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In ammasome targeting for periodontitis prevention is sex
dependent

7RPD]bEOY.HMWHQbY9 bEZJQURQWDIDbE boDUGBORT)UHHYHQLORVR Qb DUDRHVH%HFEN
3ROO\DQDb&RHOK R 3:HN-KRMHHEAAVERKUQDbS ELUREHDGLb<HI0D.Q@DD® bBKHG JRBO0RUM@ICOPb7, b6 HDPDQ
-RKQb6 b3UHIWKXHILQQDKb3UHD WKW DbGDRKDQWYDQRILNGKRDH3 6DLDIV6 NV EEDRSLQTb30ODYFLDb4XHLUR]b3L
-LDb&RDHPU Y LQGH b 6H@IKID™* b OL W-HD@Q L | H U-b8& HEMW MHIQ Q \ b 3 B'<"2 7 IDQIIG -XOLHb7*82DUFKHVDQ

$]OLDWLRQV DUH LQFOXGHG RQ S

&RQWULEXWHG E\ -HQQ\ 3 < 7LQJ UHFHLYHG $SULO DFFHSWHG 6HSWHPEHU UHYLHZHC
8HNL

In ammasome initiates in ammation via the maturation of interleukibeta (IL1 ).

Periodontitis is a prevalent, mdlmsed disease characterized by in ammatiowen

bone loss, yet the mechanism(s) of this sex bias is unknown. is study explored whether

enhanced in ammasome represents a causal mechanism for this bias. Analyses of thfdédULRGRQWDO GLVHDVH LV I
separate human studies (>6,200 samples) show that males have signi cantly higher IL-LQ5DPPDWRU\ GLVHDVH ZLWK
in the gingival crevicular uid than females during health and periodontitis. is pattern ORVV WKDW LV PDOH ELDVHG

is experimentally reproduced with di erent versions of the ligatdresed periodontitis PHFKDQLVP RI ELDV LV XQNQ
mouse model where males show greatér Becretion than females. e in ammasome ‘H IRXQG WKDW LQSDPPDVRP
drives bone resorption in males but not females as revealed by analyses of in aMMAH G X FHG L QW IE U @/HDX N-L Q

ome gengaleletion mice. Pharmacologic treatment with a cagdgdsehibitor reduces UHSUHVHQWY D PHFKDQLVP F

in ammatory cell in Itration, dampens osteoclastogenesis signaling (via the receptor. ., <\, QGHQF\ LQO WKUHH KXPEC
activator of nuclear factémappa B pathway), and prevents bone resorption in males but

not females during experimental periodontitis. While ovariectomized females show il DRI ZIREFR LY Vg
change in their nonresponsiveness to cagpagehibition, orchiectomized malesno ~ PHFKDQLVWLFDOO\ LQ PXULQ
longer respond to the inhibition, suggesting the importance of an intact male reproducV WXGLHV )XUWKHUPRUH WD
tive system in the mediation of this inhibition. us, our study identi esin ammasome WKH LQ5DPPDVRPH PLWLJDW!
activation as causal for mhlased experimental periodontitis and supportstseti-ed VHELDVHG ERQH UHVRUSWLR
studies to foster future advancement of in ammasome therapeutics in periodontics. SHULRGRQW L XP

LQ5DPPDVRPHD _DERQH UHVRUSWLRQD_ DSHULR GRWDD GUMHBYHYWDHQEBWHUOHXNLQ

Periodontal disease is a prevalent chronic disease worldwide that a ects half of the
American population and is characterized by sex-dependent di erences in clinical disease
presentation (1-3). It is an in ammatory disorder of the tissues supporting the tooth with
systemic implications (4, 5). A major form of tooth loss, periodontitis, results from sus-
tained gingival in ammation (gingivitis) in susceptible individuals (6, 7). Periodontal
dlsease_ is more prevak_ent (8) and severe in males (1, 2)_. is male blas_ is attrlb%t _Q»{)Qu FROWULEXWLROV 7§ .96 b: -0
preventive health behaviors (e.g., regular dental care, smoking status), which are me@@ble o crHviLiQHG ubvHDUFK 75 .96
(9-13). e direct impact of biological sex in periodontal disease development:&nd- % 3&36 =+ <0 0 6\HC *+ 0 6W
. . $ L DQG -7 0 SHUIRUPHG UHVHDUFK
response to therapeutics are currently unknown. Importantly, the mechanism accobBidng s < 7 FRQWULEXWHG QHZ UHDJHQW
for this di erence is also unclear. 7% .96 06* 0) .0 ' -% 3&3¢
. . . . +<.0 0 6\HG 70 :76 -63 +3 10 &
ere are several immune and in ammatory diseases known to develop with a sex bi@soru - & +6* -3<7 DOG-70 D
(14, 15). ese sex-based variations in the incidence and susceptibility to malignancie8WHUSUHWDWLRQ& + HGLVDH®E SDSHU D
. . e . . H 1$A96-3<7 DQG - 70 ZURWH WKH S
are largely impacted by disparities in the immunological response between fema5e§( aHnZdHUV S5 7KH 2KLR SWOWH BOLY
males (15). Wit_h periodontal disease_ being sex biased_ and kpown to adyance py ;ﬁ)@ "HVWHUQ B8OQLYHUVLW\ DQG < 8 Q_c
lation and persistence of numerous in ammatory mediators in the gingival lesion; dteispQpsroLV
important to examine whether désed cytokines contribute to the distinct bone feSORPSHWLQJ LQWHUHVW VW DW HPXH@GH U- 3 <
tive phenotype that develops in females and males. . ' v Ry Lo oW L R TxHU e,
e presence of proin ammatory cytokine interleukin-1 beta (IL-1) in the periodone xwkRUV GHFODUH QR FRQ5LFWV RI LQWHU
tium is associated with periodontal in ammation (16-18). IL-1 is a sex-biased, inmateuLikw « WKH $XWKRU V  3XEOLVK
H H HSRA H H 7KLY RSHQ DFFHVV DUWLFOH &VHGMMWHUHULE:
immune mediator that can both initiate and promote in ammation (19). Because II.&—*;PPRQV $WWURBRW PR EURBOLYDWLY HY
is highly in ammatory, its production is tightly controlled by the host via the in ammas-HovH  -sss1 %<
ome, which is a multiprotein complex composed of a sensor/receptor molecule, an adaptesc . 9 6 FRQWULEXWHG HTXDOO\ WR
molecule (apoptotic spedrtaining protein, ASC), and the protease, proaspasé- 7R zZKRP FRUUHVSRQGHQFH PD\ EH DGGUF
(20, 21). Inammasome assembly leads to caspase-1 activation, which then ¥lg@gesWEQI#PHGC XQF HGX RU MXOLHEPDUF
- _ H H H H ili 7KLV DUWLFOH FRQWDLQV VXSSRUWLQJ LQ
proIL-1, IL-18, and gasdermin D (GSDMD) into their mature_forms. is ability of KWWSV 227 SQDV RUJ ORRNXS VXSSO GR
in ammasomes to produce IL-1 has led to the exploration of in ammasome targeting ‘&6XSSOHPHQWDO

as a therapeutic approach for a range of in ammatory conditions (22-25). 3XEOLVKHG 2FWREHU
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e goal of this study is to investigate in ammasome as amecResults
anism that contributes to the sex bias of periodontitis. Here, we _ _
analyzed three cohorts of human samples and found thatRgj@dontal Bone Resorption Is Sex Dependent in a Mouse
in ammasome-derived cytokine IL-1 presents as male biadigel Human periodontitis is more severe in males, but the
within periodontal tissue/ uid. To investigate a causal link of tRg€chanism is unknown. Here, we evaluated the impact of the se»
in ammasome to a sex-biased nature of human disease® e hostin p_erlodo.ntms using the ligatodeiced perlpdo_ntltls _
employed both genetic and pharmaceutical approaches ina{h@ndmark timepoints (timeline and representative images in
ligature-induced periodontitis mouse model. Investigation [gf- 14 and B). Alveolar bone levels are assessed by measurin
genetically modi ed mice uncovered that IL-1 is a driver of pdf€ distance between the cemento—enamel junction (CEJ) and
iodontitis only in males. is destructive role of IL-1 exclusivelyth€ alveolar bone crest (ABC) using CT analysis (landmarks
in males is reproduced upon deletion of in ammasome com esen_ted in Fig. 1C). Two di erent measurements are presented:
nent caspase. e sex-speci ¢ role of the in ammasome in bo the linear measure between theAH; referred to the bone
resorption presented therapeutic implications. While periodont|f¥€lS before and after the ligature placement with larger positive
is suppressed in male mice treated with the caspasé#ﬂibers re ecting less supportive bone, and 2) the total amount
(caspasi£L1 in mice) inhibitor VX265, bone resorption remains © bone that is resorbed as a result of experimental periodontitis,
una ected in VX-765-treated feméles. Together, our stugiederred to as the bone loss. Linear measurements of bone los
uncover that sex dierence in in ammasome activation aﬁgow the severity of the bone resorption and is calculated by the
dependency represent one mechanism for a sex-biased natfl&@nce between the bone levels at 9 d post-ligature placemen
bone resorption in the periodontium and identify a sex-specﬁ"‘Edt e mean baseline levels before the ligature placement. ese

therapeutic to prevent experimental periodontitis. two measurements show that male mice induced for periodontitis
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Fig. 1. -QGXFHG SHULRGRQWLWLY SURPSWV VHYHUH ERQH GHVWUXFWLRQ LQ PDOH PLFH A ([SHULPHQWDC
UHSUHVHQWDWLYH LPDJHV RI SHULRGRQWLWLY SURJUHVVLRQ DW DQG G LQ PLFHI&T GCoHSLUHIV B QINDDAX

LQGXFHG SHULRGRQWLWLY D %R@D& ODHWHO THXQOWIAEQWHRQ@EN DQG PDOH PLFH GXUL Q@ D\S$HILPIOR GZROWKL WK I
"LGEN SRVW KRP WHVW F 4XDQWLA4FDWLRQ RI ERQH ORVWWHR®W WR G FQ3RDQMGEG4FDWLRO RH Q Q¥ DEPPWLD
SHULRGRQWLWLY LQ IHPDOHZDQ®1POP ALK HXRAHR-V SRVW KRFIWHVWDWI DUH UHSUHVHQWHG DV PHDQ s 6(
D VHSDUDWH DQLPDO
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have signi cantly increased bone levels (Fig. 1D) and greafatisease development and prior to bone loss. /16 expression i
bone loss (severity) at 9 d (Fig. 1E) compared to females. Liaegmented by 6 h of periodontitis induction in both males and
measurements were con rmed to appropriately capture localfeadales (Fig. 2B), a timepoint in which in ammasome activation
bone resorption upon its comparison with bone volume/tisssalso observed in vitro (27). Notably, statistically signi cant sex
volume percentagé £0.96, S/ AppendixFig. S1 AD). Because di erences in //15 expression in the gingiva are observed as earl
the common form of periodontitis in humans is characterizasl 24 h post—disease induction (Fig. 2B). is male bias in /14
by chronic in ammation, we assessed whether the male biasxjpression within the periodontal lesion is persistent during an
periodontitis that we identi ed at 9 d (Fig. 1 D and E) was alextended period chronic stage of periodontitik {Bnepoint;
present during established chronic disease. Using the “claSBidppendix, Fig. S1H). To assess whether these in vivo sex-
version of ligatureduced periodontitis (26) (S/ Appendix, dependent discrepancies in the magnitude of /15 expression
Fig. S1E), we found that bone resorption remained signi cantlguld be impacted by the ability of individual cells to secrete
more severe in males compared to female mice wkenf3- IL-1, we tested in ammasome activation ex vivo with cultures
periodontitis progression (S Appendix, Fig. SInd G. Next, we  of elicited macrophages. Mdégived macrophages secrete
assessed the landmark timepoints of ligatlureed periodontitis greater amounts of [L-upon NLRP3 (nigericin) and AIM2
for in ammatory cell in Itration, which is a main source df IL- [poly(dA:dT)] in ammasome activation compared to females
and other in ammatory cytokines that promote bone resorptioffrig. 2C), which supports that sex di erences ih Becretion
e in ux of myeloperoxidase (MPO+) expressing cells, whickria the in ammasome exist at a cellular level.
are predominantly neutrophils/macrophages, is apparent at 3 @ further investigate whether the in ammasome is causal for
of periodontitis in both sexes. e number of cells decreasestlas sex di erences in periodontitis, we assessed the magnitude ¢
periodontitis progresses in females by 9 d, while the numbealeéolar bone resorption using genetically modi ed mic€, 716
in ammatory cells is sustained through 9 d in the male lesida® (caspase 1 and 11 gene deletion mice), and “smale
(Fig. 1F). is distinct pattern of cell in Itration, which is a source mice have signi cantly decreased periodontal bone destruction
of IL-1 , suggests that sex di erences in bone loss may be a ectedpared to WT (Fi@D). In female mice, however, periodontal
from distinctions in the amount of ILpresent in the lesion.  bone resorption remains una ected byl ILdeletion, while
ICE”" andAsc”female mice have increased periodontitis severity
7KH —Q5DPPDVRPH 6XSSRUWV 6H[ 'L+HUHQFH {FigQ /D HDitertxrmparison\between males and females for the
"HY HORS PHx@xamine the mechanism of thisssesed bone three KO mice con rmed di erences in in ammasome activation
resorption (Fig. 1 &nd j, we investigated the in ammasome andetween the sexes leading to dierential bone resorption
its product IL1 in vivo. e presence of IL1 in the ligature- (S Appendix, Fig. S2). Under baseline condition, IlTnale
induced periodontitis model was con rmed to be localized rimice present less bone loss compared to WT contra&) Fig.
the gingiva adjacent to the resorbing alveolar bone (Fig. 24)sliggesting that IL- may also impact the dynamics of the
assess sex di erences df ltluring di erent immune phases of healthy periodontium in males. is opposing function of the
periodontitis, we assessed the murine periodontium within homrammasome between the sexes in periodontal disease remain
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Fig. 2. -Q5DPPDWRIBBH:-DWHG SURFHWIIMRNRQH/-FRQW U VBX\WHAFVER “HHIHQFHY LQ PXULQH SHULRGRQWWWLQHG®G
PLFURVFRSLF LPDJHV VKRZLQJ SHULRGRQWDO WLVVXH GHVWUXFWLRQ LQ WKH HSLWKHOMDGHOPLFH IR®SIOREL
OLIJDWXUH SODFHPHQW EHWZHHQ WKH 4UVW 0 DQG VHFRQG PRODUV 0 -PPXQR5XRUHVFHQFH FRQW

VWDLQHG EOXH QNHAGHILQGLY-LGXDO LPPXQR5XRUHVFHQFH FKDQQHOV OHUJHG LPPXQR5XRUHVFHQFH FK
™ PDJQLAFDWLRQ RI WKH 52— KLJKOLBWMRNLIQFH YRV IUH BHDQUEIDUURZW HPBS UN3%LRQDONYIHNORILQ IHPD(
PXULQH JLQJLYDO WLVVXHV DW DQG K DIWHU QLWBIWWWH 8QDFHPEQWQ R MLIQWAR DV R i@ XSTHW(L SVEFSORII D
HOLFLWHG PDFURSKDJHY LVRODWHG IURP PDOH DQG IHPDOH PLFH -QS5DPPDVRPH DFWLYLMWHEDW\SURPHG L
A4XDQWLAFDWLRQ RI ERQH QRYH@VIBYDNEXDWRG'E\PLFH D DW G DQG F DW ED\QGXFH ® ISHUL 0GR DW X WH-V
$129% ZLWK 'XQQHWW V SRVW KRE WHVWA P QV QR VLJQL4FDQFH 'DWD DUH UHSUHVHQWHG DV PHDQ s 6(0
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unde ned but is supported by less explored functions of tRable S3). is sexbased distinction of IL- also held true when
in ammasome, such as a protective role in the gut (28, 29). &msidering only severe periodontitis cased KFighus, we
di erences were restricted to the bone phenotype, as tooth feimad that sex di erences in IL-1 exist across di erent stages of
was not impacted by the tested genetic deletions (S7 Appendigriodontal health and disease.
Fig. S2 Rand(). To further investigate sex-based di erences in IL-1 secretion
Next, we assessed interspecies similarities of the cellular exprassian cellular level in humans, we tested primary neutrophils
of IL-1 within the gingival tissues of humans and mice. We aimavitro, as these cells are an important source of IL-1 within the
lyzed publicly available sincgdl-datasets from previous studiegeriodontium [Neutrophil (NEUT) study (n = 30, Hg)].
the Human Single Cell (HSC) dataset (30, 31) and the MuriEvivo neutrophils from human males secrete threefold to four-
Single Cell (MSC) dataset (32). ese datasets do not permit $eid higher IL-1 compared to females after stimulation with the
strati cation. Analysis of the HSC dataset shows that, within theriodontitisnducing factor, lipopolysaccharide (LPS)4Fiy.
four major cell groups (87 Appendix, F&BA, myeloid cells are the ese results support sex di erences in the in ammasome pro-
primary sources of 7/18I(Appendix, Fig. S3Band include den- cessing of IL-1 at the cellular level in humans.
dritic cells, monocytes, and neutrophils (S Appendix3ad). In
agreement, the MSC dataset supports tHatik predominantly Caspase-1/4 Targeting with VX -765IsaSex-6SHFL4F 7KHUDSH X\
produced by myeloid cells (S Appendix, B§D), regardless of the for Periodontitis Prevention.  To assess whetherlILmodulation
fact that many other cell types have the ability to secdte{d®): has a therapeutic value on thedependent role of the
We next assessed the levels and tissue distributién ahél - in ammasome in periodontitis, we treated mice with the caspase
other in ammasome components in biobanked gingival sampigsbitor, VX-765, during experimental periodontitis development.
from systemically healthy individuals without periodontal diseasechemical inhibits caspase 1 and caspase 4 (caspase 11 in
[In ammasome (INFL) study; n = 11; demographics in S7 Appendixmice), which impedes the activation of the in ammasome and
Table S1 and Fig.A4 andB]. is tissue biobank is suitable for the secretion of Il1-. Based on previous studies (24, 34, 35), two
assessment of biological sex dierences in the gingiva becadserént dosages of VX5 (10 mg/kg and 100 mg/kg) were
derives from subjects with a strict medical eligibility criterion thested in the present study. Only male mice show a statistically
excludes donors with periodontitis risk factors (e.g., smoking, digni cant reduction of 30% bone resorption upon treatment
betes) and other conditions known to in uence in ammation (e.gvjth VX-765 (100 mg/kg) while bone resorption in females
pregnancy, gross decays). As expected, due to the frequentrieosiins una ected by this treatment (Fig. SASMppendix,
microbial interactions within the gingiva, an in ammatory in ltratd=ig. S44). Ovariectomized females remain unresponsive to VX-
is present within the gingival stroma of individuals with healthy/mil@5 treatment (Fig. 5B), indicating that this lack of therapeutic
gingivitis and without the presence of periodontitis3(Ejigin response is unlikely attributed to ovakgendent hormones
support of the murine /15 sex di erences prior to bone logA)Fig. or functions. By contrast, the protective e ect of78X-is
human gingival tissues from yotmgiiddle aged adults with no dependent on the presence of the male testicles, as orchiectomize
periodontal disease also present sex distinctions in higher levelale§ developed periodontitis that is unresponsive T65vVX-
IL-1 inmales (Fi® D-F). Sexbased disparities inlL-are local  (Fig. 5C). Interestingly, orchiectomy in male mice did not a ect
ized to the gingival stroma (Bi§) and are not associated withthe development of periodontitis nor the bone phenotype in
distinctions in the levels of either in ammasome componetit® healthy periodontium (Fig. 5C and S/ Appendix, Fig. S4B),
caspask{Fig.3 G andH) and ASC (Fig 7 and/), suggesting that indicating that maleslated hormones a ect the alveolar bone
the IL-L sex bias is unlikely to result from greater cellular producti@sorption in vivo only in the context of V85 therapeutics.
of these two in ammasome components. ASC shows an overlapithex vivo experiment with murine macrophages derived
IL-1 within cells of the in ammatory in ltrate of the gingivalfrom unmodi ed females (no surgery for gonad removal) or
stroma (S Appendix, Fig. S3Fsupporting that Il1- is processed orchiectomized male mice showed that physiological levels of
via the in ammasome in the human gingiva. Additional analyi® major testiderived hormone testosterone have no impact
showed that hematopoietic CD45+ cells are among the immonethe IL1 processing by activation of AIM2 and NLRP3
in ltrating cells localized with IL- in the gingival stroma (F&X).  in ammasomes (S7 Appendix, Fig. S4C). Additional analysis of
To examine the consistency of sex di erences in IL-1 amomgmodi ed (mice that did not have the orchiectomy surgical
human periodontal patients, we analyzed data from two additiqmalcedure) male WT mice shows that the sustained numbers of
clinical studies with diverse periodontal conditions and age rav®+ cells previously identi ed in the periodontal lesion at 3 to
compared to the INFL study (87 Appendix, TaBle). IL1 levels 9 d (Fig. 1F) are signi cantly decreased upon treatment of males
were assessed in the gingival crevicular uid (GCF), which with VX-765 (Fig. 5 D and E). In females, V85 treatment
neutrophil-rich physiological uid that originates from gingivgdaradoxically increases the number of in ltrating neutrophils/
blood vessels. e smaller clinical study included subjects withacrophages (Fig. 5 D and E). Treatment with7&X-did
mild-moderate periodontal disease [Periodontal In ammatiot induce changes in the systemic immune composition of the
(P1) study; n = 24; demographics in S/ Appendix, T8RleFig4d ~ whole blood of neither females nor males (S Appendix, Fig. S5),
A andB]. We found that the GCF from male individuals withsuggesting that the e ect of the drug was localized to the signaling
periodontitis has more than double the amount of IL-1 conwithin the developing periodontal lesion.
pared to females (Fi), which supports that the impact of sex e impact of VX- 765 in the in ammatory cell recruitment into
on IL-1 dynamics extends beyond healthy periodontal tiss@ediseased lesion (Biff) is supported by other studies (29) and
described earlier (F8F). Next, we analyzed data from the muclndicates that the in ammasome is a powerful therapeutic target
larger Dental Atherosclerosis Risk in Community (ARIC) cohotd, block the sustained in ammation of malesl ILsustains
which includes systemically compromised older a@@itg ¢td)  in ammation by induction of its own expression as well as other
with a high periodontal disease prevalence (81%) (33). e angknes, thus serving as a pos$iteaback loop that ampli es the
ysis of GCF samples from >6,000 @iy.revealed that IL-1  IL-1 response (20, 21). erefore, inhibition of 1L-maturation
levels in males are signi cantly greater than females across allipgie in ammasome may, in turn, reducg ILthus diminishing
iodontal stages (n = 6,207; Big;, demographics §if Appendix, a source of sustained in ammation. Indeed, male mice treated with
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Fig.3. +XPDQ JLQJLYDO WLVVXHV IURP P D®UHRMWH KQ EDLEK QGHIWH ZEWKLQ FHOOV SUHVHQW LQ WKH JLQJLYDO V
BWXG\ -1)/ Q B +XPDQ FOLQLFDO ELRSV\ FROOHFWLRQ ZRUNS5RZ LPPHGLDWH SRVWRSHUDWLYH EXFFI
JLQJLYDO ELRSV\ DQG EXFFDO YLHZ IURP WKH VXUJLFDO VLWH DW G SRVWELRSV\ 30 VHFRQG SUHPR
IUDPH IURP D KXPDQ JLQJLYDO ELRSV\ ™ PDJQL4AFDWLRQ 6PDOOHU EODFN DUURZV LQGLFDWH LQS5DPPD
ELJJHU EODFN DUURZ LQGLFDWHYV WKH SHULRGRQWDO VXOFXV D 1HJDWLYH QR SULPDU\ DQWLERG\ FRQ\
LPDJHV RI KXPDQ JLQJLYDO VDPSOHV VWDLQLQJ DQG —-PDJH- TXDQWL4FDWLRQ RI WKH LPPXQRKLVWRFKHPL
IRU F PQIGQ5DPPDVRPHEYHG FI\WRNQGH @Q65DPPDVRPH FRPSRQHRWAS IGDBGG / /D $6& 8QSDMIHNGN P 1 QV
VLIQL4FDQFH K —-PPXQR5XRUHVFHQFH HYLGHQFQGJ&WK H IF8 0 R ALIOW]KHVLIRAI RYBG WLVVXH IURP DQ LQGLYLC
5HSUHVHQWDWWPHQHG PLFURVFRSLF LPDJH VKRZLQJ HSLWKHOLDO HSL DQG VWURPDO WUDQVLWLRQDO D

™ PDJQL4FDWLRQ 5HJLRQ RI LQWHUHVW 52— LV RXWOLQHG —~PPXQR5XRUHVFHQFH GRXEMHP DQ 8 G4F DO
VROLG ZKLWH DUURZV ~QGLYLGXDO LPPXQR5XRUHVFHQFH RDDQ QM@F R'$ B ODAXH WEH FREREQRH G -HK D Q
DW ™ PDJQL4FDWLRQ ]RRPHG LPDJHV

VX-765 have decreased /15 expressiobffrand IL1 cytokine  results indicate that caspase 1/4 is a therapeutic targét for IL-
levels (Figh G andH) within the lesion at day 3 of periodontitismodulation to treat periodontitis only in male mice.

compared to untreated controls. While ASC remained stable durings IL- is a strong stimulator of bone resorption, we exam-
periodontitis, caspaselecreased at the 9 d timepoint @-ignd  ined sex di erences upon W85 treatment via the receptor

- In females, however, 1L-level at day 3 is low and eitheractivator of nuclear factor (NFB (RANK) signaling, which is
increases or remains unaltered by'85<{Figs F-H). ese a major pathway for bone resorption (36, 37). We assessed th
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OHYHOV (/-6% LQ WKH *&) RI LQGLYLGXDOV FODVVL4HG XQGHU DOO SHULRGRQWDO GLVHDVH VWDJHV F
FRQFHQWUDWLRQV ZHUH H[SUHVVHG DV WKH DYHUDJH RI DOO t WHMWPSORG VLWIGV IRWNB B E KD QGG P 6 ® B G- RN
IRU WKH ITHXWURSKLO 1(87 6WXG\ LQ KXPDQ SIDUMIGF ISDQW Y 4 DOH RHER (-6 ®YRFHG SULPDU\ QHXWURSKL
& E FRPSDULQJ VH[HV ERWK EHIRUH DQG DIWHU /36 VWLPXODWLRQ\ 6WIOW LALWLKEF DLOG DIQ AWM VK B A UV R Y M
DUH UHSUHVHQWHG DV PHDQ s 6(0

master regulatory triad of osteoclastogenesis: RANK, its ligand by increased expression of SGAAIP (SI Appendix,
RANKL (activator of the RANK signaling pathway), and itSig. S67, a promoter of osteoclast di erentiation that is induced
decoy receptor osteoprotegerin (OPG) that negatively contlylshe RANKL signaling pathway (40). Serum levels of TRAcP
osteoclastogenesis by binding to RANKL and impeding RANFKartrateResistant Acid Phosphatase)5b, a systemic marker for
signaling (37, 38). ese three mediators are a key regulatdigne turnover, remained unaltered in both sexes regardless o
axis of bone resorption, and importantly, the balance (ratiold treatment with VX85 (S7 Appendix, Fig S6D), supporting

these three mediators re ect pathologic bone damage (37, 8@ the major impact of the drug in the bone metabolism is
Consistent with the lack of response to78X-n preventing restricted to the in amed toottssociated lesion. In agreement
female bone resorption (Fgl), there are no changes in thewith our previous report (41), high numbers of osteoclasts are
absolute levels (F&y) and ratios (Fig.B) of these three oste- observed at 3 d within the alveolar bone of both sexes by TRAP
oclastogenesis signals in the gingiva of female mice upon tséagitiing (S Appendix, Fig. S6 @&dF). VX-765 treatment did

ment with VX765. Contrary to this, VX65ireated males have not signi cantly impact the number of TRAP+ cells during per

a signi cant decrease in the absolute levels of the bone itwdsntitis (S Appendix, FigS6 EandF). While TRAP staining
inducerRANKL and an increase in the levels of OPG (negatitigghlights the presence of osteoclasts, cathepsin K+ detects th
regulator of osteoclastogenesis signaling via the RANK pathwesgence of active osteoclasts as it is a critical protease for tt
at day 3 (FigsC). ese absolute changes result in a decreaskegradation of collagen after mineral dissolution (36, 42).
of both RANKL:RANK and RANKL:OPG ratios at 3 d of perdmportantly, in agreement with the §ased therapeutic impact
iodontitis in males treated with V65 (Fig6D), indicating of VX-765 on the osteoclastogenesis signaling (Fifp.), only

that VX-765 prevents the male bone resorption by inhibitingales treated with VK65 have decreased numbers of cathepsin
activation of the RANK signaling pathway (37). Other osteli+ cells (active osteoclasts) in the periodontal lesiosAFig.
clastogenesis signaling molecules evaluated were not a ectaddy), whereas there was no signi cant change in females
treatment with VX#65 and include osteoclast stimulatorytrandreated with VXZ65 (Fig6 £ andF). ese ndings show that
membrane protein (OGTAMP), osteoclasissociated receptor caspasg-therapeutic modulation decreasels Iprocessing via
(OSCAR), and acid phosphatase 5 tartrate resistant (Acp5/TRAPAMmMasome, which consequently dampens the RANK sign-
(SI Appendix, Fig.S6 A-C). Additionally, bone resorption activ aling pathway of osteoclastogenesis, and further decreases osi
ity is observed in both females and males with periodontiti®elast cathepsin K activity in the periodontal lesion of male mice
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Fig.5. &DVSDN®KLELWLRQ SUHYHQWYV ERQH ORVV RQO\ LQL®OD&HAHBL B WXREGRFWIHGL W R AO 4XIRINXIFH® \E R R
OHYHOV LQ IHPDOH DQG PDOH PIPIHNDWZDG® MGPLQLVWHUHG RUDOO\ WZLFH SHU GD\ VWDUWLQ} WG \EWi | RUH
1 P 1 QV QR VLIQLAFDQREWGRFHG ERWRBHOHYHOV LQ XQPRGL4HG PLFH WKDW GLG QRW KDYH WK
RYDULHFWRPL]HG IHPDOH DIWHU DBOBQLWWIEWDW LRQAARL 9;- P 1 QV QR VLJQLA4FDQEBGXFHG EWRHHOHY
LQ XQPRGL4HG PLFH WKDW GLG QRW KDYH WKH JRQDGHFWRP\ VXUJLFDO SURFHG XU H8 @IDAr RMEKWA AW R P L]

QV QR VLJQL4FDQFH D 5HSUHVHQWDWLYH LPPXQRKLVWRFKHPLFDO LPDJHV DQG TXDQWL4FDWLRQ £
9;- PJ NJ 7ZR $129% ZLWK 7XNH\ V SRVW KRF WHVW IRU IFPPDOHV PQIG PDOHAN TB&5 VKRZLQJ WKH H[SUF
b LQ JLQJLYDO VSHFLPHQV IURP IHPDOH RU PDGIH PDRDWIHBABV P 1 G 5HSUHVHQWDWDYR @D EN V8 B
H —/-TXDQWL4FDWLRQ LQ SHULRGRQWDO WLVVXHV RI PLFH ZLWK DQG ZLWKRXW SHULRGRQWLWLYV 4XDQWL4
IRU /| FDVYDWH:QLQJ E\ —+& DQG J $VF VWDLQURJ EXRBN&$1BFH AHWEKD BXNH\ V SRVW KRF WHYDA BRI2 98 ZD O/KV |
7XNH\ V SRVW KRF WHA/W IRU (MFEHWMPERO LV D VHSDUDWH DQLPDO

only. Together, our studies support that the in ammasome isesorption regardless of the sex of the host. Our nding that the
biological driver of a sex bias in dental bone resorption, whithmmasome is a madpeci c driver of periodontitis represents
may have future therapeutic implications in human periodamvaluable nding to the eld as it challenges the established concept
tal disease. that IL-1 promotes in ammation and consequently drives in am
matory bone resorption, regardless of sex. us, other pathways that
promote periodontitis must exist. Indeed, over the past 10y, results
from human cohorts and mechanistic studies support model(s) that
Periodontal disease is a prevalent in ammatory condition with top#riodontal disease develops by other biological pathways, inde
loss that is male biased in both incidence and severity, but the npeeident of Il (46—48). Our data support the notion that female
anism of these biases is unknown. While the biological underpine resorption may be driven by other established in ammatory
nings of sex di erences in periodontal disease presentation repeimvays, such as in ammatory cytokineg TNF, and 1L17
a major challenge a mbiased pathway for periodontal bong48, 49), as well as other less explored pathways (46, 47, 50-52).
resorption has never been identi ed. With the use of several colierédso possible that sex di erences exist at the level of osteocla
of periodontal patients and murine experiments, we found tkagenesis signaling, which is also complex and involved over 2(
in ammasomenduced IL1 represents a dairsed mechanism genes that includes RANKldependent pathways (37, 53).
of in ammation in the periodontium. We found thatlLdrives  Because in ammatory bone loss progresses through multiple events
bone loss in males, but not in females with experimental periodis-also possible that resorption in females is dampened by enhance
titis. Additionally, with this knowledge of thedependent nature antiin ammatory functions including a more e cient cellular
of periodontitis, we were able to translate this nding to uncovesteagocytotic activity (54) and/or higher abundance of resolution
sexspeci ¢ therapeutic to inhibit periodontitis in vivo. receptors in the female periodontium (55). Our studies support
Despite evidence which supports thdt Iis associated with further investigation of additional pathways driving periodontal
human periodontal in ammation (16—18), and experimental ddiane resorption. e use of sex strati cation of results in future
using periodontitis murine models (43—-45), there is no prior dirstttdies will assist with the identi cation of biologically relevant
evidence that the [L- cytokine per se drives periodontal bonpathways to prevent in ammation and periodontitis.

Discussion

PNAS E E9RO E1R EH KWWSV GRL RUJ SQDVof10



Downloaded from https://www.pnas.org by 47.6.120.199 on November 26, 2025 from |P address 47.6.120.199.

>
oy}

ns
E‘ 20 « 2.5 ns '—l 25 15
< 2,01 o © <
<15 g2 . S =20 58
P . 23 28 10
° 2154 « 2 s 15 g
S 10 gﬁ o) K= £ dJ ns
g o4 o c cd o<
] £10 & £ o X 10{ _ns o= ns
g 5 o G 52 ns 53 °
s ° 2o05] [o| I3 ol = £E s A .
o fid . ®le| £ 0 g— = —= 0
0 L o od 3d od od  3d ad
——Female —o— Female
[ control [ VX-765 O Control [ vX-765 O control [ vX-765 Fomale VX-765 Female VX-765
k% kkkk
420 3 P e 1575 -
< = o 5
= a
x
T 15 25 © &2 2 5e
© * 9 23 . 28 10
S10 2 g 2% £J
= s £ S 10 5%
2 51 ] o3 o2 5
S 5 o 2 £X s 28
S 2 [ fe
Lo 0. ole . : 0l¢ . S
od 3d 9d od 3d 9d 0od 3d 9d 0d 3d 9d
g —@— Male —@— Male
B Contol  [J vx-765 W Control  []vx-765 B Control  [] VX-765 Male VX-765 Male VX-765

Baseline 3 days 3 days 9 days 9 days

FM1 M2 MT M2 MT M2 ME M2 M1 M2
o 50Qum,. e ol ] %

Female

Sy
M1 M2 . M1‘ M2

Cathepsin K+ counts

Male
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P 1 P 1 QV QRW VLJQL4FDQW 'DWD DUH UHSUHVHQWHG DV PHDQ s 6(0 E 5HSUHVHQWDWLYH LPDJ
&DWKHSVLQ . FHOOV LQ PLFH ZLWK P S JZ IDAGKPROQW VO ZDW BRDIS7TZRWK 7XNH\ V SRVW KRF WHVZW\IR129EPDOF
ZLWK 7XNH\ V SRVW KRFPWHVW IBRW P DOMVUHSUHVHQWHG DV PHDQ s 6(0 (DFK VI\PERO LV D VHSDUDWH DQLF

Although numerous studies have addressed the causes pEdedontal disease has a complex pathogenesis that is still not cor
disparities in the development of in ammatory and imrhesed  pletely understood, which results in the development of unpredict-
disorders, there is much less understanding about the mecharabla®one resorption in middiged adults (2). On the other hand,
mediating sex di erences in response to anticytokine therapelitjesureinduced periodontitis is a predictable bone resorption that
(56). Due to unknown biology, inhibitors that target TNF (alsoccurs in a relatively short period of time (7 to 9 d) (41, 59).
a sex-biased, proin ammatory cytokine and inducer of bobespite these discrepancies, the ligature-induced periodontitis
resorption) have greater e cacy in males with either rheumataiduse model is the only model that is localized within the peri-
arthritis or spondyloarthritis when compared with females (56Jlontium and has wele ned immune/in ammatory phases that
We identi ed only one study to date that reported deggeadent mimic a model of human periodontal disease progression (41, 59)
e ect of a treatment that targeted IL-1 to assist with diseaBecause of the immune similarities with human periodontal disease
regulation (57). In that study using a murine Kawasaki disethsdigaturenduced periodontitis mouse model is considered inval
model, mice were treated with IL-1Ra (IL-1 receptor antagonisiple for testing the potential of candidate therapeutic compounds
Anakinra). In agreement with our results ossesi-c therapeu (59). In fact, this periodontitis model has harnessed the develop-
tics (Figh5A4), male mice present a more severe disease phenaotge of an 1L23-based treatment for periodontitis in humans (60,
of Kawasaki disease that ameliorates with IL-1-targeted thera@&l Our therapeutic ndings are further validated by these prior
tic, while female mice present a milder disease phenotype ansttalies (60, 61), which demonstrated comparable treatment e cacy
to respond to IL-1Ra treatment (57). us, our ndings on ther-in vivo (Fig. 5). erefore, while our ndings cannot address all
apeutic sex di erences support the value of sex as a biolog#dcts of human disease, our ndings support testbapesx-
variable to optimize treatment strategies for conditions in uendggothesis for periodontitis development and therapeutics.
by IL-1 and are aligned with the concept of precision care (58)We would be remiss if we did not acknowledge that, despite the

We recognize that there are limitations to our studies. Hereunigueness of our nding, our study has several unresolved question:
found consistent sex di erences in the leveldofifiperiodontal  First, we do not know the reason that supports highes#cretion
tissues from humans that replicated in mice. In addition, we fournmbn in ammasome activation in males. Owivexstudy shows
a sex bias in periodontitis severity in mice mirroring that seetthat this was not dependent on testosterone (S AppendSAEQ.
humans, which supports the translational relevance of our ndingshigher levels of IL1 secretion in males may be attributed to
Still, we acknowledge that the ligaindeced periodontitis is an various reasons including the number of in ammatory cells in a lesion
experimental model of disease that cannot represent all aspeatshef presence of the Y chromosome. While the Y chromosome wa
human periodontal disease. e common form of humaronce considered a “genetic wasteland,” it is now known that the Y
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chromosome has genes with unknown biological functions as weti@iied with TagMan Gene Expression PCR master mix (Applied Biosystems,
genes that impact in ammatory responses (62). Second, it rentastes City, CA). Detailed information relating to qPCR primers, protocols, and
unclear why the presence of male testes a ected the e cad6f \/Xanalysis can be found in S/ Appendix. Peritoneal macrophages of WT mice were
therapeutics. While our results support that the preventive e ectobfcted as previously defined (65) for inflammasome activation. Cells were
VX-765 is unlikely to be attributed to sex di erences in drug metaimed with LPS (200 ng/mL)for 3 hand activated by transfected with poly(dA:dT)
Ohsm' because the *pendent e ect of in ammasome inhibition or with the addition of nlgerICIn for 6 h. Testosterone (T1 500, S|gma) was added
with VX-765 was validated in Hgénede cient mice (FigE), to cells for 18 h prior to LPS priming as indicated. Detailed information relating
sexdependent pharmacokinetic e ects have not been explored. E(agﬂammasome activation protocols and analysis can be found in S/ Appendix.
the reqwred presence_ of bacteria fOI’_ I|gatlueed pel’IOdOI’l'[_ItIS Data, Materials, and Software Availability. All Study data are included in
development (63) indicates that the in ammasome sex di erenggsticle and/or S Appendix. The publicly available human and mouse gingival
shown in the present study may be associated withpacsex- tissue sample scRNA-Seq datasets from published studies used in our analyses
microbiota. A recent metaalysis from human data reports thagere downloaded from the NCBI Gene Expression Omnibus (GEQ) database. The
females and males have distinct microbiota composition of deiatadn gingival dataset (30) was downloaded from NCBI GEO underthe accession
plague (64), which supports new mechanistic assessment of theuritle GSE164241 (66). The mouse gingival dataset (32) was downloaded from
of bacteria as potential contributors for the bieded bone loss. NCBIGEO under the accession number GSE228635 (67).

Future studies will foster a better understanding of the mechanisms . '
that contribute to the complexity of dependent in ammatory ACKNOWLEDGMENTS. W_e.vx_/ould like to thank Dr. Steven Qﬁenbacher for_hls
responses and their subsequent impact in preventive health ca measurable support that initiated the development of this project. We appreciate

; . efeedback provided by Dr.Kevin Byrd during the early stages of the study. Maxillary
Together, our studies support afggpendent role of the in am muripe samples were sectioned at the School of Dentistry Histology Core at the

Mmasome as an mportant d”Ve.r of periodontal bone resorption i rsity of Michigan. IHC services at UNC were provided by the Histology Research
|Qen_t|fy a SERpeci ¢ therape_utlc to prevent alveo'_ar bone "eSOM3re Facility in the Department of Cell Biology and Physiology (J. Ashley Ezzell) and
tion in the experimental setting. An important nding is that pheye pathology Services Core (Gabriela De la Cruz). The Microscopy Services Laboratory,
notypic di erences in in ammasome activity were observed fjgarment of Pathology and Laboratory Medicine, is supported by P30-CA016086

exvivo cells from nongingival sources; thus, this study has im@licer Center Core Support Grant to the UNC Lineberger Comprehensive Cancer
cations for in ammatory conditions beyond periodontitis. Givetenter. This work was supported in part by grants from the National Institute of

that in ammation is essential for maintaining tissue homeostagifial & Craniofacial Research (R01-DE032830 and K01-DE027087 to JTM.,
in mucosal barriers, our studies provide foundational knowleg@eDE0234804 to M.F, R21-DE029625 to M.F, and RO1-DE029200 to J.C.),
that females and males may bene t from distinct therapeuticstif©National Institute of Allergy and Infectious Diseases (R01-AI153265 to KV.S,,

periodontitis that targets the in ammasome.

Materials and Methods

All human experiments are derived from already completed studies either from
analysis of existing datasets or from biobanked samples. Detailed information
relating to all human studies, associated tissue protocols, and analysis can be
found in S/ Appendix. All animal experiments were conducted with the approval
of the Institutional Animal Care and Use Committee (University of North Carolina).
Mice were housed and bred at UNC-Chapel Hill. Mice of the same sex were
randomly allocated to each experimental group. Experimental periodontitis was
induced via the simplified ligature model as previously described (41). VX-765
(InvivoGen, San Diego) was orally administered to mice at either 10 mg/kg or
100 mg/kg dosages, twice daily starting at one day (—1d) prior to the ligature
placement until the mice were killed as previously described (24, 35). Detailed
information relating to all animal experiments, associated tissue collection proto-
cols, and analysis can be found in S/ Appendix. Microcomputed tomography ( CT)
of murine samples was done on formalin-fixed and scanned with Scanco CT40

scanner (Nokomis, FL) with 18- m resolution in all three spatial planes. Bone loss

was measured as the distance between the cementoenamel junction and alveolar
bone crest (CEJ-ABC) at the distal buccal root of the first molar was measured (lin-
ear measurements) as previously described by our group (41). Detailed informa-
tionrelatingto  CTincluding protocols and analysis can be found in S/ Appendix.
Immunohistochemistry (IHC) was done on murine formalin-fixed, decalcified,
and paraffin-embedded sections in the sagittal plane. For IHC of gingival tis-
sues, samples were paraformaldehyde-fixed and paraffin-embedded. Detailed
information relating to IHC staining, visualization, and analysis can be found in
SIAppendix. For RNA quantitation via gPCR gingival samples were immediately
placed in RNAlater® (Invitrogen, Waltham, MA) and kept at 4 °C overnight. RNA
was isolated with the RNAeasy system (Qiagen, Valencia, CA). cDNA products were
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