
1 

 

 1 

 2 

 3 

ARHGEF26 enhances Salmonella invasion and inflammation in cells and mice 4 

 5 

Jeffrey S. Bourgeoisa,b, Liuyang Wanga, Monica I. Alvareza, Jeffrey Everittc, Sahezeel 6 

Awadiad, Erika S. Wittchene, Rafael Garcia-Matad, Dennis C. Koa,b,f 7 

 8 

Affiliations 9 

a Department of Molecular Genetics and Microbiology, School of Medicine, Duke 10 

University, Durham, NC, USA 11 

b University Program in Genetics and Genomics, Duke University, Durham, NC, USA 12 

c Department of Pathology, Duke University Medical Center, Durham, NC, USA 13 

d Department of Biological Sciences, University of Toledo, Toledo, OH, USA 14 

e Department of Cell Biology and Physiology, University of North Carolina, Chapel Hill, 15 

NC, USA 16 

f Division of Infectious Diseases, Department of Medicine, School of Medicine, Duke 17 

University, Durham, NC, USA 18 

 19 

*To whom correspondence should be addressed: Dennis C. Ko, 0049 CARL Building 20 

Box 3053, 213 Research Drive, Durham, NC  27710. 919-684-5834. 21 

dennis.ko@duke.edu. @denniskoHiHOST 22 

 23 

.CC-BY-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(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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 December 30, 2020. ; https://doi.org/10.1101/2020.12.30.424811doi: bioRxiv preprint 

mailto:dennis.ko@duke.edu
https://doi.org/10.1101/2020.12.30.424811
http://creativecommons.org/licenses/by-nd/4.0/


2 

 

Abstract 24 

Salmonella hijack host machinery in order to invade cells and establish infection. 25 

While considerable work has described the role of host proteins in invasion, much less is 26 

known regarding how natural variation in these invasion-associated host proteins affects 27 

Salmonella pathogenesis. Here we leveraged a candidate cellular GWAS screen to 28 

identify natural genetic variation in the ARHGEF26 (Rho Guanine Nucleotide Exchange 29 

Factor 26) gene that renders lymphoblastoid cells susceptible to Salmonella Typhi and 30 

Typhimurium invasion. Experimental follow-up redefined ARHGEF26’s role in Salmonella 31 

epithelial cell invasion, identified serovar specific interactions, implicated ARHGEF26 in 32 

SopE-mediated invasion, and revealed that the ARHGEF26-associated proteins DLG1 33 

and SCRIB facilitate S. Typhi uptake. Importantly, we show that ARHGEF26 plays a 34 

critical role in S. Typhimurium pathogenesis by contributing to bacterial burden in the 35 

enteric fever murine model, as well as inflammation in the gastroenteritis infection model. 36 

The impact of ARHGEF26 on inflammation was also seen in cells, as knockdown reduced 37 

IL-8 production in HeLa cells. Together, these data reveal pleiotropic roles for ARHGEF26 38 

function during infection and highlight that many of the interactions that occur during 39 

infection that are thought to be well understood likely have underappreciated complexity. 40 

 41 

Author Summary 42 

During infection, Salmonella manipulates host cells into engulfing the bacteria and 43 

establishing an intracellular niche. While many studies have identified genes involved in 44 

different stages of this Salmonella invasion process, few studies have examined how 45 

differences between human hosts contribute to infection susceptibility. Here we leveraged 46 
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a candidate genetic screen to identify natural genetic variation in the human ARHGEF26 47 

gene that correlates with Salmonella invasion. Springboarding from this result, we 48 

experimentally tested and revised existing models of ARHGEF26’s role in Salmonella 49 

invasion, discovered an additional new role for ARHGEF26 during Salmonella disease, 50 

and confirmed our findings in mouse models. Building on how ARHGEF26 functions in 51 

other contexts, we implicated two ARHGEF26-interacting host proteins as contributors to 52 

Salmonella pathobiology. Collectively, these results identify a potential source of inter-53 

person diversity in susceptibility to Salmonella disease, expand our molecular 54 

understanding of Salmonella infection to include a multifaceted role for ARHGEF26, and 55 

identify several important future directions that will be important to understand how 56 

Salmonella recruit and manipulate ARHGEF26 as well as how ARHGEF26 is able to drive 57 

Salmonella-beneficial processes. 58 

 59 

Introduction 60 

The ability for bacteria to invade non-phagocytic host cells has long been 61 

recognized as a crucial trait of many pathogenic bacteria. Observations of this 62 

phenomena in Salmonella stretch back to at least 1920 when Margaret Reed Lewis 63 

observed that Salmonella enterica serovar Typhi (S. Typhi) induces vacuole formation 64 

during invasion of chick embryo tissues (1). With the advent of molecular biology, Galán 65 

and others identified that the type-III secretion system coded by genes in the Salmonella 66 

Pathogenicity Island-1 (SPI-1) facilitates Salmonella invasion (2, 3). Additional work 67 

demonstrated that the Salmonella effector proteins SopB, SopE, and SopE2 drive uptake 68 

of Salmonella in cultured cells by macropinocytosis through their ability to hijack or mimic 69 
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host proteins (4-9). The importance of Salmonella invasion has been affirmed through 70 

several in vivo studies, as strains defective for the invasion apparatus are severely 71 

attenuated in their ability to colonize and disseminate (3), and/or drive inflammation (10, 72 

11) in mouse models.  73 

 While much is known about the molecular mechanisms of host-Salmonella 74 

interactions, significantly less is known about why individuals have different 75 

susceptibilities to Salmonella infection. For example, in one recent S. Typhi human 76 

challenge study, the amount of S. Typhi found in patient blood varied substantially (0.05-77 

22.7 CFU/mL blood in control patients), and 23% of participants resisted Typhoid fever 78 

onset (12). To help fill this gap, genome-wide association studies (GWAS) of Typhoid 79 

fever and non-typhoidal Salmonella bacteremia have demonstrated the importance of the 80 

HLA-region (13) and immune signaling (14) in Salmonella susceptibility. We hypothesized 81 

that differences in susceptibility to SPI-1 effectors and Salmonella host cell invasion also 82 

regulate risk of Salmonella infection. In fact, using a novel cellular genome-wide 83 

association platform called Hi-HOST (15-17), we previously determined that SNPs that 84 

affect VAC14 expression regulate susceptibility to S. Typhi invasion through regulation of 85 

plasma membrane cholesterol (18). This demonstrates the power of cellular GWAS to 86 

identify natural genetic variation in cellular traits and enhance our mechanistic 87 

understanding of variable disease susceptibility. 88 

 In this work, we leveraged current understanding of host factors manipulated by 89 

Salmonella to identify human genetic variation that regulates invasion. We identified a 90 

locus in the guanine exchange factor (GEF) ARHGEF26 (also known as SGEF) that 91 

correlated with susceptibility to S. Typhi and S. Typhimurium invasion. Previous work has 92 
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demonstrated that ARHGEF26 contributes to Salmonella-induced membrane ruffling and 93 

was hypothesized to impact invasion (7). Current models speculate that ARHGEF26 94 

contributes to membrane ruffling by enabling SopB-mediated activation of the human 95 

small GTPase RHOG. Here we demonstrated that ARHGEF26 regulates susceptibility to 96 

Salmonella invasion through ARHGEF26 knockdown and overexpression. We also 97 

expanded our understanding of Salmonella’s interaction with ARHGEF26, finding that S. 98 

Typhi, but not S. Typhimurium uses ARHGEF26 for SopB- and SopE- mediated invasion 99 

of HeLa cells. Notably, we observed no effect of RHOG on invasion, in line with recent 100 

studies that found RHOG is dispensable for invasion (19, 20). In contrast, we show that 101 

reported interacting partners of ARHGEF26 in the Scribble complex, DLG1 (also known 102 

as SAP97) and SCRIB (also known as Scribble) also contribute to S. Typhi invasion. We 103 

demonstrated the importance of these findings in vivo, finding that Arhgef26 deletion 104 

restricted S. Typhimurium burden in a mouse model of infection. Finally, we report a 105 

previously unappreciated role for ARHGEF26 in regulating the inflammatory response to 106 

Salmonella in both HeLa cells and mice. Collectively, these data identify a novel locus 107 

that contributes to natural genetic susceptibility to SPI-1-mediated invasion and elucidate 108 

our mechanistic understanding of ARHGEF26-mediated Salmonella invasion and 109 

inflammation. 110 

 111 

Results 112 

 113 

Cellular GWAS identifies an association between the rs993387 locus and Salmonella 114 

invasion 115 
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Our previous cellular GWAS (hereafter called H2P2; (17)) linked natural human 116 

genetic variation across 528 genotyped lymphoblastoid cell lines (LCLs) from parent-117 

offspring trios to 79 infection phenotypes, including rates of Salmonella invasion. To 118 

quantify Salmonella invasion in H2P2, we infected LCLs with GFP-tagged Salmonella 119 

enterica serovar Typhi (S. Typhi) or Salmonella enterica serovar Typhimurium (S. 120 

Typhimurium) and counted the GFP+ host cells, which contain viable bacteria, by flow 121 

cytometry three hours post infection (Figure 1A). Using Salmonella invasion as a 122 

quantitative trait, we performed GWAS to identify loci associated with susceptibility to 123 

Salmonella invasion.  124 

 H2P2 identified 17 SNPs that passed genome-wide significance (p<5x10-8), 125 

however, no Salmonella invasion-associated SNPs passed this threshold (17). We next 126 

leveraged the last twenty years of Salmonella cellular microbiology and restricted our 127 

search space to common SNPs (minor allele frequency > 0.05) in 25 genes that regulate 128 

Salmonella-induced actin rearrangement, membrane ruffling, and/or invasion (Figure 1B, 129 

Table S1). These host genes encode proteins affected by SPI-1 secreted proteins 130 

(reviewed (21, 22)), and include ARF1 (23), ARF6 (23, 24), ARHGEF26 (commonly called 131 

SGEF) (7), RHOG (7, 25), CYTH2 (23, 24), CDC42 (7, 26-28), RAC1 (7, 26, 28, 29), and 132 

actin (ACTB) (30-33), as well as genes in the WAVE (23, 28, 34) and Arp2/3 (27, 28, 34) 133 

complexes. Together, the proteins in this cascade lead to actin cytoskeletal 134 

rearrangements that enable macropinocytosis and bacterial uptake. 135 

Plotting this SNP subset on a QQ plot to compare expected and observed p-values 136 

revealed a deviation towards p-values lower than expected by chance for both S. Typhi 137 

(Figure 1C) and S. Typhimurium (Figure 1D) invasion. The lowest p-value SNP 138 
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associated with invasion of S. Typhi was rs993387 (p=0.0001), which is located in an 139 

ARHGEF26 intron. This SNP also showed deviation with S. Typhimurium invasion 140 

(p=0.0004), although a linked SNP, rs71744878 (LD r2 =0.63 for ESN; 0.48 for GWD; 141 

0.97 for KHV; 0.75 for IBS from LD Link (35)) had a slightly lower p-value. Removing all 142 

ARHGEF26 SNPs from the analysis returned the remaining SNPs to the expected neutral 143 

distribution, suggesting, surprisingly, we only detect natural genetic variation in 144 

ARHGEF26 that substantially impacted Salmonella invasion (Figure S1A, S1B). The 145 

rs993387 G allele associated with susceptibility to invasion, and the SNP appears to have 146 

a larger effect on S. Typhi invasion (2.6%, Figure 1E) compared to S. Typhimurium 147 

invasion (0.7%, Figure 1F). Within each of the four populations used in H2P2, the rarity 148 

of the minor allele made it difficult to comment on the impact of the GG genotype, but the 149 

directionality of effect between the TT and GT genotypes was preserved across all 150 

populations (Figure S1C). 151 

 152 
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Figure 1. H2P2 reveals the rs993387 153 
locus is associated with Salmonella 154 
invasion of lymphoblastoid cell lines. 155 
(A) Schematic for the H2P2 cellular 156 
GWAS. 528 lymphoblastoid cell lines 157 
(LCLs) from four populations were 158 
infected with S. Typhimurium (MOI 30) 159 
or S. Typhi (MOI 5) for 1 hour. Invasion 160 
was quantified 3 hours post infection by 161 
flow cytometry. Percent invasion was 162 
used as a phenotype for GWAS analysis. 163 
(B) Schematic for SPI-1-mediated 164 
invasion. Genes and complexes listed 165 
are included in the stratified GWAS 166 
analysis. (C,D) Stratified QQ plots 167 
examining SNPs associated with S. Typhi 168 
(C) and S. Typhimurium (D) invasion. 169 
Only SNPs in SPI-1 invasion-associated 170 
host genes were considered and analysis 171 
was restricted to common SNPs 172 
(MAF>0.05) and pruned at r2>0.6. 173 
rs993387 (blue diamond) diverges from 174 
p-values expected by chance for both 175 
serovars. Empirical P-values were 176 
calculated from family-based association 177 
analysis using QFAM-parents in PLINK. 178 
(E,F) Analysis of invasion for S. Typhi (E) 179 
and S. Typhimurium (F) from the H2P2 180 
screen plotted by rs993387 genotype. 181 
Each dot represents a single LCL line, 182 
averaged between three independent 183 
experiments. Bar marks the median and 184 
the error bars represent the 95% 185 
confidence intervals. R2 values derived 186 
from simple linear regression. P values 187 
for both regressions were p≤0.05. 188 

 189 

 190 

 191 

 192 

 193 

 194 

 195 
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Manipulating ARHGEF26 expression phenocopies the rs993387 locus’ effect on 196 

Salmonella invasion 197 

We next analyzed the rs993387 locus in detail and found that SNPs in a ~100kb 198 

region of linkage disequilibrium overlapping ARHGEF26 were associated with both S. 199 

Typhi (Figure 2A) and S. Typhimurium (Figure 2B) invasion. Looking for plausible 200 

functional variants in high LD (r2 > 0.6 in EUR and AFR populations) in Haploreg (36) 201 

revealed only additional intronic variants. Further evaluation of published eQTL datasets 202 

(37, 38) did not reveal a definitive connection to ARHGEF26 mRNA expression. Testing 203 

for enhancer activity of a ~5kb region including rs993387, exon 11, and rs2122363 (the 204 

lowest S. Typhimurium SNP (Figure 2B)) using a luciferase reporter plasmid (39) 205 

demonstrated roughly two-fold induction over the vector control but no allele-specific 206 

enhancer activity in HeLa cells (Figure S1D). Additional analysis of the GTEx database 207 

(37) revealed that rs993387 is a splicing QTL in multiple tissues, including the colon 208 

(p=1.1x10-9), representing a plausible mechanism by which this SNP could regulate 209 

ARHGEF26 protein abundance or function. In summary, while H2P2 implicated the 210 

ARHGEF26 region in regulating susceptibility to Salmonella invasion, we do not yet know 211 

how genetic variation in this region affects ARHGEF26 expression and/or function. 212 

We next examined if ARHGEF26 expression affects Salmonella invasion in LCLs. 213 

While previous reports have linked ARHGEF26 to the induction of membrane ruffling (7), 214 

no study has demonstrated whether ARHGEF26 contributes to host-cell invasion. This is 215 

an important distinction, as invasion does not always correlate with ruffling (40). RNAi 216 

knockdown of ARHGEF26, confirmed by qPCR (Figure S1E), showed reduced S. Typhi 217 

.CC-BY-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 December 30, 2020. ; https://doi.org/10.1101/2020.12.30.424811doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.30.424811
http://creativecommons.org/licenses/by-nd/4.0/


10 

 

and S. Typhimurium invasion—a phenotype similar to the protective rs993387 T-allele in 218 

LCLs (Figure 2C, D). 219 

Figure 2. Knockdown of ARHGEF26 220 
phenocopies human genetic variation in 221 
the rs993387 locus. (A,B) LocusZoom (41) 222 
plot generated with H2P2 data show SNPs 223 
in linkage disequilibrium with rs993387 in 224 
the ARHGEF26 gene associates with S. 225 
Typhi (A) and S. Typhimurium (B) invasion. 226 
Height of dots represent the -log10(p-227 
value) from H2P2. Dot color represents 228 
linkage disequilibrium (r2) based on 1000 229 
Genomes African dataset. Blue line behind 230 
dots tracks the recombination rate. (C,D) 231 
RNAi-mediated ARHGEF26 knock down 232 
reduces S. Typhi (siARHGEF26/NT = 0.86, 233 
C) and S. Typhimurium (siARHGEF26/NT = 234 
0.90, D) invasion in LCLs (HG01697, IBS, 235 
rs993387 genotype=GG) compared to non-236 
targeting (NT) siRNA. Cells were infected at 237 
MOI 5 (S. Typhi) or MOI 30 (S. 238 
Typhimurium) for 60 minutes. Invasion 239 
was measured three hours post infection 240 
by flow cytometry. Each dot represents a 241 
biological replicate from one of three 242 
independent experiments. Experimental 243 
means were adjusted to the grand mean 244 
prior to plotting or performing statistics. 245 
Bars represent the mean and error bars 246 
represent standard error of the mean. P-247 
values generated by an unpaired t-test. 248 

 249 

 250 

 251 

 252 

 253 

ARHGEF26 effects on invasion are cell line and serovar dependent 254 

To dissect how ARHGEF26 contributes to Salmonella invasion, we examined how 255 

the protein regulates Salmonella invasion of HeLa cells, a common epithelial invasion 256 
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model. We hypothesized that our core phenotypes of ARHGEF26 positively regulating S. 257 

Typhi and S. Typhimurium invasion in LCLs would replicate in HeLa cells. To our surprise, 258 

ARHGEF26 RNAi knockdown significantly reduced S. Typhi invasion into HeLa cells 259 

(Figure 3A) but did not affect S. Typhimurium invasion (Figure 3B). This revealed that 260 

invasion only depends on ARHGEF26 in certain cell line and serovar combinations.  261 

The prevailing model for ARHGEF26 involvement in invasion is that Salmonellae 262 

use SopB to recruit ARHGEF26 and thereby activate RHOG, while SopE and SopE2 263 

independently and directly activate RHOG (7). Based on this, we speculated that SopE2 264 

(present in S. Typhimurium 14028s; absent in S. Typhi Ty2) might be a more potent 265 

activator of RHOG in HeLa cells than SopE (present in S. Typhi Ty2; absent in S. 266 

Typhimurium 14028s), and that this effector repertoire difference might explain our 267 

difference in ARHGEF26-dependent invasion. However, in an S. Typhimurium strain 268 

lacking SopE2 (leaving only SopB to drive invasion) there was no effect of ARHGEF26 269 

knockdown on invasion (Figure 3C). Notably, the S. Typhimurium 14028s and S. Typhi 270 

Ty2 SopB proteins are 98.4% identical on the amino acid level, so it is possible that the 271 

modest differences in sequence could account for the differential ARHGEF26 272 

requirement. A potentially more plausible hypothesis is that additional differences in the 273 

effector repertoires and/or invasion mechanisms of S. Typhi and S. Typhimurium enable 274 

S. Typhimurium to efficiently invade HeLa cells in the absence of ARHGEF26. 275 

 276 

ARHGEF26 contributes to SopB- and SopE-mediated Salmonella invasion 277 

We next tested the hypothesis that ARHGEF26 is required for SopB-mediated 278 

invasion, but not SopE-mediated invasion using ∆sopB and ∆sopE S. Typhi. Surprisingly, 279 
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ARHGEF26 knockdown reduced both SopB- and SopE-mediated invasion (Figure 3D). 280 

With wild-type S. Typhi, we observe a robust reduction in invasion following ARHGEF26 281 

knockdown (siARHGEF26/NT = 0.68). We observed a more modest reduction in invasion 282 

following ARHGEF26 knockdown with the ∆sopB mutant (siARHGEF26/NT = 0.81), 283 

demonstrating that SopE-mediated invasion is less efficient without ARHGEF26. In 284 

contrast, with the ∆sopE mutant, we saw almost no change in effect size 285 

(siARHGEF26/NT = 0.71), demonstrating that when only SopB is present, ARHGEF26 286 

has roughly the same proportional effect on invasion as when both effectors are present. 287 

Together, these data suggest that the previous model in which ARHGEF26 is recruited 288 

by only SopB is incomplete, and instead support a model in which ARHGEF26 contributes 289 

to both SopB- and SopE-mediated invasion. 290 

 291 

RHOG knockdown does not phenocopy ARHGEF26 knockdown 292 

We next tested whether the effects of ARHGEF26 knockdown could be 293 

phenocopied by knocking down RHOG. Notably while Patel et al. showed that RHOG 294 

contributes to SopB-mediated membrane ruffling (7) and invasion (25), more recent 295 

reports have demonstrated that RHOG is dispensable for Salmonella invasion into 296 

fibroblasts (20) and Henle cells (19, 20). In line with this, we found that RHOG knockdown 297 

did not reduce Salmonella Typhi (Figure 3E) or Typhimurium (Figure 3F) invasion. 298 

Curiously, we found that RHOG knockdown actually subtly increased invasion. 299 

We hypothesize that there are three non-mutually exclusive reasons why RHOG 300 

knockdown fails to phenocopy ARHGEF26 knockdown. First, it is possible that 85% 301 

knockdown (Figure S1F) may not be sufficient to impair RHOG's cellular functions, 302 
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particularly in light of the small fraction of active RHOG in the cell at any given time (42-303 

44). Alternatively, ARHGEF26-mediated invasion may involve other small GTPases. For 304 

instance, ARHGEF26 does show a weak capacity to stimulate nucleotide exchange of 305 

CDC42 and RAC1 in vitro (45, 46). Alternatively, ARHGEF26 could activate other CDC42-306 

related small-GTPases, such as RHOJ, which have recently been shown to affect 307 

invasion (19, 47). Our third hypothesis is that ARHGEF26 may have impacts on 308 

Salmonella invasion independent of its GEF activity. This is based on work from one of 309 

our labs that demonstrated that some of ARHGEF26’s cellular roles involve forming a 310 

tertiary complex with DLG1 and SCRIB independent of nucleotide exchange (48). 311 

 312 

 313 
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Figure 3. ARHGEF26 is a positive regulator 314 
of Salmonella Typhi, but not Salmonella 315 
Typhimurium, invasion into HeLa cells. 316 
(A,B) RNAi knockdown of ARHGEF26 in HeLa 317 
cells results in reduced S. Typhi (A), but not 318 
reduced S. Typhimurium (B) invasion. (C) 319 
The absence of an effect in S. Typhimurium 320 
is independent of sopE2, as a S. 321 
Typhimurium strain where the gene is 322 
replaced with a tetracycline resistance 323 
allele (tet) also shows no effect. (D) The 324 
effects of ARHGEF26 knockdown on S. Typhi 325 
invasion does not require either sopB or 326 
sopE. (E, F) RHOG knockdown does not 327 
reduce S. Typhi or S. Typhimurium invasion. 328 
All comparisons are made to transfection 329 
with non-targeting (NT) siRNA. Cells were 330 
infected at MOI 30 (S. Typhi) or MOI 1 (S. 331 
Typhimurium) for 30 minutes.  For all 332 
panels, invasion was measured three hours 333 
post infection by flow cytometry. All dots 334 
represent biological replicates from at least 335 
two experiments. Ratio in D is the 336 
siARHGEF26 mean divided by the NT mean. 337 
Data across experiments were normalized 338 
to the grand mean prior to plotting or 339 
performing statistics. Bars represent the 340 
mean and error bars represent standard 341 
error of the mean. P-values for panels A-D 342 
were generated by unpaired t-test. P-values 343 
for E-F were generated by one-way ANOVA 344 
with Dunnett's multiple comparisons test. 345 

 346 

 347 

 348 

The Scribble Complex members DLG1 and SCRIB promote S. Typhi invasion 349 

 Previous work has demonstrated that the Scribble complex members DLG1 and/or 350 

SCRIB play key roles facilitating ARHGEF26 activity during human papillomavirus 351 

infection (49), as well as in regulating epithelial junctions formation, contractability, and 352 

lumen formation in 3D cysts (48). With this in mind, we investigated whether DLG1 and/or 353 
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SCRIB has a role in Salmonella invasion. Indeed, we observed that knockdown of DLG1 354 

and SCRIB each resulted in a reduction in S. Typhi invasion (Figure 4A).  355 

Supporting our hypothesis that DLG1, SCRIB, and ARHGEF26 may act through 356 

the same pathway, our findings with DLG1 and SCRIB knockdown broadly phenocopy 357 

our results with ARHGEF26 knockdown. Consistent with our ARHGEF26 knockdown 358 

data, DLG1 and SCRIB are dispensable for S. Typhimurium invasion (Figure 4B). Further, 359 

the effect of DLG1 and SCRIB knockdown on invasion was partially reduced when cells 360 

were infected with ∆sopB S. Typhi (Figure 4C, siDLG1/NT = 0.84, p=0.02; siSCRIB/NT = 361 

0.87, p =0.09) compared to infection with wild-type S. Typhi (Figure 4C, siDLG1/NT = 362 

0.76, p = 0.001; siSCRIB/NT = 0.81, p < 0.001), suggesting that SopE is more efficient at 363 

inducing invasion in the presence of ARHGEF26, DLG1, and SCRIB. However, unlike 364 

ARHGEF26 knockdown, the effect of DLG1 and SCRIB knockdown were largely ablated 365 

when cells were infected with ∆sopE S. Typhi (Figure 4C, siDLG1/NT = 0.89; siSCRIB/NT 366 

= 0.90), demonstrating that DLG1 and SCRIB have small and statistically insignificant 367 

impacts on SopB-mediated invasion. Our interpretation of this data is that DLG1 and 368 

SCRIB may primarily help ARHGEF26 drive SopE-mediated invasion, but that other 369 

scaffolds primarily assist in SopB-mediated invasion. 370 

 371 
 372 
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 Figure 4: ARHGEF26 interactors DLG1 and 373 
SCRIB contribute to S. Typhi invasion. (A,B) 374 
RNAi knockdown of DLG1 and SCRIB 375 
phenocopy the reduction in S. Typhi (A), but 376 
not S. Typhimurium (B) invasion that we 377 
observe with ARHGEF26 knockdown. (C) 378 
DLG1 and SCRIB knockdown significantly 379 
reduces wild-type S. Typhi and ∆sopB S. Typhi 380 
invasion, but not ∆sopE invasion. Cells were 381 
infected at MOI 30 (S. Typhi) or MOI 1 (S. 382 
Typhimurium) for 30 minutes.   Circles 383 
represent non-targeting (NT) siRNA, squares 384 
siDLG1, and triangles siSCRIB treated wells. 385 
Invasion was measured three hours post 386 
infection by flow cytometry. All dots 387 
represent biological replicates from at least 388 
three experiments. Ratio in C represent the 389 
mean of invasion of siRNA treatment divided 390 
by the mean invasion of NT treatment. Data 391 
across experiments were normalized to the 392 
grand mean prior to plotting or performing 393 
statistics. Bars represent the mean and error 394 
bars represent standard error of the mean. P-395 
values were generated by unpaired one-way 396 
ANOVA with Dunnett’s multiple comparison 397 
test for A and B. For panel C p-values were 398 
generated by unpaired t tests. 399 

 400 

The impacts of ARHGEF26 on S. Typhi invasion require GEF catalytic activity  401 

Involvement of DLG1 and SCRIB in ARHGEF26-mediated Salmonella invasion 402 

could be facilitated by one of two mechanisms. First, DLG1 and SCRIB could help 403 

ARHGEF26 localize to the site of invasion in order to serve as a GEF, similar to how they 404 

function to drive adherens junction formation (48). Alternatively, formation of the 405 

ARHGEF26, DLG1, SCRIB tertiary complex could drive Salmonella invasion through 406 

unknown and GEF-independent mechanisms, as one of our labs described for 407 

actomyosin contractility (48). To distinguish between these possibilities, we assessed 408 

which ARHGEF26 domains are required for S. Typhi invasion by structure-function 409 

analysis (Figure 5A).  410 
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Overexpression of ARHGEF26, but not overexpression of a catalytically dead (CD) 411 

mutant (R446A, N621A), increased S. Typhi invasion (Figure 5B). Additionally, 412 

overexpression of mutants lacking the pleckstrin homology (PH) and/or the catalytic Dbl 413 

homology (DH) domain failed to induce invasion. All other domains were independently 414 

dispensable. While the DH and PH domains were necessary, they were not sufficient, as 415 

a DH-PH construct failed to induce invasion.  416 

As catalytically active ARHGEF26 overexpression induces spontaneous 417 

membrane ruffling and macropinocytosis, we next examined whether membrane ruffling 418 

and invasion could be decoupled. To do this, we overexpressed the ARHGEF26 419 

constructs and quantified the uptake of passive ∆prgH S. Typhi, which cannot dock to 420 

host cells or induce invasion (Figure 5C), as well as the number of ARHGEF26+ 421 

membrane ruffles present (Figure 5D, 5E). Across five of our six ARHGEF26 mutants, we 422 

found strong correlations between S. Typhi invasion (Figure 5B), ∆prgH S. Typhi invasion 423 

(Figure 5C), and membrane ruffling (Figure 5D, 5E). The one exception was our PH-DH 424 

mutant, which was not able to promote wild-type S. Typhi invasion but did modestly 425 

increase ∆prgH S. Typhi invasion (p=0.08) and induce small membrane ruffles. This 426 

indicates that the small ruffles are sufficient to drive ∆prgH uptake but are an insignificant 427 

addition to the typical S. Typhi induced membrane ruffles. Overall, these data suggest 428 

that ARHGEF26 overexpression affects invasion by increasing membrane ruffling and 429 

macropinocytosis.  430 

We conclude that, under overexpression conditions, ARHGEF26 constructs that 431 

do not show catalytic activity but are still able to bind DLG1 and SCRIB (48) are not able 432 

to drive Salmonella invasion. Thus, our RNAi and overexpression results support a model 433 
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where both interaction of DLG1/SCRIB and nucleotide exchange contribute to 434 

ARHGEF26’s role in promoting invasion.  435 

 436 

 437 

 Figure 5: ARHGEF26 DH and PH domains are required for ARHEGEF26 to induce membrane ruffling and 438 
Salmonella invasion in HeLa cells. (A) Schematic of overexpression constructs used. (B,C) Overexpression of 439 
ARHGEF26 constructs in HeLa cells results in increased wild-type S. Typhi invasion (B), as well as invasion of the 440 
SPI-1 secretion mutant ∆prgH S. Typhi (C). Infections were performed at MOI 30 for 60 minutes and quantified 441 
3 hours post infection by flow cytometry. Invasion is reported relative to vector and includes data from at least 442 
three independent experiments with three replicates per experiment. * represents a corrected p-value < 0.05. 443 
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P-values generated by Kruskal-Wallis test with Dunn's multiple comparison test. (D) ARHGEF26 constructs able 444 
to induce invasion also induce membrane ruffling. Overexpression of catalytically active constructs in HeLas 445 
results in membrane ruffling that can be observed both with ARHGEF26 staining using the Myc Tag, as well as 446 
by using phalloidin staining to observe actin. (E) Quantification of membrane ruffling confirms correlation with 447 
ARHGEF26-mediated invasion. Frequency of membrane ruffles was quantified as a percent of Myc+ cells that 448 
had a clear Myc+ ruffle. Ruffle abundance was quantified from four independent experiments. Values were 449 
generated by quantifying ruffles from five separate fields of view. The presence of a ruffle was confirmed by 450 
examining phalloidin stained actin at that site. Scale bar is 100 µM. * represents a p-value < 0.05. p-value 451 
generated by one-way ANOVA of the log(X+1) transformed values with Dunnett’s multiple comparisons test. 452 

 453 

ARHGEF26 does not show significant phosphoinositide binding using a dot blot assay 454 

While our data suggest that DLG1 and SCRIB may contribute to ARHGEF26 455 

localization, the prevailing model postulates that ARHGEF26 is guided to the plasma 456 

membrane through its pleckstrin homology (PH) domain  (7), which in some proteins can 457 

bind phosphoinositides (50). Under this model, ARHGEF26 localization is regulated by 458 

SopB’s effects on phosphoinositides (6, 7, 9, 21, 51-53). Supporting this, our data 459 

demonstrates that the ARHGEF26 PH domain is required to increase invasion (Figure 5). 460 

However, many PH domains either completely lack canonical phosphoinositide binding 461 

or have phosphoinositide binding that is physiologically irrelevant (50, 54). Therefore, PH-462 

dependence alone is insufficient to implicate SopB-generated phosphoinositides as this 463 

could suggest either that ARHGEF26 binds phosphoinositides in order to function, or 464 

simply, that this mutation disrupts the catalytic domain as has been shown for other RHO 465 

GEFs (46). 466 

To directly test whether ARHGEF26 binds phosphoinositides, we performed a dot 467 

blot assay in which different phosphoinositide species are dotted on a membrane and 468 

exposed to ARHGEF26. Across a variety of conditions—including different ARHGEF26 469 

constructs, cellular sources of protein, and blocking solutions—we did not detect strong 470 

phosphoinositide binding (Figure S2). We also tested whether co-expression of 471 
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ARHGEF26 and RHOG could drive phosphoinositide binding, as occurs with the RHOG 472 

GEF Trio (55), but did not observe increased signal. Under some conditions, weak and 473 

non-specific signal appeared on the dots of some phosphoinositide species, but this was 474 

independent of the PH domain and difficult to distinguish from background noise. This 475 

contrasted with our positive control, the AKT-PH domain, which demonstrated robust and 476 

highly specific binding. By considering the difference in signal between the ARHGEF26 477 

constructs and AKT-PH domain, as well as the history of this assay exaggerating the 478 

affinity for proteins with phosphoinositides (56), we surmise that even if this signal is the 479 

result of a weak affinity for phosphoinositides, this affinity is unlikely to play any 480 

physiological role in vivo. Therefore, while we cannot firmly rule out that ARHGEF26 binds 481 

phosphoinositides using this assay, these data do not support PH domain-mediated 482 

phosphoinositide binding directing ARHGEF26 localization. 483 

Together, our results suggest a new model for the role of ARHGEF26 during S. 484 

Typhi epithelial cell invasion. We propose that ARHGEF26 potentially stimulates invasion 485 

independently of RHOG and that recruitment of ARHGEF26 to the site of invasion is not 486 

dependent on SopB-mediated phosphoinositide changes. Instead, our results 487 

demonstrate the SCRIB-DLG1-ARHGEF26 complex is important for invasion even with 488 

SopE stimulation being the primary route of invasion. Our results that ARHGEF26, 489 

SCRIB, and DLG1 knockdown have their strongest effects when both SopB and SopE 490 

are present may suggest these effectors must work cooperatively to effectively enable 491 

ARHGEF26 to enhance invasion. 492 

 493 

ARHGEF26 contributes to S. Typhimurium-induced inflammation in HeLa cells 494 
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In addition to enabling Salmonella invasion, interactions between the SPI-1 495 

secreted effectors and host machinery drive inflammation that is characteristic of 496 

Salmonella infections. For instance, during Salmonella invasion, SopB and SopE activate 497 

CDC42, which goes on to enable the formation of a PAK1–TRAF6–TAK1 complex, NF-498 

κB activation, and increased IL-8 production (7, 57-61). Other work has suggested NOD2 499 

and RIPK2 also contribute to CDC42 and RAC1 mediated inflammation (62). Further, 500 

studies using dominant negative constructs have suggested that CDC42 and Rac1 are 501 

required for secretion of IL-8 from polarized cells in vitro, presumably through changes to 502 

the cytoskeleton (63). Based on our findings that ARHGEF26 is a critical GEF during 503 

Salmonella invasion, we hypothesized that it may also have a role in mediating 504 

Salmonella-induced inflammation. 505 

To examine how ARHGEF26 contributes to inflammation, we knocked down 506 

ARHGEF26 and RHOG in HeLa cells and measured IL-8 abundance in supernatant. In 507 

supernatant from uninfected cells, IL-8 was reduced following ARHGEF26 or, 508 

interestingly, RHOG knockdown (Figure 6A). This suggests that even under basal 509 

conditions, ARHGEF26 regulates inflammation, potentially through interactions with 510 

RHOG.  511 

Overexpression experiments confirmed the importance of ARHGEF26 and RHOG 512 

in regulating basal inflammatory cytokine production. ARHGEF26 overexpression 513 

resulted in significantly increased IL-8 production (Figure 6B). Surprisingly, a partial effect 514 

was observed with overexpression of the catalytically dead construct (Figure 6B), 515 

demonstrating that ARHGEF26 does not require GEF activity to influence cytokine 516 

production. Overexpression of wild-type RHOG did not increase IL-8 in supernatant, but 517 
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overexpression of a constitutively active RHOG construct resulted in very robust cytokine 518 

production (Figure 6B). Together, our knockdown and overexpression data demonstrate 519 

that ARHGEF26 promotes inflammatory cytokine production and involves both GEF-520 

dependent and GEF-independent mechanisms. 521 

We next sought to examine whether ARHGEF26 regulates inflammation during 522 

Salmonella infection. Infection with S. Typhi caused induction of IL-8, but levels were 523 

moderately lower in supernatants with ARHGEF26, but not with RHOG knockdown 524 

(Figure 6C). This aligned with what we observed with invasion, suggesting either that 525 

related mechanisms could be contributing to ARHGEF26-mediated invasion and 526 

inflammation, or that reduced inflammation is driven by reductions in invasion. However, 527 

in contrast to our invasion data, we found that ARHGEF26, but not RHOG, knockdown 528 

also moderately reduced IL-8 abundance following S. Typhimurium infection (Figure 6D). 529 

This suggests that S. Typhimurium-mediated ARHGEF26-enhanced IL-8 production is 530 

invasion independent. Together, these data demonstrate that ARHGEF26 and RHOG 531 

have context specific roles through which they promote inflammation in HeLa cells. 532 

 533 
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Figure 6: ARHGE26 and RHOG are context-534 
dependent enhancers of IL-8 abundance 535 
in HeLa cell supernatant. (A) ARHGEF26 536 
and RHOG knockdown results in less IL-8 537 
secretion into HeLa supernatant than non-538 
targeting (NT) siRNA. Media was changed 539 
two days post transfection supernatant 540 
was collected 8 hours later. (B) 541 
Overexpression of ARHGEF26 and RHOG in 542 
HeLa cells increases IL-8 cytokine 543 
abundance in supernatant. Media was 544 
changed on transfected cells 18-24 hours 545 
post transfection and supernatant was 546 
collected 6 hours later. (C, D) ARHGEF26, 547 
but not RHOG, knockdown reduces IL-8 548 
abundance in supernatant following S. 549 
Typhi infection (C) and S. Typhimurium 550 
infection (D). For C and D, cells were 551 
infected two days post transfection. Cells 552 
were infected with S. Typhi (MOI 30) or S. 553 
Typhimurium (MOI 1) for one hour before 554 
gentamycin addition. Media was changed 555 
two hours before infection and 556 
supernatant was collected six hours after 557 
infection. Cytokine abundance was 558 

measured by ELISA. For all graphs, dots represent a single well and data were collected across seven 559 
independent experiments. Data were normalized to the grand mean prior to plotting or performing statistics. 560 
For (C), two outliers identified by ROUT (Q=0.1%) were removed from the non-targeting group. These values 561 
(17,924 pg/mL and 22,083 pg/mL) inflated the mean of the NT group, making the ARHGEF26 effect size 562 
artificially large, and the p-value artificially low (p=0.002). P-values were calculated using a one-way ANOVA 563 
with Dunnett’s multiple comparison test on the log2 transformed data. For all graphs central tendency is the 564 
mean, error bars are the standard error of the mean. 565 

 566 

ARHGEF26 is required for S. Typhimurium virulence during an enteric fever model of 567 

infection 568 

 Following these results, it was crucial to define ARHGEF26’s role in Salmonella 569 

pathogenesis in mice. As S. Typhi is a human specific pathogen, we focused specifically 570 

on how ARHGEF26 influences murine S. Typhimurium pathogenesis. Based on the data 571 

from H2P2 and LCL knockdown, we hypothesized that ARHGEF26 is required for SPI-1 572 

mediated establishment of S. Typhimurium in the mammalian gut. To test this hypothesis, 573 

we utilized Arhgef26-/- C57BL/6J mice (64) to assess the ability of S. Typhimurium to 574 
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establish infection using the oral enteric fever model of infection (Figure 7A). In this model, 575 

SPI-1 secretion is required for S. Typhimurium colonization and persistence in the 576 

mammalian ileum and helps facilitate S. Typhimurium dissemination to the spleen (3). In 577 

support of our hypothesis that Arhgef26 promotes invasion in vivo, Arhgef26-/- mice 578 

showed significantly lower S. Typhimurium burdens in the ileum, but this effect was 579 

considerably smaller in the spleen (Figure 7B). 580 

As Arhgef26-/- mice phenocopy the effects of SPI-1 knockout on ileal burden, we 581 

next examined whether the effect of Arhgef26 knockout requires SPI-1. To genetically 582 

test this hypothesis, wild-type and Arhgef26-/- mice were infected with wild-type, ∆sopB, 583 

and ∆prgH S. Typhimurium.  Supporting that a functional SPI-1 secretion system is 584 

required for ARHGEF26 to affect S. Typhimurium fitness, the difference in burden 585 

between wild-type and Arhgef26-/- mice was significantly reduced when mice were 586 

infected with ∆prgH bacteria (Figure 7C). Notably, a few Arhgef26 knockout mice did 587 

show ∆prgH ileal burdens below the limit of detection, possibly suggesting an additional 588 

yet inconsistent level of resistance in these mice. This could be the result of reduced 589 

uptake of bacteria by phagocytes, as a previous screen reported that ARHGEF26 is 590 

required for Salmonella uptake by macrophages (65). Interestingly, we also observe a 591 

reduced effect of Arhgef26 deletion on bacterial fitness with the ∆sopB mutant (Figure 592 

7C). Interestingly, this is reminiscent of the smaller phenotype of ∆sopB S. Typhi with 593 

ARHGEF26 RNAi in HeLa cells. 594 

 595 

 596 
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 597 

Figure 7. Arhgef26 is critical during S. Typhimurium infection in the enteric fever murine model. (A) Schematic 598 
of the murine enteric fever infection model. (B) Arhgef26-/-

 mice have reduced ileal and splenic bacterial burden 599 
in the enteric fever infection model compared to C57BL/6J mice. P-values generated by two-way ANOVA with 600 
Sidak’s multiple comparison test. (C) Effects of Arhgef26 knockout on bacterial fitness depends on sopB and 601 
prgH. Open boxes represent mice where no colony forming units (CFU) were recovered from ARHGEF26-/- mice 602 
and the CFU/g was set to the limit of detection. Ratio represents median CFU/g recovered from Arhgef26-/- 603 
mice divided by the median CFU/g recovered from C57BL/6J mice. P-values were generated by unpaired t-604 
tests. For all experiments, mice were infected with 1x108 S. Typhimurium CFU and tissues were harvested four 605 
days post infection for CFU quantification. For all bar graphs, each dot represents a single mouse from one of 606 
at least two experiments, bars represent the median, and error bars represent the 95% confidence interval.  607 
All mice were age and sex matched within experiments, with both sexes represented in all experiments. 608 

 609 

ARHGEF26 contributes to inflammation during a gastroenteritis model of S. Typhimurium 610 

infection 611 

 While SPI-1 contributes significantly to the colonization and survival of S. 612 

Typhimurium in the ileum in the enteric fever model of infection, this is not the natural 613 

progression of most S. Typhimurium illness in humans. Instead, S. Typhimurium typically 614 

causes severe gastroenteritis and diarrheal disease, with notable exceptions (66). To 615 

model this natural disease progression in mice, microbiota must be reduced with 616 

streptomycin pretreatment prior to infection (11) (Figure 8A). Interestingly, in this model, 617 

SPI-1 secretion does not impact bacterial burden at early timepoints but instead drives 618 

severe inflammation (10, 11). As we have demonstrated that ARHEGF26 is a regulator 619 

of the cytokine response (Figure 6), we examined whether ARHGEF26 promoted SPI-1 620 

mediated pathology by infecting wild-type and Arhgef26-/- mice following streptomycin 621 
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pretreatment. Indeed, there was no effect of Arhgef26 deletion on the recovery of S. 622 

Typhimurium from ileum, cecum, or colon two days post infection (Figure 8B), but these 623 

sites demonstrated significantly reduced inflammation-associated pathology in Arhgef26-624 

/- mice (Figure 8C, 8D). This was most striking in the cecum and colon where inflammation 625 

is most severe in wild-type mice. The data from both models demonstrate that 626 

ARHGEF26 plays a critical, multifaceted role in enabling S. Typhimurium to utilize the 627 

SPI-1 secretion system to cause disease during murine infection. 628 

 629 

 630 

 631 

Figure 8. Arhgef26 enhances inflammation in mice. (A) Schematic for murine gastroenteritis infection model. 632 
Mice are pretreated with streptomycin one day before infection with 1x109 S. Typhimurium CFUs. Tissues are 633 
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collected 2 days post infection for CFU quantification or histological analysis. (B) Arhgef26-/-
 mice have no 634 

reductions in gastrointestinal tract bacterial burdens in the gastroenteritis infection model. (C) Arhgef26-/- mice 635 
have significantly reduced inflammation following infection compared to C57BL/6J mice in the gastroenteritis 636 
infection model. Pathology scores were generated in a blinded fashion by a trained pathologist and are broken 637 
down in Supplemental File 1. For B and C, each dot represents a single mouse from one of two experiments, 638 
bars represent the median and error bars represent the 95% confidence interval. All mice were age- and sex-639 
matched within and across experiments. P-Values generated by two-way ANOVA with Sidak’s multiple 640 
comparison test. (D) Examples of differential pathology following infection between C57BL/6J and Arhgef26-/- 641 
mice. Scale bar is 100 µM. 642 

 643 

Discussion 644 

Beginning with a candidate pathway approach paired with the Hi-HOST cellular 645 

GWAS platform, we identified a QTL in the ARHGEF26 gene that influences host cell 646 

invasion, carried out functional studies that reshape our understanding of how 647 

ARHGEF26 stimulates invasion, and revealed a new role for ARHGEF26 in regulating 648 

inflammation in cells and mice.  649 

One important question moving forward is how the rs993387 locus contributes to 650 

Salmonella invasion. As noted, published eQTL datasets have not provided a consistent 651 

answer for the association of rs993387 with ARHGEF26 mRNA levels (37). This 652 

inconsistency is likely driven by the fact that while ARHGEF26 expression is detectable 653 

based on quantitative PCR (CT ~30) and RNA-seq datasets in LCLs (38, 67), it is a low 654 

abundance transcript. Additionally, we have not been able to reliably detect protein levels 655 

using either antibodies or mass spectrometric approaches. Of note, there is an 656 

ARHGEF26 anti-sense transcript (ARHGEF26-AS1) whose expression is associated with 657 

rs993387 in some tissues (most strongly in tibial nerve p=6.9x10-22) (37). Also rs993387 658 

is reported as an ARHGEF26 splicing QTL in both sigmoid (p=1.1x10-9) and transverse 659 

colon (p=5.4x10-5) (37, 38). Thus, though there are several plausible mechanisms, we do 660 

not know if rs993387 (or a causal variant in LD) affects ARHGEF26 mRNA levels, splicing, 661 
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protein levels, or protein function, and such experiments have been technically 662 

challenging. 663 

A second unanswered question is how natural variation regulating ARHGEF26 664 

could impact invasion. Small changes in ARHGEF26 expression or function could change 665 

the rate of membrane ruffling as we observe in the knockdown and overexpression 666 

systems. Alternatively, changes in ARHGEF26 could impact the size of membrane ruffles 667 

and the efficiency with which macropinocytosis occurs at the site of invasion. A 668 

comparable phenomenon is observed with our overexpression system, as constructs with 669 

low activity (e.g. the DH-PH construct) form small, contained ruffles (Figure 5D). In 670 

contrast, other constructs (e.g. the 414-871 construct) form large ruffles that were able to 671 

increase S. Typhi and ∆prgH S. Typhi invasion to levels even above what we observe 672 

with wild-type ARHGEF26 overexpression (Figure 5B, 5C). Changing the size of 673 

membrane ruffles could have impacts beyond simply enabling the ARHGEF26-recruiting 674 

bacteria to invade the cell, as previous work has demonstrated that Salmonella swimming 675 

at the cell surface use membrane ruffling induced by other bacteria as a signal to begin 676 

their own invasion, thus engaging in a sort of cooperative behavior (68). Thus, large 677 

ARHGEF26-induced membrane ruffles could serve as a mechanism for (a) efficient 678 

macropinocytosis, and (b) cooperative host cell invasion. 679 

Our work has also expanded understanding of ARHGEF26-mediated invasion by 680 

demonstrating that the protein has serovar and cell line dependent roles in Salmonella 681 

invasion, and that it appears to contribute to both SopB- and SopE- mediated invasion. 682 

This may indicate a context-dependent role for ARHGEF26 and raises a number of 683 

technical and conceptual questions. At present, we are unsure why this serovar specific 684 
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interaction occurs, but our data suggest that it is independent of SopE and SopE2. 685 

Further, that serovar specificity occurs in the canonical Salmonella invasion model 686 

(HeLas), but not in LCLs, raises additional questions broadly about how representative 687 

HeLa cells are for studying invasion. Supporting this, our murine data, in which S. 688 

Typhimurium had a SPI-1 dependent fitness deficit in Arhgef26-/- mice (Figure 7C), are 689 

more consistent with our results from H2P2 (Figure 1F) and siRNA in LCLs (Figure 2D) 690 

than our HeLa cell data (Figure 3B). This reinforces a recent observation that there are 691 

striking differences in the invasion mechanisms observed in canonical tissue culture 692 

models compared to those observed in vivo (69, 70). These data serve as a reminder that 693 

host-pathogen biology is more complex than any one strain-cell line interaction but 694 

instead must be considered from an array of perspectives. 695 

Another important question arising from our work is how ARHGEF26 localizes to 696 

the site of invasion during infection. Previous work speculated that ARHGEF26 binds 697 

phosphoinositides through its PH domain (7), however, our results do not support this 698 

model. Instead, we hypothesize that the previously described SCRIB-DLG1-ARHGEF26 699 

complex (48) guides the GEF to the plasma membrane, possibly through DLG1’s ability 700 

to bind phosphoinositides (71). While phosphoinositide-binding plays a central role in both 701 

models, it is important to note that the former model was based on the premise that 702 

ARHGEF26 is involved in SopB-, but not SopE-mediated invasion. Instead, our data 703 

suggest that SopB and SopE cooperatively guide ARHGEF26 to the site of invasion, 704 

enabling ARHGEF26 to contribute to both SopB- and SopE-mediated invasion. How 705 

SopE contributes to this process is a mystery. It could be that SopE-mediated changes 706 

to phosphoinositides (9) are able to recruit the complex to the membrane, or some other 707 
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positive feedback system may exist following SopE-mediated nucleotide exchange.  708 

Further, our data suggest that scaffolds other than DLG1 and SCRIB may be involved 709 

specifically in bringing active ARHGEF26 to the SopB-induced membrane ruffle. Perhaps 710 

this DLG1/SCRIB-independent mechanism involves post-translational modifications to 711 

ARHGEF26, which have previously been reported to regulate ARHGEF26 activity (72). 712 

The utilization of both a host and pathogen protein with similar functions 713 

(ARHGEF26 and SopE) to stimulate invasion is an unexpected and fascinating 714 

observation. Bacterial effectors that mimic host proteins often outperform their 715 

mammalian counterparts in order to promote pathogenesis (73, 74). That S. Typhi 716 

benefits from both the SopE GEF mimic and ARHGEF26 being present in HeLa cells is 717 

a striking exception to this paradigm, but not unheard of. Indeed, previous work has 718 

demonstrated that SopE acts cooperatively with the host GEF ARNO (CYTH2) to activate 719 

the WAVE complex and induce invasion (23).  As we and others (19, 20) have provided 720 

evidence that RHOG may be dispensable for invasion, one potential reason for this 721 

cooperation may be differences in substrate specificity between SopE and ARHGEF26. 722 

Therefore, identifying the GTPase(s) that ARHGEF26 activates during infection 723 

represents an important future direction. One potential GTPase is RHOJ (also called 724 

TCL), a GTPase that has high homology to CDC42 (47) and is important Salmonella 725 

invasion (19). Little is known about RHOJ regulation, though it’s N-terminus has been 726 

shown to be critical for localization to the plasma membrane and for nucleotide exchange 727 

(75, 76). Future work will examine whether ARHGEF26 can facilitate nucleotide exchange 728 

with this or other GTPases. 729 
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Finally, we demonstrated that ARHGEF26 contributes to S. Typhimurium fitness 730 

in the enteric fever mouse model, as well as to S. Typhimurium-induced inflammation in 731 

the streptomycin pretreatment gastroenteritis model. This latter observation was 732 

surprising, as no report has shown ARHGEF26 may promote proinflammatory processes, 733 

and in fact, some have speculated that it may be involved in anti-inflammatory processes. 734 

This is due to its relatively high levels in M2 macrophages (77) as well as its ability to 735 

suppress muramyl dipeptide-induced IL-8 production in NOD2 expressing HEK293 cells 736 

(78). While initially this latter finding appears to conflict with our results, we instead believe 737 

it merely reinforces a point implied by our data: ARHGEF26 has highly context dependent 738 

roles in regulating inflammation. For instance, ARHGEF26 is a strong regulator of IL-8 739 

abundance in uninfected supernatant, but only a moderate regulator in S. Typhi and S. 740 

Typhimurium infected supernatant. The regulatory network is complicated further by our 741 

finding that ARHGEF26 likely regulates cytokine abundance through RHOG dependent 742 

and GEF independent mechanisms.  743 

We speculate that there are two mechanisms by which ARHGEF26 could 744 

contribute to inflammation in the mouse gut. First, ARHGEF26 could impact 745 

proinflammatory cytokine release, as we observe in HeLa cells. Second, as ARHGEF26 746 

has been shown to play a role in cell migration (72, 79), we speculate that Arhgef26-/- 747 

mice may have reduced immune cell migration to the gut, leading to improved 748 

pathophysiology. Determining the role of ARHGEF26 during inflammation could have 749 

interesting implications on human heath, as inhibiting ARHGEF26 and/or RHOG could be 750 

a means of reducing inflammation-driven disease. 751 

 752 
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Ethics Statement 771 

Work involving human lymphoblastoid cell lines has been reviewed by Duke Institutional 772 

Review Board and deemed to not constitute Human Subjects Research (Pro00044583, 773 

“Functional genetic screens of human variation using lymphoblastoid cell lines”). Mouse 774 

studies were carried out with approval by the Duke Institutional Animal Care and Use 775 
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Committee (A145-18-06, “Analysis of genes affecting microbial virulence in mice”) and 776 

adhere to the Guide for the Care and Use of Laboratory Animals of the National 777 

Institutes of Health. 778 

 779 

Mammalian and Bacterial Cell Culture 780 

HapMap LCLs (Coriell Institute) were cultured at 37°C in 5% CO2 in RPMI 1650 781 

media (Invitrogen) supplemented with 10% FBS (Thermo-Fisher), 2 μM glutamine, 100 782 

U/mL penicillin-G, and 100 mg/mL streptomycin. HeLa cells (Duke Cell Culture Facility) 783 

and Hek293T (Duke Cell Culture Facility) were grown in high glucose DMEM media 784 

supplemented with 10% FBS, 1mM glutamine, 100 U/mL penicillin-G, and 100mg/mL 785 

streptomycin. Cells used for Salmonella gentamicin protection assays were grown without 786 

antibiotics at least one hour prior to infection. 787 

All Salmonella strains are derived from the S. Typhimurium strain 14028s or S. 788 

Typhi strain Ty2 and are listed in Table S2, and all plasmids are listed in Table S3. All 789 

knockout strains were generated by lambda red recombination (80). For infection of cells 790 

or mice, bacteria were grown overnight in LB broth (Miller formulation, BD), subcultured 791 

1:33 in 1mL cultures, and grown for an additional two hours and forty minutes at 37°C 792 

shaking at 250 RPM. Strains with temperature sensitive plasmids were grown at 30°C 793 

and plasmids removed at 42°C. Ampicillin was added to LB at 100 μg/mL, kanamycin at 794 

50 μg/mL. 795 

 796 

Salmonella Infection Assays 797 
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Infection assays were performed as previously described (17). Briefly, cells were 798 

infected with S. Typhimurium (LCLs MOI 30, 60 minutes infection. HeLa MOI 1, 30 minute 799 

infection, unless otherwise noted) or S. Typhi (LCLs MOI 10, 60 minute infection. HeLa 800 

MOI 30, 30 minute infection, unless otherwise noted). Post infection, cells were treated 801 

with 50 g/mL gentamicin. Two hours post infection, IPTG was added to induce GFP 802 

expression. Three hours and fifteen minutes post infection, cells were stained with 7-803 

aminoactinomycin D (Biomol) and analyzed on a Guava Easycyte Plus flow Cytometer 804 

(Millipore). Percent invasion was measured by quantifying the percent of GFP+ cells. 805 

 806 

Cellular GWAS Screen 807 

Phenotypic screening in H2P2 on 528 LCLs and family-based GWAS analysis was 808 

performed using QFAM-parents with adaptive permutation in PLINK v1.9 (81) as 809 

previously described (17). All analyzed GWAS data is available through the H2P2 web 810 

atlas (http://h2p2.oit.duke.edu/H2P2Home/) (17). QQ plots were plotted using quantile-811 

quantile function in R. 812 

 813 

Dual Luciferase Assay 814 

 The ARHGEF26 locus identified by H2P2 was cloned from the heterozygote 815 

HG02860 (population = Gambian and Western Divisions in the Gambia) into the pBV-816 

Firefly Luciferase plasmid (39) by cut and paste cloning. The plasmid map is available 817 

here: https://benchling.com/s/seq-2427vsVPRqxsgOj5NM7P. Firefly luciferase plasmids 818 

and the Renilla luciferase plasmid pRL-SV40P (39) were co-transfected at a ratio of 50:1 819 

into HeLa cells using the Lipofectamine 3000 kit (Thermo) according to manufacturer 820 
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instructions. 48 hours post transfection, cells were lysed and analyzed for luciferase 821 

activity using the Dual-Luciferase Reporter Assay System (Promega). Luciferase activity 822 

was measured by a Synergy H1 plate reader (BioTek). 823 

 824 

siRNA Knockdown and Knockdown Confirmation 825 

LCL (HG01697) knockdown was achieved by plating at 250,000 cells/well in a six 826 

well dish in 500 μL of Accell media (Dharmacon) with either non-targeting Accell siRNA 827 

#1 or an Accell ARHGEF26 SMARTpool (1 μM total siRNA; Dharmacon). After 3 days, 828 

cells were resuspended in RPMI at 50,000 cells/well in a 96 well dish. 829 

HeLa knockdown was performed using the following siRNA: siGenome Non-830 

Targeting #5 or a siGENOME SMARTpool targeting ARHGEF26, SCRIB, RHOG, or 831 

DLG1 (Horizon). siRNA were transfected into HeLa cells using the RNAi Max kit (Thermo) 832 

according to manufacturer instructions. Assays were performed forty-eight hours post 833 

infection as described above. 834 

Simultaneously, knockdown was confirmed in each experiment by qPCR (Figure 835 

S1F). Briefly, RNA was harvested using a RNeasy kit (Qiagen), cDNA was generated 836 

with iScript (Bio-Rad), and qPCR was performed by using iTaq Universal Probes 837 

Supermix (Bio-Rad) and a QuantStudio 3 thermo cycler (Applied Biosystems). Primers 838 

are listed in Table S4. The cycling conditions were as follows: 95°C for 2 minutes, 95°C 839 

for 10 minutes, and 40 cycles of 95°C for 15 seconds followed by 60°C for 1 minute. All 840 

qPCR was run in technical duplicate or triplicate. The comparative threshold cycle (CT) 841 

was used to quantify transcripts, with the ribosomal 18s gene (RNA18S5) serving as the 842 

housekeeping control. ∆CT values were calculated by subtracting the CT value of the 843 
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control gene from the target gene, and the ∆∆CT was calculated by subtracting the 844 

nontargeting siRNA ∆CT from the targeting siRNA ∆CT value. Fold change represents 2-845 

∆∆CT. 846 

 847 

ARHGEF26 and RHOG Overexpression Plasmids 848 

ARHGEF26 and RHOG overexpression plasmids (Table S3) were transformed 849 

using the Lipofectamine 3000 kit (Thermo) according to manufacturer instructions. Most 850 

plasmids were generated in previous work (45, 48), and all remaining plasmids were 851 

generated through site-directed mutagenesis (QuickChange Lightning, Agilent) or cut-852 

and-paste cloning. Assays using overexpression plasmids were performed twenty-four 853 

hours post transfection. 854 

 855 

Microscopy 856 

 Cells were fixed for thirty minutes in 4% paraformaldehyde and blocked for thirty 857 

minutes in a 5% normal donkey serum, 0.2% saponin, PBS solution. Cells were incubated 858 

overnight at 4°C with an anti-myc antibody (Developmental Studies Hybridoma Bank, 859 

9e10, followed by secondary staining using Alexa Fluor™ secondary anti-mouse antibody 860 

(Thermo). Anti-Myc (9e10) was deposited to the DSHB by Bishop, J.M. (DSHB 861 

Hybridoma Product 9e10). Actin staining was performed using Alexa Fluor™ 647 862 

Phalloidin (Thermo) according to manufacturer instructions. Micrographs were taken 863 

using an AMG EVOS microscope. 864 

 865 

Phosphoinositide Dot Blot Assays 866 
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Twenty-four hours before transfection, 1,500,000 HeLa cells were plated on a 10-867 

cm dish or 1,000,000 Hek293T cells were plated in three separate wells of a six-well dish. 868 

Cells were transfected as above, but to normalize for expression, 1g of AKT-PH-GFP 869 

was diluted with 7g vector. Twenty-four hours later, cells were washed, and directly 870 

scraped into lysis buffer (50mM Tris, pH 7.6, 150mM NaCl, 1% Triton X-100, 5mM MgCl2, 871 

cOmplete Mini protease inhibitor cocktail (Sigma)), and incubated at 4°C for 30 minutes. 872 

PIP strips (PIP Strips (Echelon) were blocked using Odyssey® Blocking Buffer (Licor) or 873 

Intercept Blocking Buffer (Licor). Samples were cleared by centrifugation and diluted 1:25 874 

into blocking buffer before addition to the PIP strips (Echelon Biosciences). After one hour 875 

incubation with rocking at room temperature, PIP strips were washed 3 times with PBS-876 

T, and incubated with an anti-GFP primary antibody (Novus, NB600-308). After one hour 877 

rocking at room temperature, PIP strips were washed three times with PBS-T, and stained 878 

with a IRDye® donkey anti-rabbit secondary antibody (Licor). After thirty minutes, strips 879 

were washed three times with PBS-T, once with PBS, and imaged on a LI-COR Odyssey 880 

Classic. 881 

 882 

Analysis of HeLa Cytokine Production 883 

For siRNA experiments, two days post transfection media was changed 2 hours before 884 

infection. HeLa cells were then infected with late log phase bacteria (S. Typhimurium: 885 

MOI 1; S. Typhi: MOI 30) for 60 minutes. After 60 minutes, gentamycin was added and 886 

bacteria were returned to 37OC incubator for 5 hours. Six hours post infection 887 

supernatants were collected. For overexpression experiments, media was changed 18-888 

24 hours post infection. Six hours after the media change, supernatants were collected. 889 
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Supernatants were stored at -80OC until use. Cytokine concentrations were determined 890 

using a human IL-8 DuoSet ELISA kit (R&D Systems). 891 

 892 

Mouse Infections 893 

 C57BL6/J mice were obtained from JAX and housed in barrier cages in the Duke 894 

University's Division of Laboratory Animal Resources husbandry facility. Following arrival 895 

at the Duke University's Division of Laboratory Animal Resources husbandry facility, 896 

Arhgef26-/- mice (64) were rederived as specific pathogen free mice by embryo 897 

transplantation. Mice were fed rodent diet 5053 chow. 898 

For the enteric fever model of infection, age and sex matched 7-12 week old 899 

C57BL/6J or Arhgef26-/- mice were fasted for 12 hours prior to infection, and treated with 900 

a 100L of a 10% sodium bicarbonate solution 30 minutes prior to infection. Bacteria were 901 

grown as described above, washed, and resuspended in PBS at a concentration of 1x109 902 

bacteria/mL, and 100L were administered to the mice for an estimated final dose of 903 

1x108 bacteria/mouse. Inoculum was confirmed by plating for CFUs. All mice were 904 

monitored daily for changes in morbidity. Mice were euthanized by CO2 asphyxiation four 905 

days post infection and tissues were harvested, weighed, homogenized, and plated for 906 

CFU quantification. 907 

 For the gastroenteritis model of infection (10), mice were 7-12 week old C57BL/6J 908 

or Arhgef26-/- mice were fasted four hours before treatment with 20g of streptomycin 909 

(Sigma) in 75L of sterile water 24 hours before infection. Food was returned until four 910 

hours before infection, when they were fasted again. Thirty minutes before infection, mice 911 

received 100L of a 10% sodium bicarbonate solution. Bacteria, grown as described 912 
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above, were washed and resuspended in PBS at a concentration of 1x1010 bacteria/mL, 913 

and 100L were administered to the mice for an estimated final dose of 1x109 914 

bacteria/mouse. Food was returned four hours after infection. Inoculum was confirmed by 915 

plating for CFUs. All mice were monitored daily for changes in morbidity. Two days post 916 

infection, mice were euthanized by CO2 asphyxiation and tissues were removed either 917 

weighed and plated for CFUs as described above or prepared for histopathologic 918 

examination. 919 

Cecal and colon tissues were fixed 48-72 hours in 10% neutral buffered formalin, 920 

processed routinely, embedded in paraffin, cut at 5mm and stained with hematoxylin and 921 

eosin. Tissues were evaluated in a masked fashion by a board-certified veterinary 922 

pathologist (JIE) with allocation group concealment. Tissues were scored using a semi-923 

quantitative grading system of multiple parameters and anatomic compartments (lumen, 924 

surface epithelium, mucosa, and submucosa) to assign summary pathologic injury scores 925 

(82). 926 

The histopathologic scoring was (scores in parenthesis). (a) Lumen: empty (0), 927 

necrotic epithelial cells (scant, 1; moderate, 2; dense, 3), and polymorphonuclear 928 

leukocytes (PMNs) (scant, 2; moderate, 3; dense, 4). (b) Surface epithelium: No 929 

pathological changes (0); mild, moderate, or severe regenerative changes (1, 2, or 3, 930 

respectively); patchy or diffuse desquamation (1 or 2); PMNs in epithelium (1); and 931 

ulceration (1). (c) Mucosa: No pathological changes (0); rare (<15%), moderate (15 to 932 

50%), or abundant (>50%) crypt abscesses (1, 2, or 3, respectively); presence of 933 

mucinous plugs (1); presence of granulation tissue (1). (d) Submucosa: No pathological 934 

changes (0); mononuclear cell infiltrate (1 small aggregate, <1 aggregate, or large 935 
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aggregates plus increased single cells) (0, 1, or 2, respectively); PMN infiltrate (no 936 

extravascular PMNs, single extravascular PMNs, or PMN aggregates) (0, 1, or 2, 937 

respectively); mild, moderate, or severe edema (0, 1, or 2, respectively). 938 

 939 

Statistics 940 

All statistics were performed using Graphpad Prism 8 or Microsoft Excel, unless 941 

otherwise noted. Bars and central tendencies representations as well as p-value 942 

calculations are described in all figure legends. Where noted, inter-experimental noise 943 

was removed prior to data visualization or statistical analysis by standardizing data to the 944 

grand mean by multiplying values within an experiment by a constant (average of all 945 

experiments divided by average of specific experiment). Data points were only excluded 946 

if technical failure could be proven (i.e. failed RNAi knockdown measured by qPCR), or if 947 

identified by an outlier test. If datapoints were removed by an outlier test, the original 948 

results are reported in the figure legend. 949 

 950 

Data Availability 951 

All cellular GWAS data from H2P2 are available through the H2P2 web atlas 952 

(http://h2p2.oit.duke.edu/H2P2Home/) (17). All other relevant data are within the 953 

manuscript and its Supporting Information files. All plasmids, primers, bacterial strains, 954 

and mice are available upon request. No other tools or datasets were generated in this 955 

manuscript. 956 
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