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Abstract

Orientia tsutsugamushi is an obligately intracellular bacterium and the etiological agent of

scrub typhus. The lung is a major target organ of infection, displaying type 1-skewed proin-

flammatory responses. Lung injury and acute respiratory distress syndrome are common

complications of severe scrub typhus; yet, their underlying mechanisms remain unclear. In

this study, we investigated whether the C-type lectin receptor (CLR) Mincle contributes to

immune recognition and dysregulation. Following lethal infection in mice, we performed pul-

monary differential expression analysis with NanoString. Of 671 genes examined, we found

312 significantly expressed genes at the terminal phase of disease. Mincle (Clec4e) was

among the top 5 greatest up-regulated genes, accompanied with its signaling partners, type

1-skewing chemokines (Cxcr3, Ccr5, and their ligands), as well as Il27. To validate the role

of Mincle in scrub typhus, we exposed murine bone marrow-derived macrophages (MΦ) to

live or inactivated O. tsutsugamushi and analyzed a panel of CLRs and proinflammatory

markers via qRT-PCR. We found that while heat-killed bacteria stimulated transitory Mincle

expression, live bacteria generated a robust response in MΦ, which was validated by indi-

rect immunofluorescence and western blot. Notably, infection had limited impact on other

tested CLRs or TLRs. Sustained proinflammatory gene expression in MΦ (Cxcl9, Ccl2,

Ccl5, Nos2, Il27) was induced by live, but not inactivated, bacteria; infected Mincle-/- MΦ sig-

nificantly reduced proinflammatory responses compared with WT cells. Together, this study

provides the first evidence for a selective expression of Mincle in sensing O. tsutsugamushi

and suggests a potential role of Mincle- and IL-27-related pathways in host responses to

severe infection. Additionally, it provides novel insight into innate immune recognition of this

poorly studied bacterium.
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Author summary

Scrub typhus is a life-threatening disease caused by the bacterium Orientia tsutsugamushi.
Severe disease often involves the lung, where diffuse alveolar damage can lead to signifi-

cant morbidity and mortality. It is thought that dysregulated immune responses contrib-

ute to the development of severe disease; however, it remains unknown as to how the

immune system senses and responds to O. tsutsugamushi. In this study, we used a lethal

mouse model of scrub typhus, along with cultured macrophages and neutrophils, to

examine immune sensors and inflammatory responses which may be involved during

infection. We found that O. tsutsugamushi selectively stimulated the C-type lectin receptor

Mincle in the lungs of infected mice, which was accompanied by increased markers of

proinflammatory and type 1-responses. We also found that macrophages treated with live

or inactivated bacteria increased Mincle expression alongside type 1 and M1 proinflam-

matory markers, some of which were markedly decreased in Mincle-/- cells. Activation of

Mincle and its associated inflammatory profile by both live and inactivated O. tsutsugamu-
shi may generate an overzealous immune response that contributes to acute tissue dam-

age. This study provides novel insight into immune recognition of O. tsutsugamushi and a

new framework for evaluating immune dysregulation in scrub typhus.

Introduction

Scrub typhus is a vector-borne febrile illness caused by the obligately intracellular bacterium,

Orientia tsutsugamushi. Transmitted via the bite of a larval Leptotrombidium mite (commonly

known as chigger), this bacterium infects approximately 1 million people per year in an Asia-

Pacific region housing over one-third of the world’s population, termed the “tsutsugamushi

triangle” [1]. Recent reports have indicated the presence of scrub typhus in areas previously

thought free of the disease, including South America and Africa [2,3]. The lung is a major tar-

get organ of infection, and mild interstitial pneumonia predominates in self-limiting or appro-

priately treated cases [1]. However, if left untreated, disease may progress to severe lung

damage and acute respiratory distress syndrome in up to 25% of cases [1,4]. While the facets

underpinning progression from mild to severe disease remain ill-defined, both bacterial and

host factors are speculated to play major roles.

The bacterial factors responsible for scrub typhus pathogenesis remain elusive. O. tsutsuga-
mushi is remarkably unique in that over 40% of its genome consists of repeated DNA

sequences, including transposable and massively amplified integrative and conjugated ele-

ments, as well as short repetitive sequences [5,6]. These elements have rendered attempts at

genetic manipulation unsuccessful, precluding functional genomic studies and the generation

of fluorescently tagged “trackable” bacteria [7]. Additionally, this bacterium lacks lipopolysac-

charide and conventional peptidoglycan structures, which is a distinguishing feature from the

closely related Rickettsia genus [8]. O. tsutsugamushi preferentially replicates within endothe-

lial cells, monocytes, macrophages (MF), and dendritic cells [9,10]. After gaining entrance to

host cells via the phagosome or endosome, the bacteria escape to the cytoplasm for replication.

Following replication, bacteria disseminate by budding from the host cell cytoplasmic mem-

brane [11]. Endothelial and MF responses to infection have been characterized and include

detection of proinflammatory cytokines (IL-1β, TNF-α, IL-8) and activation of transcriptional

factor NF-κB [12,13]. The MF response to O. tsutsugamushi has garnered research interest

both in terms of being an innate immune responder and as a host cell to infection. In-vitro
studies with human primary monocytes/MF have indicated the generation of antivirus-like
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immune responses shortly after exposure to O. tsutsugamushi, as well as a skewed proinflam-

matory (M1) phenotype in MF [14]. The biological roles of tissue-specific MF subsets in

scrub typhus cases remain unexplored, although studies examining human tissue samples have

been reported [10,15].

Animal models of scrub typhus, which mimic pathology observed in human patients, have

shed light on possible mechanisms of pathogenesis and tissue-specific immune responses.

Our recent studies with lethal O. tsutsugamushi infection in mice have revealed strong, type

1-skewed immune responses in the lung, spleen, liver, kidney, and brain tissues [16,17]. Since

the lungs harbor the greatest bacterial burden throughout the course of infection, we recently

examined the activation status of MF, neutrophils, and endothelial cells in the lungs of

infected mice [18]. We observed a significant influx of monocytes/MFs on day 6 post-infec-

tion (onset of disease) and day 10 post-infection (prior to host death), with nearly the entire

MF population (~97% cells) skewed towards the M1 phenotype at the terminal phase of dis-

ease (day 10), implying that M1 MFs confer ineffective protection and could play a role in

tissue injury [18]. In-vitro experiments with murine bone marrow-derived MFs revealed

restricted O. tsutsugamushi growth in M1-polarized MFs, but unrestricted growth in naïve

and M2-polarized MFs [18]. Collectively, these studies alluded to the double-edged sword of

M1 MFs in scrub typhus, suggesting that while M1 polarization contributes to controlling O.

tsutsugamushi infection, the dysregulation of this response could lead to indiscriminate tissue

damage. However, the initial driving factors for M1 MF polarization remain unknown.

Pathogen pattern recognition receptors (PRRs), including Toll-like receptors (TLRs),

nucleotide-binding oligomerization domain-like receptors, retinoic acid-inducible gene-1

like receptors, and C-type lectin receptors (CLRs), are crucial for initiating and shaping

immune responses to infection. CLRs orchestrate inflammatory responses via an immunore-

ceptor tyrosine-based inhibitory motif (ITIM) or immunoreceptor tyrosine-based activation

motif (ITAM) in its own cytoplasmic tail, or through coupling with ITIM or ITAM-bearing

signaling partners [19–21]. Mincle (macrophage inducible C-type lectin; Clec4e or Clecsf9) is

expressed mostly on myeloid cells and has been studied extensively for its contribution to

MF activation and skewing innate and adaptive responses. Mincle can bind pathogen-asso-

ciated glycolipids, as well as host damage-associated molecular patterns (DAMPs) such as

cholesterol crystals (in humans) and SAP130 (in humans and mice) [22–24]. Since Mincle

does not harbor an ITIM or ITAM, it relies on Fc receptor gamma (Fcgr; FcγR) to initiate

immune signaling cascades [24]. While the functional significance of Mincle activation is

variable in different host-pathogen interactions or diseases, Mincle signaling is known to

lead to proinflammatory cytokine production, M1 MF phenotype, and a type 1- or Th17-fa-

voring cytokine milieu [23,25,26]. To date, CLRs have been virtually unstudied in the context

of obligately intracellular pathogens, and the PRR profile responding to O. tsutsugamushi
remains poorly characterized.

In this study, we tested whether CLRs, particularly Mincle, could contribute to the dysregu-

lated type-1 response to O. tsutsugamushi. First, we utilized a lethal infection model in C57BL/

6 mice to show that Mincle and its signaling partners, Fcgr, were highly differentially expressed

in the lung tissues during scrub typhus, with the greatest mRNA and protein levels towards

D10 (the terminal phase of disease prior to host death). The Mincle and Fcgr levels positively

correlated with the expression levels of proinflammatory cytokines/chemokines and M1 polar-

ization markers. Furthermore, we utilized bone marrow-derived MF from wild-type (WT)

and Mincle-deficient (Mincle-/-) mice to demonstrate a selective activation of Mincle and an

M1 transcriptional profile, but not other CLRs or type 2 markers, via interaction with live bac-

teria. To our knowledge, this is the first report defining a CLR response to O. tsutsugamushi
infection.
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Materials and methods

Ethics statement

UTMB complies with the USDA Animal Welfare Act (Public Law 89–544), Health Research

Extension Act of 1985 (Public Law 99–158), the Public Health Service Policy on Humane Care

and Use of Laboratory Animals, and NAS Guide for the Care and Use of Laboratory Animals

(ISBN-13). UTMB is registered as a Research Facility under the Animal Welfare Act and has

current assurance with the Office of Laboratory Animal Welfare, in compliance with NIH

policy. Infections were performed following Institutional Animal Care and Use Committee

approved protocols (1902006) at the University of Texas Medical Branch (UTMB) in Galves-

ton, TX.

Mouse infection and tissue collection

Female C57BL/6J mice were purchased Jackson Lab or Envigo RMS, Inc. Mincle-/- mice on

the C57BL/6J background were kindly provided by Dr. Christine Wells (University of Mel-

bourne, Melbourne, Australia) [27]. Animals were bred and maintained under specific patho-

gen-free conditions. Animals were infected at 8–12 weeks of age and performed in UTMB

ABSL3 facilities in the Galveston National Laboratory, and subsequent tissue processing or

analysis was performed in BSL3 or BSL2 facilities, respectively. Procedures were approved by

the Institutional Biosafety Committee, in accordance with Guidelines for Biosafety in Microbi-

ological and Biomedical Laboratories. The Karp strain of O. tsutsugamushi (OtK) was utilized

for all infections. Groups of 5 animals were intravenously infected with the same bacterial

stock prepared from Vero cell infection, as described previously [18,28]. Mice were inoculated

with a lethal dose of infection (~1.325 x 106 viable bacteria, as determined via focus-forming

assay) or PBS and monitored daily for weight loss and signs of disease. Lung and brain samples

were collected at 2, 6, and 9–10 days post-infection with mock infected animals serving as con-

trols and inactivated for immediate or subsequent analyses. Data shown is representative of

three independent repeats.

Infection of mouse bone marrow-derived macrophages (MF)

Bone marrow cells were collected from the tibia and femur of WT or Mincle-/- mice and

treated with red blood cell lysis buffer (Sigma Aldrich). MF were generated by incubating

bone marrow cells at 37˚C with 40 ng/ml M-CSF (Biolegend, San Diego, CA) in complete

RPMI 1640 medium (Gibco), as described before [18]. Cell medium was replenished at day 3,

and cells were collected at day 7. After collection and quantification, 5 x 105 viable cells were

seeded into 12- or 24-well plates and allowed to adhere overnight prior to infection. For

TNFα-treated MFs, recombinant mouse TNFα (Biolegend) was added 30 min prior to infec-

tion at a final concentration of 25 ng/mL [29]. Bacteria were added at a multiplicity of infection

(MOI) of 2, 5, or 10 and centrifuged at 2,000 RPM for 5 min to synchronize infection. For

experiments utilizing heat-killed bacteria, bacterial stocks were incubated at 56˚C for 30 min

[30] and used at a MOI equivalent of 10.

Infection of mouse bone marrow-derived neutrophils

Bone marrow cells were harvested from femur and tibia of naïve mice and treated with red

blood cell lysis buffer (Sigma Aldrich). Neutrophils were prepared by using anti-Ly6G mag-

netic beads (Miltenyi Biotec, Bergisch Gladbach, Germany); the purity of CD11b+Ly6G+ neu-

trophils was 96%. Cells were seeded in 24-well plates and incubated for 1 hr at 37˚C with 5%
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CO2. The infection dose was 10 MOI; the Vero cell culture supernatant was used as a mock

control.

Immunofluorescence imaging

Bone marrow-derived MFs (1x106) were seeded in a 6-well plate with 22-mm round coverslips

and allowed to adhere for 24 hr. Cells were then treated with 5 or 10 MOI of heat-killed or live

bacteria (at indicated MOI), or 100 ng/ml of LPS for 4 or 24 hr. For experiments with TNFα,

the cytokine was added 30 min prior infection at a final concentration of 25 ng/mL. Coverslips

were fixed with ice cold 100% methanol and blocked with 1% BSA in PBST. Coverslips were

stained with rabbit anti-OtK serum (1:1000), as described previously by our group [18,28], and

rat anti-Mincle mAb (1:50, MBL International, Nagoya, Japan). Bound antibodies were visual-

ized with Alexa Fluor 488-conjugated anti-rabbit Fab2 and Alexa Fluor 555-conjugated anti-

rat IgG (1:50, clones 4412S and 4417S, respectively, Cell Signaling Technology, Danvers, MA).

All samples were counterstained with DAPI (1:5000, Sigma-Aldrich). Stained coverslips were

mounted on SuperFrost Plus slides (Fisherbrand) with ProLong Diamond antifade mountant

(Invitrogen). Slides were imaged at the UTMB Optical Microscopy Core by using the Zeiss

LSM 880 confocal microscope (405, 488, and 561 excitation lasers).

Staining of lung tissues was performed as in our previous reports [18,28]. Briefly, 8-μm fro-

zen sections were taken from mock or lethally infected animals at day 2, 6, and 10. Sections

were blocked and incubated with rabbit anti-OtK serum (1:1000) and rat anti-Mincle mAb

(1:50, MBL International). Bound antibodies were visualized with Alexa Fluor 488-conjugated

anti-rabbit Fab2 and Alexa Fluor 555-conjugated anti-rat IgG (1:50, clones 4412S and 4417S,

respectively, Cell Signaling Technology). All samples were counterstained with DAPI (1:5000,

Sigma-Aldrich). Staining with secondary antibodies and primary antibodies alone served as

negative controls. Slides were imaged at the UTMB Optical Microscopy Core by using the

Zeiss LSM 880 confocal microscope (405, 488, and 561 excitation lasers). Acquisition settings

were identical among the experimental groups and representative images are presented from

each time point.

Nanostring gene expression profiling

Lung samples were stored in RNALater (Ambion, Austin, TX) until extraction was performed.

Total RNA was extracted from mock (day 0) or lethally infected lungs collected at day 2, 6, and

10, as well as mock or lethally infected brain tissues at day 10, by using the RNeasy RNA Isola-

tion kit (Qiagen). Total RNA samples (2 mice per group, 200 ng per sample in ribonuclease-

free water) were processed at the Baylor College of Medicine Genomic and RNA Expression

Profiling Core (Houston, TX). Gene expression profiling was performed by using the nCoun-

ter platform and two Nanostring kits: Mouse Immunology Panel comprising 561 genes and 14

housekeeping genes; Mouse Inflammation_v2 Panel comprising 254 genes and 6 housekeep-

ing genes (NanoString Technologies, Seattle, WA). Results from the two kits were pooled after

gene expression was normalized to housekeeping gene expression and analyzed following the

manufacturer’s instructions by using the nSolver Software Version 4 and Advanced Analysis

Version 2.0 (NanoString Technologies).

Quantitative reverse transcriptase PCR (qRT-PCR)

To determine host gene expression, mouse lung tissues, MF, and neutrophil cultures were col-

lected in RNALater or Trizol (Ambion) and incubated at 4˚C overnight for inactivation. Total

RNA was extracted via RNeasy mini kit (Qiagen), and cDNA was synthesized utilizing iScript

cDNA kit (Bio-Rad Laboratories, Hercules, CA). qRT-PCR assays were performed using iTaq
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SYBR Green Supermix (Bio-Rad) on a CFX96 Touch Real-Time PCR Detection System (Bio-

Rad). The assay included: denaturing at 95˚C for 3 min followed with 40 cycles of: 10s at 95˚C

and 30s at 60˚C. To check specificity of amplification, melt curve analysis was performed.

Transcript abundance was calculated utilizing the 2-ΔΔCT method and normalized to glyceral-

dehyde-4-phosphate dehydrogenase (GAPDH). Primers used in qRT-PCR analysis are listed

in S1 Table.

Bacterial load analysis (qPCR)

To determine bacterial loads, MF DNA were collected at 4, 24, and 48 hr after infection via a

DNeasy kit (Qiagen) and used for qPCR, as described previously [16]. Bacterial loads were

normalized to total nanogram (ng) of DNA per μL for each sample. Data are expressed as

copy number of 47-kDa gene per ng of DNA. The copy number of the 47-kDa gene was

determined by using known concentrations of a control plasmid harboring a single-copy

insert of the gene. Sample gene copy numbers were then determined by a serial dilution of

the control plasmid.

Flow cytometry

Bone marrow-derived MF (3 x 106) were cultivated as described above, aliquoted into 50 mL

conical tubes (Falcon), and allowed to rest for 1 hr at 37˚C. Cells were then infected with

CFSE-labeled O. tsutsugamushi. CFSE-labeling was performed as previously described [31].

Briefly, CFSE (Invitrogen) was mixed with bacterial stocks at a 1:1000 ratio and incubated in

dark for 10 min at 4˚C. The reaction was quenched by adding complete RPMI, centrifuged at

20,000 x g for 10 min, and washed twice with PBS prior to addition to MF cultures. At 4 hr of

infection, cells were collected and divided equally for surface vs. intracellular staining as previ-

ously described [18]. Cells were stained with rat anti-Mincle mAb (MBL International), Alexa-

Fluor594-conjugated chicken-anti-rat IgG (Molecular Probes Inc, Eugene, OR), and fixed in

2% paraformaldehyde overnight at 4˚C prior to analysis. Data were collected by a BD LSRFor-

tessa (Becton Dickinson, San Jose, CA) and analyzed by using FlowJo software version 10.7.2

(Becton Dickinson).

Western blot

Proteins from lung tissues and MF were extracted with RIPA lysis buffer (Cell Signaling Tech-

nology) and quantified with BCA Protein Assay kit (Thermo Fisher Scientific). Samples were

stored at -80˚C until processing. Thawed cell lysates were heated for 10 min at ~105˚C in

Laemmle buffer (Bio-Rad) containing 2-β-mercaptoethanol, loaded into 4–20% SDS-PAGE gel

(Bio-Rad) then transferred onto polyvinylidene difluoride membranes (Bio-Rad). After block-

ing, membranes were incubated with anti-Mincle (1:500, MBL International) and anti-β-actin

(1:2000, Cell Signaling Technology) and anti-rabbit/goat secondary antibodies. Pierce ECL

Western Blotting substrate (Thermo Fisher Scientific) was subsequently added to the mem-

branes and light emission was captured using Amersham Imager 680 (GE Healthcare Life-

sciences, Upssala, Sweden). Quantification of band intensity was performed by using ImageJ.

Statistical analysis

Gene expression profiling data were presented graphically as mean ± standard error of the

mean (SEM) and utilized the Benjamini-Yekutieli procedure to test for significance, yielding

adjusted (adj.) p-values. Data thereafter were analyzed using GraphPad Prism software and

presented as mean ± SEM. Differences between control and treatment groups were analyzed
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using one-way ANOVA with Dunnett’s multiple comparisons. Statistically significant values

are denoted as �p< 0.05, �� p< 0.01, ��� p< 0.001, and ���� p< 0.0001, respectively.

Results

Mincle is highly transcribed in murine lung tissues during terminal

infection

Studies with scrub typhus animal models have revealed exaggerated, type 1-skewed immune

responses in O. tsutsugamushi-infected lung tissues [16,18,28,32]; however, these studies only

examined a selected panel of cytokines/chemokines. In this study, we sought to gain a broader

understanding of immune crosstalk by using differential expression analysis. After infection

with a lethal dose of O. tsutsugamushi, murine lungs were collected at day 2 (D2, incubation

period), day 6 (D6, disease onset), and day 10 (D10, severe stage prior to host death), as

described in our previous report [16]. We performed differential expression analysis on 671

immunology- and inflammation-related genes via NanoString, using mock samples (D0) as

the baseline. Of note, there were no statistically significant differences by D2 for any transcrip-

tional targets (complete list in S2 Table). Such silent responses may not be surprising given the

relatively slow replication rate of O. tsutsugamushi [33], as well as our previous PCR and

ELISA findings of minimal activation of cytokines/chemokines at D2 [16,18]. For D6 samples,

we found 221 genes exhibiting significant changes (adj. p< 0.05), among which 130 genes

were upregulated and 91 genes were downregulated (complete list in S3 Table). Categorically,

the top-20 most highly upregulated genes were dominated by those involved in type-1

responses (Cxcl9-11, Ifng, Il12rb1, Il27), monocyte/MF migration and activation (Ccl2, Ccl7,

Ccl4), as well as interferon-stimulated genes (Socs1, Iigp1, Ifi204).
The greatest degree and spectrum of gene expression changes were found at D10 (complete

list in S4 Table), with a total of 312 genes significantly differentially expressed (adj. p< 0.05).

Of these 312 significant genes, 150 were upregulated, and 162 were downregulated (Fig 1A,

Fig 1. Pulmonary gene expression profiling during lethal O. tsutsugamushi infection. Nanostring gene profiling analysis was performed on RNA

isolated from lung tissue homogenates of lethally infected mice at D2, D6, and D10, respectively, and compared with the mock (D0) controls (2 mice per

condition). (A) The D10-vs-mock data, showing 312 of significantly up- or down-regulated genes (p< 0.05) and the markers of interest (in red). (B)

Log2fold change (Log2FC) for the top 20 differentially upregulated genes at D10, compared to the mocks; data are shown as mean ± SEM. Differential

expression analysis was performed utilizing the Benjamini-Yekutieli test for significance.

https://doi.org/10.1371/journal.ppat.1009782.g001
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with genes of interest marked in red). Fig 1B lists the top 20 upregulated genes (by fold

change), including Th1- and CD8 T cell-recruiting/activating CXCR3 ligands (Cxcl9-11) and

cytokines (Ifng, Tnf, Il12rb1, and Il27), as well as monocyte/MF recruiting/activating chemo-

kines (Ccl2, Ccl7, Ccl4). Notably, Mincle was the 4th greatest differentially expressed gene

and the only PRR observed within the top 20. Genes exhibiting the greatest downregulation

included complement components (C7, Vtn, Hc), the atypical chemokine receptor Ccrl1, and

the aryl hydrocarbon receptor (Ahr) (S1A Fig). To determine functional relationships among

differentially expressed genes of significance (adj. p< 0.05), we queried upregulated- and

downregulated-genes to the String database (string-db.org) for pathway analysis via Reactome

[34]. The number of genes differentially expressed within a given Reactome pathway were

ranked and plotted (S1B Fig). On D10, there was a greater degree of changes in innate immune

response markers (43 genes) than adaptive immune response markers (35 genes). Overall,

these findings reveal a high degree of innate immune involvement at late, rather than early

(D2), stages of disease, which was concurrent with a type 1-favoring cytokine/chemokine

milieu. Furthermore, the abundantly high expression of Mincle highlights the need to better

understand the contribution of CLRs in innate recognition of O. tsutsugamushi.

Mincle and signaling partners are increased in the lung and brain tissues

during infection

Knowledge regarding PRR recognition of O. tsutsugamushi is limited. To date, only one study

revealed TLR2 activation in-vivo and in-vitro [35], while the role of other classes of PRRs has

been largely unexplored [33]. Since Mincle was one of the most highly transcribed genes on

D10, we examined the differential expression of other CLRs during infection. Parsing our dif-

ferential expression analysis, we observed a progressive increase in Mincle and Clec5a tran-

scripts. By D10, Mincle expression was increased 36-fold and Clec5a exhibited a 7-fold

increase compared with mock controls (Fig 2A and Table 1). It is known that unlike other

CLRs, Mincle and Clec5a do not possess ITAMs/ITIMs and must interact with FcγRs or

DAP10/DAP12, respectively, to initiate immune responses [23]. We therefore examined

whether these signaling partners were also differentially expressed during infection (Fig 2B

and Table 1). As shown in Table 1, significant increases in the Fcgr1, Fcgr4, Fcer1g, Fcgr3, and

Fcgr2b genes were consistently detected on D10, while no significant or relatively small

(2-fold) increases were found for DAP10 or DAP12. Likewise, D10 brain tissues had significant

increases in Mincle and Fcgr4 levels (440-517-folds), with no changes in DAP10 or a low-level

increase of DAP12, further highlighting the important role of Mincle/FcγR signaling in

immune responses in different organs. Regarding TLR involvement in the lung, we found a

relatively low, but significant upregulation of Tlr1, Tlr2, and Tlr6 on D10, with no changes for

Tlr4, and found a small, but significant reduction in Tlr5 (S2 Fig). Therefore, the activation of

Mincle and Fcgr genes in infected tissues were highly consistent and selective.

Mincle predominates the CLR expression profile in infected lungs

Considering that Mincle and Clec5a were the only significantly changed CLRs in our gene pro-

filing analysis, we used lung tissues for qRT-PCR analyses to validate the expression kinetics of

these and other related CLRs that were not included in the NanoString kits (Clec6a, Clec7a,

Clec4b1, Clec9a, Clec12a). We observed 13-fold upregulation of Mincle (p< 0.0001) and

4-fold upregulation of Clec5a (p< 0.05) at D9 (Fig 3A), corroborating our findings from dif-

ferential expression analysis. We detected a 2-fold increase in Clec12a (p< 0.01), but a signifi-

cant decrease in Clec7a (p< 0.001), Clec4b1 (p< 0.0001), and Clec9a (p< 0.001) at D9,

further suggesting that Mincle was the preeminent CLR expressed in the lungs during
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infection (Fig 3A and S3 Fig). Additionally, we observed a 2.5-fold upregulation of Clec4d (also

known as MCL, p< 0.0001) at D9. This finding was relevant, given that Mincle and MCL

belong to the asialoglycoprotein receptor family (type II), forming a heterodimeric complex

which stabilizes Mincle on the cell surface [20]. This complex formation has been shown to

magnify Mincle signaling through the FcγRs in the context of dendritic cells treated with tre-

halose-6,6’-dimycolate, the Mincle ligand from Mycobacterium tuberculosis [36]. Examining

the Fcgr expression profile at D9, we observed a 7-fold upregulation of Fcgr1 (p< 0.01), 5-fold

upregulation of Fcgr4 (p< 0.0001), and approximately 3-fold increase in Fcer1g (p< 0.001,

Fig 3B). Only Fcgr2b exhibited a decrease in expression (p< 0.001), which was contrary to our

differential expression findings, while Fcgr3 exhibited no significant change. Together, our

Fig 2. Differentially expressed CLRs and signaling partners. Nanostring gene profiling analysis was performed on

lung tissue homogenates of mock and lethally infected mice, as in Fig 1. Kinetic expression data in Log2Fold change

compared to the mocks for (A) indicated CLRs and (B) CLR signaling partners. Graphs are shown as mean ± SEM.

Adjusted significance values for (A) and (B) were determined utilizing the Benjamini-Yekutieli test. �, p< 0.05; ��,

p< 0.01.

https://doi.org/10.1371/journal.ppat.1009782.g002

PLOS PATHOGENS Mincle and inflammation during O. tsutsugamushi infection

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009782 July 28, 2021 9 / 27

https://doi.org/10.1371/journal.ppat.1009782.g002
https://doi.org/10.1371/journal.ppat.1009782


data indicate that Mincle is the most highly transcribed CLR in the lungs during O. tsutsuga-
mushi infection, and that Fcgr1 and Fcgr4 (harboring activation motifs) are the likely Mincle

signaling partners.

Mincle protein levels are increased in the lungs and localized to infected

regions

To examine Mincle protein expression and levels in lung tissues, we performed immunofluo-

rescent staining and Western blot. Mincle-positive (red) cells were undetectable in mock

Table 1. Differential expression of CLRs and signaling partners in the lung and brain.

Gene Alias/Encoded Protein Fold Change (D10 vs. D0)

Lung Brain

Mincle Macrophage-Inducible C-type Lectin (Clec4e, Clecsf9) 36.00�� 441.21���

Fcgr4 Fc-gamma Receptor 4 18.77�� 517.89��

Fcgr1 Fc-gamma Receptor 1 7.11�� 12.79�

Clec5a MDL1, Clecsf5 6.96�� 6.34�

Fcer1g High affinity immunoglobulin epsilon receptor subunit gamma 4.53� 11.59�

Fcgr3 Fc-gamma Receptor 3 3.81� 7.93�

Fcgr2b Fc-gamma Receptor 2b 3.20� 14.81

DAP10 Hcst, Hematopoietic Cell Signal Transducer 2.36 36.73

DAP12 Tyrobp, TYRO Protein Tyrosine Kinase-Binding Protein 2.64� 5.61�

Fold changes compared with mock controls.

�, p< 0.05;

��, p< 0.01;

���, p< 0.001

https://doi.org/10.1371/journal.ppat.1009782.t001

Fig 3. Mincle is the most predominant CLR expressed in infected lungs. qRT-PCR detection of (A) indicated CLRs and (B) Fcgr subtypes in whole lung

tissue homogenates of lethally infected mice. Shown are representative data from 3 independent mouse infection experiments with similar trends. Data are

presented relative to GAPDH values and shown as mean ± SEM. One-way ANOVA with Dunnett’s multiple comparison test was used for statistical

analysis, with Mock samples used as a reference. �, p< 0.05; ��, p< 0.01; ���, p< 0.001; ����, p< 0.0001.

https://doi.org/10.1371/journal.ppat.1009782.g003
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controls or weakly detected in D2 samples, but readily and intermittently detected at D6 and

D10 of infection (Fig 4A). Mincle staining was observed in cells surrounding areas with detect-

able O. tsutsugamushi antigens (green). We found Mincle-positive cells with no bacteria, as

well as bacterium-carrying cells with no or very weak Mincle staining. Western blot on whole

lung tissue homogenates revealed a low, but detectable level of Mincle at D6. However, the

D10 samples consistently contained the highest (~11-fold) and significantly elevated levels of

Mincle (p< 0.01, Fig 4B and 4C). Together, these data reveal the induction of Mincle at the

translational level, most prominently at the severe stages of infection.

O. tsutsugamushi infection provokes a sustained type-1 gene activation

profile in the lung

Given our high levels of Mincle expression in infected tissues, we parsed our differential

expression data (NanoString) and generated a heatmap distribution for the relevant immune

mediators during infection (Fig 5A). At D6 and D10, we also observed significant increases in

type 1/proinflammatory markers (Il1a, Il1b, Il6, Il27, Tnf, Nos2, Ifng), as well as chemokines

responsible for inflammatory monocyte trafficking (Ccl2), MF migration/activation (Ccl3-5),

neutrophil trafficking (Cxcl1, Cxcl2, Cxcl5), and Th1 responses (Cxcl9-11). In contrast, there

was a significant reduction or failure in activation of type 2-related chemokines/cytokines

Fig 4. Mincle protein distribution and levels in the lungs of terminal disease. (A) Immunofluorescent assay detection of Mincle (red), O. tsutsugamushi
(green), and DNA (DAPI, blue) in frozen lung sections prepared at the indicated days of infection. Images were taken under the same magnification (scale

bar = 20 μm). (B) Western blots (40 μg protein/lane) of lung tissues of lethally infected mice for the levels of Mincle and β-actin. (C) Densitometry of

representative blots from 3 independent experiments were measured via ImageJ. Fold changes were determined relative to Mincle proteins in mock

samples and shown as mean ± SEM. One-way ANOVA with Dunnett’s multiple comparison test was used for statistical analysis, with mock samples used

as a reference. ��, p< 0.01.

https://doi.org/10.1371/journal.ppat.1009782.g004

PLOS PATHOGENS Mincle and inflammation during O. tsutsugamushi infection

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009782 July 28, 2021 11 / 27

https://doi.org/10.1371/journal.ppat.1009782.g004
https://doi.org/10.1371/journal.ppat.1009782


Fig 5. Activated type-1, but suppressed type-2, gene activation during severe disease. (A) Nanostring gene profiling analysis was

performed on lung tissue homogenates of mock and lethally infected mice, as in Fig 1. The kinetic expression data in Log2Fold change

compared to the mocks for relevant cytokines/chemokines and key inflammatory markers are shown. (B) Novel findings were validated

by using qRT-PCR to detect type 1/proinflammatory markers, and (C) type 2 markers from whole lung tissue homogenates of infected

mice. Shown are representative data from 3 independent mouse infection experiments with similar trends. Data are presented relative to

GAPDH values and shown as mean ± SEM. One-way ANOVA with Dunnett’s multiple comparison test was used for statistical analysis,

with Mock samples used as reference. �, p< 0.05; ��, p< 0.01; ���, p< 0.001; ����, p< 0.0001.

https://doi.org/10.1371/journal.ppat.1009782.g005
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(Cxcl12, Ccrl1, Il4, Il23a) and signature markers (Stat3, Stat5b, Stat6, Mrc1, Ahr) during infec-

tion. These findings highlight an unbalanced proinflammatory, type 1 response to O. tsutsuga-
mushi infection that coincides with attraction of neutrophils and monocytes through D10 of

disease, corroborating our previously published studies of immune-stained lung tissues or

lung-derived cells [16,18].

To validate our NanoString data, we performed qRT-PCR on infected lungs and detected a

6-fold increase in Il27 (p< 0.05), 40-fold increase in Ccl2 (p< 0.05), ~25-fold increase in Ccl4
(p< 0.01), and 7-fold increase in Ccl5 (p< 0.0001) expression at D10 (Fig 5B). These findings

were in line with our previous reports for flow cytometry and ELISA studies of lung-derived

immune cells [18], as these cytokine/chemokines are known to be associated with Th1 and

M1 MF polarization [37]. Concurrently, a significant reduction in type 2- or tissue healing-

related genes, including Cxcl12 (p< 0.05), Ccrl1 (p< 0.0001), Mrc-1 (p< 0.0001), and Ahr
(p< 0.0001), provided additional evidence for skewed type 1, but absent type 2, immune

responses in our model of severe scrub typhus (Fig 5C).

MF upregulation of Mincle and proinflammatory markers is dependent on

O. tsutsugamushi doses and replication

We have reported that sustained recruitment and activation of M1-like MFs and neutrophils

in inflamed lung tissues is a hallmark in murine models of lethal scrub typhus [18,28]. Since

Mincle may be expressed in both MFs and neutrophils, we sought to examine the cellular

sources of Mincle expression during O. tsutsugamushi infection. We first evaluated the Mincle

transcription profile in infected neutrophils (MOI 10) and observed a small (~2-fold), but sig-

nificant (p< 0.01), increase in Mincle transcription at 4 hr, which was completely diminished

by 18 hr (S4 Fig). We then infected bone marrow-derived MFs with O. tsutsugamushi (MOI 5

or 10) and examined a panel of CLR and cytokine/chemokine transcripts at 2 to 48 hr of infec-

tion. Mincle transcription was significantly increased throughout the course of infection, with

a peak increase of 17-fold (p< 0.001) at 4 hr for the high-dose group, but a peak increase of

12-fold (p< 0.01) at 48 hr for the low-dose group (Fig 6A). This infectious dose-dependent

increase of Mincle, but not MDL-1, at 2 and 4 hr suggested a selective induction of Mincle by

O. tsutsugamushi. It is known that Cxcl1, a neutrophil chemoattractant, is induced by Mincle

activation [38]. Indeed, we found an infectious dose-dependent increase of Cxcl1 starting at 2

hr and peaking at 4 hr (80-fold increase in the high-dose group, p< 0.001). Together, our data

indicate a selective upregulation of Mincle in response to O. tsutsugamushi infection that is

most prominent in MFs.

The early induction of Mincle in response to live bacteria inspired us to further examine

MF responses to heat-killed (HK) bacteria at a concentration equivalent of 10 MOI. We

focused on two life cycle stages of O. tsutsugamushi: at 4 hr (when bacteria have just escaped

from the endosome/phagosome to inhabit the cytoplasm) and at 24 hr (when bacteria are

located near the perinuclear region for initial replication) [11,33]. While both inactivated and

live bacteria induced a similar degree of Mincle upregulation at 4 hr, only live bacteria gener-

ated a sustained response at 24 hr (Fig 6B). With regard to inflammatory responses to HK

and live bacteria, we observed only live O. tsutsugamushi generated significant and sustained

expression of type 1-promoting cytokines/chemokines Il27, Nos2 (M1 MF marker), Ccl2 and

Ccl5 (proinflammatory, M1-skewing chemokines), as well as Cxcl9. Concurrently, there was a

significant reduction in Ahr and Mrc-1 (M2 activation markers) following exposure to live and

inactivated bacteria. These results suggest both bacterial growth-dependent and -independent

activation of Mincle and its related inflammatory responses in MFs.
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Having documented Mincle upregulation during O. tsutsugamushi infection MFs, we then

examined whether Mincle contributes to the generation of proinflammatory responses. We

used WT or Mincle-/- MFs to measure the levels of Mincle and a panel of cytokines/chemo-

kines during infection with different doses of live bacteria (5 MOI or 10 MOI). As shown in

(S5A Fig), there was an infectious dose-dependent increase in Mincle transcription in WT

cells at 4 hr post-infection, but not in Mincle-/- cells. While there was an infectious dose-depen-

dent increase in Cxcl1, Ccl2, Tnfa, and Il27 in WT cells, Mincle-/- cells treated with a high-dose

of O. tsutsugamushi exhibited abrogated transcription of Cxcl1 (p< 0.05) and Ccl2 (p = 0.06).

Mincle-/- cells also produced less Nos2, Tnfa, Il27, and Cxcl9 than WT cells upon infection, but

the reduction did not meet statistical significance under the tested infection doses and time. At

24 hr post-infection, we observed significant increases in WT production of Il27, Cxcl10, and

Cxcl9, which were diminished in Mincle-/- cells (S5B Fig). Nevertheless, we found comparable

O. tsutsugamushi copy numbers in Mincle-/- and WT MF at 4, 24, and 48 hr after infection at

2 MOI or 5 MOI, respectively (S5C Fig). Therefore, Mincle gene deletion does not alter bacte-

rial entry or replication in vitro, allowing us to focus on examining the role of Mincle in host

inflammatory responses.

Fig 6. Dose-dependent and sustained activation of Mincle and type-1 markers in MF exposed to O. tsutsugamushi. Bone marrow-derived MF of WT

C57BL/6J mice were exposed to live bacteria (MOI 5 or 10) or heat-killed bacteria (HK, MOI 10 equivalent). (A) qRT-PCR analyses of indicated genes at 2

to 48 hr post-infection. (B) qRT-PCR analyses of indicated genes at 4 and 24 hr of incubation with live vs. HK bacteria. Data are presented relative to

GAPDH and shown as mean ± SEM. One-way ANOVA with Dunnett’s multiple comparison test was performed, using uninfected controls for each time

point as the reference. �, p< 0.05; ��, p< 0.01; ���, p< 0.001; ����, p< 0.0001.

https://doi.org/10.1371/journal.ppat.1009782.g006
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Mincle protein expression increases in MFs exposed to O. tsutsugamushi
To confirm Mincle protein levels in infected MFs, we performed western blot and included

LPS stimulation as a positive control. We found a marked increase in Mincle protein levels

at 4 hr post-exposure to live or HK bacteria; however, at 24 hr, Mincle proteins were

detected only in live bacterium-exposed MFs (Fig 7A and 7B), which were consistent

with our PCR findings (Fig 6). We then examined the Mincle expression pattern in MF

exposed to live or HK bacteria to determine whether signal colocalization would occur.

Indirect immunofluorescent staining and confocal image analyses revealed comparable

Mincle positivity (red) at 4 hr post-exposure to live or HK bacteria (green), on par with LPS

stimulation (Fig 7C). While Mincle-positive staining was detected with or close to O. tsutsu-
gamushi antigen-positive cells, there was limited evidence of Mincle-bacterium colocaliza-

tion. At 24 hr, while Mincle staining was still readily detectable in MFs exposed to live

Fig 7. Mincle levels and distribution in MF exposed to live and inactivated bacteria. Bone marrow-derived MF of C57BL/6J mice were exposed to live

bacteria (MOI 10), heat-killed bacteria (HK, MOI 10 equivalent), or LPS (100 ng/ml, as a positive control for Mincle expression). (A) Western blots (5 μg

protein/lane) of cell lysates for the levels of Mincle and β-actin at 4 and 24 hr. (B) Densitometry of bacterium-exposed groups with a minimum of 3

representative blots by using ImageJ. Fold changes were determined relative to Mincle proteins in control samples and shown as mean ± SEM. (C)

Immunofluorescent assay detection of Mincle (red), O. tsutsugamushi (green), and DNA (DAPI, blue) in cells at 4 and 24 hr of incubation (scale

bar = 20 μm). One-way ANOVA with Dunnett’s multiple comparison test was used for statistical analysis, with mock samples as the references. �, p< 0.05;
��, p< 0.01; ����, p< 0.0001.

https://doi.org/10.1371/journal.ppat.1009782.g007
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bacteria, only baseline levels of staining were found in MFs exposed to HK bacteria. Collec-

tively, our data indicate that O. tsutsugamushi antigens are capable of stimulating Mincle

protein expression in MFs, with the most pronounced response evident at early, rather than

late, time points.

O. tsutsugamushi stimulates Mincle expression in both infected and

uninfected MFs

Since our IFA findings revealed Mincle expression in both infected and uninfected MFs, we

sought to measure Mincle protein levels via using flow cytometric analysis. First, we observed

increased frequency of Mincle+ cells in WT MF at 4 hr after infection (5 MOI), with no

changes in Mincle-/- cells (Fig 8A), corroborating our IFA findings (Fig 7). Then, we utilized

CFSE-labeled O. tsutsugamushi to categorize infected (CFSE+) or uninfected (CFSE-) cells at 4

hr. We found that 57% of WT MF were infected (p< 0.0001), while 64% percent of Mincle-/-

cells were infected (p< 0.0001) (Fig 8B). Though small, the difference in percent infected Min-

cle-/- cells and WT cells was significant (p< 0.05). The mean fluorescent intensity (MFI) of

CFSE was also significantly (p< 0.001) greater in Mincle-/- cells when compared with WT.

Additionally, our analysis revealed that 6% percent of WT cells were Mincle+ (p< 0.01) and

4.5% of cells were CFSE+Mincle+ (p< 0.001) after infection, with comparable results between

surface stained and permeabilized MF (Fig 8C). Together, our data indicate both infected and

uninfected cells express Mincle.

To examine whether and how host factors contribute to the Mincle expression, we focused

our studies on TNFα, because it is known to induce Mincle in murine MF [39] and is highly

upregulated in lungs of lethally infected mice (Fig 1) [16]. Cells were primed with TNFα for 30

min before the infection. At 4 hr post-infection, we detected increased Mincle expression (red)

in WT cells receiving TNFα or O. tsutsugamushi (5 MOI) alone, with more intense staining

observed in cells receiving TNFα 30 min prior to infection (Fig 8D). Though Mincle staining

was evident near O. tsutsugamushi antigens (green), we observed limited colocalization

(arrows), consistent with our result shown in Fig 7. Therefore, our FACS and IFA results are

consistent, implying a role of TNFα in inducing Mincle and a potential interplay between O.

tsutsugamushi- and TNFα-mediated Mincle responses.

TNFα amplifies Mincle-dependent inflammation in MFs exposed to O.

tsutsugamushi
Based on the observation that MFs treated with TNFα prior to O. tsutsugamushi infection

exhibited pronounced Mincle staining intensity, we asked whether TNFα may modulate Min-

cle-related inflammation. Using qRT-PCR, we found that WT MF treated with TNFα 30 min

prior to infection with O. tsutsugamushi (5 MOI) exhibited significantly greater Mincle expres-

sion (25-fold increase, p< 0.0001) at 4 hr after infection than cells receiving TNFα (20-fold

increase, p< 0.001) or O. tsutsugamushi alone (8-fold increase, p< 0.01, Fig 9). We also

observed similar trends for the key proinflammatory markers Cxcl1, Nos2, Il27, Cxcl9, and

Cxcl10. Overall, Mincle-/- MF presented parallel trends for the inflammatory markers ana-

lyzed. However, we observed that the degree of Il27, Ccl2, and Cxcl10 transcripts generated in

infected Mincle-/- cells receiving TNFα pretreatment was less than half that of their WT com-

parators. The differences in Il27 and Cxcl10 production in infected Mincle-/- and WT cells was

even more pronounced by 24 hr post-infection (S6 Fig). Together, our data reveal that TNFα
may promote and exacerbate Mincle-mediated inflammation.
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Fig 8. Mincle-expressing MF are increased during infection and promoted by TNFα. Bone marrow-derived WT or

Mincle-/- MFwere exposed to O. tsutsugamushi (5 MOI) and analyzed via flow cytometry and IFA at 4 hr post-

infection. (A) Representative frequencies of Mincle+ cells detected for surface staining, with WT and Mincle-/-

treatment groups compared with WT mock samples (blue). (B) The percentage and mean fluorescent intensity (MFI)

of CFSE+ cells are shown for intracellularly stained MFs among bacterium-carry (CFSE+) cells. (C) A comparison of
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Discussion

Despite being an important emerging infectious disease, detailed immunological studies of

scrub typhus patient samples or animal tissues are scarce. This study was aimed at understand-

ing the drivers of type 1-skewed immune responses and exploring potential PRRs sensing O.

tsutsugamushi. Through differential expression and immunological analyses of lung tissues

from lethally infected mice, as well as in vitro infection of murine primary MFs with viable

and inactivated O. tsutsugamushi, we revealed the upregulation of Mincle at the transcriptional

and translational levels. Additionally, we found abrogated proinflammatory responses in Min-

cle-/- cells in responding to O. tsutsugamushi infection in the presence or absence of exogenous

TNF-α treatment. This study is important in several aspects, suggesting that O. tsutsugamushi
can stimulate Mincle and promote type 1-skewed proinflammatory immune responses in host

cells.

Firstly, the NanoString study described herein offered comprehensive profiles of important

host immune response/inflammation genes in the lungs at different stages of infection. This

data confirmed and greatly expanded previous animal studies that examined a limited number

of cytokine/chemokine genes in visceral organs via PCR during O. tsutsugamushi infection

[16,28,32]. Our finding of Il27 upregulation in inflamed lung tissues (Fig 1) was important,

given our previous study revealing increased IL-27 protein via Bioplex in infected lungs [17].

The identification of Il27 and other immunologic pathways that were significantly increased

surface vs. intracellular Mincle staining, showing percentages of Mincle+ and CSFE+Mincle+ cells. (D)

Immunofluorescent assay detection of Mincle (red), O. tsutsugamushi (green), and DNA (DAPI, blue) in cells

pretreated with TNFα (25 ng/mL for 30 min) prior to infection (scale bar = 10 μm for close-view images, 20 μm for all

others). Unpaired t-test was used for statistical analysis. For comparison with mock controls within WT or Mincle-/-

cells �, p< 0.05; ��, p< 0.01; ����, p< 0.0001. For comparison between WT and Mincle-/- cells ##, p< 0.01, ###,

p< 0.001.

https://doi.org/10.1371/journal.ppat.1009782.g008

Fig 9. Effect of TNFα on Mincle transcription and exacerbation of Mincle-dependent inflammatory responses in infected MFs. Bone marrow-derived

wild-type (WT) or Mincle-/- MF were primed with TNFα (25 ng/ml for 30 min) prior to infection with live bacteria (5 MOI). qRT-PCR analyses of

indicated genes (relative to GAPDH) at 4 hr post-infection are presented; data are shown as mean ± SEM. One-way ANOVA with Dunnett’s multiple

comparison test was performed for treatment groups within the WT or Mincle-/- MF backgrounds, respectively. �, p< 0.05; ��, p< 0.01; ���, p< 0.001;
����, p< 0.0001.

https://doi.org/10.1371/journal.ppat.1009782.g009
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(Ccl2-5) or reduced (Ccrl1, Ahr) during infection have opened new avenues of investigating

immune responses to O. tsutsugamushi.
Secondly, the PRR activation profile to O. tsutsugamushi is scarcely understood; our studies

with mouse tissues and cultured MFs has suggested an important role for CLRs, but not TLRs,

in response to this Gram-negative bacterium. One study has described TLR2 activation in O.

tsutsugamushi-infected mice and cultured HEK293 cells [35] and others identified no role for

TLR4 in mice during infection [40,41]. These reports were consistent with our observation of

low TLR2 and no TLR4 induction in vivo (S2 Fig). For intracellular bacteria replicating in the

cytosol, activation of cytoplasmic DNA sensors, such as STING and RIG-I, would likely occur;

however, evidence for the activation of these sensors remains speculative [41]. Our discovery

of two highly upregulated CLRs, Mincle and Clec5a, in lethally infected mice was novel and

significant. Among these two CLRs, Mincle was likely the most important sensor for O. tsutsu-
gamushi, because 1) it was the 4th most upregulated gene in the lungs by the terminal phase of

disease and the only PRR within the top-20 (Fig 1); 2) the timing and peak activation of Mincle

coincided with the onset of disease and progression of lethal infection in the lungs (Figs 2 and

3) and brains (Table 1) of mice; and 3) signaling partners for Mincle (Fcgr1 and Fcgr4), but not

those for Clec5a (DAP10 or DAP12), displayed a high degree of upregulation, implicating Min-

cle pathways as potentially playing a more compelling role during infection (Figs 2 and 3).

This conclusion was further supported by the positive correlation between the peak upregula-

tion of proinflammatory cytokines/chemokines through the terminal phase of disease (Fig 5).

At present, Mincle has mainly been characterized in the context of MF-pathogen interac-

tions, especially for M1 polarization and proinflammatory responses to M. tuberculosis
[25,42]. MFs play key roles in infection with O. tsutsugamushi and other closely related Rick-
ettsia species [43–46]. This study, for the first time, revealed O. tsutsugamushi infection-trig-

gered Mincle expression in M1-like MFs in an infectious dose-dependent manner (Fig 6). We

were surprised at the capacity of inactivated O. tsutsugamushi to stimulate transient Mincle

expression along with other proinflammatory or M1-promoting genes (Il27, Nos2, Tnf, Ccl5,

Cxcl1), but not Ccl2, Ccl4, and Cxcl9 at 4 hr, while strong or significant upregulation was sus-

tained in live bacteria-exposed cells at 24 hr. Mincle-/- MF infected with live bacteria produced

significantly less Cxcl1 and Ccl2 early in infection than WT cells (S5A Fig), indicating this

receptor plays a role in propagating inflammation. Since Mincle-/- and WT MF exhibited

comparable bacterial loads from 4–48 hr of infection in vitro (S5C Fig), we speculate that Min-

cle enhances proinflammation and type 1-mediated response in target cells and inflamed tis-

sues, rather than directly influences O. tsutsugamushi invasion and intracellular replication in

target cells.

Nevertheless, our cytokine signatures for WT cells largely agree with previous studies that

explored cytokine profiles of human monocytes/MF responding to live O. tsutsugamushi
infection [14,47]. Our findings are also relevant to the basic biology of O. tsutsugamushi, as

the early phase (4 hr) represents the stage immediately after endosomal/phagosomal escape,

whereas the later phase (24 hr) coincides with the start of bacterial replication [33]. The reduc-

tion in the magnitude of immune responses at 24 hr of infection (Fig 6) may be due to the

activation of cellular regulatory molecules/pathways, or pathogen-driven mechanisms, as O.

tsutsugamushi can actively modulate host immune responses during infection. Since O. tsutsu-
gamushi bacteria replicate very slowly (with ~10-hr doubling time in vitro)[48, 49], the capac-

ity of evading host immune responses is critical for their successful replication. For example,

O. tsutsugamushi can actively thwart the NF-κB activation pathway by 24 hr of infection

[29,50]. Regardless of the underlying mechanisms, our findings of rapid Mincle expression

elicited by inactivated bacteria suggest the presence of potential bacterial ligands for Mincle

recognition, which were preserved in our heat-inactivation procedure. This is important as it
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may allow HK bacteria to be explored further for the identification of putative Mincle ligands,

precluding the technical and logistical challenges associated with performing such experiments

in BSL-3 containment facilities.

Thirdly, we revealed a unique Mincle protein expression pattern in infected lung tissues

and MFs (Figs 4, 7, and 8). Looking at the cellular expression profile for Mincle in the lungs,

we observed Mincle staining in cells nearby O. tsutsugamushi antigen by D10 (Fig 4). This sug-

gested that non-infected cells may be responding to bacterial components, or alternatively, to

cytokines/chemokines. While we did not perform co-staining for specific cell phenotypes, we

speculated that Mincle-positive cells were most likely infiltrating monocytes/MFs, based on

our previous FACS analyses of lung-derived cells [18]. Our in-vitro studies and IFA staining of

infected MF supported this notion and revealed an intriguing pattern of Mincle expression.

Early in infection, comparable levels and patterns of Mincle proteins were detected in cells

treated with either inactivated or live bacteria (Fig 7). Later in infection (24 hr), however, only

cells infected with viable bacteria had detectable Mincle, though overall signal intensity was

lower compared with the early timepoint. These IFA findings were in congruence with our

qRT-PCR and WB data, revealing the importance of viable bacteria in generating sustained

Mincle expression. The IFA findings of Mincle positivity in both bystander and infected cells

after treatment with live or inactivated O. tsutsugamushi suggested to us that bacterial compo-

nents may not be the sole source underlying our findings. This notion was further supported

by our flow cytometric data, confirming that both infected and uninfected cells can express

Mincle following exposure to live O. tsutsugamushi (Fig 8). Of note, though Mincle is is

known to be anchored to the cytoplasmic membrane, we observed a diffuse cytoplasmic stain-

ing pattern in our infected or LPS-stimulated MFs (Fig 7), which were consistent with other

reported IFA studies in MF-like RAW264.7 cells stimulated with LPS in-vitro [51] and in der-

mal dendritic cells in situ [52]. To confirm an intracellular pool of Mincle proteins, we ana-

lyzed the percent Mincle+ cells from surface vs. intracellular stained MF via flow cytometry.

We confirmed that while the majority of Mincle proteins were detected via surface staining,

the percent Mincle+ cells determined via intracellular staining was slightly greater (Fig 8).

While it remains unclear as to whether the minimal co-localization of Mincle and Oriential

antigens in infected lung tissues and MFs was due to the unique biology of O. tsutsugamushi
or technical issues related to antibodies used in this study, it was evident that Mincle is not

required for O. tsutsugamushi entry or replication (Fig 8B and S5 Fig).

Finally, Mincle expression and related inflammation were likely initiated via multiple ave-

nues during O. tsutsugamushi infection, including via bacteria-related components, cytokine/

chemokine production, and host DAMP release. This study confirms a previous report

describing TNFα as a strong stimulus of Mincle expression [39]. Importantly, we revealed a

significant, TNFα-mediated amplification of Mincle expression, as well as proinflammatory

expression (Il27, Cxcl9, Cxcl10, Ccl2, Cxcl1, Nos2) in the context of O. tsutsugamushi infection

(Fig 9). More importantly, we found that such TNFα-mediated enhancement during infection

was 2- to 3-folds reduced in Mincle-/- MFs (Il27, Cxcl10, Ccl2), implying the mitigation of

proinflammatory responses. Our data collectively indicate a prominent role of Mincle in mag-

nifying inflammatory response in a TNFα-rich environment. This finding has important

implications, since TNFα levels are known to correlate of disease severity in human scrub

typhus [53], and that TNFα is highly upregulated in the lungs of lethally infected mice (Fig 1)

[16]. Studies are ongoing to examine possible mitigation of proinflammation and acute tissue

injury during infection in Mincle-/- mice (plus anti-TNFα treatment). Future investigation

should also be aimed at defining potential bacterial components that could induce Mincle

expression. As an obligately intracellular pathogen, O. tsutsugamushi relies on the host cell as

a source of nutrients [33]. Therefore, it is conceivable that enzymatic altering of host cell
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proteins or lipids during this process may, in turn, stimulate Mincle, in a similar manner to

that described for Helicobacter pylori [26]. Identification of such a ligand, however, presents

major challenges due to the lack of available tools for genetic manipulation of O. tsutsugamushi
at the present time [7,11].

Based on our findings presented herein, we propose a hypothetic model for the contribution

of Mincle and related pathways in immune responses to O. tsutsugamushi infection (Fig 10).

MFs can sense invading or inactivated bacteria via inducing Mincle and FcγR expression at

the initial stages of infection. MFs can also respond to released host DAMPs and TNFα, as

intracellular bacterial growth progresses, via increased Mincle expression on the cell surface

and in an intracellular pool. The activation of Mincle/FcγR promotes the expression of diverse

proinflammatory cytokines/chemokines for potential recruitment and activation of phagocytes

(CXCL1, CCL2, TNFα, iNOS), as well as Th1 and CD8+ T cells (CXCL9, CXCL10, IL27,

TNFα). These M1-like MFs help control bacterial infection; however, excessive TNFα in the

microenvironment can result in sustained Mincle expression and MF inflammatory responses.

These innate responses may ultimately contribute to Th1/CD8-skewed responses and acute

tissue damage, as we observed in the lungs and other organs [17,18,54]. This model suggests

Fig 10. A schematical model for the role of Mincle/FcγR in MF responses to O. tsutsugamushi. O. tsutsugamushi
bacteria and yet-undefined bacterial components, as well as damaged host molecules (DAMPs) can selectively

stimulate Mincle/FcγR expression in MF, leading to subsequent production of proinflammatory cytokines/

chemokines in inflamed tissues. While such immune responses help the control of bacterial replication, sustained

Mincle-related responses also activate Mincle-dependent proinflammatory factors, including IL-27, CXCL10, CXCL1,

and CCL2 (in bold). Meanwhile, Mincle-independent host factors (e.g., TNFα) can further promote the magnitude of

Mincle expression via a positive regulation loop. Collectively, these events promote type 1-skewing immune responses,

cellular damage, and acute lung injury.

https://doi.org/10.1371/journal.ppat.1009782.g010
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that besides Mincle-/- mice, future investigation with targeted blockage of TNFα- or FcγR1/

FcγR4-mediated pathways will help define the interplay of TNFα/Mincle/FcγR signaling in the

regulation of host-O. tsutsugamushi interactions and pathology of scrub typhus. Such studies

would also help understand immune responses against other obligately intracellular pathogens,

including Rickettsia, Anaplasma, Ehrlichia, and Chlamydia, for which virtually no information

is yet available regarding the role of Mincle or other CLRs in pathogen recognition.

In summary, this study revealed new insights into the innate immune recognition of O. tsu-
tsugamushi. Through comprehensive differential expression analysis of mouse lung and brain

tissues, we provided the first evidence of Mincle involvement during O. tsutsugamushi infec-

tion. Our observations from in-vitro MF infection suggest a selective upregulation of Mincle

that may rely on bacterial growth-dependent and -independent factors, as well as TNFα stimu-

lation. To-date, CLRs represent a virtually unexplored realm of immunology for O. tsutsuga-
mushi and other obligately intracellular bacteria. While potential bacterium- and/or host-

derived ligands for Mincle/FcγR signaling remain unknown, it is conceivable that Mincle acti-

vation during infection may contribute to or drive an overzealous type 1 response in both

innate and adaptive immune cells, leading to progressive tissue damage during O. tsutsugamu-
shi infection. A better understanding of how Mincle activation contributes to immune dysre-

gulation may aid the design of treatments for severe scrub typhus.

Supporting information

S1 Table. Primer sequences for qRT-PCR analysis used within the study.

(DOCX)

S2 Table. Complete list of differentially expressed genes in lung tissues (D2 vs. mocks).
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S3 Table. Complete list of differentially expressed genes in lung tissues (D6 vs. mocks).

(DOCX)

S4 Table. Complete list of differentially expressed genes in lung tissues (D10 vs. mocks).

(DOCX)

S1 Fig. Pulmonary gene expression profiling and functional pathway analysis during lethal

O. tsutsugamushi infection. Nanostring gene profiling analysis was performed on RNA iso-

lated from lung tissue homogenates of lethally infected mice at D10 and compared with the

mock controls. (A) Shown are the bottom 20 most downregulated genes by Log2FC. (B) Sig-

nificantly upregulated or downregulated genes were input to the String database and analyzed

by the Reactome pathway. Graphs are shown as mean ± SEM. Differential expression analysis

was performed utilizing the Benjamini-Yekutieli test for significance.

(TIF)

S2 Fig. Differential expression analyses of Toll-like receptors in the lung of lethally

infected mice. Nanostring gene profiling analysis was performed on RNA isolated from lung

tissue homogenates of lethally infected mice at D2, D6, and D10, respectively, and compared

with the mock controls. We then parsed our data to examine expression of Tlr genes. Scale is

Log2Fold change compared to mock. Graphs are shown as mean ± SEM. Significance was

determined utilizing the Benjamini-Yekutieli test. �, p< 0.05, �� p< 0.01.

(TIF)

S3 Fig. Expression of additional CLRs in the lungs of lethally infected mice. Whole lung tis-

sue homogenates from lethally infected mice were measured for expression of indicated CLRs
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via qRT-PCR. All data are presented relative to GAPDH values and shown as mean ± SEM.

Three independent mouse infection experiments were performed with similar trends; repre-

sentative data are shown. One-way ANOVA with Dunnett’s multiple comparison test was

used for statistical analysis, with mock samples used as a reference. �, p< 0.05, �� p< 0.01, ���

p< 0.001, ���� p< 0.0001.

(TIF)

S4 Fig. Expression of CLRs infected neutrophils. Bone marrow-derived neutrophils of

C57BL/6J mice were exposed to live bacteria (10 MOI). mRNA levels of select CLRs were ana-

lyzed via qRT-PCR. Data are presented relative to GAPDH values and shown as mean ± SEM.

Unpaired t-test was used for statistical analysis, with Mock samples used as a reference. �,

p< 0.05, �� p< 0.01.

(TIF)

S5 Fig. Proinflammatory signatures and bacterial loads in WT and Mincle-/- MF following

infection. Bone marrow-derived WT or Mincle-/- MF were exposed to live bacteria (MOI 5,

or 10). qRT-PCR analyses of indicated genes at (A) 4 hr and (B) 24 hr post-infection are pre-

sented with data presented relative to GAPDH and shown as mean ± SEM. One-way ANOVA

with Dunnett’s multiple comparison test was performed for treatment groups within the WT

or Mincle-/- MF background, respectively. Unpaired t-test was utilized for comparison

between infected WT and Mincle-/- MFs. (C) Bacterial growth in infected MFs (MOI 2 or 5)

was analyzed at 4, 24, and 48 hr. Bacterial loads were determined by qPCR. Data are presented

as the copy number of O. tsutsugamushi 47-kDa gene copy per ng of DNA. Unpaired t-test

was used for statistical analysis. �, p< 0.05; ��, p< 0.01; ���, p< 0.001; ����, p< 0.0001.

(TIF)

S6 Fig. Late Effects of TNFα on Mincle transcription and exacerbation of Mincle-depen-

dent inflammatory responses in MF exposed to O. tsutsugamushi. Bone marrow-derived

WT or Mincle-/- MF were primed with TNFα (25 ng/ml for 30 min) prior to infection with

live bacteria (5 MOI). qRT-PCR analyses of indicated genes (relative to GAPDH) at 24 hr

post-infection are presented; data are shown as mean ± SEM. One-way ANOVA with Dun-

nett’s multiple comparison test was performed for treatment groups within the WT or Min-

cle-/- MF backgrounds, respectively. Unpaired t-test was utilized for comparison between

infected WT and Mincle-/- MFs. �, p< 0.05; ��, p< 0.01; ���, p< 0.001; ����, p< 0.0001.

(TIF)
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7. McClure EE, Chávez ASO, Shaw DK, Carlyon JA, Ganta RR, Noh SM, et al. Engineering of obligate

intracellular bacteria: progress, challenges and paradigms. Nat Rev Microbiol. 2017; 15(9):544–58.

https://doi.org/10.1038/nrmicro.2017.59 PMID: 28626230

8. Amano K, Tamura A, Ohashi N, Urakami H, Kaya S, Fukushi K. Deficiency of peptidoglycan and lipo-

polysaccharide components in Rickettsia tsutsugamushi. Infect Immun. 1987; 55(9):2290–2. https://

doi.org/10.1128/iai.55.9.2290-2292.1987 PMID: 3114150

9. Moron CG, Popov VL, Feng HM, Wear D, Walker DH. Identification of the target cells of Orientia tsutsu-

gamushi in human cases of scrub typhus. Modern pathology: an official journal of the United States and

Canadian Academy of Pathology, Inc. 2001; 14(8):752–9. https://doi.org/10.1038/modpathol.3880385

PMID: 11504834

10. Paris DH, Phetsouvanh R, Tanganuchitcharnchai A, Jones M, Jenjaroen K, Vongsouvath M, et al.

Orientia tsutsugamushi in human scrub typhus eschars shows tropism for dendritic cells and monocytes

rather than endothelium. PLoS Negl Trop Dis. 2012; 6(1):e1466. https://doi.org/10.1371/journal.pntd.

0001466 PMID: 22253938

11. Salje J. Orientia tsutsugamushi: A neglected but fascinating obligate intracellular bacterial pathogen.

PLoS Pathog. 2017; 13(12):e1006657. https://doi.org/10.1371/journal.ppat.1006657 PMID: 29216334

PLOS PATHOGENS Mincle and inflammation during O. tsutsugamushi infection

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009782 July 28, 2021 24 / 27

https://doi.org/10.1371/journal.pntd.0006062
http://www.ncbi.nlm.nih.gov/pubmed/29099844
https://doi.org/10.1056/NEJMoa1603657
https://doi.org/10.1056/NEJMoa1603657
http://www.ncbi.nlm.nih.gov/pubmed/27602667
https://doi.org/10.3390/tropicalmed3010011
http://www.ncbi.nlm.nih.gov/pubmed/30274409
http://www.ncbi.nlm.nih.gov/pubmed/17556627
https://doi.org/10.1016/j.micpath.2010.05.001
https://doi.org/10.1016/j.micpath.2010.05.001
http://www.ncbi.nlm.nih.gov/pubmed/20470879
https://doi.org/10.1093/dnares/dsn011
https://doi.org/10.1093/dnares/dsn011
http://www.ncbi.nlm.nih.gov/pubmed/18508905
https://doi.org/10.1038/nrmicro.2017.59
http://www.ncbi.nlm.nih.gov/pubmed/28626230
https://doi.org/10.1128/iai.55.9.2290-2292.1987
https://doi.org/10.1128/iai.55.9.2290-2292.1987
http://www.ncbi.nlm.nih.gov/pubmed/3114150
https://doi.org/10.1038/modpathol.3880385
http://www.ncbi.nlm.nih.gov/pubmed/11504834
https://doi.org/10.1371/journal.pntd.0001466
https://doi.org/10.1371/journal.pntd.0001466
http://www.ncbi.nlm.nih.gov/pubmed/22253938
https://doi.org/10.1371/journal.ppat.1006657
http://www.ncbi.nlm.nih.gov/pubmed/29216334
https://doi.org/10.1371/journal.ppat.1009782


12. Cho NH, Seong SY, Huh MS, Kim NH, Choi MS, Kim IS. Induction of the gene encoding macrophage

chemoattractant protein 1 by Orientia tsutsugamushi in human endothelial cells involves activation of

transcription factor activator protein 1. Infect Immun. 2002; 70(9):4841–50. https://doi.org/10.1128/IAI.

70.9.4841-4850.2002 PMID: 12183528

13. Cho NH, Seong SY, Huh MS, Han TH, Koh YS, Choi MS, et al. Expression of chemokine genes in

murine macrophages infected with Orientia tsutsugamushi. Infect Immun. 2000; 68(2):594–602. https://

doi.org/10.1128/IAI.68.2.594-602.2000 PMID: 10639422

14. Tantibhedhyangkul W, Prachason T, Waywa D, El Filali A, Ghigo E, Thongnoppakhun W, et al. Orientia

tsutsugamushi stimulates an original gene expression program in monocytes: relationship with gene

expression in patients with scrub typhus. PLoS Negl Trop Dis. 2011; 5(5):e1028–e. https://doi.org/10.

1371/journal.pntd.0001028 PMID: 21610853

15. Ro HJ, Lee H, Park EC, Lee CS, Il Kim S, Jun S. Ultrastructural visualization of Orientia tsutsugamushi

in biopsied eschars and monocytes from scrub typhus patients in South Korea. Sci Rep. 2018; 8

(1):17373. https://doi.org/10.1038/s41598-018-35775-9 PMID: 30478364

16. Soong L, Wang H, Shelite TR, Liang Y, Mendell NL, Sun J, et al. Strong type 1, but impaired type 2,

immune responses contribute to Orientia tsutsugamushi-induced pathology in mice. PLoS Negl Trop

Dis. 2014; 8(9):e3191. https://doi.org/10.1371/journal.pntd.0003191 PMID: 25254971

17. Soong L, Shelite TR, Xing Y, Kodakandla H, Liang Y, Trent BJ, et al. Type 1-skewed neuroinflammation

and vascular damage associated with Orientia tsutsugamushi infection in mice. PLoS Negl Trop Dis.

2017; 11(7):e0005765–e. https://doi.org/10.1371/journal.pntd.0005765 PMID: 28742087

18. Trent B, Liang Y, Xing Y, Esqueda M, Wei Y, Cho NH, et al. Polarized lung inflammation and Tie2/angio-

poietin-mediated endothelial dysfunction during severe Orientia tsutsugamushi infection. PLoS Negl

Trop Dis. 2020; 14(3):e0007675. https://doi.org/10.1371/journal.pntd.0007675 PMID: 32119672

19. Brown GD, Willment JA, Whitehead L. C-type lectins in immunity and homeostasis. Nat Rev Immunol.

2018; 18(6):374–89. https://doi.org/10.1038/s41577-018-0004-8 PMID: 29581532

20. Geijtenbeek TB, Gringhuis SI. Signalling through C-type lectin receptors: shaping immune responses.

Nat Rev Immunol. 2009; 9(7):465–79. https://doi.org/10.1038/nri2569 PMID: 19521399

21. Iborra S, Sancho D. Signalling versatility following self and non-self sensing by myeloid C-type lectin recep-

tors. Immunobiology. 2015; 220(2):175–84. https://doi.org/10.1016/j.imbio.2014.09.013 PMID: 25269828

22. Yamasaki S, Ishikawa E, Sakuma M, Hara H, Ogata K, Saito T. Mincle is an ITAM-coupled activating

receptor that senses damaged cells. Nat Immunol. 2008; 9(10):1179–88. https://doi.org/10.1038/ni.

1651 PMID: 18776906

23. Lu X, Nagata M, Yamasaki S. Mincle: 20 years of a versatile sensor of insults. Int Immunol. 2018; 30

(6):233–9. https://doi.org/10.1093/intimm/dxy028 PMID: 29726997

24. Smith DG, Williams SJ. Immune sensing of microbial glycolipids and related conjugates by T cells and

the pattern recognition receptors MCL and Mincle. Carbohydr Res. 2016; 420:32–45. https://doi.org/10.

1016/j.carres.2015.11.009 PMID: 26717547

25. Kodar K, Harper JL, McConnell MJ, Timmer MSM, Stocker BL. The Mincle ligand trehalose dibehenate

differentially modulates M1-like and M2-like macrophage phenotype and function via Syk signaling.

Immun Inflamm Dis. 2017; 5(4):503–14. https://doi.org/10.1002/iid3.186 PMID: 28722316

26. Nagata M, Toyonaga K, Ishikawa E, Haji S, Okahashi N, Takahashi M, et al. Helicobacter pylori metab-

olites exacerbate gastritis through C-type lectin receptors. J Exp Med. 2021; 218(1). https://doi.org/10.

1084/jem.20200815 PMID: 32991669

27. Wells CA, Salvage-Jones JA, Li X, Hitchens K, Butcher S, Murray RZ, et al. The macrophage-inducible

C-type lectin, mincle, is an essential component of the innate immune response to Candida albicans.

Journal of immunology (Baltimore, Md: 1950). 2008; 180(11):7404–13. https://doi.org/10.4049/

jimmunol.180.11.7404 PMID: 18490740

28. Shelite TR, Saito TB, Mendell NL, Gong B, Xu G, Soong L, et al. Hematogenously disseminated Orien-

tia tsutsugamushi-infected murine model of scrub typhus [corrected]. PLoS Negl Trop Dis. 2014; 8(7):

e2966–e. https://doi.org/10.1371/journal.pntd.0002966 PMID: 25010338

29. Evans SM, Rodino KG, Adcox HE, Carlyon JA. Orientia tsutsugamushi uses two Ank effectors to modu-

late NF-kappaB p65 nuclear transport and inhibit NF-kappaB transcriptional activation. PLoS Pathog.

2018; 14(5):e1007023. https://doi.org/10.1371/journal.ppat.1007023 PMID: 29734393

30. Koo JE, Hong HJ, Dearth A, Kobayashi KS, Koh YS. Intracellular invasion of Orientia tsutsugamushi

activates inflammasome in asc-dependent manner. PLoS One. 2012; 7(6):e39042. https://doi.org/10.

1371/journal.pone.0039042 PMID: 22723924

31. Atwal S, Giengkam S, VanNieuwenhze M, Salje J. Live imaging of the genetically intractable obligate

intracellular bacteria Orientia tsutsugamushi using a panel of fluorescent dyes. J Microbiol Methods.

2016; 130:169–76. https://doi.org/10.1016/j.mimet.2016.08.022 PMID: 27582280

PLOS PATHOGENS Mincle and inflammation during O. tsutsugamushi infection

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009782 July 28, 2021 25 / 27

https://doi.org/10.1128/IAI.70.9.4841-4850.2002
https://doi.org/10.1128/IAI.70.9.4841-4850.2002
http://www.ncbi.nlm.nih.gov/pubmed/12183528
https://doi.org/10.1128/IAI.68.2.594-602.2000
https://doi.org/10.1128/IAI.68.2.594-602.2000
http://www.ncbi.nlm.nih.gov/pubmed/10639422
https://doi.org/10.1371/journal.pntd.0001028
https://doi.org/10.1371/journal.pntd.0001028
http://www.ncbi.nlm.nih.gov/pubmed/21610853
https://doi.org/10.1038/s41598-018-35775-9
http://www.ncbi.nlm.nih.gov/pubmed/30478364
https://doi.org/10.1371/journal.pntd.0003191
http://www.ncbi.nlm.nih.gov/pubmed/25254971
https://doi.org/10.1371/journal.pntd.0005765
http://www.ncbi.nlm.nih.gov/pubmed/28742087
https://doi.org/10.1371/journal.pntd.0007675
http://www.ncbi.nlm.nih.gov/pubmed/32119672
https://doi.org/10.1038/s41577-018-0004-8
http://www.ncbi.nlm.nih.gov/pubmed/29581532
https://doi.org/10.1038/nri2569
http://www.ncbi.nlm.nih.gov/pubmed/19521399
https://doi.org/10.1016/j.imbio.2014.09.013
http://www.ncbi.nlm.nih.gov/pubmed/25269828
https://doi.org/10.1038/ni.1651
https://doi.org/10.1038/ni.1651
http://www.ncbi.nlm.nih.gov/pubmed/18776906
https://doi.org/10.1093/intimm/dxy028
http://www.ncbi.nlm.nih.gov/pubmed/29726997
https://doi.org/10.1016/j.carres.2015.11.009
https://doi.org/10.1016/j.carres.2015.11.009
http://www.ncbi.nlm.nih.gov/pubmed/26717547
https://doi.org/10.1002/iid3.186
http://www.ncbi.nlm.nih.gov/pubmed/28722316
https://doi.org/10.1084/jem.20200815
https://doi.org/10.1084/jem.20200815
http://www.ncbi.nlm.nih.gov/pubmed/32991669
https://doi.org/10.4049/jimmunol.180.11.7404
https://doi.org/10.4049/jimmunol.180.11.7404
http://www.ncbi.nlm.nih.gov/pubmed/18490740
https://doi.org/10.1371/journal.pntd.0002966
http://www.ncbi.nlm.nih.gov/pubmed/25010338
https://doi.org/10.1371/journal.ppat.1007023
http://www.ncbi.nlm.nih.gov/pubmed/29734393
https://doi.org/10.1371/journal.pone.0039042
https://doi.org/10.1371/journal.pone.0039042
http://www.ncbi.nlm.nih.gov/pubmed/22723924
https://doi.org/10.1016/j.mimet.2016.08.022
http://www.ncbi.nlm.nih.gov/pubmed/27582280
https://doi.org/10.1371/journal.ppat.1009782


32. Sumonwiriya M, Paris DH, Sunyakumthorn P, Anantatat T, Jenjaroen K, Chumseng S, et al. Strong

interferon-gamma mediated cellular immunity to scrub typhus demonstrated using a novel whole cell

antigen ELISpot assay in rhesus macaques and humans. PLoS Negl Trop Dis. 2017; 11(9):e0005846.

https://doi.org/10.1371/journal.pntd.0005846 PMID: 28892515

33. Diaz FE, Abarca K, Kalergis AM. An update on host-pathogen interplay and modulation of immune

responses during Orientia tsutsugamushi infection. Clinical microbiology reviews. 2018; 31(2). https://

doi.org/10.1128/CMR.00076-17 PMID: 29386235

34. Szklarczyk D, Gable AL, Lyon D, Junge A, Wyder S, Huerta-Cepas J, et al. STRING v11: protein-pro-

tein association networks with increased coverage, supporting functional discovery in genome-wide

experimental datasets. Nucleic Acids Res. 2019; 47(D1):D607–D13. https://doi.org/10.1093/nar/

gky1131 PMID: 30476243

35. Gharaibeh M, Hagedorn M, Lilla S, Hauptmann M, Heine H, Fleischer B, et al. Toll-Like Receptor 2 Rec-

ognizes Orientia tsutsugamushi and Increases Susceptibility to Murine Experimental Scrub Typhus.

Infect Immun. 2016; 84(12):3379–87. https://doi.org/10.1128/IAI.00185-16 PMID: 27620720

36. Miyake Y, Masatsugu OH, Yamasaki S. C-Type Lectin Receptor MCL Facilitates Mincle Expression

and Signaling through Complex Formation. J Immunol. 2015; 194(11):5366–74. https://doi.org/10.

4049/jimmunol.1402429 PMID: 25888641

37. Ruytinx P, Proost P, Van Damme J, Struyf S. Chemokine-Induced Macrophage Polarization in Inflam-

matory Conditions. Front Immunol. 2018; 9:1930. https://doi.org/10.3389/fimmu.2018.01930 PMID:

30245686

38. Hansen M, Peltier J, Killy B, Amin B, Bodendorfer B, Härtlova A, et al. Macrophage Phosphoproteome
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