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Abstract 21 

Yersinia are gram-negative zoonotic bacteria that use a type three secretion system (T3SS) to 22 
inject Yersinia outer proteins (Yops) into the host cytosol in order to subvert essential 23 

components of innate immune signaling. However, Yersinia virulence can elicit activation of 24 
immune complexes known as inflammasomes, which lead to inflammatory cell death and 25 

cytokine release aimed at containing infection. Yersinia activation and evasion of 26 

inflammasomes have been characterized in macrophages but remain poorly defined in intestinal 27 
epithelial cells (IECs), the primary site of gastrointestinal Yersinia infection. In contrast to murine 28 

macrophages, we find that in human IECs, Yersinia pseudotuberculosis T3SS effectors fully 29 

suppress activation of the caspase-4 inflammasome, which senses cytosolic lipopolysaccharide 30 
(LPS). The antiphagocytic Yops YopE and YopH, as well as YopK, were entirely responsible for 31 

inhibiting inflammasome activation, in part by inhibiting Yersinia internalization into IECs. 32 
Surprisingly, Yops E, H and K also suppressed inflammasome activation in human 33 

macrophages, which, like human IECs, failed to undergo cell death in response to wild-type 34 
Yersinia. These data suggest species-specific differences underlying inflammasome activation 35 
in response to Yersinia, and provide insight into the mechanisms of Yersinia-mediated 36 

inflammasome activation and suppression in human cells.  37 
 38 
Importance Yersinia are responsible for significant disease burdens in humans, ranging from 39 
recurrent disease outbreaks (yersiniosis) to pandemics (Yersinia pestis plague). Together with 40 

rising antibiotic resistance rates, there is a critical need to better understand Yersinia 41 
pathogenesis and host immune mechanisms, as this information will aid in developing improved 42 
immunomodulatory therapeutics. Intestinal epithelial cells are a critical component of intestinal 43 

immunity, yet their inflammasome responses are understudied compared to those of innate 44 
immune cells. Furthermore, inflammasome responses in human models are less studied relative 45 

to murine models of infection although key innate immune differences exist between mice and 46 

humans. Here, we dissect human intestinal epithelial cell and macrophage inflammasome 47 

responses to Yersinia pseudotuberculosis. Our findings provide fundamental insight into 48 

species- and cell-type specific differences in inflammasome responses to Yersinia. 49 
 50 
Introduction 51 

Innate immune responses are a critical component of host defense and employ pattern 52 
recognition receptors (PRRs) to detect pathogen-associated molecular patterns (PAMPs) (1, 2). 53 

Specific cytosolic PRRs in the Nucleotide binding domain and Leucine-rich Repeat-containing 54 
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protein (NLR) family induce the formation and activation of multimeric immune complexes 55 

known as inflammasomes in response to cytosolic PAMPs and distinct stimuli downstream of 56 
pathogen virulence-associated activity,(3–5). The NLRP3 inflammasome is activated by a 57 

variety of stimuli including potassium efflux downstream of bacterial-induced pore formation (5–58 
9), whereas the NAIP-NLRC4 inflammasome responds to bacterial flagellin and components of 59 

bacterial type III secretion systems (T3SS) (10–18). Inflammasomes recruit and activate 60 

caspase-1, which in turn processes members of the IL-1 family of cytokines and the pore-61 
forming protein GSDMD into their active forms (19–23). In addition to these canonical 62 

inflammasome pathways, a non-canonical caspase-4 inflammasome in humans, and 63 

orthologous caspase-11 inflammasome in mice, responds to cytosolic lipopolysaccharide (LPS) 64 
during gram-negative bacterial infection to initiate GSDMD pore formation and cytokine release 65 

(24–31). Consequently, inflammasome activation leads to release of active IL-1 family 66 
cytokines, specifically IL-1β and IL18, and an inflammatory form of cell death known as 67 

pyroptosis, that collectively amplify immune signaling and promote anti-bacterial defense (32). 68 
In parallel, bacterial infection triggers other programmed cell death pathways, including 69 
apoptosis and necroptosis, thereby providing multiple layers of defense against bacterial 70 

pathogens (33, 34). 71 
The enteric pathogenic Yersiniae, Yersinia pseudotuberculosis and Y. enterocolitica, 72 

express a conserved T3SS that injects Yersinia outer proteins (Yops) into target cells (35). 73 
T3SS-injected Yops manipulate host cellular pathways to promote infection, but also activate 74 

effector-triggered cell death responses. For example, in murine macrophages, YopJ-mediated 75 

suppression of NF-kB signaling induces apoptosis whereas YopE-mediated disruption of 76 

cytoskeletal dynamics and hyper-translocation of T3SS components both induce inflammasome 77 
activation and subsequent pyroptosis (36–45). Notably, Yersinia utilizes two other effectors, 78 

YopM and YopK, to evade YopE-triggered pyrin and T3SS-triggered NLRP3 and caspase-11-79 

inflammasome activation respectively and promote infection (42, 43, 45, 46), highlighting 80 

competing necessities between host signaling manipulation to facilitate colonization and evasion 81 
of ensuing effector-triggered immunity (47).  82 

Inflammasome responses to Yersinia have primarily been studied in murine 83 
macrophages. However, inflammasomes are expressed in multiple cell types, including 84 

intestinal epithelial cells (IECs) (48), which are the first colonization barrier and the primary site 85 

of infection of many gastrointestinal pathogens, including Y. enterocolitica and Y. 86 
pseudotuberculosis. In mice, intestinal epithelial-intrinsic NAIP/NLRC4 and caspase-11 87 

inflammasome responses restrict intraepithelial bacterial burdens during infection with enteric 88 
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pathogens, including Salmonella, Shigella, enteropathogenic Escherichia coli (EPEC), and 89 

Citrobacter rodentium (49–55). The NAIP/NLRC4 inflammasome is not present in human IECs, 90 
wherein the human homolog of caspase-11, caspase-4, instead plays a critical role in controlling 91 

bacterial burdens and driving expulsion of infected cells (49, 56, 57), highlighting species-92 
specific differences as well as cell type-specific differences in inflammasome responses. 93 

Importantly, many enteric bacterial pathogens use secreted virulence factors to inhibit IEC death 94 

in order to preserve their replicative niche during early infection (58, 59). Y. enterocolitica uses 95 
two anti-phagocytic Yops, YopE and YopH, to suppress caspase-1 and NLRP3-dependent 96 

inflammasome activation in human IECs (60). However, the role of other Yops or other 97 

inflammasomes such as the caspase-4 inflammasome, is unknown. 98 
Here, we find that in contrast to mouse macrophages, the Y. pseudotuberculosis (Yptb) 99 

effector YopJ does not induce cell death in human IECs or macrophages. In contrast, during 100 
human IEC infection, Yptb T3SS-secreted effectors suppress caspase-4 inflammasome and 101 

GSDMD-dependent IL-18 release. Surprisingly, NLRP3 was dispensable for inflammasome 102 
activation induced by effector-less Yptb, as was NAIP/NLRC4, consistent with lack of 103 
expression of both inflammasomes in human IECs (56). Both caspase-1 and caspase-8 partially 104 

contributed to inflammasome activation, although neither was absolutely required. Instead, 105 
inflammasome activation was entirely dependent on caspase-4. Three of the six injected Yops, 106 
YopE, YopH, and YopK, collectively suppress activation of caspase-4. Mechanistically, YopE 107 
and YopH blockade of bacterial phagocytosis prevented accumulation of intracellular bacteria in 108 

IECs and correlated with reduced inflammasome activation. Like in human IECs, we found that 109 
YopE, YopH, and YopK also synergistically suppress inflammasome activation in human 110 
macrophages, a departure from our current understanding of murine macrophage 111 

inflammasome responses to Yersinia. These findings demonstrate a key role for disruption of 112 
actin-mediated phagocytosis in Yersinia evasion of the noncanonical inflammasome in human 113 

intestinal epithelial cells and macrophages, thus uncovering important species and cell-type 114 

specific differences in inflammasome responses to Yersinia infection.  115 

 116 

Results 117 

Yptb effectors suppress T3SS-dependent inflammasome activation in human IECs 118 
During infection of murine macrophages, Yersinia injects Yops to suppress 119 

inflammasome activation (42, 43, 45, 46). However, wild type (WT) Yersinia induces rapid cell 120 

death (Fig. 1A) and caspase-1 activation due to YopJ-mediated inhibition of NF-κB and MAPK 121 
signaling, enabling antibacterial defense despite effector-mediated immune modulation (38, 44, 122 
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61, 62). In agreement with previous studies on Y. enterocolitica infection of human IECs (60), 123 

infection of the human colorectal cell line Caco-2 with WT Y. pseudotuberculosis failed to induce 124 
release of lactate dehydrogenase (LDH), a marker of dying cells, into the cell supernatant (Fig. 125 

1B), suggesting that human IECs do not undergo cell death in response to WT Yptb infection. 126 
Consistently, WT Yptb-infected cells contained high levels of ATP, indicating that these cells are 127 

viable and that WT Yptb does not induce cell death in human IECs, in contrast to murine 128 

macrophages (Fig. 1A-C).  129 
Lack of cell death in Yptb-infected human IECs could be due to a failure to activate 130 

programmed cell death pathways, or to suppression of programmed cell death by WT Yersinia. 131 

During infection of human IECs, Y. enterocolitica deploys several injected effectors, specifically 132 
YopH and YopE, to suppress inflammasome-dependent cell death (60). To determine if Yptb 133 

similarly modulates cell death in human IECs using its injected effectors, we infected Caco-2 134 
cells with a strain of Yptb lacking all six of its injected effectors (Δ6 Yptb) and measured 135 

induction of cell death by LDH release and ATP viability assay. Notably, Δ6 Yptb triggered 136 
significantly higher levels of cell death compared to either mock or WT Yptb-infected cells (Fig. 137 
1B and 1C). Further, Δ6 Yptb-infected Caco-2 cells robustly cleaved and secreted the 138 

inflammasome-dependent cytokine IL-18 compared to mock or WT Yptb-infected cells (Fig. 1D 139 
and 1E). These data indicate that in the absence of its injected effectors, Yersinia triggers 140 
inflammasome activation in human IECs, in agreement with prior studies (60). IL-18 release 141 
following Δ6 Yptb infection was dose-dependent, whereas WT Yptb failed to induce IL-18 142 

release across a range of increasing MOIs (Fig. S1A). Consistent with our and others’ findings 143 

that expression and release of the inflammasome-dependent cytokine IL-1b is very low in 144 

human IECs (49, 56, 60), we did not detect IL-1β release during Δ6 Yptb infection (Fig. S1B). 145 
Inflammasome activation in response to Δ6 Yptb infection is T3SS-dependent, as an isogenic 146 

Yptb strain cured of its virulence plasmid encoding the T3SS did not induce IL-18 release in 147 

human IECs (Fig. 1D). Intriguingly, coinfection of Caco-2 cells with Δ6 Yptb and increasing 148 

doses of WT Yptb resulted in a dose-dependent decrease in inflammasome activation (Fig. 1F 149 
S1C), indicating that the effectors from WT Yptb block inflammasome activation in trans, further 150 

supporting a role for Yersinia-injected effectors in suppressing inflammasome activation. 151 
Collectively, these results indicate that like Y. enterocolitica, Yptb Yops suppress inflammasome 152 

activation in human IECs, a fundamentally distinct outcome from the induction of apoptosis and 153 

pyroptosis triggered in murine macrophages during WT Yersinia infection (38, 44, 61, 62).  154 
 155 

Caspase-4 is required for Δ6 Yptb-induced inflammasome activation in human IECs 156 
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Caspases play important roles in cleaving and activating inflammasome-dependent 157 

cytokines and executing cell death (34). Pretreatment of Caco-2 cells with the pan-caspase 158 
inhibitor ZVAD prior to infection with Δ6 Yptb completely abrogated IL-18 release and cell death 159 

compared to the vehicle control (Fig. 2A, B), indicating that caspases likely mediate 160 
inflammasome activation downstream of Δ6 Yptb infection in human IECs. As ZVAD broadly 161 

inhibits multiple caspases, we next sought to determine which specific caspases are required for 162 

Δ6 Yptb-induced inflammasome activation in human IECs. Caspase-1 is critical for 163 
inflammasome-dependent cytokine release and pyroptosis during bacterial infection (34, 44, 52, 164 

63), and is activated during Y. enterocolitica infection of Caco-2 cells (60). To evaluate the role 165 

for caspase-1 in inflammasome activation during Δ6 Yptb infection, we took parallel genetic and 166 
pharmacologic approaches by using CASP1-/- Caco-2 cells (56) and the caspase-1 inhibitor 167 

YVAD respectively. Δ6 Yptb infection of two independent clones of CASP1-/- Caco-2 cells 168 
resulted in a partial loss of IL-18 release compared to WT Caco-2 cells (Fig. S2A). Additionally, 169 

WT Caco-2s pretreated with YVAD exhibited significant but incomplete loss of IL-18 release 170 
after Δ6 Yptb infection as compared to DMSO vehicle-treated Caco-2 (Fig. S2B), suggesting 171 
that caspase-1 contributes to, but is not absolutely required for, Δ6 Yptb-induced inflammasome 172 

activation. Caspase-8 is activated in response to infection by multiple pathogens, including 173 
Yersinia (44, 64, 65), and can process caspase-1 substrates such as IL-1β and GSDMD to 174 
mediate pyroptosis in the absence of caspase-1 (52, 64, 66). We therefore performed siRNA 175 
knockdown of CASP8 in WT Caco-2, which resulted in 70-80% knockdown of caspase-8 (Fig. 176 

S2C). CASP8 knockdown resulted in a partial reduction in IL-18 release following Δ6 Yptb 177 
infection (Fig. S2D). We observed a similar reduction when pretreating WT Caco-2 cells with the 178 
caspase-8 inhibitor IETD (Fig. S2E), suggesting that like caspase-1, caspase-8 is partially 179 

required for inflammasome activation during Δ6 Yptb infection. CASP8 siRNA knockdown in 180 
CASP1-/- Caco-2 cells also failed to completely abrogate inflammasome activation during Δ6 181 

Yptb infection (Fig. S2F, S2G). Together, these results suggest that while both caspase-1 and 182 

caspase-8 are contributing to inflammasome activation during Δ6 Yptb infection of human IECs, 183 

neither is absolutely required and additional caspases likely contribute.  184 

Caspase-4 plays a critical role in human IECs in response to a variety of enteric 185 

pathogens (49, 55–57), and its activation triggers both cell death and IL-18 release in intestinal 186 
epithelial cells(49). To test whether caspase-4 contributes to inflammasome activation during Δ6 187 

Yptb infection, we infected two independent single-cell clones of CASP4-/- Caco-2 cells (56) with 188 

either WT or Δ6 Yptb. As expected, WT Yptb infection did not elicit inflammasome activation in 189 
either WT or CASP4-/- Caco-2 cells. Δ6 Yptb infection of WT Caco-2 cells resulted in robust 190 
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inflammasome activation, leading to release of cleaved IL-18 and cell death. Notably, CASP4 191 

deficiency in Caco-2 cells abrogated cleavage and release of active IL-18 and cell death in 192 
response to Δ6 Yptb infection, indicating that caspase-4 is absolutely required for 193 

inflammasome activation induced by Δ6 Yptb infection in human IECs (Fig. 2C-E). Caspase-5 194 
contributes to Salmonella-induced inflammasome activation in Caco-2 cells (56). To test 195 

whether caspase-5 also contributes to Δ6 Yptb-induced inflammasome activation, we treated 196 

WT Caco-2 cells with either a control scramble siRNA or CASP5 siRNA. Knockdown of CASP5 197 
resulted in a partial but significant decrease in IL-18 secretion and cell death (Fig. S3B and 198 

S3C), suggesting that while caspase-5 plays a contributing role in inflammasome activation, it 199 

may not be absolutely required. Collectively, these data indicate that caspase-4 is essential for 200 
inflammasome activation in response to Δ6 Yptb infection, with caspase-1, -8, and -5 playing 201 

contributory roles as well.  202 
 203 

GSDMD pore formation downstream of caspase-4 activation is required for Δ6 Yptb-204 
induced IL-18 release and cell death in human IECs  205 

Inflammasome activation leads to cleavage of the pore-forming protein GSDMD into its 206 

active transmembrane-inserting N-terminal domain, leading to its oligomerization into a large 207 
ungated pore (19, 25, 67). Formation of the GSDMD pore in the plasma membrane leads to 208 
release of IL-1 family cytokines as well as osmotic cell lysis and death, collectively termed 209 
“pyroptosis” (68–71). Caspase-4 cleaves and activates GSDMD via release of its N-terminal 210 

domain (25, 72). Notably, Δ6 Yptb infection led to robust GSDMD cleavage in WT Caco-2 cells, 211 
which was completely absent in CASP4-/- Caco-2 cells, indicating that caspase-4 is required for 212 
GSDMD cleavage in human IECs in response to Yersinia lacking its secreted effectors (Fig. 213 

3A). In contrast, consistent with a lack of observed cell death and IL-18 release, WT Yptb 214 
infection did not elicit GSDMD cleavage in either WT or two independent CASP4-/- clones (Fig. 215 

3A).  216 

To test whether GSDMD is required for inflammasome activation in human IECs during 217 

Δ6 Yptb infection, we pretreated Caco-2 cells with disulfiram, a chemical inhibitor of GSDMD 218 

pore formation (73). Critically, disulfiram treatment completely abrogated IL-18 release and cell 219 

death downstream of inflammasome activation in Δ6 Yptb-infected cells compared to infected 220 
vehicle control treated cells (Fig. 3B and 3C).  221 

The NLRP3 inflammasome can be activated a variety of stimuli during infection, 222 

including potassium efflux downstream of caspase-4 and GSDMD activation (5–9). Previous 223 
studies of human IEC responses during Y. enterocolitica infection identified a critical role for the 224 
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NLRP3 inflammasome (60). However, studies of human IECs during Salmonella infection found 225 

that NLRP3 does not play a role in inflammasome activation, potentially due to very low levels of 226 
NLRP3 expression in human IECs as compared to human macrophages (56). Interestingly, WT 227 

Caco-2 cells pretreated with a chemical inhibitor of the NLRP3 inflammasome, MCC950, 228 
underwent comparable levels of inflammasome activation in response to Δ6 Yptb infection as 229 

infected vehicle control-treated Caco-2 cells (Fig. S4A). Stimulating Caco-2 cells with LPS and 230 

nigericin, a known agonist of the NLRP3 inflammasome, also failed to induce IL-18 release, 231 
further suggesting a lack of NLRP3 inflammasome activity in Caco-2 cells. The NAIP/NLRC4 232 

inflammasome, which senses and responds to flagellin and type III secretion system ligands 233 

(10–18) (Fig. S4B), and the inflammasome adaptor protein ASC (Fig. S4C) were also 234 
dispensable for Δ6 Yptb-induced inflammasome activation, consistent with prior findings that 235 

expression of these proteins is very low in human IECs (56). Collectively, these results indicate 236 
that during Δ6 Yptb infection of human IECs, GSDMD cleavage and activation occurs 237 

downstream of caspase-4 and is required for IL-18 release and cell death, but the canonical 238 
NLRP3 and NAIP/NLRC4 inflammasomes, as well as broadly ASC-dependent inflammasomes, 239 
are dispensable.  240 

 241 
YopE, YopH, and YopK synergistically suppress inflammasome activation in human cells 242 

Our findings demonstrate that Yptb lacking its entire repertoire of injected effectors 243 
induce inflammasome activation in human IECs (Fig. 1). In contrast, Caco-2 cells infected with a 244 

panel of Yptb mutant strains each lacking one of the six Yops failed to elicit IL-18 secretion (Fig. 245 
4A), indicating that loss of any single secreted Yop was insufficient to alleviate inflammasome 246 
suppression and that several Yops likely have overlapping functions in suppressing 247 

inflammasome activation. Notably, single loss of YopK and YopM failed to induce 248 
inflammasome activation (Fig. 4A), despite their roles in suppressing the NLRP3/caspase-11 249 

and pyrin inflammasome respectively in murine macrophages (40, 43, 45, 46). Indeed, Y. 250 

enterocolitica was previously proposed to regulate NLRP3 inflammasome activation in Caco-2 251 

cells by a combination of YopE and YopH-mediated blockade of “outside-in” integrin signaling 252 

(60). Consistently, Yptb lacking both YopE and YopH (ΔyopEH Yptb) elicited significantly 253 

elevated IL-18 release downstream of inflammasome activation in Caco-2 cells, indicating that 254 
combinatorial loss of both YopE and YopH was sufficient to alleviate inflammasome 255 

suppression in human IECs (Fig. 4B). Nonetheless, IL-18 levels during ΔyopEH Yptb infection 256 

were still significantly lower than IL-18 levels released during Δ6 Yptb infection (Fig. 4B), 257 
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suggesting that additional Yops contribute to inflammasome suppression during Yersinia 258 

infection of human IECs.  259 
YopK is a translocated effector that negatively regulates the translocation of other 260 

effector proteins and T3SS components (42, 43, 45). In murine macrophages, YopK suppresses 261 
inflammasome activation, whereas YopE and YopH do not contribute to inflammasome 262 

suppression (42, 43, 45). Given that deletion of yopK alone failed to elicit IL-18 release in 263 

human IECs (60) (Fig. 4A), we considered that YopK modulates inflammasome activation in 264 
human IECs in a manner that is masked by YopE and YopH, perhaps because these effectors 265 

are hypertranslocated in a yopK mutant. We therefore infected Caco-2 cells with a combined 266 

mutant Yptb strain lacking yopE, yopH and yopK (ΔyopEHK Yptb) and assayed for IL-18 267 
release downstream of inflammasome activation. Notably, IL-18 release during ΔyopEHK Yptb 268 

infection was substantially elevated compared to ΔyopEH Yptb, and fully recapitulated levels of 269 
IL-18 observed during Δ6 Yptb infection (Fig. 4B). These data indicate that YopE, YopH and 270 

YopK function together to suppress inflammasome activation during infection. Importantly, 271 
individual loss of YopK, dual loss of YopK and YopE (ΔyopEK) or dual loss of YopK and YopH 272 
(ΔyopHK) all failed to induce inflammasome activation. Only in a yopEH mutant background did 273 

additional deletion of YopK lead to an increase in IL-18 release (Fig. 4B). Further, as with Δ6 274 
Yptb infection, ΔyopEHK-induced inflammasome activation was fully dependent on the 275 
caspase-4 inflammasome (Fig. 4C, 4D). Taken together, these data suggest that YopE, YopH, 276 
and YopK act to inhibit components of a shared inflammasome-activating pathway, a departure 277 

from the murine macrophage literature where YopK and YopM but not YopE or H, suppress 278 
inflammasome activation (42, 43, 45, 46)  279 

Fundamental differences exist between human and murine macrophage inflammasome 280 

responses to enteric pathogens such as Salmonella Typhimurium (74–76). As such, we 281 
hypothesized that human macrophage responses to Yptb infection may similarly diverge from 282 

those of murine macrophages. Infection of the human monocytic THP-1 cell line revealed that 283 

ΔyopEH and ΔyopEHK infection induced IL-1b and pyroptosis downstream of inflammasome 284 

activation (Fig. 4E and 4F). As was the case during infection of human IECs, ΔyopEHK infection 285 

triggered higher levels of inflammasome activation than ΔyopEH infection in THP-1 cells (Fig. 286 
4E and 4F). These data indicate that human macrophages behave similarly to human IECs, with 287 

Yops E and H functioning together with YopK to suppress inflammasome activation. Intriguingly, 288 

and in marked contrast to established findings in murine macrophages, WT Yptb also did not 289 
induce cell death in human macrophages, implying that WT Yptb effectively suppresses cell 290 

death in human IECs and macrophages (Fig. 4F vs 1A). These data suggest that species-291 
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specific differences exist in the response to the activities of Yersinia effector proteins between 292 

human and murine cells addition to cell-type specific differences. Overall, these results reveal a 293 
role for Yops E, H and K in synergistically suppressing inflammasome activation in human IECs 294 

and macrophages.  295 
 296 

YopE and YopH inhibit caspase-4-dependent inflammasome activation by blocking actin-297 

dependent bacterial phagocytosis in human IECs 298 
During Y. enterocolitica infection of human IECs, YopE and YopH suppress inflammasome 299 

activation by disrupting signaling downstream of Yersinia invasin binding to host b1-integrin 300 

receptor (60). Invasin-b1-integrin interactions initiate host cytoskeletal rearrangements to 301 

facilitate bacterial internalization (77–80), and YopE and YopH disruption of focal adhesion 302 
complexes and actin filamentation consequently inhibits Yersinia uptake into host cells (80–87). 303 

Notably, consistent with both Δ6 and ΔyopEHK Yptb infection, we found that caspase-4 was 304 
absolutely required for inflammasome activation induced by ΔyopEH Yptb infection (Fig. 5A and 305 
5B). Considering YopE and YopH’s known role in inhibiting bacterial internalization, we 306 
hypothesized that YopE and YopH suppression of inflammasome activation in human IECs is 307 

linked to their antiphagocytic activity, which would limit bacterial internalization, subsequent 308 
cytosolic delivery of LPS, and caspase-4 inflammasome activation. We therefore assessed Yptb 309 
internalization into human IECs by measuring intracellular bacterial burdens at 2 hours post-310 

infection. As expected, intracellular bacterial burdens were lowest in WT Yptb-infected cells, 311 
while ΔyopEH-infected cells had significantly elevated levels of intracellular bacteria, as did 312 

ΔyopEHK and Δ6-infected cells (Fig. 5C and Fig. S5A). ΔyopEHK and Δ6-infected cells had 313 

comparable levels of intracellular bacteria to ΔyopEH-infected cells at 2 hpi, indicating that 314 

YopE and YopH regulate phagocytosis inhibition in human IECs, while YopK limits 315 
inflammasome activation through a mechanism distinct from phagocytosis inhibition. To 316 

corroborate our bacteriologic observation that YopE and YopH suppress IEC internalization of 317 

Yersinia, we performed microscopic analysis on Caco-2 cells infected with GFP-expressing WT, 318 
ΔyopEH, or Δ6 Yptb. In agreement with our CFU data, ΔyopEH Yptb-infected cells had a 319 

significantly higher levels of intracellular bacteria (i.e. GFP only bacteria) than WT Yptb-infected 320 
cells, and levels of intracellular bacteria in ΔyopEH and Δ6 Yptb infected cells were similar (Fig. 321 

5D, 5E, S5B). As YopE and YopH block bacterial uptake via disruption of actin filamentation, we 322 

thus asked whether pharmacological inhibition of the actin cytoskeleton would complement 323 
inhibition of bacterial uptake during ΔyopEH Yptb infection of human IECs. Indeed, pretreating 324 

Caco-2 cells with cytochalasin D, an inhibitor of actin polymerization, reduced levels of 325 
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intracellular bacteria following ΔyopEH infection to that of WT Yptb infection (Fig. 5F and S5C). 326 

Furthermore, cytochalasin D treatment completely abrogated inflammasome activation during 327 
ΔyopEH and Δ6 Yptb infection (Fig. 5G), suggesting that inhibition of phagocytosis restored 328 

inflammasome suppression in ΔyopEH Yptb-infected human IECs. Collectively, these results 329 
point to a link between YopE and YopH-mediated inhibition of phagocytosis and inflammasome 330 

activation, offering a potential mechanism by which YopE and YopH mediate inflammasome 331 

evasion by Yptb in human IECs.  332 
 333 

Discussion 334 

In this study, we demonstrate that Y. pseudotuberculosis injected effectors suppress 335 
caspase-4-dependent inflammasome activation, GSDMD-mediated cell death, and IL-18 336 

release in human intestinal epithelial cells (IECs) (Fig. 1-3, S1). Caspase-1, caspase-8 and 337 
caspase-5 partially contribute, but none individually or in combination were required for this 338 

response (Fig. S2, S3). Consistent with their low levels of expression in IECs, the NAIP/NLRC4 339 
and NLRP3 inflammasomes did not contribute to this inflammasome activation, nor did the 340 
adaptor protein ASC, which is utilized by multiple inflammasomes to mediate caspase 341 

recruitment (Fig. S4). Collectively these data imply that canonical inflammasomes are not 342 
activated during Yptb infection of IECs. Rather, we report here that YopE, YopH, and YopK act 343 
in concert to suppress caspase-4 inflammasome activation in human IECs.  344 

While loss of YopK alone had no effect on inflammasome suppression, YopK deletion in 345 

the absence of YopE and YopH phenocopied Δ6 Yptb infection and resulted in maximum 346 
inflammasome activation, suggesting that YopK suppresses a component of an inflammasome-347 
activating pathway masked by the activity of YopE and YopH (Fig. 4). Consistent with prior 348 

findings in Y. enterocolitica infection (60), we found that WT Yptb does not induce YopJ-349 
dependent cell death in human IECs, in contrast to Yersinia interactions reported in murine 350 

macrophages. Surprisingly, during infection of human macrophages, WT Yptb also fails to 351 

induce cell death and deploys YopE, YopH and YopK to synergistically suppress inflammasome 352 

activation (Fig. 4). Finally, we demonstrate, in agreement with previous findings (80–84), that 353 

YopE and YopH block bacterial internalization into IECs. YopE and YopH are known to inhibit 354 

cytoskeletal dynamics, and we found that chemical inhibition of actin polymerization mimicked 355 
YopE and H by ablating both inflammasome activation and bacterial internalization (Fig. 5 and 356 

S5).  357 

Previous studies found that Y. enterocolitica infection of murine macrophages and 358 
human IECs activates the NLRP3 inflammasome (45, 60). Surprisingly, we found that NLRP3 359 
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was dispensable for inflammasome activation during Y. pseudotuberculosis infection of Caco-2 360 

cells (Fig. S4A). Furthermore, known activators of NLRP3 failed to induce inflammasome 361 
activation in Caco-2 cells (56) (Fig. S4A). Consistently, NLRP3 expression is very low in Caco-2 362 

cells and human intestinal enteroids and colonoids, and NLRP3 is dispensable for 363 
inflammasome activation during Salmonella infection of human IECs (56). However, human 364 

patient mutations in NLRP3 have been found to be associated with development of Crohn’s 365 

disease, suggesting that there may be a gastrointestinal role for this inflammasome in humans 366 
despite its low expression (88). It is possible that differences in cell culture conditions or Y. 367 

enterocolitica and Y. pseudotuberculosis infection properties may account for the differential 368 

role of NLRP3 during respective infections of human IECs, and that under certain conditions, 369 
low levels of NLRP3 are able to respond and execute inflammasome activation in human IECs.  370 

We found instead that caspase-4 was absolutely required for inflammasome activation 371 
during Y. pseudotuberculosis infection of human IECs (Fig. 2, 4C-D, 5A-B). Caspase-4 is more 372 

highly expressed in human IECs than other inflammasome components (56), and a broad range 373 
of intracellular enteric pathogens engage or inhibit caspase-4/11 in human and murine IECs, 374 
respectively (49–59). In myeloid cells, activated caspase-4/11 directly executes cell death, but 375 

requires NLRP3 and caspase-1 for downstream IL-18 maturation and secretion (24). However, 376 
it has been reported that in IECs, caspase-1 is dispensable for IL-18 release, whereas caspase-377 
4 is absolutely required (49, 55, 57, 89). Indeed, we found that caspase-1 is not required for IL-378 
18 release or cell death during Yptb infection of human IECs, although it plays a partial role (Fig. 379 

S2A and S2B). We similarly found a partial role for caspase-8 in cell death (Fig. S2D and S2E). 380 
Caspase-8 and caspase-1 can be recruited to the same inflammasome complexes and can 381 
have redundant or compensatory roles (52, 63). Moreover, caspase-8 cleaves and activates 382 

caspase-1 in response to YopJ-dependent NF-κB blockade during Yersinia infection in murine 383 
macrophages (44). However, we found that YopJ did not impact inflammasome activation 384 

during Y. pseudotuberculosis infection of Caco-2 cells, indicating that fundamentally distinct 385 

pathways mediate Yptb-induced cell death in IECs. Whether caspase-8 and capase-1 are 386 

activated downstream of caspase-4 or whether they are acting in a parallel pathway during 387 

Yersinia infection of human IECs is still an open question. Simultaneous knockdown of caspase-388 

1 and caspase-8 still allowed for release of IL-18 during Δ6 Yptb infection (Fig. S2F), suggesting 389 
that caspase-1 and caspase-8 are unlikely to play overlapping roles and instead potentially act 390 

sequentially. These results also raise the possibility that there is a role for other caspases, such 391 

as caspase-10, in inflammasome activation in human IECs.  392 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 25, 2023. ; https://doi.org/10.1101/2023.01.24.525473doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.24.525473
http://creativecommons.org/licenses/by-nc-nd/4.0/


Our findings that YopE and YopH block bacterial internalization into human IECs are 393 

consistent with known functions of YopE and H (80–84), and demonstrate that in the absence of 394 
YopE and YopH, bacterial uptake and inflammasome activation are able to occur (Fig. 5 and 395 

S4). We hypothesize that blocking uptake of the bacteria into the host cell enables Yptb to limit 396 
delivery of bacterial LPS into the host cell, thereby limiting the activation of the noncanonical 397 

inflammasome. These findings suggest a potential mechanism by which YopE and YopH enable 398 

Yptb to evade caspase-4 inflammasome activation during infection. Intriguingly these results are 399 
a departure from the paradigm of YopE-dependent activation of the pyrin inflammasome via 400 

disruption of cytoskeletal dynamics in murine macrophages (40, 46). In the murine macrophage 401 

system, this activation is suppressed by YopM, yet we found that during human IEC infection 402 
YopM was dispensable for inflammasome suppression even in the presence of YopE (Fig. 4A).  403 

A previous study proposed that during Y. entercolitica infection of IECs, YopE and YopH 404 
suppress inflammasome activation by blocking a critical priming “first signal” downstream of 405 

integrin signaling that upregulates IL-18 transcript levels (60). The downstream signaling 406 
elements of integrin binding are crucial for initiation of phagocytosis as well, and thus it is 407 
possible that YopE and YopH disruption of FAK and RhoGTPase signaling contributes to 408 

inflammasome suppression both by limiting intracellular LPS and inhibition of the “first signal”. 409 
After being internalized, Yersinia enters a membrane-enclosed vacuole that it remodels to 410 
facilitate intracellular survival (90–92). In murine macrophages, YopK prevents LPS-mediated 411 
noncanonical inflammasome activation by limiting hypertranslocation of T3SS components 412 

YopB and D, thus maintaining vacuolar integrity and preventing destabilization of the Yersinia-413 
containing vacuole (42, 43). Critically, in human IECs, we found that YopK contributes to 414 
caspase-4-inflammasome suppression downstream of YopE and YopH and that inflammasome 415 

activation in the absence of Yops E, H and K is T3SS-dependent (Fig. 4B and 1D). It is possible 416 
that in the absence of YopE, YopH and YopK, Yersinia is more readily taken up into IECs 417 

downstream of integrin binding, and Yersinia-derived LPS is somehow exposed to the cytosol 418 

from within its vacuole, perhaps due to T3SS activity. Further studies are needed to determine 419 

whether Yersinia LPS is exposed to the cytosol and binds to caspase-4, as well as the precise 420 

contribution of YopE, YopH and YopK to inhibition of this process in human IECs.  421 

The synergistic blockade of caspase-4 inflammasome activation by YopE, YopH, and 422 
YopK, as well as absence of YopJ-induced cell death, in both human IECs and THP1 423 

macrophages represents a fundamentally distinct model from the murine macrophage 424 

response, suggesting that Yersinia infection may trigger both cell type-specific and species-425 
specific inflammasome responses. Varying cellular properties and general organ systems needs 426 
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may underly these differential responses. For example, as components of a physical as well as 427 

innate immune barrier, it may be advantageous for IECs to modulate and execute tightly 428 
coordinated responses downstream of virulence detection in order to avoid disruption to the 429 

monolayer that bacteria can use as access points (84, 93). Whether inflammasome activation 430 
induces changes in the intestinal epithelium during Yersinia infection is unknown and would be 431 

worth exploring in the future. Furthermore, unlike macrophages, IECs are not phagocytic and as 432 

such, cytosolic LPS may be a more specific indicator of virulence activity in IECs, leading to a 433 
stronger reliance on caspase-4-mediated responses. Surprisingly, during human macrophage 434 

infection Yptb also deployed Yops E, H and K to suppress inflammasome activation and failed 435 

to induce YopJ-dependent cell death, suggesting that certain inflammasome dynamics may be 436 
shared between multiple cell types within a given species and differ broadly between disparate 437 

species like mice and humans. Further studies comparing inflammasome responses between 438 
murine and human IECs and murine and human macrophages will provide important insight into 439 

cell type-specific and species-specific differences in inflammasome pathways.  440 
Overall, our data demonstrate that Yersinia employs three injected Yops, YopE, YopH, 441 

and YopK, to inhibit caspase-4 and GSDMD-dependent inflammasome activation in human 442 

IECs. These Yops also inhibit inflammasome activation in human macrophages, in a manner 443 
distinct from what has been previously observed in murine macrophages. These findings lend 444 
further support to the critical role for the caspase-4 inflammasome in human IECs during host 445 
defense against enteric pathogens and provide new insight into innate immune interactions 446 

between Yersinia and a critical component of intestinal immunity. Moreover, it highlights how 447 
inflammasome responses can vary between different cell types and between mice and humans, 448 
which provides crucial insight into how inflammasome responses contribute to human health 449 

and disease. 450 
 451 

  452 
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Materials and Methods 453 

 454 
Bacterial strains and growth conditions 455 

Yersinia strains are described in Table S1 in the supplemental material. ΔyopEHK, ΔyopEK, 456 
and ΔyopHK were generated by introducing a frameshift mutation of the yopK open reading 457 

frame into the ΔyopEH, ΔyopE and ΔyopH backgrounds respectively using a plasmid provided 458 

by Dr. James Bliska and an allelic exchange method (94). ΔyopM was generated by introducing 459 
an unmarked deletion of the yopM open reading frame into IP2666 using a plasmid provided by 460 

Dr. James Bliska and the same allelic exchange method. Yersiniae were cultured overnight at 461 

26°C with aeration in 2x yeast extract-tryptone (YT) broth. To induce T3SS expression, in the 462 

morning, the bacteria were diluted into fresh 2xYT containing 20 mM sodium oxalate and 20 mM 463 

MgCl2. Bacteria were grown with aeration for 1 hour at 26°C followed by 2 hour at 37°C prior to 464 

infection. All cultures were pelleted at 6000 x g for 3 min and resuspended in phosphate-465 
buffered saline (PBS). Cells were infected at an MOI of 60 unless otherwise indicated, 466 

centrifuged at 290 x g for 10 min and incubated at 37°C. At 1 hour post-infection, cells were 467 

treated with 20 ng/ml or 100 ng/ml of gentamicin for 6 hour or 2 hour time points respectively. 468 

Infections proceeded at 37°C for the indicated length of time for each experiment. In all 469 

experiments control cells were mock infected with PBS. 470 
 471 
Cell culture of cell lines 472 
Caco-2 cells (HTB-27; American Type Culture Collection) were maintained in Dulbecco’s 473 

modified Eagle’s medium (DMEM) supplemented with 10% (vol/vol) heat-inactivated fetal 474 

bovine serum (FBS), 100 IU/mL penicillin and 100 µg/mL streptomycin. THP-1 cells (TIB-202; 475 

American Type Culture Collection) were maintained in RPMI supplemented with 10% (vol/vol) 476 

heat-inactivated fetal bovine serum (FBS), 0.05 nM b-mercaptoethanol, 100 IU/mL penicillin and 477 

100 µg/mL streptomycin. All cells were grown at 37°C in a humidified incubator with 5% CO2. 478 

One day prior to infection, Caco-2 cells were incubated with 0.25% trypsin-EDTA (Gibco) diluted 479 

1:1 with 1 x PBS at 37°C for 15 min to dissociate cells. Trypsin was neutralized with serum-480 

containing medium. Cells were replated in medium without antibiotics in a 24-well plate at a 481 
density of 3 x 105 cells/well. Two days prior to infection, THP-1 cells were replated in medium 482 

without antibiotics in a 48-well plate at a density of 2 x 105 cells/well and incubated with phorbol 483 

12-myristate 13-acetate (PMA) for 24 hours to allow differentiation into macrophages. 484 
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Macrophages were primed with 100 ng/mL Pam3CSK4 (Invivogen) for 16 hours prior to 485 

bacterial infections.  486 
 487 

ELISAs 488 
Supernatants harvested from infected cells were assayed using enzyme-linked immunosorbent 489 

assay (ELISA) kits for human IL-18 (R&D Systems) and IL-1b (BD Biosciences).  490 

 491 
LDH cytotoxicity assays 492 

Supernatants harvested from infected cells were assayed for cytotoxicity by measuring loss of 493 

cellular membrane integrity via lactate dehydrogenase (LDH) assay. LDH release was 494 
quantified using an LDH Cytotoxicity Detection Kit (Clontech) according to the manufacturer’s 495 

instructions and normalized to mock-infected (min cytotoxicity) and 2% triton-treated cells (max 496 
cytotoxicity)  497 
 498 

Cell viability assay 499 
Viability of infected cells was assessed using the CellTiter-Glo 2.0 Assay Kit (CTG2.0; 500 
Promega) according to manufacturer’s instructions. Caco-2 cells were seeded in 96-well flat 501 
bottom white polystyrene TC-treated microplates (Corning) at a density of 7.5 x 104 cells/well in 502 

medium without antibiotics. Cells were infected at an MOI of 60 and treated with 20 ng/mL 503 
gentamicin 1hpi. After 6 hours, cells were treated with CTG2.0 reagent mix and incubated in the 504 

dark at 37°C for 30 min. Luminescence was read on a luminometer and values normalized to 505 

cells treated with 1% TritonX-100 (min cell viability) and mock-transfected cells (max cell 506 

viability) 507 

 508 
Immunoblot analysis 509 

Cells were replated and infected on serum-free medium to collect supernatant samples. 510 

Supernatant samples were centrifuged at 200 x g to pellet any cell debris and treated with 511 

trichloroacetic acid (TCA) (25 µL TCA per 500 µL supernatant) overnight at 4°C. The following 512 

day, TCA-treated samples were centrifuged at max speed (15,871 x g) for 15 min at 4°C and 513 

washed with ice-cold acetone. TCA-precipitated supernatant samples and cell lysates were 514 

resuspended in 1 x SDS-PAGE sample buffer and boiled for 5 min. Samples were separated by 515 
SDS-PAGE on a 12% (vol/vol) acrylamide gel and transferred to polyvinylidene difluoride 516 

(PVDF) Immobilon-P membranes (Millipore). Primary antibodies specific for human IL-18 (MLB 517 

International PM014), b-actin (4967L; Cell Signaling) and GSDMD (G7422 Sigma-Aldrich) and 518 
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horseradish peroxidase (HRP)-conjugated secondary antibody anti-rabbit IgG (7074S; Cell 519 

Signaling) were used. Enhanced chemiluminescence (ECL) Western blotting substrate or 520 
SuperSignal West Femto (Pierce Thermo Scientific) HRP substrate were used for detection.  521 

 522 
Inhibitor experiments 523 

Cells were treated 1 h prior to infection at the indicated concentrations of the following inhibitors: 524 

10 µM MCC950 (Sigma-Aldrich; PZ0280), 20 µM pan-caspase inhibitor Z-VAD(Ome)-FMK (SM 525 

Biochemicals; SMFMK001), 20 µM caspase-1 inhibitor Ac-YVAD-cmk (Sigma-Aldrich; 526 

SML0429), and 30 µM disulfiram (Sigma).  527 

 528 

siRNA-mediated gene knockdown 529 
CASP5 (S2417), CASP8 (S2427), and two Silencer Select negative-control siRNAs (Silencer 530 
Select negative control no. 1 and no. 2 siRNA) were purchased from Ambion (Life 531 

Technologies). Three days before infection, 30 nM siRNA was transfected into Caco-2 cells 532 
using Lipofectamine RNAiMAX transfection reagent (Thermo Fisher Scientific) following the 533 
manufacturer’s protocol.  534 
 535 

Quantitative RT-PCR analysis 536 

RNA was isolated using the RNeasy Plus Mini Kit (Qiagen) following the manufacturer’s 537 

instructions. Cells were lysed in 350 µL RLT buffer with b-mercaptoethanol and centrifuged 538 

through a QIAshredder spin column (Qiagen). cDNA was synthesized from isolated RNA using 539 

SuperScript II Reverse Transcriptase (Invitrogen) following the manufacturer’s instructions. 540 
Quantitative PCR was conducted with the CFX96 real-time system from Bio-Rad using the 541 
SsoFast EvaGreen Supermix with Low ROX (Bio-Rad). For analysis, mRNA levels of siRNA-542 

treated cells were normalized to housekeeping gene HPRT and control siRNA-treated cells 543 

using the 2-DDCT (cycle threshold) method to calculate knockdown efficiency (95). The following 544 

primers were used:  545 
CASP5 forward: TTCAACACCACATAACGTGTCC 546 

CASP5 reverse: GTCAAGGTTGCTCGTTCTATGG 547 

CASP8 forward: GTTGTGTGGGGTAATGACAATCT 548 

Casp8 reverse: TCAAAGGTCGTGGTCAAAGCC 549 

HPRT forward: CCTGGCGTCGTGATTAGTGAT 550 

HPRT reverse: AGACGTTCAGTCCTGTCCATAA 551 
 552 
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Bacterial uptake enumeration with colony forming units (CFUs) 553 

Cells were infected with indicated strains of Yersinia at an MOI of 20. 1 hpi, cells were treated 554 

with 100 µg/mL of gentamicin to kill extracellular bacteria. 2 hpi the supernatants were aspirated 555 

and cells were lysed with PBS containing 0.5% Triton to collect intracellular bacteria. Harvested 556 

bacteria were serially diluted in PBS and plated on LB agar plates containing 2 µg/mL Irgasan. 557 

Plates were incubated at 28°C for two days and CFUIs were counted.  558 

 559 

Fluorescence microscopy of intracellular Yersinia 560 

One day before infection 2 x 105 cells/well were plated on glass coverslips in a 24-well plate. 561 
Cells were infected with indicated strains of Yersinia constitutively expressing GFP at an MOI of 562 

20. At 2hpi, cells were washed 2 times with PBS, fixed with 4% paraformaldehyde for 10 min at 563 

37°C and stored overnight at 4°C in PBS. The following day, cells were blocked for 30 min at 564 

room temperature in blocking solution containing 1% BSA in PBS and incubated for 1 h at room 565 
temperature in blocking solution with the polyclonal anti-Yersinia antibody SB349 diluted 1:1000 566 
(kindly provided by Dr. James Bliska) (82). AF594-conjugated goat anti-Rabbit IgG antibody (A-567 

11012 Thermo Fisher Scientific) was diluted 1:500 in blocking solution was added to cells and 568 
incubated for 45 min at room temperature. Cells were mounted on glass slides with DAPI 569 

mounting medium (Sigma Fluoroshield). Coverslips were imaged on an inverted fluorescence 570 
microscope (IX81; Olympus) and images were collected using a high-resolution charge-571 
coupled-devise camera (FAST1394; QImaging) at a magnification of 60x. Images were 572 
analyzed and presented using SlideBook (version 5.0) software (Intelligent Imaging Innovations, 573 

Inc.). Average intracellular bacteria/cell and %intracellular bacteria were scored by counting 20 574 
captures per coverslip across triplicate coverslips.   575 
 576 

Statistical analysis 577 
Prism 9.4.1 (GraphPad Software) was utilized for the graphing of data and all statistical 578 

analyses. Statistical significance for experiments were determined using the appropriate test 579 

and are indicated in each figure legend. Differences were considered statistically significant if 580 
the p value was <0.05. 581 

 582 

Data availability 583 
All data are included in the manuscript and supplemental material. Bacterial strains available 584 

upon request 585 

 586 
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Figure 1: Yptb T3SS-injected effectors suppress inflammasome activation in human IECs. 598 
BMDMs (A) or Caco-2 cells (B-F) were infected with PBS (Mock or MOI 0), WT Yptb, or D6 599 
Yptb. (A, B) Cell death was measured as percent cytotoxicity normalized to cells treated with 600 
2% Triton at 6hpi. (C) Cell death was measured as percent viability normalized to mock-infected 601 
cells at 6hpi. (D) Release of IL-18 into the supernatant was measured by ELISA at 6hpi. (E) 602 
Lysates and supernatants collected 6hpi were immunoblotted for IL-18 and b-actin. (F) Release 603 
of IL-1i into the supernatant was measured by ELISA at 6hpi. ns — not significant, ** p < 0.01, 604 
*** p < 0.001, **** p < 0.0001 by Welch’s t test (A-C) or by one-way ANOVA (D, F). Error bars 605 
represent the standard deviation of triplicate wells and are representative of two or three 606 
independent experiments.  607 
 608 
Figure 2: caspase-4 is required for D6 Yptb-induced inflammasome activation in human IECs. 609 
(A, B) One hour prior to infection, WT Caco-2 cells were treated with 20 uM ZVAD or DMSO as 610 
a vehicle control. Cells were then infected with PBS (Mock), WT Yptb or D6 Yptb. At 6hpi (A) 611 
release of IL18 into the supernatant was measured by ELISA and (B) cell death was measured 612 
as percent cytotoxicity normalized to cells treated with 2% triton. (C-E) WT or two independent 613 
single cell clones of CASP4-/- Caco-2 cells were infected with PBS (Mock), WT Yptb or D6 Yptb. 614 
(C) Release of IL-18 into the supernatant was measured by ELISA at 6hpi. (D) Lysates and 615 
supernatants collected 6hpi were immunoblotted for IL-18 and b-actin. (E) Cell death was 616 
measured at 6hpi as percent cytotoxicity normalized to cells treated with 2% triton. ** p < 0.01, 617 
*** p < 0.001, **** p < 0.0001 by two-way ANOVA. Error bars represent the standard deviation 618 
of triplicate wells and are representative of two or three independent experiments. 619 
 620 
Figure 3: GSDMD pore formation downstream of caspase-4 activation is required for D6 Yptb-621 
induced inflammasome activation in human IECs. (A) WT or two independent single cell clones 622 
of CASP4-/- Caco-2 cells were infected with PBS (Mock), WT Yptb or D6 Yptb. Lysates and 623 
supernatants were collected at 6hpi and immunoblotted for GSDMD and b-actin. (B, C) One 624 
hour prior to infection, WT Caco-2 cells were treated with 30 uM disulfiram or DMSO as a 625 
vehicle control. Cells were then infected with PBS (Mock), WT Yptb or D6 Yptb. (B) Release of 626 
IL-18 into the supernatant and (C) percent cytotoxicity normalized to cells treated with 2% triton 627 
were measured at 6hpi. **** p < 0.0001 by two-way ANOVA. Error bars represent the standard 628 
deviation of triplicate wells and are representative of three independent experiments. 629 
 630 
Figure 4: YopE, YopH, and YopK synergistically suppress inflammasome activation in human 631 
cells. (A, B) WT Caco-2 cells were infected with PBS (Mock) or indicated strain of Yptb. Release 632 
of IL-18 into the supernatant was measured at 6hpi. (C, D) WT or two independent single cell 633 
clones of CASP4-/- Caco-2 cells were infected with PBS (Mock) or the indicated strain of Yptb. 634 
(C) Release of IL-18 into the supernatant and (D) percent cytotoxicity normalized to cells treated 635 
with 2% triton were measured at 6hpi. (E, F) WT THP-1 monocyte-derived macrophages were 636 
primed with 100 ng/ml Pam2CSK4 for 16 hours. Cells were infected with PBS (Mock) of the 637 
indicated strain of Yptb. (E) Release of IL-1b into the supernatant and (F) percent cytotoxicity 638 
normalized to cells treated with 2% triton were measured at 6hpi. * p < 0.05, *** p < 0.001, **** p 639 
< 0.0001 by one-way ANOVA (A, B, E, F) or two-way ANOVA (C, D). Error bars represent the 640 
standard deviation of triplicate wells and are representative of two or three independent 641 
experiments. 642 
 643 
Figure 5: YopE and YopH inhibit caspase-4-dependent inflammasome activation and actin-644 
dependent bacterial phagocytosis in human IECs. (A, B) WT or two independent single cell 645 
clones of CASP4-/- Caco-2 cells were infected with PBS (Mock) or the indicated strain of Yptb. 646 
(A) Release of IL-18 into the supernatant and (B) percent cytotoxicity normalized to cells treated 647 
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with 2% triton were measured at 6hpi. (C) WT Caco-2 cells were infected with the indicated 648 
strain of Yptb at an MOI=20 and lysed at 2 hpi. Bacteria were plated on Yersinia-selective agar 649 
to calculate CFUs. (D, E) WT Caco-2 cells were seeded on glass coverslips and infected with 650 
indicated strain of Yptb expressing GFP at an MOI=20. Cells were fixed at 2hpi and stained for 651 
extracellular Yersinia (Red) and DAPI to label DNA (blue). (D) Representative images are 652 
shown. Scale bar represents 10 µm. (E) Proportion of total bacteria that was intracellular (green 653 
only) was scored by fluorescence microscopy. Bars represent standard deviation of triplicate 654 
coverslips with 20 fields scored per coverslip. (F, G) One hour prior to infection, WT Caco-2 655 
cells were treated with 10 uM cytochalasin D or DMSO as a vehicle control. Cells were then 656 
infected with PBS (Mock) or indicated strain of Yptb. (F) Cells were lysed at 2hpi and bacteria 657 
were plated on Yersinia-selective agar to calculate CFUs. (G) Release of IL-18 into the 658 
supernatant was measured at 6hpi. * p < 0.05, ** p < 0.01, **** p < 0.0001 by two-way ANOVA 659 
(A, B, F, G) or one-way ANOVA (C, E). Error bars represent the standard deviation of triplicate 660 
wells and are representative of two or three independent experiments 661 
 662 
  663 
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Table s1: Yersinia strains used in this study 664 
Strain name Relevant characteristics Reference or Source 
IP2666 (WT Yptb) Wild-type,  pYV+, 

naturally yopT− 
(94) 

D6 Yptb yopEHJMKO− 
 

(62) 

DyopE Yptb yopE- (82) 
DyopH Yptb yopH- (85) 
DyopM Yptb yopM- This study and (40) 
DyopJ Yptb yopJ- (62) 
DyopK Yptb yopK- (45) 
DyopO Yptb yopO- (96) 
DyopEH Yptb yopEH- (85) 
DyopEK Yptb yopEK- This study and (97) 
DyopHK Yptb yopHK- This study and (97) 
DyopEHK Yptb yopEHK- This study and (97) 

 665 
 666 
Figure s1 (related to Fig 1): Yersinia Yops suppress inflammasome activation. (A) Caco-2 cells 667 
were infected with PBS (Mock) or WT Yptb or D6 Yptb. Release of IL-1b into the supernatant 668 
was measured by ELISA at 6hpi. (B, C) Caco-2 cells were infected with PBS or WT Yptb or D6 669 
Yptb at the indicated MOI. (B) Release of IL-18 into the supernatant was measured by ELISA at 670 
6hpi. (C) Percent cytotoxicity normalized to cells treated with 2% triton were measured at 6hpi. * 671 
p < 0.05, ** p < 0.01 by one-way ANOVA. Error bars represent the standard deviation of 672 
triplicate wells and are representative of two independent experiments. 673 
 674 
Figure s2 (related to Fig 2): Caspase-1 and caspase-8 are involved but not absolutely required 675 
for D6 Yptb-induced inflammasome activation in human IECs. (A) WT Caco-2 cells or two 676 
independent single cell clones of CASP1-/- Caco-2 cells were infected with PBS (Mock), WT 677 
Yptb, or D6 Yptb. (B) One hour prior to infection, WT Caco-2 cells were treated with 20 uM 678 
YVAD or DMSO as a vehicle control. Cells were then infected with PBS (Mock), WT Yptb or D6 679 
Yptb. (A, B) IL-18 release into the supernatant was measured by ELISA at 6hpi. (C) Knockdown 680 
efficiency of siRNA targeting CASP8 in WT Caco-2 cells was measured by qRT-PCR and 681 
normalized to housekeeping gene HPRT and calculated relative to control-siRNA-treated cells. 682 
(D) WT Caco-2 cells were treated with siRNA targeting a control scrambled siRNA or siRNA 683 
targeting CASP8 for 72 hours. (E) One hour prior to infection WT Caco-2 cells were treated with 684 
20 uM IETD or DMSO as a vehicle control. (D, E) Cells were infected with PBS (Mock), WT 685 
Yptb or D6 Yptb. IL-18 release into the supernatant was measured at 6hpi. (F-G) WT or two 686 
independent single cell clones of CASP1-/- Caco-2 cells were treated with siRNA targeting a 687 
control scrambled siRNA or siRNA targeting CASP8 for 72 hours. (F) IL-18 release into the 688 
supernatant was measured at 6hpi. (G) Knockdown efficiency of siRNA targeting CASP8 in WT 689 
Caco-2 cells was measured by qRT-PCR and normalized to housekeeping gene HPRT and 690 
calculated relative to control-siRNA-treated cells. ** p < 0.01, **** p < 0.0001 by two-way 691 
ANOVA. Error bars represent the standard deviation of triplicate wells and are representative of 692 
two or three independent experiments. 693 
 694 
Figure s3 (related to Fig 2.): Caspase-5 contributes to D6 Yptb-induced inflammasome 695 
activation in human IECs (A) Knockdown efficiency of siRNA targeting CASP5 in WT Caco-2 696 
cells was measured by qRT-PCR, normalized to HPRT and calculated relative to control-siRNA-697 
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treated cells. (B, C) WT Caco-2 cells were treated with siRNA targeting a control scrambled 698 
siRNA or siRNA targeting CASP5 for 72 hours. (B) IL-18 release and (C) % cytotoxicity 699 
normalized to cells treated with 2% triton were measured at 6hpi. ** p < 0.01, **** p < 0.0001 by 700 
two-way ANOVA. Error bars represent the standard deviation of triplicate wells and are 701 
representative of three independent experiments. 702 
 703 
Figure s4 (related to Fig 3.) NLRP3, NAIP/NLRC4 and ASC are dispensable for D6 Yptb-704 
induced inflammasome activation in human IECs. (A) One hour prior to infection cells were 705 
treated with 10 uM MCC950 or DMSO as a vehicle control. Cells were then infected with PBS 706 
(Mock) WT Yptb or D6 Yptb. (B, C) WT or two independent single cell clones of (B) NAIP-/- or 707 
(C) PYCARD-/- Caco-2 cells were infected with PBS (Mock), WT Yptb, or D6 Yptb. (A, B, C) IL-708 
18 release was measured in supernatants at 6hpi. **** p < 0.0001 by two-way ANOVA. Error 709 
bars represent the standard deviation of triplicate wells and are representative of three 710 
independent experiments. 711 
 712 
Figure s5 (related to Fig. 5): YopE and YopH block phagocytosis in human IECs. (A) WT Caco-713 
2 cells were infected with the indicated strain of Yptb at an MOI=20 and lysed at 2 hpi. Bacteria 714 
were plated on Yersinia-selective agar to enumerate CFUs and %internalization was calculated 715 
as 2hpi CFUs divided by bacterial inoculum. (B) WT Caco-2 cells were seeded on glass 716 
coverslips and infected with indicated strain of Yptb expressing GFP at an MOI=20. Cells were 717 
fixed at 2hpi and stained for extracellular Yersinia (Red) and DAPI to label DNA (blue). Number 718 
of intracellular bacteria (green only) in a field and number of cells was scored by fluorescence 719 
microscopy. Bars represent standard deviation of triplicate coverslips with 20 fields scored per 720 
coverslip. (C) One hour prior to infection, WT Caco-2 cells were treated with 10 uM cytochalasin 721 
D or DMSO as a vehicle control. Cells were then infected with PBS (Mock) or indicated strain of 722 
Yptb and lysed at 2hpi. Bacteria were plated Yersinia-selective agar to enumerate CFUs 723 
and %internalization was calculated as 2hpi CFUs divided by bacterial inoculum. * p < 0.05, ** p 724 
< 0.01, **** p < 0.0001 by one-way ANOVA (A, B) or two-way ANOVA (C). Error bars represent 725 
the standard deviation of triplicate wells and are representative of two or three independent 726 
experiments. 727 
  728 
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