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SUMMARY
Human genetic diversity can reveal critical factors in host-pathogen interactions. This is especially useful for
human-restricted pathogens likeSalmonella enterica serovar Typhi (S. Typhi), the cause of typhoid fever. One
key defense during bacterial infection is nutritional immunity: host cells attempt to restrict bacterial replica-
tion by denying bacteria access to key nutrients or supplying toxicmetabolites. Here, a cellular genome-wide
association study of intracellular replication by S. Typhi in nearly a thousand cell lines from around the
world—and extensive follow-up using intracellular S. Typhi transcriptomics and manipulation of magnesium
availability—demonstrates that the divalent cation channel mucolipin-2 (MCOLN2 or TRPML2) restricts S. Ty-
phi intracellular replication throughmagnesium deprivation. Mg2+ currents, conducted throughMCOLN2 and
out of endolysosomes, were measured directly using patch-clamping of the endolysosomal membrane. Our
results reveal Mg2+ limitation as a key component of nutritional immunity against S. Typhi and as a source of
variable host resistance.
INTRODUCTION

Genome-wide association studies (GWASs) are a powerful

method to identify common genetic variants associated with

risk, resistance, or other quantitative measures of infectious

disease.1 However, connecting variants identified by whole-or-

ganism GWAS to disease pathogenesis is often challenging—

especially when it is unclear how the identified variants affect

nearby genes or how these genes relate to the disease under

investigation. Tosolve this, studies lookamong thedisease-linked

variants for those that associate with expression of nearby genes

(called expression quantitative trait loci [eQTLs]), which can

provide important clues, especially during stimulationwith patho-

gens2 or pathogen-associated molecular patterns.3,4 A compli-

mentary approach to connect variant and disease is GWAS of

cellular traits, such as our Hi-HOST (high-throughput human

in vitro susceptibility testing)5,6 platform,whichassociatesgenetic

variationwith quantifiable cellular traits, such as invasion,7 inflam-

mation,8 and intracellular pathogen replication. As a further

benefit, cellular GWASs provide control of environmental and

pathogen variation, which boosts statistical power by reducing
This is an open access article und
noise. Used together, cellular GWASs of eQTLs can connect

genetic variants to both altered gene expression and cellular pro-

cess, explaining how the identified variation impacts clinical out-

comes and facilitating subsequent mechanistic studies.

Here, we used this approach to study susceptibility to the hu-

man-restricted enteric pathogen Salmonella enterica ser. Typhi

(S. Typhi), which relies on a permissive niche inside immune cells

to cause the life-threatening syndrome of typhoid fever.9 We

discovered that the interferon-inducible10 host cation channel,

mucolipin-2 (MCOLN2 or TRPML2), is critical for nutritional im-

munity against S. Typhi. In the dynamic competition between

the host and bacteria, nutritional immunity is the ongoing effort

of the host cell to restrict Salmonella replication by depriving it

of key nutrients11–13 or delivering toxic metabolites.14 Nutritional

immunity is well-characterized in the Salmonella-host competi-

tion for iron,15–18 and has recently expanded to encompass

competition for other key trace metal ions, such as zinc19–21

and manganese.22,23 Here, we demonstrate that MCOLN2 de-

prives S. Typhi of magnesium (Mg2+), playing a major role in

Mg2+-based nutritional immunity for Salmonella replicating in-

side human cells.
Cell Genomics 3, 100290, May 10, 2023 ª 2023 The Author(s). 1
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).

mailto:dennis.ko@duke.edu
https://doi.org/10.1016/j.xgen.2023.100290
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xgen.2023.100290&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Figure 1. Cellular GWAS associates the rs10873679 locus with S. Typhi intracellular replication

(A) Hi-HoST cellular GWAS workflow. LCLs (Epstein-Barr virus [EBV]-immortalized B cells) were generated from eight populations sampled during the 1000

Genomes and HapMap Projects. The population locations are indicated on the map with dots color coded by continental ancestry. Green dots are three

populations of African (AFR) ancestry: Esan in Nigeria (ESN), Gambians in the Western Division—Mandinka (GWD), and Yoruba in Ibadan, Nigeria (YRI). Orange

dots are three populations of East Asian (EAS) ancestry: Kinh in Ho Chi Minh City, Vietnam (KHV); Han Chinese in Beijing, China (CHB); and Japanese in Tokyo,

Japan (JPT). Brown dots are two populations of European (EUR) ancestry: Utah residents with northern and western European ancestry from the Center d’Etude

du Polymorphisme Humain (CEPH) collection (CEU) and Iberian populations in Spain (IBS). Abbreviations used: iGFP, IPTG-inducible green fluorescent protein;

hpi, hours post infection; 7AAD, 7-aminoactinomycin D cell viability stain; SNP, single-nucleotide polymorphism.

(B) Manhattan plot of cellular GWAS. p values were calculated using QFAM parents on the Z scored replication ratios (orange line, p < 53 10�8). The lead SNP on

chromosome 1 is rs10873679 (p = 6 3 10�9).

(C) GWAS of S. Typhi intracellular replication has p values lower than expected from a neutral, c2, distribution (red line).

(D) A local Manhattan plot of the S. Typhi replication-associated locus on chromosome 1 (hg19 build) spans 400 kb up- and downstream of rs10873679. Dots for

each SNP are color coded by African (AFR) linkage disequilibrium (LD) (r2) from 1000 genomes Nov 2014 release. A 185 kb zoom in on the MCOLN2/3 region

(legend continued on next page)
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RESULTS

We identified common human single-nucleotide polymorphisms

(SNPs) associated with S. Typhi intracellular replication, using

Hi-HOST screening and family-based GWAS analysis24 of 961

lymphoblastoid cell lines (LCLs) (EBV-immortalized B cells)

from eight populations (Figure 1A; Table S1). LCLs are a powerful

in vitro model because they are karyotypically normal, and B

cells are a natural site of Salmonella replication in vivo.25

Because intracellular replication, or host cell permissivity, is a

demonstrated proxy for Salmonella virulence in whole organ-

isms,26 we used variable LCL permissivity to screen for human

susceptibility or resistance factors. In this screen, we defined

permissivity as the ratio of bacterial burden at 24 h to 3.5 h based

on median green fluorescence intensity of live intracellular S. Ty-

phi. This analysis revealed a single genome-wide significant lo-

cus (lead SNP is rs10873679, p = 6 3 10�9) on chromosome 1

(Figure 1B). A quantile-quantile plot demonstrated no overall

inflation of the test statistic, with primarily rs10873679-linked

SNPs deviating from the neutral distribution (Figure 1C). The as-

sociation signal covers two genes in the mucolipin subfamily,

MCOLN2 and MCOLN3 (Figure 1D). Mucolipins are a family of

three inward rectifying divalent cation channels that localize to

endolysosomal membranes and regulate vesicular trafficking.27

The minor (globally less common) C-allele of rs10873679 is

associated with more intracellular S. Typhi replication (Figures

1E and S1). To link this to cellular physiology, we examined

expression of MCOLN2 and MCOLN3 in RNA sequencing

(RNA-seq) of 1000 Genomes LCLs.28 The C-allele associated

with less MCOLN2 expression (Figure 2A; p < 2 3 10�16), while

rs10873679 was not associated with a significant difference in

MCOLN3 expression (Figure 2B). In confirmation, the C-allele

also associated with reduced MCOLN2 protein abundance in a

quantitative mass spectrometry analysis of HapMap LCLs29

(Figure 2C; p = 0.01). In this same analysis, MCOLN3 protein

was only detected in 9 LCLs. This was insufficiently powered

to draw a conclusion, although there was no evidence for asso-

ciation of MCOLN3 protein with rs10873679 genotype with these

limited numbers. Together, the rs10873679 C-allele’s associa-

tion with both more S. Typhi replication and less MCOLN2

mRNA and protein suggested that MCOLN2 restricts S. Typhi

intracellular replication.

Strengthening this model, MCOLN2 is upregulated in human

macrophages after treatment with M1 polarizing LPS and IFN-

g,30 which indicates that MCOLN2 is part of the host response.

Similarly, we observed MCOLN2 induction after S. Typhi infec-

tion (Figure 2D). If MCOLN2 is a restriction factor, we expected

that ablating MCOLN2 expression would increase intracellular

Salmonella replication. Knocking down MCOLN2, but not

MCOLN3, increased S. Typhi intracellular replication (Figure 2E),

without affecting bacterial invasion or pyroptosis (Figure S2).

This phenotype generalized to other human immune cells, as
highlights the lead SNP’s location and indicates regions well linked (r2 > 0.6) with r

(EUR) with a 121 kb blue bar; and Asian (ASN) with a 138 kb red bar.

(E) The rs10873679 C-allele is associated with increased S. Typhi replication. M

Regression slope (b = �0.26 ± 0.04) is significantly less than zero (p = 1.7 3 10�
knocking down MCOLN2 in THP-1 monocytes by RNAi (Fig-

ure 2F) or knocking out the gene using CRISPR-Cas (Figure 2G)

resulted in an even greater increase in S. Typhi replication than in

LCLs. In fact, MCOLN2 knockout in THP-1s increased S. Typhi

replication from 1- to 1.5-fold to 3- to 4-fold at 24 h, a large

2.5-fold increase in bacterial replication.

The rs10873679 locus was also associated with intracellular

replication of S. Typhimurium (p = 8.13 10�7; Figure S3), a sero-

var used to model enteric fever in mice as S. Typhi is human-

restricted; however, the impact of reducingMCOLN2 expression

is much smaller with S. Typhimurium (Figure 2H). This demon-

strates that, while MCOLN2 is a key restriction factor for S. Typhi

(knockout results in �150% more replication), it is an accessory

factor for controlling S. Typhimurium (knockout results in �20%

more replication). We confirmed lack of a large effect with S. Ty-

phimurium by infecting susceptible C57BL/6J mice withMcoln2

knocked out31 via intraperitoneal injection—which avoids re-

striction by stomach acid or variance introduced by gut micro-

biota—and quantified S. Typhimurium burden in the spleen

4 days post infection (Figure 2I). This revealed no significant dif-

ference in S. Typhimurium burden between Mcoln2 genotypes,

despite a modest trend of higher burden in Mcoln2�/� mice,

which is not surprising given the small in vitro phenotype. This

serovar difference could be explained by bacterial difference—

only S. Typhi has the capacity to take advantage of a changed

niche after MCOLN2’s removal—or a differential host response,

in which the more immunogenic S. Typhimurium induces addi-

tional restriction factors that prevent it from fully exploiting

MCOLN2 knockout. Regardless, our data demonstrate that

MCOLN2 is a strong restriction factor for the human-specific

serovar S. Typhi in cells, which underscores the value of cell-

ular GWAS for identifying human-specific host-pathogens

interactions.

To determine how MCOLN2 reduces S. Typhi replication, we

used the intracellular bacteria as reporters of their own environ-

ment. We conducted transcriptomics at 16 h post infection (hpi),

near maximum divergence of replication inside wild-type vs.

MCOLN2�/� THP-1s and prior to restriction in wild-type THP-

1s (Figures 3A and 3B). While >2,600 bacterial genes were

detected, and expression of one-quarter of the bacterial tran-

scriptome significantly changed between late-log inoculum

and 16 hpi, differences between bacteria within wild-type and

MCOLN2�/� cells were more modest with expression of no

individual bacterial gene passing significance threshold after

correction for multiple testing (Table S2). Therefore, we used

gene set enrichment analysis to identify S. Typhi processes

that were upregulated in MCOLN2-containing wild-type THP-

1s. We generated a list of 15 gene sets of physiological pro-

cesses associated with virulence or divalent cation transport

(Figure 3C; Table S3). Only genes regulated by the PhoP/Q

two-component system32 were significantly enriched (NES =

�1.81 with FDR q = 0.004) in bacteria living inside wild-type
s10873679 by continental ancestry: African with a 71 kb orange bar; European

eans for each genotype are indicated above the scatterplots. Bars are ± SD.
9).
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Figure 2. Increased mucolipin-2 expression restricts S. Typhi replication in human immune cell lines

(A) The rs10873679 C-allele associates with lessMCOLN2mRNA expression in 1000 Genomes Project LCLs.28 Linear regression of 448 LCLs (238 females and

210 males) is significant (b = 5.8 ± 0.6; p < 2 3 10�16; adjusted r2 = 0.166).

(legend continued on next page)
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THP-1s compared with MCOLN2�/� THP-1s (Figure 3D). While

S. Typhi within MCOLN2�/� cells upregulate PhoP/Q targets

(10.7-fold more expression than late-log), induction is greater

in bacteria inside wild-type cells (13.3-fold).

To determine if PhoP/Q signaling contributes to replication in

MCOLN2 knockout cells, we infected THP-1s with the Ty800

DphoPQ strain,33 which revealed that most (�75%) of the

increased replication inside MCOLN2�/� requires intact PhoPQ

signaling (Figure 3E). Chief among PhoP/Q targets is the SPI-2

T3SS, which injects effectors to maintain Salmonella’s intracel-

lular niche. Removing an essential component of the SPI-2

T3SS basal body (ssaT) to prevent any secretion caused no

change in S. Typhi replication within wild-type THP-1s (compare

blue bars in Figure 3F). This contrasts with S. Typhimurium34,35

but is consistent with past S. Typhi literature.36 In contrast, repli-

cation is reduced in MCOLN2�/� cells, suggesting that roughly

half of the PhoP/Q-dependent increase in S. Typhi replication

depends on SPI-2 effectors (Figure 3F). This indicates the

SPI-2 independence of S. Typhi replication in THP-1 monocytes

is actually an MCOLN2-dependent host response that sup-

presses the fitness advantage provided by S. Typhi’s SPI-2

effectors.

Our results demonstrate that S. Typhi replicating inside

MCOLN2�/� monocytes upregulate PhoP targets, which signifi-

cantly boosts replication. However, in wild-type cells, the even

greater induction of PhoP targets is not sufficient to increase

replication, so we speculated that the PhoP upregulation was a

symptom of a restrictive condition enhanced byMCOLN2. Three

potentially restricting conditions in the SCV lead to more PhoP

activity: PhoP/Q is repressed by high Mg2+37 and activated by

cationic antimicrobial peptides38 or acidification.39,40 Since

MCOLN2 is a divalent cation channel, PhoP/Q was most likely

responding to reduced Mg2+ concentrations, which, along with

Zn2+, are limited in SCVs.41,42 Indeed, the PhoP-activated

Mg2+ importers mgtA and mgtB were both upregulated more

in bacteria inside wild-type THP-1s (Figures 3D and S4). There-

fore, the transcriptomics and phoPQ mutant infection data sug-

gested a simple hypothesis: MCOLN2 deprives S. Typhi of Mg2+.
(B) The rs10873679 genotype does not associate withMCOLN3mRNA expressio

(A) and (B) are from four European populations (91 CEU, 92 FIN, 86 GBR, and 91 T

TT individuals.

(C) The rs10873679 C-allele associates with less MCOLN2 protein expression

trometry.29 LCLs are from four populations: 18 CEU, 10 YRI, 4 CHB, and 1 JPT. Lin

0.017). In (A)–(C), bars are mean ± SD.

(D) Both interferon treatment and S. Typhi (STy) infection (MOI 10 for 24 h) stimu

quantified byDDCT (DCT stimulated –DCT untreated). Seven replicates from three

(p < 0.0001).

(E) In the LCL GM18540 (derived from a female CHB), MCOLN2 knockdown incr

Typhi replication in comparison with non-targeting (NT) siRNA. Seven replicates

expression and 0.53-fold (±0.04) of NTMCOLN3 expression. p values are from D

p < 0.0001).

(F) MCOLN2 knockdown (0.09-fold [±0.02] of NT) increases S. Typhi replication

(G) CRISPR-Cas9 knockout of MCOLN2 increases S. Typhi replication in THP-1

(H) S. Typhimurium has a minor growth advantage in MCOLN2 knockout THP-1

treated/NT or knockout/wild-type cells. In (D)–(H), bars are mean ± SEM and all

(I) Mcoln2 knockout does not significantly increase burden in C57BL/6J mice s

(14028s) tagged with p67GFP3.1. Eighteen wild types (10 female and 8 male) and

means and log10(geo. mean) is shown above each genotype. p value calculated wi

Grubbs’ a = 0.01), the Mcoln2+/+ log10(geo. mean) is 7.72 and p = 0.2. In (E)–(I),
To test this, we repleted Mg2+ 2 h after infecting and measured

bacterial replication (Figure 4A). Mg2+ supplementation dispro-

portionately benefited bacterial replication inside wild-type

THP-1s (1.6-fold in wild-type vs. 1.2-fold in knockout THP-1s;

interaction p = 0.002). Similar results were also observed with

S. Typhimurium (Figure 4B). While our transcriptomics could

also support a role for Zn2+, zinc repletion did not have interac-

tions with theMCOLN2 genotype, meaning it was similarly toxic

to S. Typhi inside both MCOLN2�/� and wild-type THP-1 cells

(Figure 4C; interaction p = 0.3). This agrees with previous find-

ings that high concentrations of zinc are toxic to Salmonella.43

However, S. Typhi inside MCOLN2 knockout cells are not

more susceptible to Zn2+ repletion, so we infer that MCOLN2

does not help S. Typhi resist zinc toxicity. Together, these data

demonstrate that intracellular replication is held back by magne-

sium starvation and not zinc toxicity.

This Mg2+ starvation model is supported by whole-endolyso-

some patch-clampmeasurements. While previous studies using

whole-cell patch-clamping have demonstrated that MCOLN1 is

permeable to most monovalent and divalent cations,44 there has

been no direct evidence showing that MCOLN2 conducts Mg2+

from the lumen of endolysosomes into the cytosol. To determine

if human MCOLN2 can conduct Mg2+, it was expressed in

HEK293 cells, and endolysosomal organelles were isolated

for direct patch-clamping using a previously established

approach.45–47 While no significant Mg2+ currents were seen in

non-transfected endolysosomes (Figure 4D), application of an

MCOLN2-specific small-molecule agonist, ML2-SA1,46 evoked

inward Mg2+ currents on intact endolysosomes isolated from

MCOLN2-expressing cells (Figure 4E). We also observed Mg2+

currents after administration of PI(3,5)P2, a putative endogenous

agonist48 (Figure 4F). This is especially intriguing in light of Sal-

monella’s known manipulation of phosphoinositides through

the sopB effector49,50 and our previous finding that a host protein

that regulates PI(3,5)P2 is associated with Salmonella invasion

and typhoid fever risk.7 These results demonstrate that

MCOLN2 conducts Mg2+ and is capable of serving as a channel

for Mg2+ out of endolysosomes and into the cytosol.
n in the same dataset (b = �0.05 ± 0.03; p = 0.07; adjusted r2 = 0.005). LCLs in

SI) and one African population (88 YRI) and consist of 124 CC, 217 TC, and 107

in 33 LCLs (19 female and 14 male) measured with quantitative mass spec-

ear regression is significant for MCOLN2 (b = 0.15 ± 0.05, p = 0.01; adjusted r2 =

late MCOLN2 expression in THP-1s. Expression measured by qRT-PCR and

experiments. p values are fromDunnett’s T3 comparison after Welch’s ANOVA

eases S. Typhi replication, while MCOLN3 knockdown modestly decreases S.

from three experiments. Knockdown qPCR: 0.33-fold (±0.14) of NT MCOLN2

unnett post-hoc comparison with NT following a one-way ANOVA (main effect

in THP-1s. Ten replicates from two experiments.

s. Ten replicates from two experiments.

s. Six replicates from two experiments. In (E)–(H), ratios are mean in siRNA-

statistics are calculated with log2-transformed data.

pleens 4 days post i.p. infection with 1,000 CFUs of late-log S. Typhimurium

22 knockouts (13 female and 9 male) from six experiments. Lines are geometric

th log10-transformed data.Without the low outlier (log10[CFU] = 3.6; identified at

p values are from Welch’s t test.
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Figure 3. Intracellular S. Typhi replication inside MCOLN2�/� THP-1s depends on PhoP/Q

(A) MCOLN2 knockout leads to faster S. Typhi replication inside THP-1s. Ten replicates from three experiments, except 6 hpi is six replicates from two ex-

periments.MCOLN2 genotype, hpi, and their interaction are all significant sources of variation (p < 0.0001) in a repeated measures ANOVA. Time point p values

are from �Sı́dák’s post-hoc comparison of MCOLN2+/+ and MCOLN2�/�.
(B) Workflow used to sequence mRNA from intracellular S. Typhi 16 hpi in wild-type and knockout THP-1s

(C) Diagram of S. Typhi’s PhoPQ-induced Mg2+ importers.

(D) RNA-seq of intracellular S. Typhi indicates that PhoP targets are upregulated more when MCOLN2 is present. Left: normalized enrichment score (NES) from

gene set enrichment analysis of virulence- or cation-associated S. Typhi gene sets. Significant gene set (FDR q < 0.05) indicated by asterisk. Right: the log2(KO/

WT expression) of PhoPQ regulon genes is plotted. Sixteen of 19 genes have a negative fold change (FC), indicating higher expression in WT.

(E) PhoPQ is required for most of the increase in intracellular replication observed with MCOLN2�/� THP-1s. Nine replicates from two experiments.

(legend continued on next page)
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The repletion and electrophysiological evidence is further

bolstered by genetic interaction of MCOLN2 with Salmonella

Mg2+ transporters. The importance of Mg2+ acquisition for Sal-

monella replication is underscored by its trio of Mg2+ uptake pro-

teins: one constitutive, CorA, and two inducible, MgtA andMgtB.

If knocking out MCOLN2 increases Mg2+ availability, we theo-

rized that these transporters would be necessary to uptake

that extra Mg2+ and therefore essential for the enhanced replica-

tion inside MCOLN2�/� host cells. To test this, we generated a

double knockout (DmgtADmgtB), which lacks the high-affinity

Mg2+ importers used in low-Mg2+ environments, like the %

10 mMconcentration in the SCV.41 In confirmation of our hypoth-

esis, the double importer mutant is killed, instead of replicating,

inside THP-1s (Figure 4G). Knocking outMCOLN2 provides less

of an advantage to the double importer mutant (increasing repli-

cation 60% in DD vs. 150% in wild-type S. Typhi; interaction

p < 0.001). This corroborates the Mg2+ repletion and suggests

thatmost of the enhanced replication inMCOLN2�/� THP-1s de-

pends on increasing Mg2+ availability.

To test if this magnesium-MCOLN2 interaction occurs in vivo,

we infected susceptible mice with a 1:1 ratio of double knockout

(DmgtADmgtB or DD) and wild-type S. Typhimurium by intraper-

itoneal injection. In theory, the increased Mg2+ availability in

Mcoln2�/� mice would change the competitive index (CI) be-

tween double mutant and wild-type S. Typhimurium. As ex-

pected, DmgtADmgtB S. Typhimurium is greatly attenuated

compared with the wild type in C57BL/6J (CI = 0.024), and the

double Mg2+-importer mutant’s attenuation is significantly

more pronounced in Mcoln2�/� mice (CI = 0.007; Figure 4H).

Based on our cellular findings, one would expect the reduced

CI in Mcoln2�/� mice to be driven by more replication of the

wild-type bacteria that can take advantage of increased Mg2+

availability in Mcoln2�/� mice; instead, we observed no signifi-

cant change in wild-type bacteria replication in Mcoln2�/�

mice (DDin�/�/DDin+/+ = 0.48 with p = 0.4) accompanied with

significantly less replication of double mutant bacteria in

Mcoln2�/�mice (DDin�/�/DDin+/+ = 0.14with p = 0.002; Figure 4I).

The genetic interaction of a magnesium importer mutant with

murine host Mcoln2 genotype (p = 0.0002) leads us to conclude

that murine Mcoln2, like human MCOLN2, affects Mg2+ accessi-

bility by Salmonella during infection. However, the comparative

growth disadvantage of the S. Typhimurium double importer

mutant in Mcoln2 knockout mice contrasting with the compara-

tive growth advantage of wild-type S. Typhi in MCOLN2+/+ hu-

man THP-1 cells (see Figure 4G) suggests that mucolipin-2’s

impact on Mg2+ availability during infection depends on context,

likely including Salmonella serovar and host species as well as

the infected cell type or tissue. Despite these differences, the

in vivo and in vitro data concur that mucolipin-2 changes Salmo-

nellae replication by altering their access to Mg2+.

In the simplest versionof ourmodel, removing humanMCOLN2

increases Mg2+ availability to S. Typhi, which relieves a nutrient

limitation and directly increases bacterial replication. However,
(F) S. Typhi DssaT has no effect on intracellular replication in WT THP-1s and par

MCOLN2�/� THP-1s. Ten replicates from three experiments. p values in (E) and (F

ANOVAs finding significant main effects and interaction (all p < 0.0001). Statistic

(F) are mean ± SEM.
�1/3 of the increased bacterial replication inside MCOLN2

knockout cells is not explained by manipulating Mg2+ availability

or uptake. We theorized that this putatively Mg2+-independent

replication boost in MCOLN2�/� cells could still be PhoP regu-

lated, as we had already identified other PhoP-targets, namely

SPI-2 T3SS, which further benefit S. Typhi replication when

MCOLN2 is knocked out. To test this, we repleted Mg2+ after in-

fecting THP-1swithS. TyphiDphoPQ (Figure 4J).Mg2+ increased

replication of DphoPQ bacteria, as it partially overcomes the

inability to fully upregulatemgtAandmgtB. Furthermore, thecom-

bined Mg2+ repletion and phoPQ deletion removed any discern-

able difference in S. Typhi replication between MCOLN2 geno-

types. Thus, enhanced bacterial replication in the absence of

MCOLN2 depends on both Mg2+-independent effects of PhoPQ

and PhoPQ-independent effects of Mg2+ availability (Figure 4K).

DISCUSSION

In this report, we directly connect expression of the divalent

cation channel MCOLN2 with variable immune cell permissivity

to S. Typhi. For S. Typhimurium, intracellular replication regu-

lates outcomes inmousemodels of enteric fever,26,51 and, there-

fore, S. Typhi replication likely also correlates with disease

outcome in humans. Unfortunately, there is no published

GWAS of typhoid severity or clinical outcome and only one study

on typhoid fever onset, which identified an association between

the MHC region and susceptibility.52 Thus, determining the clin-

ical significance of rs10873679 in humans awaits well-powered

studies for this disease phenotype. Our findings also underscore

that, despite great insights gleaned frommousemodels of S. Ty-

phimurium infection, studies of genetic diversity using human-

specific pathogens in human cells provide unique insight.

Furthermore, we showed that MCOLN2 ablation reduced the

low-Mg2+ stress faced by intracellular S. Typhi based on lowered

expression of Mg2+-regulated PhoP targets (including key Mg2+

transporters) and reduced benefit of Mg2+ repletion. Thus, the

divalent cation channel MCOLN2 exerts restriction pressure on

S. Typhi inside human monocytes by reducing Mg2+ availability,

which is similar to how the divalent cation transporter Slc11a1

(Nramp1) is proposed to restrict S. Typhimurium inside murine

macrophages.53 It is worth noting that C57BL/6J mice are highly

susceptible to Salmonella due to a deleterious mutation in

Slc11a1, which means divalent cation transport in their immune

cells isalreadydisrupted inaway that advantagesS. Typhimurium

replication.54 It is possible that future work will find a greater or

different effect ofMcoln2 inmicewith functional Slc11a1. Despite

the similarity of proposedmechanisms for the effects ofMCOLN2

and Slc11a1, transport of Mg2+ by Slc11a1 has never been

demonstrated nor has human SLC11A1 ever been shown to

restrict Salmonella replication. This underscores the importance

of our discovery that MCOLN2 is a bona fide Mg2+ channel be-

tween endolysosomes and the cytosol, as it bolsters our genetic

and functional evidence of Mg2+-based nutritional immunity
tially accounts for the requirement of phoPQ to achieve maximal replication in

) are from �Sı́dák’s comparison ofMCOLN2+/+ toMCOLN2�/� following two-way

s in (A), (E), and (F) use log2-transformed replication ratios. Bars in (A), (E), and
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against intracellular Salmonella. Thus, our multi-disciplinary

approach to understanding human variation, which revealed the

first commonhumangenetic difference that regulates intracellular

resistance to Salmonella, has also led to the identification of the

critical host factor that restricts S. Typhi by Mg2+ deprivation.

Identifying humanMCOLN2 as a host factor that drastically re-

duces Salmonella replication by lowering Mg2+ availability high-

lights the key role played by Mg2+ in nutritional immunity. This

builds on a line of work identifying the sophisticated regulatory

network in S. Typhimurium that allows it to respond to the low-

Mg2+ environment of the SCV.37,55 Notably, these investigations

into Salmonella response to lowMg2+ have been conducted with

non-typhoidal S. Typhimurium. While much of this regulatory

system is likely preserved in S. Typhi, the much greater sensi-

tivity of S. Typhi to MCOLN2 ablation suggests that some

component of this low Mg2+ response is not conserved between

the serovars. Future studies investigating this difference could

reveal key serovar-specific virulence strategies.

Our finding thatMCOLN2 restrictsS. Typhi also explains why it

is an ISG, despite previous findings that it increasesmacrophage

susceptibility to endocytosed viruses including influenza A virus

(Orthomyxoviridae) and yellow fever virus (Flaviviridae).56 The

induction of MCOLN2 expression in activated immune cells

therefore provides two mechanisms whereby this channel could

regulate infection—Ca2+ currents regulating endocytic events

and Mg2+ currents affecting Mg2+ acquisition. This identifies

the MCOLN2 locus as a possible site of balancing selection be-
Figure 4. MCOLN2 reduces Salmonella replication by reducing magne

(A) Mg2+ supplementation partially rescues S. Typhi replication in MCOLN2�/�

MCOLN2 genotype are both significant (p < 0.0001) in two-way ANOVA. Bar plo

(B) Mg2+ supplementation overcomes the slight restriction of S. Typhimurium b

supplementation (p = 0.0004) and MCOLN2 genotype (p = 0.006) are significant

(C) Zn2+ supplementation reduces S. Typhi replication in THP-1 monocytes indep

two-way ANOVA, Zn2+ supplementation and MCOLN2 genotype are significant s

mock is the addition of an equal volume filter-sterilized DI water and p values co

(D) No significant ML2-SA1-evokedMg2+ currents were recorded from endolysos

human MCOLN2-mediated whole-endolysosome Mg2+ currents before (black, b

SA1.

(E) MCOLN2 conducts Mg2+ in endolysosomes when treated with ML2-SA1. A

pressing human MCOLN2 is shown. Bar plots show mean values ± SEM at �100

whole-endolysosome patch-clamp configuration indicates the direction of the in

(F) Natural MCOLN2 agonist, PI(3,5)P2, also elicits Mg2+ currents through MCOLN

transfected HEK293 cells, basal (black) or elicited by an application of 10 mM PI(

(G) PhoPQ-induced magnesium importers MgtA and MgtB are required for half t

experiments. In a two-way ANOVA,MCOLN2 genotype,mgtA/mgtB deletion, an

and (G), p values comparing two means are from post-hoc �Sidák’s multiple com

(H) The fitness disadvantage of an S. Typhimurium DmgtADmgtBmutant (DD) com

Mcoln2�/� mice. Spleens harvested 4 dpi with 1,000 CFUs of each WT and DD S

indices (CI) and shown above each mouse genotype. One outlier (CI = 1.21) inMc

Welch’s t test. Outlier test and t test calculated on log10(CFUs). SixteenMcoln2+/+

4 experiments.

(I) The enhancedCI inMcoln2�/�mice is driven byDDS. Typhimurium replicating l

andmice as in (H) and exclude the same outlier. Diagonal lines connect CFU count

mean (GM) of each group. Ratios are GM inMcoln2�/� mice over GM inMcoln2+/

CFUs from the same mouse are paired. Mouse Mcoln2 genotype (p = 0.02), ba

significant sources of variation. p values comparing conditions are from post-hoc

(J) MCOLN2 knockout does not benefit DphoPQ S. Typhi replication inside THP-

ANOVA, MgCl2 treatment, phoPQ deletion,MCOLN2 genotype, and all two-way in

post-hoc Welch’s t tests.

(K) Model of natural human genetic variation altering intracellular S. Typhi replica
tween different infectious disease pressures—viruses that use

the endocytic pathway for entry might select for people with

less MCOLN2 expression, while Salmonellae infections might

select for people with moreMCOLN2 expression. This balancing

selection could explain the wide distribution of both rs10873679

alleles in populations around the world, and, ultimately, it high-

lights the persistent and complex power of infectious disease

as an evolutionary pressure shaping human evolution.

Limitations of the study
Our genetic association work in this study is limited to LCLs.

Therefore, the associationof rs10873679withS.Typhi replication

will need to be examined in other cell types, with varying immune

cell polarization, and ultimately in human populations. Similarly,

the functional studies of MCOLN2 were consistent in LCLs and

THP-1monocytesbut havenot beenextended toother cell types.

The MCOLN2 patch-clamp experiments were conducted using

overexpression in HEK293 cells, and there may be differences

with endogenous expression in immune cells. As noted above,

the effects ofMCOLN2 varies across different Salmonella enteria

serovars, and future studies will need to define the mechanistic

underpinnings of these differences.

STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:
sium availability

THP-1s. Eight replicates from two experiments. Mg2+ supplementation and

ts throughout figure are mean ± SEM.

y MCOLN2 in THP-1 monocytes. Six replicates from two experiments. Both

sources of variation by two-way ANOVA.

endently fromMCOLN2 genotype. Seven replicates from two experiments. In a

ources of variation (p < 0.0001), but their interaction is not (p = 0.3). In (A)–(C),

mparing means are from Tukey’s post-hoc multiple comparison tests.

omes isolated from non-transfected HEK293 cells. Representative I-V traces of

asal) and after (red) treatment with the MCOLN2 small-molecule agonist ML2-

representative recording of Mg2+ currents from isolated endolysosomes ex-

mV from independent experiments. p values from paired t test. The cartoon of

ward (flow out of the vesicles) Mg2+ currents mediated by MCOLN2.

2. Representative Mg2+ currents from endolysosomes isolated from MCOLN2

3,5)P2 (green). Statistical summary same as (E).

he S. Typhi replication benefit in MCOLN2�/� THP-1s. Six replicates from two

d their interaction are all significant sources of variation (p < 0.0001). In (B), (C),

parison tests.

peting against wild-type (WT) S. Typhimurium is enhanced when competing in

. Typhimurium inoculum. Lines indicate geometric means (GM) of competitive

oln2+/+ was identified by a Grubbs’ test (a = 0.0001) and removed. p value from

mice (10 female and 6male) and 15Mcoln2�/�mice (4 female and 11male) from

ess insideMcoln2�/� thanMcoln2+/+mice. Data are from the same experiments

s from the samemousewhile horizontal black lines indicate the log10-geometric
+ mice. Interaction p value is from repeated measure two-way ANOVA in which

cteria mgtA/B genotype (p < 0.0001), and their interaction (p = 0.0002) are all
�Sı́dák’s multiple comparison tests. All statistics calculated using log10[CFUs].

1s when Mg2+ is repleted. Six replicates from two experiments. In a three-way

teractions are significant (p < 0.0001). p values comparing twomeans are from

tion.
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(2003). PGC-1alpha-responsive genes involved in oxidative

https://doi.org/10.1038/nprot.2017.036
https://doi.org/10.1038/ncomms1037
https://doi.org/10.1038/ncomms1037
https://doi.org/10.1126/science.1098188
https://doi.org/10.1038/s41556-022-00895-y
https://doi.org/10.1038/s41556-022-00895-y
http://refhub.elsevier.com/S2666-979X(23)00056-3/sref51
http://refhub.elsevier.com/S2666-979X(23)00056-3/sref51
http://refhub.elsevier.com/S2666-979X(23)00056-3/sref51
http://refhub.elsevier.com/S2666-979X(23)00056-3/sref51
https://doi.org/10.1038/ng.3143
http://refhub.elsevier.com/S2666-979X(23)00056-3/sref53
http://refhub.elsevier.com/S2666-979X(23)00056-3/sref53
http://refhub.elsevier.com/S2666-979X(23)00056-3/sref53
https://doi.org/10.1006/geno.1994.1458
https://doi.org/10.1006/geno.1994.1458
https://doi.org/10.1073/pnas.2006116117
https://doi.org/10.1073/pnas.2006116117
http://refhub.elsevier.com/S2666-979X(23)00056-3/sref56
http://refhub.elsevier.com/S2666-979X(23)00056-3/sref56
http://refhub.elsevier.com/S2666-979X(23)00056-3/sref56
http://refhub.elsevier.com/S2666-979X(23)00056-3/sref57
http://refhub.elsevier.com/S2666-979X(23)00056-3/sref57
http://refhub.elsevier.com/S2666-979X(23)00056-3/sref57
http://refhub.elsevier.com/S2666-979X(23)00056-3/sref57
http://refhub.elsevier.com/S2666-979X(23)00056-3/sref57
https://doi.org/10.1016/j.chembiol.2009.12.016
https://doi.org/10.1016/j.chembiol.2009.12.016
https://doi.org/10.1128/iai.71.10.5892-5899.2003
https://doi.org/10.1128/iai.71.10.5892-5899.2003
http://refhub.elsevier.com/S2666-979X(23)00056-3/sref60
http://refhub.elsevier.com/S2666-979X(23)00056-3/sref60
http://refhub.elsevier.com/S2666-979X(23)00056-3/sref60
https://doi.org/10.1073/pnas.120163297
https://doi.org/10.1073/pnas.120163297
http://refhub.elsevier.com/S2666-979X(23)00056-3/sref62
http://refhub.elsevier.com/S2666-979X(23)00056-3/sref62
http://refhub.elsevier.com/S2666-979X(23)00056-3/sref62
https://doi.org/10.1186/s13742-015-0047-8
https://doi.org/10.1186/s13742-015-0047-8
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1089/crispr.2021.0113
https://doi.org/10.1089/crispr.2021.0113
https://doi.org/10.1093/bioinformatics/btq419
https://doi.org/10.1038/nature15393
https://doi.org/10.1038/nature15393
https://doi.org/10.1038/nature04226
https://doi.org/10.1086/519795
http://refhub.elsevier.com/S2666-979X(23)00056-3/sref74
http://refhub.elsevier.com/S2666-979X(23)00056-3/sref75
http://refhub.elsevier.com/S2666-979X(23)00056-3/sref75
https://doi.org/10.1038/nature09534
https://doi.org/10.1038/nature09534
http://refhub.elsevier.com/S2666-979X(23)00056-3/sref77
http://refhub.elsevier.com/S2666-979X(23)00056-3/sref77
http://refhub.elsevier.com/S2666-979X(23)00056-3/sref77
https://doi.org/10.1093/nar/gkr895


Article
ll

OPEN ACCESS
phosphorylation are coordinately downregulated in human diabetes. Nat.

Genet. 34, 267–273. https://doi.org/10.1038/ng1180.

80. Gasnier, B., Zhu, M.X., and Taylor & Francis. Ion and molecule transport in

lysosomes. Methods in Signal Transduction. First edition. ed.CRC Press

81. Chen, C.C., Butz, E.S., Chao, Y.K., Grishchuk, Y., Becker, L., Heller, S.,

Slaugenhaupt, S.A., Biel, M.,Wahl-Schott, C., andGrimm, C. (2017). Small
molecules for early endosome-specific patch clamping. Cell Chem. Biol.

24, 907–916.e4. https://doi.org/10.1016/j.chembiol.2017.05.025.

82. Harrell, F.E., Jr. (2021). Hmisc: Harrell Miscellaneous.

83. Wickham, H., François, R., Henry, L., and M€uller, K. (2022). Dplyr: A

Grammar of Data Manipulation.
Cell Genomics 3, 100290, May 10, 2023 13

https://doi.org/10.1038/ng1180
https://doi.org/10.1016/j.chembiol.2017.05.025
http://refhub.elsevier.com/S2666-979X(23)00056-3/sref82
http://refhub.elsevier.com/S2666-979X(23)00056-3/sref83
http://refhub.elsevier.com/S2666-979X(23)00056-3/sref83
http://refhub.elsevier.com/S2666-979X(23)00056-3/sref83


Article
ll

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

Bacterial and virus strains

S. enterica Typhi Ty2 +p67GFP3.1 Dennis Ko7 DCK33

S. enterica Typhi Ty2 DssaT + p67GFP3.1 This paper DCK723

S. enterica Typhi Ty2 DmgtADmgtB + p67GFP3.1 This paper DCK1122

Salmonella enterica Typhi Ty2 with 956bp

deletion in phoPQ +p67GFP3.1

Samuel Miller33 Ty800 or CS021

S. enterica Typhimurium 14028s +p67GFP3.1 Dennis Ko5 DCK22

S. enterica Typhimurium 14028s DmgtADmgtB +

p67GFP3.1

This paper DCK1121

S. enterica Typhimurium 14028s DmgtADmgtB +

pWSK129

This paper DCK1132

S. enterica Typhimurium 14028s +pWSK29 Dennis Ko57 DCK483

Chemicals, peptides, and recombinant proteins

Accell siRNA delivery media Horizon B-005000

Accell non-targeting #1 (NT1) siRNA Horizon D-001910-01

Accell SmartPool MCOLN2 siRNA Horizon E�021616-00

Accell SmartPool MCOLN3 siRNA Horizon E�015371-00

Recombinant human IFN-g Peprotech 300–02

Recombinant human IFN-b Peprotech 300-02BC

S. Typhimurium S-form LPS Enzo ALX-581-011

RNAlater Solution ThermoFisher AM7020

Gentamicin Sulfate VWR 45000–634

7-aminoactinomycin D (7AAD) Enzo ALX-380-283

MgCl2 Hexahydrate BioReagent Sigma M2393

ZnSO4 Heptahydrate BioReagent Sigma Z0251

TaqMan FAM-MGB MCOLN2 probe ThermoFisher 4331182 - Hs00401920

TaqMan FAM-MGB MCOLN3 probe ThermoFisher 4331182 - Hs00962657

Isopropyl ß-D-1-thiogalactopyranoside (IPTG) ThermoFisher 15529–019

Hs TRPML2-YFP Grimm et al.58 –

Transfection reagent TurboFect Thermo Fisher R0531

Vacuolin Santa Cruz sc-216045

PI(3,5)P2 AG Scientific P-1123

ML2-SA1 Macro Keller and Franz Bracher –

Critical commercial assays

mirVana miRNA Isolation Kit ThermoFisher AM1560

TURBO DNase ThermoFisher AM2238

RNeasy MinElute cleanup Kit Qiagen 74204

Standard Total RNA Prep with Ribo-Zero Plus Ilumina 20037135

iTaq Universal SYBR Green Supermix BioRad 1725124

RNeasy kit Qiagen 74106

iScript cDNA Synthesis kit BioRad 1708891

iTaq Universal Probes Supermix BioRad 1725134

Deposited data

Intracellular THP-1 RNA-seq GEO GSE222194

Cellular GWAS on Intracellular S. Typhi Replication Duke Research Data Repository https://doi.org/10.7924/r4x92bd76

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Cell lines

Human THP-1 Monocytes: WT & MCOLN2�/� Pool Synthego RRID:CVCL_0006

Human: Lymphoblastoid Cell Lines (LCLs) Coriell Institute See Table S1 for all LCL individual identifiers

Human HEK 293 DSMZ ACC 305

Experimental models: Organisms/strains

Mus musculus: C57BL/6J Mcoln2+/� Rosa Puertollano C57BL/6J

Oligonucleotides

See Table S4 for list of primers. This study See Table S4

Recombinant DNA

p67GFP3.1 (AmpR, GFPmut3.1 under Ptac) Pujol & Bliska59 –

pWSK29 (AmpR, very-low copy pSC101 ori) Wang & Kushner60 Addgene #172972

pWSK129 (KanR, very-low copy pSC101 ori) Wang & Kushner60 –

pKD4 (AmpR, ts, FRT-KanR-FRT) Datsenko & Wanner61 Addgene #45605

pKD46 (AmpR, ts, l red genes [exo,

bet, gam] under ParaB)

Datsenko & Wanner61 –

pCP20 (AmpR, CamR, ts, Flp) Cherepanov & Wackernagel62 –

Software and algorithms

GraphPad Prism 9 GraphPad Software www.graphpad.com

R 4.0.2 R Core Team www.r-project.org

BioRender BioRender www.biorender.com

PLINK 1.9 Chang et al.63 www.cog-genomics.org/plink/

fastp: a FASTQ preprocessor Chen et al.64 github.com/OpenGene/fastp

featureCounts tool Liao et al.65 subread.sourceforge.net

DESeq2 Bioconductor Love et al.66 bioconductor.org/packages/release/

bioc/html/DESeq2.html

STAR RNA-seq alignment tool Dobin et al.67 code.google.com/archive/p/rna-star/

GSEA 4.1 Subramanian et al.68 www.gsea-msigdb.org

ICE webtool 2.0 Conant et al.69 ice.synthego.com

LocusZoom webtool Pruim et al.70 locuszoom.org
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RESOURCE AVAILABILITY

Lead contact
Further information, as well as plasmids and bacterial strains generated for this study, are available by request from the lead contact,

Dennis C. Ko (dennis.ko@duke.edu).

Materials availability
Plasmids and bacterial strains, as listed in the key resources table, are available upon request.

Data and code availability
Intracellular replication data for the 961 LCL samples can be found in Table S1, andGWAS summary statistics are available for down-

load at the Duke Research Data Repository (Duke Research Data Repository: https://doi.org/10.7924/r4x92bd76). Intracellular S.

Typhi RNA-seq data are available in GEO (GEO: GSE222194). The analyses of this data—differential gene expression and gene

set enrichment analysis (GSEA)—are available in Table S2. In other replication experiments, the value of each biological replicate

is shown as dots on top of bar graphs.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human cells
Lymphoblastoid cell lines (LCLs; EBV-immortalized B cells) were from the Coriell Institute. MCOLN2�/� and matched wild-type

THP-1 cell pools were generated by Synthego using guide 50-TTTTGGTTTAAGTAACCAGC-30 (PAM is TGG) to target the start of
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MCOLN2 exon 3. THP-1 knock out pools were confirmed to maintain R85% frameshift indels by Sanger sequencing that was

analyzed with the inference of CRISPR editing (ICE) webtool v2.0 (https://ice.synthego.com) from Synthego.69 THP-1s and LCLs

were maintained at 37�C in a 5% CO2 atmosphere and were grown in RPMI 1640 media (Gibco #21870) supplemented with 10%

heat-inactivated fetal bovine serum (HI-FBS, Gibco #10082), 2 mM L-glutamine (Gibco #25030081), & 100 U/mL Penicillin-

Streptomycin (Gibco #15140122). Infection assays were carried out in the same media but without Pen-Strep and phenol red. Cells

were verified as mycoplasma free by the Universal Mycoplasma Detection Kit (ATCC #30-1012K).

Mice
Mcoln2+/� C57BL/6J mice provided by Dr. Rosa Puertollano and maintained specific pathogen free by Duke DLAR breeding core in

groups of 5 or less of the same sex post weaning. Sex of animals is denoted in figure legends. Mice were free fed standard diet

(PicoLab Mouse Diet #5058) during infections. Infections were approved by Duke IACUC (protocol #A145-18-06).

Bacteria
S. enterica serovars Typhi strain Ty2, Typhimurium strain 14028s, and derived mutants were grown at 37�C and 250 rpm in high-salt

Miller Luria-Bertani (LB) broth (VWR #90003). To quantify intracellular burden during gentamicin protection assays, Salmonellae

were tagged with inducible GFP using p67GFP3.1,59 which carries GFP under an IPTG-inducible promoter and is maintained with

100 mg/mL ampicillin. Salmonella gene deletion strains were generated by lambda-red recombineering61 from Ty2 or 14028s using

KanR cassettes generated from pKD4with the primers in Table S4. Gene deletions were confirmed by PCR using indicated primers in

Table S4.

METHOD DETAILS

Infection (gentamicin-protection) assays
Salmonella infection of LCL and THP-1 cells was done as previously described.5 In brief, overnight stationary cultures in Miller LB

were sub-cultured 1:33 and grown for 160 min at 37�C and 250 rpm to reach SPI-1 inducing late-log phase (an OD600 of 1.7–2.0

for S. Typhimurium and 0.8–1.1 for S. Typhi). 13 105 LCL or THP-1 cells were plated at 13 106 cells/mL in complete RPMI 1 h before

infection in 96-well non-TC plates. LCLs were infected at multiplicity of infection (MOI) 30 and THP-1s at MOI 10. To kill the extra-

cellular bacteria, gentamicin was added 1 h post infection (hpi) at 50 mg/mL and then diluted to 15 mg/mL at 2 hpi. In ion repletion

experiments, 5mL of filter-sterilized MgCl2 or ZnSO4 in DI water, or water only control, was added to 200mL in 96-well plates imme-

diately following gentamicin dilution at 2 hpi. To induce GFP in p67GFP3.1, 1.4 mM IPTG was added 75 min prior to the desired time

point.

Invasion, pyroptosis, and initial burden were measured with a Guava EasyCyte Plus high-throughput flow cytometer (Millipore) at

3.5 hpi. Pyroptosis was quantified as the percent staining with 1 mg/mL 7AAD (7-aminoactinomycin D; Enzo Life Sciences). Invasion

was quantified as the percent GFP+ & 7AAD�. Burden was quantified as median fluorescent intensity (MFI) of living (7AAD–) and in-

fected (GFP+) cells. Intracellular replication (permissivity) was quantified by re-measuring burden at 24 hpi and taking the ratio of

24 hpi burden over initial 3.5 hpi burden.

Cellular GWAS
Hi-HoST screening of 961 LCLs from parent-offspring trios for S. Typhi intracellular replication occurred in two large sets. In one, S.

Typhi intracellular replication was one of 79 host-pathogen phenotypes measured as part of the Hi-HoST Phenome Project (H2P2).6

H2P2measured replication in 527 LCLs from four population in the 1000 Genomes Project71: ESN (Esan in Nigeria), GWD (Gambians

inWestern Divisions in TheGambia), IBS (Iberian Population in Spain), and KHV (Kinh in HoChiMinhCity, Vietnam). In this dataset, we

determined that replication is a quantitative trait suitable for GWAS due to its inter-individual variation (mean of 1.7-fold with standard

deviation of 0.3), high experimental repeatability (�75%variance is due to inter-individual variation in two-way ANOVA), and substan-

tial heritability (h2 = 0.33 with p = 0.002 in parent-offspring regression).6 To these 527 LCLs, we added previously unpublished data on

S. Typhi replication from 434 LCLs from four populations in the HapMap project: CEU (Utah residents with ancestry from northern and

western Europe), YRI (Yoruba in Ibadan, Nigeria), CHB (Han Chinese in Beijing, China), and JPT (Japanese in Tokyo, Japan).72 For all

961 LCLs, we used flow cytometry to quantify intracellular bacterial burden as the median fluorescent intensity (MFI) of GFP in in-

fected host cells, which contain viable GFP-tagged S. Typhi (see above for details of this fluorescence-based gentamicin protection

assay). From these MFI measurements, we calculated intracellular replication or permissivity as the ratio of 24 hpi to 3.5 hpi burden.

Each LCLwasmeasured on three sequential passages and the phenotype used for GWASwas calculated as themeanmeasurement

of these three independent assays. Each batch of LCLs measured during Hi-HoST screening was Z score transformed to reduce

inter-batch experimental variation: Z = ðx � mbatchÞ=sbatch.
Genotypes were obtained from HapMap r28 and 1000 Genomes Project Phase 3 with imputation using 1000 Genomes Project

Phase 3. Filters included minor allele frequency (MAF) < 0.05, SNP missingness of >0.2 and sample genotype missingness of

>0.2, resulting in a total of 8,386,469 SNPs for subsequent analysis. Genome-wide association analysis was carried out using the

QFAM-parents approach in PLINK v1.924,63,73 with adaptive permutations ranging from 1000 to a maximum of 109. The QFAM

approach uses linear regression to test for association while separately permuting between and within family components to control
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for family structure. The human genome reference assembly (GRCh37/hg19) was used for all analysis. QQ plots against neutral, c2,

distribution were plotted using quantile-quantile function in R. Local Manhattan plots were generated using LocusZoom70 webtool

(http://locuszoom.org/). Linear regression of Salmonella replication by rs10873679 genotype was performed and plotted in R using

ggplot274 & ggthemes75 packages.

Human gene expression analyses
RNA-seq gene expression data of 448 LCLs from the 1000 Genomes Project28 were obtained from the EBI website (https://www.ebi.

ac.uk/gxa/experiments/E-GEUV-1/Downloads). The rs10873679 genotype data were downloaded from the 1000 genome project.76

Effects of rs1087369 genotype onMCOLN2 andMCOLN3 gene expression in both datasets were tested by linear regression on com-

bined data as well as individual populations and individual sexes. Protein abundance measured by isobaric tag-based quantitative

mass-spectroscopy in 95 LCLs from HapMap project were obtained from Wu et al. However, only 33 of the individuals had quantifi-

able MCOLN2. The effect of rs10873679 on MCOLN2 protein abundance was tested by linear regression in R.

RNAi experiments and knockdown confirmation
LCLs or THP-1s (2.53 105 cells) were washed and re-suspended at 400,000 cells/mL in 500 mL of serum-free Accell siRNA delivery

media (Horizon #B-005000) in TC-treated 24-well plates and treated for three days with 10 pg/mL of either Dharmacon Accell non-

targeting #1 (NT1) (Horizon #D-001910-01) or an Accell SmartPool against human MCOLN2 (Horizon #E�021616-00) or MCOLN3

(Horizon #E�015371-00). Prior to infection, cells were washed and plated at 700,000 cells/mL in 100 mL complete RPMI media

(without antibiotics) in 96-well non-TC plates. Infections were conducted as described above.

For each experiment, knockdown was confirmed by RT-qPCR. Briefly, RNA was extracted from one well not used for infection

(�5 3 105 treated cells) for each siRNA condition using RNeasy kit (Qiagen #74106). Then cDNA was reverse transcribed from

500ng of RNA/condition using iScript kit (BioRad #1708891) and quantified by qPCR using iTaq Universal Probes Supermix

(BioRad #1725134) and exon-spanning TaqMan FAM-MGB probes (ThermoFisher #4331182; MCOLN2 is Hs00401920 & MCOLN3

is Hs00962657) on a QuantStudio 3 thermocycler (ThermoFisher). All qPCR was run in technical triplicate. Mean comparative

threshold cycle (CT) value for each transcript was adjusted for input variation by subtracting the mean 18s (RNA18S5;

ThermoFisher Hs03928990) housekeeping control CT from the target gene’s CT to generate a DCT. The DDCT for each knockdown

was calculated by subtracting target gene DCT in siNT1-treated control cells from target gene DCT in siTarget-treated cells. Knock-

down fold change was then calculated as 2-DDCT. Mean fold-change knockdown ± SEM was reported in figure legends.

Inducing and measuring MCOLN2 expression
TomeasureMCOLN2 induction, 53 105 THP-1s in 24-well non-TC treated plates were infected with S. Typhi Ty2 at MOI 10 following

the above gentamicin-protection assay or stimulated 2 hpi with 500U/mL (25 ng/mL) recombinant human IFN-g (PeproTech #300-02)

and 100 pg/mL well-vortexed S. Typhimurium S-form LPS (Enzo #ALX-581-011) or 50 U/mL (5 ng/mL) recombinant human IFN-b

(PeproTech #300-02BC). At 24hpi,MCOLN2 expression wasmeasured by RT-qPCR following the same DDCTmethod used to mea-

sure knockdown.

Mouse infections
Litter and sex matched C57BL/6J mice bred from Mcoln2+/� parents by the Duke DLAR breeding core were infected when 10–

18 weeks old with S. Typhimurium 14028s sub-cultured 1:33, grown for 160 min to late-log (OD600 1.7–1.9), and then washed twice

with sterile PBS. Bacteria were re-suspended in PBS at 10,000/mL based on OD600 and mice were infected via intraperitoneal injec-

tion with 100 mL of PBS containing 1,000 CFUs. For competitive infections, the initial 1:1 ratio used 500 CFUs of each AmpRwild-type

(+pWSK29; DCK483) and KanRmutant (DmgtADmgtB + pWSK129; DCK1132) S. Typhimurum. All inoculums were verified by plating

for CFUs. All mice were monitored twice daily for morbidity. Spleens were harvested 4 dpi, homogenized by bead beating with ZrO

beads (GlenMills #7305-000031) with a Bead Ruptor 12 (Omni #19-050A), and a serial dilution was plated for CFUs on LB + Amp

(100 mg/mL) or Kan (50 mg/mL). Competitive index was calculated as ratio of Kan/Amp CFUs.

Fluorescence-activated cell sorting (FACS)
For cell sorting RNA-seq samples, 20 million THP-1 monocytes of each MCOLN2 genotype were plated into 24-well non-TC plates

(500,000 cells per 0.5 mL RPMI per well) and infected with S. Typhi at MOI10. The remaining late-log S. Typhi inoculum was washed

with PBS and fixedwith 100 mL of RNAlaterSolution (ThermoFisher #AM7020) for 10min at room temperature and then frozen for later

RNA extraction. Following 2 h of IPTG induction, monocytes were spun down at 16 hpi and re-suspended at 10 million cells/mL in

2 mL of RPMI containing 15 mg/mL gentamicin and 1 mg/mL 7AAD. Two wells containing one million uninfected THP-1 monocytes of

each genotype were washed with PBS and fixed in 1mL RNAlater for use in the control.

Live monocytes were analyzed and sorted by the Duke Human Vaccine Institute (DHVI) flow cytometry shared resource using a

FACSAria II (BD Biosciences) at 70 psi with at 70 mm nozzle. One million infected (GFP+) and living (7AAD�) cells were sorted into

1 mL of RNAlater for immediate fixation and held at 4�C in a chilled collection tube rack. Doublets were excluded by FSC and

SSC gating and a purity mask was applied to exclude droplets containing GFP+ and GFP� events.
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S. Typhi infected THP-1 RNA extraction
After sorting, RNA was immediately isolated from collected cells using mirVana miRNA Isolation Kit’s total RNA protocol

(ThermoFisher #AM1560). Prior to extraction, samples in RNAlater were diluted 3x with PBS, spun down at 5,000 xg, and aspirated

to remove RNAlater. After resuspending cells in the kit’s L/B buffer, samples were vortexed for 60 s to ensure lysis of Salmonella.

Following total RNA extraction, gDNA was removed with 4 U TURBO DNase (ThermoFisher #AM2238) per mg of RNA and then pu-

rified with RNeasy MinElute cleanup kit (Qiagen #74204). In the gDNA-free RNA, the relative human to bacterial mRNA ratio was

determined by RT-qPCR measurement of human ACTB and S. Typhi rpoD. In brief, 150ng of RNA was reverse transcribed with iS-

cript cDNA synthesis kit (Bio-Rad #1708891) and 1:5 dilution of this cDNA was analyzed using iTaq Universal SYBR Green Supermix

(Bio-Rad #1725124) and primers listed in Table S4 on a QuantStudio 3 System (ThermoFisher). This ratio was used to combine un-

infected THP-1 mRNA and late-log S. Typhi inoculum mRNA for the control samples following Westermann & Vogel’s approach.77

THP-1 and intracellular S. Typhi Dual RNA-seq
RNA was isolated from three independent experiments and submitted to the Duke Sequencing and Genomic Technologies (SGT)

Shared Resource for cDNA library preparation with Illumina Standard Total RNA Prep with Ribo-Zero Plus (Illumina #20037135).

These rRNA-depleted libraries were sequenced on Ilumina NovaSeq 6000 S prime flow cell with 100 bp paired-end reads.

RNA-seq data were processed using the fastp toolkit64 to trim low-quality bases and Illumina sequencing adapters from the 30 end
of the reads. Only reads that were R20nt after trimming were kept for further analysis. Reads were mapped to a custom genome

reference combining the GRCh38v93 version of the human genome and transcriptome78 with S. enterica serovar Typhi strain Ty2

ASM754v1 genome and transcriptome using the STAR RNA-seq alignment tool.67 Reads were kept for subsequent analysis if

they mapped to a single genomic location. Gene counts were compiled using the featureCounts tool.65 Only genes that had at least

10 reads in any given library were used in subsequent analysis. Normalization and differential expression within each species was

carried out using the DESeq25 Bioconductor66 package with the R statistical programming environment. The FDR was calculated

to control for multiple hypothesis testing.

S. Typhi gene set enrichment analysis (GSEA)
Intracellular S. Typhi RNA-seq results were converted into a ranked gene list by multiplying the log2(p) by the sign of the log2 fold-

change (expression inside KO/WT THP-1). Fifteen S. Typhi gene sets related to divalent cation transport or virulence were generated,

as shown in Table S1, and analyzed using GSEA v4.1.68,79

Endolysosomal patch-clamp experiments
The protocol of whole-endolysosome recordings have been described previously in detail.47,80 HEK-293 cells were plated onto poly-

L-lysine (Sigma)-coated glass coverslips. Human TRPML2WTwas transiently transfected into HEK-293 cells using TurboFect Trans-

fection Reagent (Thermo Fisher Scientific) for 16–24 h. Cells were treated with vacuolin-1, a lipid-soluble polycyclic triazine that

selectively enlarges endolysosomes homotypically (HEK293 cells, 1 mM overnight) up to 2–5 mm (capacitance = 0.39 ± 0.01 pF,

n = 12 vacuoles). Vacuolin-1 were washed out before patch-clamp experimentation. Electrophysiological data were recorded using

EPC-10 patch-clamp amplifier (HEKA, Lambrech, Germany), Axonpatch 200B (Molecular Devices), PatchMaster acquisition soft-

ware (HEKA) and pClamp v10 software (Molecular Devices). Ramp protocol (�100 mV to +100 mV in 500 ms, holding potential =

0 mV). The current amplitudes at�100mVwere extracted from individual ramp recordings. Data were digitized at 40 kHz and filtered

at 2.8 kHz. The compensation of capacitive transients and liquid junction potential were corrected as described.81 For the application

of 10 mMdiC8-PI(3,5)P2 (AGScientific) or 30 mMML2-SA1 in the bath solutions, the perfusion system and direct bath application were

performed. ML2-SA1 were kindly provided by Macro Keller and Franz Bracher.46 The cytoplasmic solution (bath) contained 150 mM

NMDG and 10 mM HEPES (pH 7.2). Luminal solution (pipette) contained 105 MgCl2, 5 mM HEPES, and 5 mM MES (2-(N-Morpho-

lino)-ethane sulfonic acid) (pH 7.2). All statistical analysis was done using Origin9 software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Descriptive statistics were performed with GraphPad Prism v9 (GraphPad Software, US) or R v4.0.2 (R Core Team) using Hmisc82 &

dplyr83 packages. All replication ratios were log2-transformed or z-scored by batch before analysis. The size of each study or number

of replicates, along with the statistical tests performed can be found in figure legends. Unless otherwise indicated, all datasets

passed normality tests indicating no significant deviation from a Gaussian distribution. In vitro inter-experimental variability was

removed prior to data visualization or statistical analysis by making experimental means equal to the grand mean by multiplying

all values within each experiment by a normalization constant. These constants were calculated by dividing the mean of all exper-

iments by mean of each specific experiment. Bar graphs represented the mean ± SEM (standard error of mean), unless otherwise

noted. If an outlier was removed, it is noted in the figure legend along with the original value and the test used to exclude it.
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