (1,000X; BD). Cells were then fixed in

4% paraformaldehyde diluted in PBS and permeabilized in PBS containing 1% fetal bovine serum (FBS), 0.2% saponin and 0.1%

sodium azide. Monoclonal antibodies were added, and cells were incubated for 20 min at 4�C. After the staining, the cells were
e3 Cell Reports 35, 109176, May 25, 2021
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washed and fixed in 1% paraformaldehyde diluted in phosphate buffer saline (PBS) and further analyzed in a FACSCanto II. We also

analyzed the presence of IL-6+ or IL-12+ CD11b+CD11c+ dendritic cells. Alternatively, CD4+ T cells were purified from cells of the

spleen and lymph nodes of WT and NLRP1�/� mice (CD4 T Cell Isolation Kit – Milteny Biotec) and were stimulated with rIL-6

(20ng/mL – R&D Systems) for 30min. Then, cells were collected and analyzed for pSTAT3 (pY705) with the PhosFlow kit (BD

Biosciences).

RT-PCR
RNA samples from PLNs or PBMC were obtained with an RNA extraction Kit (Promega) and quantified using a NanoDrop 2000�
equipment (Thermo Fisher Scientific). For the analysis of the relative expression of Nlrp1a, Nlrp1b, Ifng, Rorc, Rora, Stat3, Il1r1,

Il23r, Il17a, Il22 and Nlrp1 (human), RNA samples were analyzed using SYBR Green in a Step One Plus� system (Applied Bio-

systems). Primers sequences for specific genes are provided in Table S2.

Western blot
Isolated CD4+ T cells from WT mice were polarized into Th17 cells. Then, total protein extraction was performed in lysis buffer

[50 mmol/L Tris-HCl (pH 7.4) containing 1% Nonited P-40, 0.5% sodium deoxycholate, 150 mmol/L NaCl, 1 mmol/L EDTA, 0.1%

sodium dodecyl sulfate (SDS), 1 mmol/L phenylmethylsulfonyl fluoride (PMSF), 1 mg/mL pepstatin A, 1 mg/mL leupeptin and 1 mg/

mL aprotinin]. Protein concentration was assessed by the Bradford method (Bradford Reagent, Sigma, cat. B6916). Then, 20 mg

of protein was separated by electrophoresis on 8%SDS polyacrylamide gel and transferred to a nitrocellulosemembrane for western

blotting. Membranes were blocked with Tris-buffered solution (TBS) containing 3% albumin overnight at 4�C. Membranes were then

incubated with primary antibody overnight at 4�C. Then, membranes were washed 3x with TBS-Tween 20 and incubated with a spe-

cific secondary antibody. Immunocomplexes were detected by chemiluminescence reaction (Luminata Forte HRP Substrate; Milli-

pore, USA), and densitometric analysis was performed with ImageQuant 1.3 software. Protein expression levels were normalized to

the internal housekeeping protein (b-actin). The primary and second antibodies used in this set of experiments were anti-NLRP1(di-

lution 1:1000, Abcam, ab3683), anti- b-actin (dilution 1:3000, Cell Signaling, # 4967) and anti-rabbit IgG (dilution 1:5000, Abcam,

ab6721).

ELISA
The production of cytokines (IFN-g, IL1-b, IL-1a, IL-17 and IL-18) in the pancreatic tissue of mice, and IL-17 and IFN-g in the serum of

T1D patients was quantified by ELISA using specific kits and following the instructions from themanufacturer (all kits were purchased

from R&D).

In vitro T cell differentiation
CD4+ T cells were purified from spleen and lymph nodes (LNs) with anti-CD4microbeads (Miltenyi Biotech) and then further sorted as

naive CD4+CD44loCD62Lhi T cells using a FACSAria III sorter (BD Biosciences). Sorted cells were activated with plate-bound anti-

CD3 (4 mg/mL) and soluble anti-CD28 (2 mg/mL, both from BD Biosciences) in the presence of polarizing cytokines. For Th17 differ-

entiation, the following reagents were used: 20 ng/mL of IL-6, 50 ng/mL of IL-23 and 20 ng/mL of IL-1b (R&D Systems). Cells were

cultured for 3 days and then analyzed by flow cytometry for IL-17 production or by RT-PCR for the expression of molecules involved

in Th17 cell differentiation.

Translocation and fecal transplantation assays
Mice were given daily doses vancomycin (0.96 mg), ampicillin (1.86 mg), neomycin sulfate (1.86 mg) and metronidazole (1.86 mg)

diluted in 300 mL of drinking water by gavage for 2 weeks before the injections with STZ. All antibiotics (Abx) were purchased

from Sigma-Aldrich. For fecal transplantation, mice were administered with the daily doses of Abx for 3 weeks, and then received

by gavage 200 mL of fecal samples from C57BL/6 WT mice diluted in PBS. Ten days later, these NLRP1�/� (designated as

(NLRP1�/�[WT]) mice were injected with 5 doses of STZ and were analyzed for blood glucose levels 10 days later.

QUANTIFICATION AND STATISTICAL ANALYSIS

All analyses were performed using Graphpad Prism (version 6.0). Normal distribution and homogeneity of variance were tested in all

variables. For normal distribution and homogeneous variance, parametric tests were used. When the variance was statistically

different, unpaired t test with Welch’s correction was performed. The results were expressed as standard ± standard error of the

mean (SEM). Observed differences were considered statistically significant when p < 0.05.
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