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Human genetic diversity regulating the TLR10/TLR1/TLR6
locus confers increased cytokines in response
to Chlamydia trachomatis
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Summary
Human genetic diversity can have profound effects on health outcomes upon exposure to infectious agents. For infections with Chla-

mydia trachomatis (C. trachomatis), the wide range of genital and ocular disease manifestations are likely influenced by human genetic

differences that regulate interactions between C. trachomatis and host cells. We leveraged this diversity in cellular responses to demon-

strate the importance of variation at the Toll-like receptor 1 (TLR1), TLR6, and TLR10 locus to cytokine production in response to

C. trachomatis. We determined that a single-nucleotide polymorphism (SNP) (rs1057807), located in a region that forms a loop with

the TLR6 promoter, is associated with increased expression of TLR1, TLR6, and TLR10 and secreted levels of ten C. trachomatis-induced

cytokines. Production of these C. trachomatis-induced cytokines is primarily dependent on MyD88 and TLR6 based on experiments us-

ing inhibitors, blocking antibodies, RNAi, and protein overexpression. Population genetic analyses further demonstrated that the mean

IL-6 response of cells from two European populations were higher than the mean response of cells from three African populations and

that this difference was partially attributable to variation in rs1057807 allele frequency. In contrast, a SNP associatedwith a different pro-

inflammatory cytokine (rs2869462 associated with the chemokine CXCL10) exhibited an opposite response, underscoring the

complexity of how different genetic variants contribute to an individual’s immune response. This multidisciplinary study has identified

a long-range chromatin interaction and genetic variation that regulates TLR6 to broaden our understanding of how human genetic vari-

ation affects the C. trachomatis-induced immune response.
Introduction

Infections by the obligate intracellular bacterium Chla-

mydia trachomatis (C. trachomatis) are a global health prob-

lem. Trachoma is the most common infectious cause of

blindness,1 genital tractC. trachomatis infections are a lead-

ing cause of infertility,2 and lympho-granuloma venereum

strains cause urogenital or anorectal infections primarily in

menwho have sex withmen (MSM).3 However, there is ev-

idence that clinical manifestations among affected individ-

uals are highly variable. Up to 80% of C. trachomatis genital

infections in women are asymptomatic, meaningmany in-

fections go undiagnosed and untreated. If untreated,

C. trachomatis infections can lead to pelvic inflammatory

disease (PID), ectopic pregnancies, and infertility.4–6 This

diversity in outcomes reflects variation in exposure route,

bacterial load, microbiota, C. trachomatis strains, and

potentially health status of its hosts. In addition, suscepti-

bility to C. trachomatis infections and disease outcomes is

partially modulated by human genetic variation, as has

been reported in several candidate gene studies.7–18 Poly-

morphisms in cytokine genes and loci associated with im-

mune responses have been associated with more severe

cases of trachoma12,13 and enhanced pathology and risk
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for PID in genital infections.15,19,20 The impact of genetic

diversity is also observed among mouse strains, which

vary in the course and outcome of C. trachomatis genital

tract infection.21–23 Thus, previous findings in humans

and mice point to host genetic variation regulating the

risk and severity of C. trachomatis infection. However, aside

from a single genome-wide association study (GWAS) of

scarring trachoma that found no genome-wide significant

associations,16 there are no other reported GWASs of

C. trachomatis infection and none of C. trachomatis genital

tract infection.

Studying human genetic variation of infectious disease in

a clinical setting is difficult due to confounding variables

such as environmental exposure and comorbidities in indi-

viduals. We can minimize these limitations through the

application of the GWAS framework in a controlled experi-

mental setting. Therefore, we applied a platform for GWASs

of cellular host-pathogen traits called Hi-HOST (high-

throughput human in vitro susceptibility testing)24–27 to

C. trachomatis infections.27With thisplatform,wemeasured

variation in cytokine responses to C. trachomatis across

genetically diverse human lymphoblastoid cell lines (LCLs;

EBV (Epstein-Barr Virus)-immortalized B cells). Hi-HOST

uses LCLs as a genetic model for the impact of pathogens
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on entry, intracellular replication, and immune response.

LCLs are transcriptionally similar to antigen-activated

B cells28 and have long been used as a rich, standardized

resource for studyinghumangeneticdiversity27,29–36 (allow-

ing for leveraging and comparing published work). While

the most relevant cell types in studying C. trachomatis are

likely the epithelial and immune cells the pathogen inter-

acts with during genital and ocular infection, it is important

to note that some C. trachomatis serovars (including the L2

strain used in our study) can cause enlargement and inflam-

mationof lymphnodes andhave been shown tobindB cells

and stimulate proliferation.37,38 Further, while expression

quantitative trait loci (eQTLs) can be cell-type specific and

display differences in effect size and even directionality

across cell types,39 many eQTLs are shared across cell

types,40 and findings in LCLs can still be informative for un-

derstanding human disease.41 By applying the Hi-HOST

approach to C. trachomatis phenotypes in H2P2 (Hi-HOST

Phenome Project), we identified ten loci associated with

C. trachomatis-induced cellular traits at genome-wide signif-

icance (p< 5310�8), including four single-nucleotide poly-

morphisms (SNPs) associated with C. trachomatis-induced

cytokine levels.27

Because a fine-tuned balance of cytokine production is

necessary for effectivepathogenclearancewithout excessive

inflammationanddamage tohost tissues, levels of cytokines

are a particular aspect of host response thatmay be crucial to

susceptibility and severity. C. trachomatis induces the pro-

duction of pro-inflammatory cytokines including IL-1b,

IL-6, IL-8, IFNg, and TNFa.42–45 While these cytokines help

eradicate infection, a prolonged cytokine responsemaypro-

mote tissue damage.42Notably,mouse studies have revealed

that delayed or decreased production of innate immune cy-

tokines correlatewith a longer course of infection and severe

hydrosalpinx, a condition in which the oviduct fills with

fluid following infection.46 These results demonstrate that

regulation of inflammation can have dramatic impacts on

C. trachomatis infection progression. Thus, there is a critical

need for understanding variation in the inflammatory cyto-

kine response to C. trachomatis.

Here, we demonstrate that the rs1057807 locus regulates

expression of the nearby pattern-recognition receptors,

Toll-like receptors 1, 6, and 10 (TLR10 [MIM: 606270]/

TLR1 [MIM: 601194]/TLR6 [MIM: 605403]). Specifically, a

region with SNPs in high linkage disequilibrium with

rs1057807 located in the Replication Factor C, Subunit 1

gene (RFC1 [MIM: 102579]) forms a chromatin loop to the

TLR6 promoter. Blocking antibodies, RNAi, and overexpres-

sion confirmed C. trachomatis-induced cytokines were

strongly dependent on TLR6, with less dependence on

TLR1. Population genetic analyses with C. trachomatis-

induced cytokine production demonstrated that variation

in allele frequency of rs1057807 contributes to differences

in cytokine levels among populations. The A-allele, associ-

atedwith amore pro-inflammatory response, demonstrated

evidence of positive selection in broadly East Asian

populations.
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Material and methods

QQ plots, LocusZoom, and Manhattan plots
QQ plots were plotted using the quantile-quantile function in R.

Regional Manhattan plots (LocusZoom) were made using

LocusZoom.47 Manhattan plots were generated using the qqman

R package.48

Human cells
LCLs (EBV-immortalized B cells) were from the Coriell Institute.

The Duke institutional review board (IRB) evaluated our studies us-

ingCoriell LCLs asmeeting the definitionof researchnot involving

humansubjects (Pro00044583).HeLa cellswere from theDukeCell

Culture Facility (originally from ATCC). LCLs were maintained at

37�C in a 5%CO2 atmosphere andwere grown inRPMI1640media

(Invitrogen) supplemented with 10% fetal bovine serum (FBS),

2 mM glutamine, 100 U/mL penicillin-G, and 100 mg/mL strepto-

mycin (pen-strep). HeLa cells were grown in DMEM supplemented

with 10% FBS, 100 U/mL penicillin-G, and 100 mg/mL strepto-

mycin. Infection assays were carried out in the same media but

without pen-strep and phenol red. Cells were verified as myco-

plasma free by the Universal Mycoplasma Detection Kit (ATCC).

C. trachomatis strains and infections
C. trachomatis L2-GFP49 was a gift from the Derre Lab and the Val-

divia lab. Elementary bodies (EBs) were purified on Omnipaque-

350 gradients as previously published.50 Each preparation was ti-

tered by counting inclusion formation units by microscopy on

monolayers of Vero cells. C. trachomatis was diluted in RPMI

with 10% FBS and added at either MOI 0.5 for HeLa cells or MOI

5 for LCLs in 100 mL in 96-well plates as indicated in text. Cells

were mixed via pipetting and centrifuged onto cells at 1,500 3 g

for 30 min at 4�C. Infected cells were then incubated at 37�C.
For suspension cells, at 24, 48, and 72 h, cells were mixed and

15 mL of cells were used for flow cytometry quantification of

C. trachomatis infection levels. At 72 h, supernatant was collected

to measure cytokine production by either Luminex assay for 17

human cytokines (Millipore) or enzyme-linked immunosorbent

assay (ELISA) for [IFNa2] or [IL-6] (R&D).

Cytokine measurements
Cytokine concentration was measured by Luminex (Millipore 17-

plex) or ELISA (R&D DuoSet ELISA Development Systems DY206

and DY9345) as indicated in the text. The ELISA detection limits

were 9.38 pg/mL for IL-6 and 3.13 pg/mL for IFNa2. The custom

Luminex assay obtained from Millipore detected 17 cytokines

and chemokines: IFNa2, IFNg, IL10, MDC, IL12p70, IL13, PDGF-

AB/BB, IL1Ra, IL4, IL6, IL8, CXCL10, MIP1b, RANTES, TNFa,

TNFb, and VEGF. Statistical tests were performed on log2-trans-

formed pg/mL values.

3C
Chromosome conformation capture (3C) was performed as

described previously.51 In brief, chromatin from 10,000,000

LCLs was crosslinked with formaldehyde at room temperature

for 10 min and quenched with 1 M glycine. Chromatin was

washed with PBS to remove residual formaldehyde and lysed.

Following lysis, cells were washed with PBS and resuspended in

CutSmart buffer. 20% sodium dodecyl sulfate was added to the

nuclei and incubated for 1 h at 37�C while shaking at 900 rpm.

Following incubation with sodium dodecyl sulfate, 20% Triton
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X-100 was added and incubated for 1 h at 37�C while shaking at

900 rpm. Chromatin was digested with the restriction enzyme

HindIII-HF (NEB R3104L) at 37�C while shaking at 900 rpm. We

extended the digestion to two 2 h digestions followed by an over-

night digestion. Restriction enzyme was inactivated with 20% so-

dium dodecyl sulfate, and digested chromatin was resuspended in

T4 DNA ligase buffer with 20% Triton X-100, incubated for 1 h at

37�C, and then ligated with T4 DNA ligase (NEB M0202S).

Following ligation, proteinase K was added, and chromatin was

de-crosslinked at 65�C overnight. Phenol-chloroform extraction

yielded DNA that was assayed by TaqMan qPCR. Digestion effi-

ciency was assayed by SYBR qPCR. Primer sequences are shown

in Table S1. Significance was determined by one-way ANOVA

with Holm-�Sı́dák’s multiple comparisons test against the mean

of the peak fragment (474) on log2-transformed data.

MyD88 inhibitor experiments
50,000 LCLs were plated in a non-TC (tissue culture)-treated 96-

well plate in RPMI assay media and recovered for 2 h. MyD88

was inhibited by 2 h pretreatment with 16 mMofMyD88 inhibitor

(ST2825, APExBIO #A3840) before C. trachomatis L2-GFP infec-

tion. Infections were conducted as described above. A panel of cy-

tokines was measured with Luminex. IL-6 cytokine production

was measured with ELISA. Significance was determined by t tests

performed on log2-transformed data. Percent MyD88 dependence

was calculated as 1�
�
MyD88 infected cytokine
DMSO infected cytokine

�
3100:

TLR1, TLR6 blocking experiments
50,000 LCLs were plated in a non-TC-treated 96-well plate in RPMI

assay media and recovered for 2 h. TLR blocking experiments were

performed by 2 h pretreatment with 10 mg/mL of anti-hTLR1-IgG

(InvivoGenmabg-htlr1), anti-hTLR6-IgG (InvivoGenmabg-htlr6),

or IgG control (InvivoGen mabg1-ctrlm) before infection with

C. trachomatis L2-GFP. Infections were conducted as described

above. Significance was determined by one-way ANOVA with

Dunnett’s multiple comparisons test on log2-transformed data.

HeLa RNAi
HeLa cells at 7,500 in 96-well TC-treated plates were transfected

for 48 h with 0.33 mM total small interfering RNA (siRNA) from

either non-targeting siGENOME (Horizon) siRNA #5 (NT5;

#D-001210-05) or SMARTpool directed against human TLR1

(#M-008086-01), TLR2 (#M-005120-03), TLR6 (#M-005156-01),

or TLR10 (#M-008087-01) with Lipofectamine RNAiMax transfec-

tion reagent (Thermo Fisher 13778100). Infections were conduct-

ed as described above.

For quantifying gene knockdown, HeLa cells at 37,500 in

24-well TC-treated plates were treated for 48 h with 0.33 mM

total siRNA as described above. Knockdown levels were measured

by Taqman qPCR (Thermo Fisher TLR1 [Hs00413978_m1],

TLR2 [Hs00152932_m1], TLR6 [Hs01039989_s1], WDR19

[Hs00228414_m1]).

Each experimental mean was adjusted to the grand mean by

multiplying by a constant. Statistical significance was determined

by Brown-Forsythe and Welch ANOVA with Dunnett’s multiple

comparisons test on normalized data comparing all means to

the mean of the NT5 group as a control.

TLR ligand experiments
50,000 LCLs were plated in a non-TC-treated 96-well plate in RPMI

assay media and recovered for 2 h. Pam3CSK4 (InvivoGen #tlrl-
Human
pms) at 1 mg/mL, FSL-1 (InvivoGen #tlrl-fsl) at 1 mg/mL, or

C. trachomatis L2-GFPwas added to the corresponding wells. Plates

were spun at 1,500 3 g for 30 min at 4�C and placed in the incu-

bator for 72 h. When not coupled with a C. trachomatis infection,

cells were stimulated with 1 mg/mL of the ligands and then incu-

bated for 24 h. IL-6 production was measured by ELISA. IL-6 pg/

mL levels were normalized to untreated infected IL-6 production

for each cell line. Spearman correlation was performed on

log2-transformed data.
QUANTI-Blue SEAP reporter assay
HEK-Blue hTLR1-TLR2, hTLR2-TLR6, hTLR2, and hTLR2 KO-

TLR1-TLR6 cells were obtained from InvivoGen. HEK-Blue cells

were maintained in DMEM growth media with 10% FBS and sup-

plemented with HEK-Blue Selection (InvivoGen hb-sel), Normo-

cin (InvivoGen ant-nr-1), and pen-strep. Cells were split with

PBS and gentle pipetting. 50,000 cells/well were plated in

DMEM assay media in a TC-treated 96-well plate. The following

day, cells were infected with C. trachomatis L2-GFP at MOI 0.5 as

described above. Media was not changed after centrifugation

because of the poor cell adherence. Cells were incubated at 37�C
for 72 h. NF-kB activity was assayed by QUANTI-Blue solution

(InvivoGen rep-qbs). 20 mL cell supernatant was incubated with

180 mL of QUANTI-Blue solution in a non-TC-treated flat-bottom,

clear 96-well plate. Stimulation of the present TLRs activates NF-kB

and AP-1, which induce the production of SEAP. The SEAP signal

was read at 620 nm at 2 h. Statistical significance was determined

by ordinary one-way ANOVA with Dunnett’s multiple compari-

sons test on raw data.
Population analyses and linear modeling
All population analyses were performed on the log2-transformed

concentration of IL-6 (pg/mL) measured in culture supernatants.

Linear modeling analysis was performed in R version 4.1.1 using

the lm function included in the base package. For estimating the

effects of C. trachomatis burden and SNP on cytokine levels, we

modeled:

log2ðIL6 or IFNa2Þ¼ b0 þ b1ð70 hr % infectedÞ þ b2rs1057807þ ε

Two models were compared for estimating the effects of SNP and

population as follows:

log2ðIL6Þ¼b0 þ b1populationþ b2rs1057807 ðtrueÞ þ ε

log2ðIL6Þ¼b0 þ b1populationþ b2rs1057807 ðrandomÞ þ ε

rs1057807 genotype (AA, AG, or GG) was modeled as a numer-

ical variable. Population was modeled as a categorical variable

with 4 categories: ESN (Esan in Nigeria), GWD (Gambian in

Western Divisions in the Gambia), KHV (Kinh in Ho Chi

Minh City, Vietnam), and IBS (Iberian in Spain). Coefficients

were calculated relative to ESN. Regression coefficients obtained

from the model with the true genotype data were compared to a

distribution created by randomly permutating the genotype

data 1 million times to estimate how rs1057807 changed the ef-

fect of each population (relative to ESN). Empirical p values

were calculated based on the distribution from permutated ge-

notype data. R scripts are provided in Methods S1. Values for

cytokine levels and other phenotypes used in modeling are pro-

vided in Data S1.
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Figure 1. A locus on chromosome 4 is associated with levels of
multiple cytokines following C. trachomatis infection
(A) Schematic of the H2P2 C. trachomatis cellular GWAS approach.
C. trachomatis infection of LCLs derived from four populations
(Esan in Nigeria [ESN], Gambian in Western Divisions of the
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Results

Cellular GWAS of cytokine levels upon C. trachomatis

infection reveals an association with SNPs on human

chromosome 4

Previously, we carried out a family-based GWAS on 528

LCLs across 79 traits27 (Figure 1A). Of those 79 traits, 34

traits were cytokine levels in uninfected cells or cells in-

fected with a pathogen. We identified a SNP, rs1057807,

that surpassed genome-wide significance (p ¼ 4.6 3 10�8

from QFAM-Parents in PLINK52,53) with production of

the cytokine IFNa2 following C. trachomatis infection

(Figure 1B). A traditional genome-wide significance

threshold of p < 5 3 10�8 was used,54,55 and a QQ plot

for log2[IFNa2] with a minor allele frequency cutoff of

5% displayed no inflation of the test statistic (l ¼ 1.009)

withmodest deviation of rs1057807 toward a p value lower

than expected by chance (Figure S1). This SNP is located on

chromosome 4 in the gene encoding a DNA replication

factor (RFC1), which is located 500 kb away from the

TLR10/TLR1/TLR6 genes, encoding known pathogen

recognition receptors (Figure 1C). C. trachomatis stimulates

cytokine production through two parallel pathways—a

TLR pathway involving the adaptor MyD8856–59 and

a STING (stimulator of interferon genes)-dependent

pathway60,61 (Figure 1D).

The A-allele of rs1057807 is associated with higher

IFNa2 production in LCLs upon exposure to
Gambia [GWD], Iberian in Barcelona, Spain [IBS], and Kinh Ho
Chi Minh City, Vietnam [KHV]) was monitored at 27, 46, and
70 h post-infection by flow cytometry. At 70 h post-infection, su-
pernatants from cultured cells were collected for subsequent assay
by Luminex panel, and log2-transformed concentrations were
used to determine genome-wide association.
(B) Manhattan plot of C. trachomatis-induced IFNa2 production
shows a group of SNPs in linkage disequilibrium associated with
C. trachomatis-induced levels of IFNa2 on chromosome 4.
rs1057807 is the lead SNP (p ¼ 4.5 3 10�8). Dotted line indicates
genome-wide significance (5 3 10�8). p values were calculated us-
ing QFAM-Parents in PLINK.
(C) Regional plot of chromosome 4 reveals TLR1, TLR6, and TLR10
are located 500 kb away from rs1057807. All genes located within
a 600 kb span are displayed. SNPs are plotted by position on
chromosome 4 and by �log10(p value) of association to
C. trachomatis-induced IFNa2 production and are color-coded by
linkage disequilibrium (r2) value to rs1057807 from 1000 Ge-
nomes European Data.
(D) C. trachomatis induces cytokine production in parallel
pathways: a TLR-dependent pathway and a STING-dependent
pathway.
(E) rs1057807 A-allele is associated with IFNa2 and IL-6 produc-
tion in LCLs infected with C. trachomatis. p values are from fam-
ily-based association analysis using QFAM-parents in PLINK.
Line marks the median and box indicates the first and third
quartiles.
(F) Q-Q plot of rs1057807 for the 79 H2P2 phenotypes demon-
strates many phenotypes have p values lower than expected by
chance (indicated by deviation from the gray dotted line).
rs1057807 is associated with C. trachomatis-induced production
of multiple cytokines. Individual cytokines screened in H2P2 are
plotted against their �log10(p value) relative to the rs1057807 lo-
cus. Blue dotted line indicates a p value of 0.01.
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C. trachomatis than the G-allele (Figure 1E). While only the

association with IFNa2 surpassed genome-wide signifi-

cance, this SNP was also associated with higher expression

levels of additional cytokines. Of 17 cytokines measured,

ten cytokines showed an association with rs1057807 of

p < 0.01 (from QFAM-Parents in PLINK52,53) with the

same direction of effect, including IL-6 and TNFa

(Figure 1F; p < 0.01 indicated by blue dotted line), cyto-

kines that are induced during C. trachomatis infection of

mice and humans.45,46,62,63 This effect on multiple cyto-

kines was not simply secondary to interindividual varia-

tion in burden, as no association was observed between

this SNP and levels of C. trachomatis infection at multiple

time points (Table S2), and linear modeling of log2[IFNa2]

with SNP and 70 h post-infection burden as covariates re-

vealed the SNP effect was much larger (regression coeffi-

cient ¼ �0.623 versus 0.017 for burden) and was highly

significant, with a p value of 1.87 3 10�13 (versus p ¼
0.003 for burden) (Table S3). Previous studies have identi-

fied a signal within the TLR10/TLR1/TLR6 locus that

modulated cytokine expression following stimulation of

whole blood with the TLR1-TLR2 agonist, Pam3CSK4.
64,65

Notably, rs1057807 is not in linkage disequilibrium with

rs4543123, the lead SNP identified by Mikacenic et al.65

(r2 ¼ 0.0 in European, East Asian, and African populations)

or any known SNPs in the TLR10/TLR1/TLR6 gene region

including the TLR1 missense variant, rs5743618 (I602S),

identified by Hawn et al.66 Additionally, rs4543123 and

other SNPs in the TLR10/TLR1/TLR6 gene locus were not

associated with C. trachomatis-induced cytokine produc-

tion (see Figure 1C).

Long-range chromosomal interactions involving the

rs1057807 locus likely regulate expression of TLRs

We examined SNP annotation data in Haploreg67 to deter-

mine if rs1057807 or SNPs in linkage disequilibrium (r2 >

0.6 in European or African populations) might impact the

function of any nearby genes. No nonsynonymous vari-

ants were noted, but the data suggested possible associa-

tion with the expression levels of nearby genes. We evalu-

ated a previously published transcriptomics dataset of

LCLs68 to determine if rs1057807 was an eQTL for any

genes in a 700 kb window. At a Bonferroni-corrected signif-

icance threshold of p < 0.005 (for ten candidate genes),

rs1057807 was associated with the expression of TLR1

(p ¼ 2.7 3 10�5 from linear regression), TLR6 (p ¼ 6.1 3

10�5), and TLR10 (p ¼ 5.9 3 10�5) (Figure 2A), providing

a plausible explanation for this SNP being associated

with levels of multiple cytokines.

Despite the association with TLR10/TLR1/TLR6 expres-

sion, the rs1057807 locus and TLR10/TLR1/TLR6 locus

are 500 kb apart, suggesting that any interaction between

these two regions must be through long-range chromatin

interactions. Promoter Capture Hi-C, a variation of 3C

that reveals long-range interactions with promoters,69

from an LCL (GM12878) suggested a chromatin loop con-

necting the rs1057807 locus to the core promoter of TLR6
Human
(Figure 2B, top). A possible interaction between the TLR6

promoter and the rs1057807 locus was further supported

by DNase hypersensitivity (DHS) linkage (Figure 2B, bot-

tom),70 since many known enhancers become DNase hy-

persensitivity sites synchronously with promoters of their

target genes.70 Together, Promoter Capture Hi-C and DHS

linkage are two distinct and complementary approaches

that independently suggested an interaction between the

rs1057807 region and the TLR6 promoter.

To validate and more finely map the long-range interac-

tion and identify possible regulatory regions leading to

variation in TLR expression, we prioritized rs1057807-

linked SNPs using three chromatin landscape datasets:

chromatin QTLs (caQTLs),72 DNase-hypersensitive re-

gions,73 and regions exhibiting enhancer activity.74 This

stratification pointed us to a 100 kb region to test by 3C.

We tested eight different fragments in this region for inter-

action with the TLR6 promoter and identified a peak local-

ized to the HindIII fragment 474 kb away from the

TLR6 promoter region in LCLs (Figure 2C). While LCLs

demonstrate characteristics and transcriptional profiles

very similar to antigen-activated B cells,28 and thus can

serve as a model for immune cell interactions with

C. trachomatis, we also wanted to determine whether this

long-range interaction was observed in a cervical epithelial

cell line. Using 3C, we observed a similar peak in interac-

tion frequency between the TLR6 promoter and the

HindIII fragment located 474 kb away in HeLa cells

(Figure 2D). Thus, we observed a chromatin loop and a

long-range interaction between the TLR6 promoter and a

locus nearly 500 kb away.

TLR1 and TLR6 regulate cytokine levels in response to

C. trachomatis infection

The eQTL and 3C data indicated that the genetic associa-

tion between the rs1057807 locus and cytokine levels

might be mediated by regulation of expression of TLR1,

TLR6, and/or TLR10. The TLR1, TLR6, and TLR10 proteins

localize to the plasma membrane and signal through the

MyD88 adaptor protein.75–78 Of the cytokines associated

with rs1057807, IL-679 is a direct target of the NF-kB tran-

scription factor, which is activated by MyD88 and cell-sur-

face TLRs.80 Other cytokines are reported to be primarily

STING-dependent, such as type I interferons (IFNa2)81

(see Figure 1D). To test if cytokines could be stimulated

by extracellular C. trachomatis, we incubated LCLs with

heat-inactivated elementary bodies (Figure 3A). Following

48 h of stimulation, heat-inactivated C. trachomatis

induced IL-6 production to a similar level as live

C. trachomatis (Figure 3A).

To broadly assess if the induction of cytokines following

C. trachomatis infection is dependent on TLRs that func-

tion in a MyD88-dependent manner, we infected

LCLs with C. trachomatis in the presence of a MyD88

inhibitory peptide and measured cytokine production

72 h post-infection. We observed a greater inhibition of

C. trachomatis-induced IL-6 (85%) compared to IFNa2
Genetics and Genomics Advances 3, 100071, January 13, 2022 5



Figure 2. eQTL and long-range chromatin interaction data implicate TLR6 as regulated by the rs1057807 locus
(A) The rs1057807 A-allele is associated with higher expression of TLR1, TLR6, and TLR10mRNA in HapMap LCLs (n ¼ 270 individuals
total). Gene expression values for each LCL are from the Stranger 2007 dataset.68 p values were determined by linear regression. Signif-
icance determined by a Bonferroni-corrected p value of <0.005. Line marks the median and box indicates the first and third quartiles.
(B) Promoter Capture Hi-C69 (top) andDNase hypersensitivity linkage70 (bottom) indicate a loop forming between the region containing
rs1057807 and the TLR6 core promoter. Plots of LCL GM12878 Promoter Capture Hi-C and GM12878 DNase hypersensitivity linkage
were modified from 3D Genome Browser.71

(C) Chromosome conformation capture (3C) in LCL HG01519 suggests the formation of a chromatin loop between the TLR6 promoter
fragment and an RFC1 region containing SNPs in high linkage disequilibrium with rs1057807 in four experiments. Significance was
determined by a one-way ANOVA with Holm-�Sı́dák’s multiple comparisons test against the mean of the peak fragment (474) on log2-
transformed data. Data are represented as mean 5 SEM.
(D) 3C in HeLa cells further suggests the formation of a chromatin loop between the TLR6 promoter fragment and an RFC1 region con-
taining SNPs in high linkage disequilibrium with rs1057807 in two experiments. Data are represented as mean 5 SEM.
(37%) as measured by ELISA (Figure 3B). The other

ten C. trachomatis-induced cytokines associated with

rs1057807 also show a partial dependence on MyD88

when measured with Luminex, consistent with the

rs1057807 locus regulating expression of TLR1, TLR6,

and TLR10 to impact the production of multiple cytokines

(Figure 3C). While these experiments were done with LCL

HG01519, the degree of MyD88 dependence for IL-6 levels

varied with ten LCLs from different donors (six from the

ESN population and four from the IBS) from 26% to 93%

(mean, 68%) (Figure 3D). These data are consistent with

activation via a TLR-MyD88 pathway being the primary

means of IL-6 activation in LCLs but also demonstrate

interindividual variation in MyD88 dependence and sug-
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gest that other pathogen recognition receptors such as

STING, inflammasomes, and cytosolic NOD1/NOD2 are

likely involved as well.

To further test the role of TLR1, TLR6, and TLR10 in

C. trachomatis-induced cytokine production, we infected

cells in the presence of anti-hTLR1 and anti-hTLR6 anti-

bodies that sterically block TLR signaling. Because TLR10

does not have a known function or ligand, there are

no known blocking antibodies for TLR10. Blocking

TLR1 and TLR6 in LCLs, when compared to an IgG

control, both caused modest but statistically significant

reductions in cytokine levels following C. trachomatis

infection (Figure 3E). Thus, blocking signaling by TLR1

and TLR6 further validate the role these TLRs play in
022



Figure 3. TLR1 and TLR6 induce IL-6 pro-
duction in response to C. trachomatis
(A) Heat-inactivated C. trachomatis induces
IL-6 production in LCLs. LCL HG01610
was left unexposed or exposed to live
C. trachomatis or heat-inactivated
C. trachomatis at the indicated MOI. IL-6
concentration was measured 48 h post-
infection by ELISA in two experiments for
uninfected, live MOI5, HI MOI5, and HI-
MOI50 and a single experiment for HI
MOI250. Samples below the limit of detec-
tion were assigned 9.4 pg/mL for IL-6.
C. trachomatis was heat-inactivated at 55�C
for 30 h prior to infection. Statistical signif-
icance was measured by Brown-Forsythe
andWelch ANOVAwith Dunnett’s multiple
comparisons test on log2-transformed data
comparing all means to the mean of the
live MOI5 group as a control. Data are repre-
sented as mean 5 SEM.
(B) IL-6 (left) and IFNa2 (right) production
is partially dependent on MyD88. LCL
HG01519 was pre-treated with 16 mM of a
MyD88 inhibitor (ST2825) or DMSO 2 h
before C. trachomatis infection. IL-6 produc-
tion from two experiments and IFNa2 pro-
duction in four experiments were measured
by ELISA. Samples below the limit of detec-
tion were assigned 9.4 pg/mL for IL-6 and
3.1 pg/mL for IFNa2. Paired t tests were per-
formed on log2-transformed data. Data are
represented as mean 5 SEM.
(C) C. trachomatis-induced cytokines
measured in H2P2 and associated with
rs1057807 (p < 0.01 from QFAM-Parents
in PLINK) are partially MyD88 dependent.
LCL HG01519 was pre-treated with
16 mM of ST2825 or DMSO 2 h before
C. trachomatis infection. A panel of 17 cyto-
kines were measured at 72 h post-infection
by Luminex. Only cytokines measured
within the limit of detection and associated
with rs1057807 in H2P2 with p < 0.01 are
plotted. Percent MyD88 dependence was

calculated as 1�
�
MyD88 infected cytokine
DMSO infected cytokine

�
3100:

Data are represented as mean 5 SEM.
(D) C. trachomatis-induced IL-6 production
is partially dependent on MyD88 in 10
LCLs (from IBS: HG01505, HG01519,
HG01522, HG01526, HG01610, HG01628;
from ESN: HG02971, HG03114, HG03117,
HG03522). LCLs were pre-treated with
16 mM of ST2825 or DMSO 2 h before
C. trachomatis infection. IL-6 production
was measured 72 h post-infection by ELISA

in three experiments. Percent MyD88 dependence was calculated as 1�
�
MyD88 infected IL�6
DMSO infected IL�6

�
3100: Each dot represents an individual

LCL. Data are represented as mean 5 SEM.
(E) Blocking the function of TLR1 or TLR6 leads to a decrease in IL-6 production following C. trachomatis infection in 10 LCLs. 10 LCLs
were pre-treated with 10 mg/mL of anti-hTLR1-IgG, anti-hTLR6-IgG, or IgG control 2 h before C. trachomatis infection. IL-6 production
wasmeasured in three experiments by ELISA. Infected samples were normalized to the experimental average of the no-antibody infected
control by cell line. Significance was determined by ordinary one-way ANOVA with Dunnett’s multiple comparisons test on log2-trans-
formed data. Each dot represents an individual LCL. Data are represented as mean 5 SEM.
(F) Knockdown of TLR1 SMARTpool and individual SMARTpool siRNA leads to a decrease in IL-6 production following C. trachomatis
infection. HeLa cells were treated with non-targeting (NT5) siRNA, TLR1 siRNA SMARTpool, or the individual siRNA components of
TLR1 SMARTpool 48 h prior to C. trachomatis infection. IL-6 production was measured 72 h post-infection by ELISA. Each experimental
mean was adjusted to the grand mean by multiplying by a constant. Statistical significance was determined by Brown-Forsythe and
Welch ANOVA with Dunnett’s multiple comparisons test on normalized data comparing all means to the mean of the NT5 group as
a control. Data are represented as mean 5 SEM.

(legend continued on next page)
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C. trachomatis-induced cytokine production, with TLR6

playing a more prominent role than TLR1 in LCLs.

Because the efficiency of siRNA-mediated silencing of

TLR1, TLR6, and TLR10 in LCLs was poor, we tested addi-

tional cell lines that displayed a similar profile of TLR-

ligand responsiveness. Comparing IL-6 production in

response to C. trachomatis infection, FSL-1 (a TLR2-TLR6

ligand), or Pam3CSK4 (a TLR1-TLR2 ligand), we determined

that HeLa cells exhibited a similar IL-6 response pattern to

LCLs (Figure S2). In HeLa cells, transfection of TLR1

SMARTpool siRNAs led to robust knockdown (94% 5

7%) and reduction of IL-6 following C. trachomatis infec-

tion (45%, p ¼ 0.005 from Brown-Forsythe and Welch

ANOVA tests with Dunnett’s multiple comparisons test

on normalized data). Unfortunately, treatment with the

TLR6 SMARTpool siRNA was toxic to the cells, preventing

accurate assessment. To further test the specificity of TLR1

and attempt to circumvent TLR6 siRNA toxicity, we tested

the individual siRNA components of the SMARTpool.

siRNAs with high toxicity to the cells and knockdown

levels below 50% were excluded from our analysis. Three

of the four TLR1 siRNA SMARTpool components exhibited

robust knockdown with no cytotoxicity (TLR1 SMART-

pool: 93%; TLR1-03: 94%; TLR1-04: 97%; TLR1-17: 80%),

and all three exhibited substantially reduced levels of IL-

6 (Figure 3F). Unfortunately, two of the four TLR6 siRNA

SMARTpool components were toxic to the cells, while

the other two (TLR6-02 and TLR6-05) exhibited similar

modest 27% and 28% knockdown. Therefore, while the

role of TLR6 was still equivocal by RNAi, our results with

multiple siRNAs demonstrated the importance of TLR1 in

cytokine production following C. trachomatis infection.

Both TLR1 and TLR6 signal through heterodimerization

with TLR2.82,83 To further examine the specificity of TLR

activation by C. trachomatis, we compared the interindi-

vidual variation in cytokine levels in response to

C. trachomatis to the variation observed with synthetic

TLR ligands with well-characterized specificity. Ten LCLs

were infected with C. trachomatis or stimulated with FSL-

1 (a synthesized ligand for TLR2-TLR6) or Pam3CSK4 (a

synthesized ligand for TLR1-TLR2) and we measured the

correlation among responses. The LCLs with higher IL-6

production following infection with C. trachomatis also

had higher IL-6 production when stimulated with FSL-1

(Spearman coefficient of 0.72, p¼ 0.009), while correlation

with Pam3CSK4 was not significant (Spearman coefficient

of 0.43, p ¼ 0.2) (Figure 3G). These data suggest that

TLR2-TLR6 may be the predominant heterodimer that

C. trachomatis signals through in LCLs.
(G) LCL IL-6 production in response to C. trachomatis correlates with I
TLR2-TLR6 heterodimer. 10 LCLs were infected with C. trachomatis or
tom) for 72 h. IL-6 production wasmeasured by ELISA. Treated IL-6 lev
cell line. Spearman correlation was performed on log2-transformed d
(H) C. trachomatis infection induces NF-kB activation in HEK-Blue TLR
andHEK-Blue TLR1-TLR2 cells were infected withC. trachomatis, and
significance was determined by ordinary one-way ANOVAwith Dunn
mean 5 SEM.
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To further test the role of TLR1-TLR2 and TLR2-TLR6

heterodimers in producing cytokines in the presence of

C. trachomatis infection, we infected HEK-Blue hTLR2

KOTLR1-TLR6, hTLR1-TLR2, hTLR2-TLR6, and hTLR1-

TLR2-TLR6 cells with C. trachomatis. In HEK-Blue cells,

NF-kB activation is easily quantified by an NF-kB/AP-1

inducible SEAP reporter gene. C. trachomatis infection acti-

vated NF-kB in the hTLR1-TLR2, hTLR2-TLR6, and hTLR1-

TLR2-TLR6 cell lines, with a greater response with the

hTLR2-TLR6 heterodimer (Figure 3H). The hTLR2

KOTLR1-TLR6 cells did not activate NF-kB in the presence

of C. trachomatis, further supporting the importance of

TLR1 and TLR6 in C. trachomatis-induced cytokine produc-

tion. Thus, both TLR1 and TLR6 sense C. trachomatis,

although, consistent with our genetic data, TLR6 plays a

greater role in C. trachomatis-induced cytokine production

than TLR1. While our experiments with MyD88 inhibitor,

TLR blocking antibodies, and TLR knockdown and overex-

pression firmly support the importance of MyD88-depen-

dent TLR signaling in cytokine production during

C. trachomatis infection, these experiment by themselves

do not formally test the causal chain from SNP to TLR

expression to cytokine levels that is implied by the associ-

ations of rs1057807 with TLR expression and rs1057807

with cytokine levels following C. trachomatis infection.

Future studies could incorporate more complex experi-

mental designs combining experimental perturbation in

a larger number of LCLs, for example, determining

whether the effect of rs1057807 on cytokines becomes

less apparent with MyD88 inhibitor treatment.

Differences across populations in cytokine responses to

C. trachomatis infection

While there are many community-level factors that

contribute to interindividual variation in C. trachomatis

infection, such as income84 and access to healthcare,85

natural human genetic diversity may also contribute to

these interindividual differences. In examining population

frequencies across the globe for rs1057807 from the 1000

Genomes Project,33 we found that the rs1057807 A-allele,

the derived allele associated here with higher cytokine pro-

duction, is less common in the GWD, MSL (Mende in Si-

erra Leone), YRI (Yoruba in Ibadan, Nigeria), and ESN,

LWK (Luhya in Webuye, Kenya) populations across the

continent of Africa and ASW (African Ancestry in South-

west US) and ACB (African Caribbean in Barbados) popula-

tions in North America compared to other regions of the

world (Figure 4A) based on data from the Geography of Ge-

netic Variants web browser.86
L-6 production in response to FSL-1, the synthesized ligand for the
stimulated with 1 mg/mL of Pam3CSK4 (top) or 1 mg/mL FSL-1 (bot-
els were normalized to untreated infected IL-6 production for each
ata.
2-TLR6 cells and HEK-Blue TLR1-TLR2 cells. HEK-Blue TLR2-TLR6

after 72 h post-infection, NF-kB activationwasmeasured. Statistical
ett’s multiple comparisons test on raw data. Data are represented as
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Figure 4. Allele frequency differences contribute to population differentiation of cytokine responses
(A) The rs1057807 A-allele is present at a lower frequency in GWD, MSL, YRI, and ESN populations from Africa, plotted using the Ge-
ography of Genetic Variants website.86

(B) C. trachomatis-induced IL-6 production is lower in ESN and GWD populations than the IBS population when measured in 528 LCLs.
IL-6 production was measured at 70 h post-infection by Luminex as part of the H2P2 screen.27 p values are from one-way ANOVA on
log2-transformed IL-6 pg/mL values. Line marks the median and box indicates the first and third quartiles.
(C) C. trachomatis-induced IL-6 production is lower in LWK than GBR and CHS in 47 LCLs as a single batch. IL-6 production was
measured 72 h post-infection by Luminex. p values are from one-way ANOVA on log2-transformed IL-6 pg/mL values. Line marks
the median and box indicates the first and third quartiles.
(D) Linear modeling of log2[IL-6] as a function of population and genotype as covariates following C. trachomatis infection in 528 LCLs.
The effect size of rs1057807(true) relative to ESN population (colored dot) is compared to rs1057807(random) relative to ESN population
(density) as determined by 1 million SNP permutations. Empirical p values are calculated from distribution of permutations. The regres-
sion coefficient for rs1057807(true) effect (b2) with A as the effect allele isþ0.37, consistent with the A-allele being associatedwith higher
cytokine levels. Regression coefficients for the population effect (b1) when rs1057807(true) is used or permutated with rs1057807(ran-
dom) are listed in the table.
(E) The rs2869462 G-allele is present at a lower frequency in GWD,MSL, YRI, and ESN populations derived fromAfrica, plotted using the
Geography of Genetic Variants website.86

(F) C. trachomatis-induced CXCL-10 production is higher in ESN and GWD populations than the IBS population when measured in 528
LCLs. IL-6 production wasmeasured at 70 h post-infection by Luminex as part of the H2P2 screen. p values are from one-way ANOVA on
log2-transformed CXCL-10 pg/mL values. Line marks the median and box indicates the first and third quartiles.
(G) The rs1057807 A-allele, present at a lower frequency in GWD, MSL, YRI, ESN, ASW, and ACB, is associated with higher IL-6 produc-
tion. The rs2869462 G-allele, present at a lower frequency in GWD, MSL, YRI, ESN, ASW, and ACB, is associated with lower CXCL10
production.
(H) Table of populations used in population genetics studies, continent of population, and number of samples in each analysis.
Because of the lower frequency of the A-allele in ESN

and GWD populations screened in H2P2, we examined

C. trachomatis-induced IL-6 production by population in

the H2P2 LCLs. Both ESN and GWD show lower IL-6 pro-

duction when compared to the IBS population (p ¼ 2 3
Human
10�16 from one-way ANOVA) (Figure 4B). As H2P2 of

C. trachomatis was carried out in batches over a period of

6 months, we wanted to confirm that this association be-

tween population and IL-6 could be replicated when

measured in a single batch of infections. We tested this
Genetics and Genomics Advances 3, 100071, January 13, 2022 9



in 47 LCLs from three additional populations: CHS (South-

ern Han Chinese), GBR (British in England and Scotland),

and LWK. LWK showed lower IL-6 production when

compared to both the CHS and GBR populations (p ¼
0.002 from one-way ANOVA) (Figure 4C). Thus, the lower

IL-6 expression seen with LCLs from two African popula-

tions (ESN and GWD) compared to IBS (a European popu-

lation) was also observed with LWK compared to GBR.

To examine whether rs1057807 contributes to popula-

tion differences for IL-6, we used a multiple linear

modeling approach with covariates for population and

rs1057807 genotype and compared a model with the true

rs1057807 genotype data (‘‘rs1057807[true]’’) to a model

where rs1057807 genotypes were randomly permutated

among LCLs (‘‘rs1057807[random]’’). This analysis allowed

us to quantify the contributions of the SNP to the popula-

tion effect on IL-6 concentration (Figure 4D). Relative to

ESN, only IBS had significantly greater IL-6 (regression

coefficient ¼ 1.4; p ¼ 1.9 3 10�8 by linear regression;

also see Figure 4B). Following 1 million permutations of

the rs1057807 genotype, the distribution of regression co-

efficients for each population was calculated and plotted

(Figure 4D; results of rs1057807[random] displayed as den-

sity distributions) relative to ESN. The effect of population

for IBS (relative to ESN) was significantly reduced when

modeled with true genotypes than if genotype was

randomly assigned (1.4 versus 1.8, empirical p < 1 3

10�6). These results are consistent with the higher fre-

quency of the pro-inflammatory A-allele in IBS (53%)

compared to ESN (12%) contributing to the higher IL-6

levels in IBS. Interestingly, the effect of population became

stronger (�0.44 versus �0.15, empirical p < 1 3 10�6)

when KHV was modeled with true genotypes compared

to random genotypes. This suggests that due to the

increased frequency of rs1057807-A in the KHV popula-

tion (51%) relative to ESN (12%), the phenotypic differ-

ence between KHV and ESN is relatively small and would

be nearly 33 larger without the effect of rs1057807. How-

ever, we note that the lower IL-6 level in KHV compared to

ESN did not reach statistical significance in the linear

model, and in our single batch infection described above,

the Asian population used (CHS) had greater IL-6 than

the LWKpopulation. Finally, including true SNP genotypes

did not alter the small effect of population between GWD

and ESN, consistent with the allele frequencies being

nearly the same in these populations (13% and 12%,

respectively).

IL-6 is just one cytokine secreted in response to

C. trachomatis and does not act in isolation to promote

inflammation. For instance, we have previously reported

another SNP, rs2869462, associated with levels of a

different cytokine (CXCL10) following C. trachomatis

infection.27,87 The geographic distribution of

rs286946286 is similar to rs1057807 in that the derived

allele (G) has a relatively lower frequency in GWD, MSL,

YRI, ESN, LWK, ASW, and ACB populations compared to

several populations in Europe and Asia (Figure 4E), but in
10 Human Genetics and Genomics Advances 3, 100071, January 13,
this case, the derived allele is associated with lower levels

of CXCL10. We hypothesized that LCLs might also exhibit

varying levels of CXCL10 among populations. Indeed, we

observed in the H2P2 dataset that LCLs from two African

populations had higher CXCL10 (Figure 4F; p ¼ 0.006

from one-way ANOVA), but population only accounts for

1.8% of the variance (from adjusted r2 by one-way

ANOVA). The relationship between the rs2869462 G-allele

(derived and more common in populations outside of

Africa) and lower CXCL10 is opposite what we see

with rs1057807 A-allele (derived and more common in

populations outside of Africa) and higher IL-6 levels (Fig-

ures 4G and 4H). Therefore, the immune response to

C. trachomatis is complex and the contributions of human

genetic diversity to this response are not easily generalized.

Positive selection of rs1057807 in broadly East Asian

populations is distinct from the introgressed TLR10/

TLR1/TLR6 gene region

Differences in allele frequencies among populations is sug-

gestive of natural selection caused by varying environ-

ment. To test for evidence of recent allele frequency

changes likely caused by natural selection (<150 genera-

tions) for rs1057807, we queried singleton density scores

(SDSs)88 from 39,649 unrelated individuals in the TOPMed

whole genomes dataset restricted to broadly East Asian,

broadly European, and broadly African population group-

ings.89 The genotypes included in the population group-

ings had more than 90% inferred East Asian, European,

or African ancestry to avoid potential problems with selec-

tion analysis introduced by admixture.89 The SDS scores

are normalized to have a mean of 0 and variance of 1,

where an SDS score> 0 corresponds to increased frequency

of the derived allele and an SDS < 0 corresponds to

increased frequency of the ancestral allele over recent his-

tory.88 Interestingly, the rs1057807-derived A-allele, asso-

ciated with higher IL-6, appears to have been selected for

in broadly East Asian populations (SDS score ¼ 3.1; p ¼
8.5 3 10�4 calculated from Z-score distribution)

(Figure 5A; Table S4), with substantially weaker evidence

for selection of the same allele in broadly European popu-

lations (SDS score ¼ 0.92; p ¼ 0.36 calculated from Z-score

distribution) (Figure 5A; Table S4). This is consistent with

the A-allele reaching higher frequency in the JPT, CHS,

and CHB populations from East Asia (68%, 65%, and

62% frequency, respectively) compared to broadly Euro-

pean and African populations (Figure 4A). SDS did not sup-

port evidence of selection of the rs1057807-derived

A-allele in the broadly African population group (SDS score

¼ �0.35) (Figure 5A; Table S4). Thus, there is evidence for

recent positive selection in broadly East Asian populations

for the rs1057807 A-allele, associated with a more pro-in-

flammatory immune response by innate immune mecha-

nisms (TLR-dependent cytokines including IL-6).

Others have noted introgression of Neanderthal- and

Denisovan-like haplotypes91,92 in the TLR10/TLR1/TLR6

gene region. Notably, the introgression region borders
2022



Figure 5. rs1057807 shows evidence of positive selection in broadly East Asian populations and is a distinct signal from the intro-
gressed TLR10/TLR1/TLR6 region
(A) The rs1057807 A-allele shows evidence of recent increase in allele frequency likely caused by natural selection in broadly East Asian
populations (top). SDS values88 from TOPMed genomes89 are plotted on a standard normal distribution. A negative SDS value corre-
sponds to selection of the ancestral allele, and a positive SDS value corresponds to selection of the derived allele. p values are calculated
from Z-score distribution where normalized scores have a mean of 0 and standard deviation of 1. The rs1057807 A-allele shows weak
evidence of recent increase in allele frequency likely caused by natural selection in broadly European population group (middle). SDS
did not support evidence of selection of the rs1057807-derived A-allele in the broadly African population group (bottom).
(B) Evidence for positive selection of the rs1057807 A-allele in the broadly East Asian population grouping is a distinct signal from the
introgressed TLR10/TLR1/TLR6 region90 (highlighted by blue line) (top). All genes located within 600 kb flanking region of rs1057807
are displayed. SNPs are plotted by position on chromosome 4 and by�log(p value) of the SDS p value calculated from the Z-score and are
color-coded by linkage disequilibrium (r2) value to rs1057807 from 1000 Genomes Asian (top), European (middle), and African (bottom)
data. rs454312365 is shown in white. rs427485591 is shown in gray.
(chr4: 38760338-38846385; hg19)90 span the TLR10/

TLR1/TLR6 genes (Figure 5B, blue line) but not the region

surrounding rs1057807 (Figure 5B, purple dot). A tag SNP
Human
of the introgressed Neanderthal haplotype as identified

by Dannemann et al.,91 rs4274855, is not in linkage

disequilibrium with rs1057807 (r2 ¼ 0.0) (Figure 5B, gray
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Figure 6. A model for how the
rs1057807 locus impacts TLR signaling,
cytokine production, and broader
outcomes
dot). Additionally, the SNP with the greatest association to

TLR1-TLR2 response on whole blood when stimulated

with Pam3CSK4, rs4543123, is located in the TLR10/

TLR1/TLR6 introgressed haplotype but, as noted earlier, is

also not in linkage disequilibrium with rs1057807 (r2 ¼
0.0) (Figure 5B, white dot).65 A regional LocusZoom plot

with �log10(p values) based on SDS scores from

TOPMed89 suggests evidence for two distinct regions of

positive selection in East Asians, one involving the

TLR10/TLR1/TLR6 introgressed region (Figure 5B, blue

box) consistent with previous evidence of positive selec-

tion here93 and the second involving the region around

rs1057807 (Figure 5B, purple dot).
Discussion

We have identified that positively selected human genetic

variation regulates the immune response to C. trachomatis

(Figure 6). Specifically, a locus 500 kb away from the TLR

genes forms a long-range chromatin loop to likely regulate

C. trachomatis-induced cytokine production. Our data

show that both TLR1 and TLR6 are important for

C. trachomatis-induced cytokine production, though we

show that TLR6 is more responsive to C. trachomatis infec-

tion than TLR1. Population studies suggest that there has

been recent selection for the rs1057807 A-allele, associated

with higher C. trachomatis-induced IL-6 production in East

Asian populations. Future studies will be necessary to test

whether this human genetic variation in C. trachomatis

cytokine response may play a role in the diverse outcomes

commonly seen in C. trachomatis-infected individuals.

Of note, the locus identified here is located in a non-cod-

ing region distant from the gene it regulates. Many genetic

variants identified through GWASs are in non-coding

regions of the genome, complicating functional interpreta-

tion.94,95 Our work demonstrates the advantages of inte-

grating eQTL datasets, linkage disequilibrium data,

GWASs, and 3C to identify likely causal genes whose

expression is regulated by non-coding variants. Most

studies focus on the SNPs that regulate the genes they are

located in or nearby.15,19,24,87,96 However, in a large eQTL

study of peripheral blood mononuclear cells of 2,112 indi-

viduals, Kirsten et al.96 found that more than one-third of
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SNPs identified were not located

directly adjacent to the gene regu-

lated. By expanding our search win-

dow to include genes located 700 kb

away from our SNP of interest and

by identifying a chromatin loop link-

ing the rs1057807 region and the
TLR6 promoter, we were able to reveal the likely causal

gene whose expression is regulated by genetic diversity to

cause variable levels of C. trachomatis-induced cytokine

production. We further confirmed this long-range chro-

matin interaction and used 3C to identify a 1,244 bp re-

gion that interacts with the TLR6 promoter. Based on data-

sets that catalog caQTLs,72 DNase hypersensitive regions,73

and regions exhibiting enhancer activity,74 we find the re-

gion identified by 3C is located in a likely enhancer identi-

fied by the GeneHancer dataset (identifier: GH04J039339).

Work beyond the current study may further define the

mechanism of this long-range interaction.

Previous work identified association signals in the

TLR10/TLR1/TLR6 locus, primarily in the TLR1 gene, asso-

ciated with cytokine levels following stimulation of whole

blood with the TLR1-TLR2 agonist Pam3CSK4.
64 A subse-

quent GWAS study from the same group using Pam3CSK4

solidified SNPs within the TLR10/TLR1/TLR6 locus as the

main genetic determinant of TLR1-TLR2 response in whole

blood.65 In contrast, we identified a signal located 500 kb

away from the TLR10/TLR1/TLR6 region that displays no

linkage disequilibrium with any SNPs located in TLR10/

TLR1/TLR6 (Figures 1C and 5B). Currently, it is not clear

why these previous studies did not identify rs1057807,

nor why we did not identify the previously identified

SNPs in TLR10/TLR1/TLR6. One possibility informed by

our findings is that C. trachomatis stimulation of IL-6 and

other cytokines in cultured cells primarily involves TLR6,

while the work by Wurfel et al.65 focused on SNPs that

regulate TLR1-TLR2 signaling in whole blood. Indeed,

these authors noted that they did not observe any associa-

tion of the SNPs they identified with cytokine levels in

response to TLR2-TLR6 ligands, including FSL-1.65 Alterna-

tively, the difference may be attributable to the cell types

used. The association described by Wurfel and col-

leagues64,65 was found using stimulation of whole blood,

while our association was found in an LCL model. As

neither is likely to be the most relevant tissue/cell type

for C. trachomatis infection, future work examining the as-

sociation in the context of epithelial cells/tissue (for geni-

tal infection) or tears (for ocular infection) are highly

worthwhile. The combination of these studies emphasizes

the complexity of gene regulation and underscores the

exquisite specificity of TLR signaling. Collectively, these



studies demonstrate how different genetic variants within

the same vicinity can have very different effects on diver-

sity in immune responses.

In addition to highlighting the complexity of TLR

biology, our study underscores the complexity of

C. trachomatis-induced cytokine production. Previous

work has identified a role for TLR1-TLR2 and TLR2-TLR6

through studying C. trachomatis components that induce

cytokine production. A chlamydial lipoprotein, macro-

phage infectivity potentiator (MIP), induces inflammatory

response through TLR2/TLR1/TLR6 and CD14.42 Themain

receptor involved in recombinant MIP activation was the

TLR1-TLR2 heterodimer, although MIP did stimulate the

TLR2-TLR6 heterodimer to a lesser extent.42 Another study

identified fourteen chlamydial lipoproteins from the

C. trachomatis genome, and some were found to induce

proinflammatory cytokine production signaled primarily

through a TLR1-TLR2 heterodimer.59 Our findings suggest

a greater role for a TLR6-containing dimer being important

for C. trachomatis-induced IL-6 production. We hypothe-

size that additional ligands are important for inflammatory

responses during C. trachomatis infections.

Finally, rs1057807 has an interesting geographic distri-

bution: multiple populations of African descent show a

lower frequency of the A-allele, the derived allele associ-

ated with higher cytokine production, compared to other

populations from the 1000 Genomes Project.33 Measured

IL-6 levels are also lower in LCLs derived from individuals

from ESN, GWD, and LWK populations compared to IBS

and GBR, and rs1057807 can account for a substantial frac-

tion of the population variation for this trait. While the

samples used in our work are not meant to be a perfect rep-

resentation of all the people in a geographic location or

ancestry from a particular region, our results suggest that

this difference in allele frequency could play a role in

phenotypic differences among human populations and

between individuals. Further, while there are significant

differences in cytokine levels among populations in our

infection model, there is tremendous interindividual vari-

ation within populations (>85%) that is driven by other

uncharacterized factors.

We speculate that positive selection near rs1057807, a

distinct signal fromNeanderthal and Denisovan-like intro-

gression at the TLR10/TLR1/TLR6 locus, has been driven

by infectious diseases, in which spread was facilitated by

the rise of agriculture, industrialization, and an increase

in population density.97 These infectious diseases would

select for a more robust inflammatory response for path-

ogen clearance, perhaps by innate immune mechanisms

(e.g., IL-6). Indeed, our observation that the strongest se-

lection for the rs1057807 A-allele is in the broadly East

Asian population grouping is consistent with the earlier

rise of agriculture in this part of the world.98 TLR6 is a cen-

tral node in immune sensing for many different patho-

gens,82,99 so variation at this locus could have been driven

by numerous pathogens, including gram-positive bacteria,

tuberculosis, or leprosy.100
Human
Since different human populations have different evolu-

tionary histories and have been exposed to different path-

ogens, our study underscores how important it is to look

for genetic variants in diverse human populations and at

different markers and aspects of that immune response.

As human populations have undergone unique histories,

including epidemic, endemic, and pandemic exposure, it

is not surprising that we observe nuance in population-

level responses to pathogens and that the sum of these re-

sponses does not always align with intuition. Additional

caution must be taken when considering whether partic-

ular alleles or responses are ‘‘adaptive,’’ as indeed what

was adaptive for our ancestors may no longer confer the

greatest fitness today.
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