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Abstract

Scrub typhus is a poorly studied but life-threatening disease caused by the intracellular bac-
terium Orientia tsutsugamushi (O1). Cellular and humoral immunity in Ot-infected patients is
not long-lasting, waning as early as one-year post-infection; however, its underlying mecha-
nisms remain unclear. To date, no studies have examined germinal center (GC) or B cell
responses in Ot-infected humans or experimental animals. This study was aimed at evaluat-
ing humoral immune responses at acute stages of severe Otinfection and possible mecha-
nisms underlying B cell dysfunction. Following inoculation with Ot Karp, a clinically dominant
strain known to cause lethal infection in C57BL/6 mice, we measured antigen-specific anti-
body titers, revealing IgG2c as the dominant isotype induced by infection. Splenic GC
responses were evaluated by immunohistology, co-staining for B cells (B220), T cells
(CD83), and GCs (GL-7). Organized GCs were evident at day 4 post-infection (D4), but they
were nearly absent at D8, accompanied by scattered T cells throughout splenic tissues.
Flow cytometry revealed comparable numbers of GC B cells and T follicular helper (Tth)
cells at D4 and D8, indicating that GC collapse was not due to excessive death of these cell
subtypes at D8. B cell RNAseq analysis revealed significant differences in expression of
genes associated with B cell adhesion and co-stimulation at D8 versus D4. The significant
downregulation of STPR2 (a GC-specific adhesion gene) was most evident at D8, correlat-
ing with disrupted GC formation. Signaling pathway analysis uncovered downregulation of
71% of B cell activation genes at D8, suggesting attenuation of B cell activation during
severe infection. This is the first study showing the disruption of B/T cell microenvironment
and dysregulation of B cell responses during Otinfection, which may help understand the
transient immunity associated with scrub typhus.
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Author summary

Scrub typhus is an understudied disease caused by the intracellular bacterium O. tsutsuga-
mushi. A hallmark of scrub typhus is the unexplained, non-durable immunity after infec-
tion. While cellular immune responses are known to be important for controlling this
infection, our understanding of B cell and GC responses remains limited. In this study, we
examined B cell activation and GC responses using our recently established murine model
of severe scrub typhus. We measured bacterial antigen-specific antibody titers and identi-
fied IgG2c, an IEN-y-driven isotype, as the major IgG subtype. We also found that O. tsu-
tsugamushi infection disrupted spleen morphology, exemplified by randomly dispersed T
cells and lost GC structures. Transcriptomic analysis of purified splenic B cells demon-
strated reduced expression of genes encoding critical adhesion and co-stimulation mole-
cules, including GC-adhesion gene SIPR2, at severe stages of infection. Several humoral
immune response pathways relevant to B cell receptor signaling, B cell activation and dif-
ferentiation were significantly downregulated during infection. This study is the first
report describing humoral immunity in a scrub typhus mouse model and provides
detailed evidence that B cell and GC responses are impaired during acute infection.

Introduction

Scrub typhus is a neglected but life-threatening infectious disease, which often presents as an
acute undifferentiated febrile illness. It is caused by the obligately intracytosolic bacterium
Orientia tsutsugamushi (Ot) that preferentially infects phagocytes and endothelial cells, repli-
cates in the cytosol, and is released from host cells via a virus-like budding process [1]. It is esti-
mated that one million individuals are infected each year, and nearly a third of the human
population lives in endemic areas that are known as the “tsutsugamushi triangle” [2]. The
recent emergence of scrub typhus in regions previously believed to be free of the disease has
raised public health concerns [3-6]. Ot infects humans when larval Leptotrombidium mites
feed on dermal tissue fluid [3]. The bacteria then disseminate systemically to the major organs,
leading to disease that ranges from mild to fatal illness. Progression of severe scrub typhus may
manifest as hypotensive shock, acute respiratory distress, acute renal failure, meningoencepha-
litis, gastrointestinal bleeding, and coagulopathy, if diagnosis and appropriate antibiotic ther-
apy are inadequate or delayed [3]. In experimental animal models, severe clinical outcomes
and disease pathogenesis are positively correlated with excessive inflammation and type
1-skewed cytokine/chemokine production in multiple organs [7,8]. In scrub typhus patients,
proinflammatory cytokine and chemokine responses are characterized by upregulation of
IFN-y, TNF-g, IL-6, IL-8, IL-12p40, CXCL10, MCP-1, and MIP-18, but downregulation of
Th2-associated cytokines and chemokines [9-12]. Particularly, high levels of TNF-q,, IL-8, and
IL-10 are positively associated with severe scrub typhus in humans [9,11,12]. While type 1
inflammation is essential for controlling bacterial replication, uncontrolled responses can lead
to tissue injury and immune dysregulation [7-9,13].

Clinical and epidemiological studies have suggested that the protective immunity elicited
by Ot infection fails to be long-lasting, as reinfection can occur as early as one-year after pri-
mary infection in some individuals [14-19]. Scrub typhus patients display strong cellular
immune responses, which are most critical for the control of Ot infection [20,21]. Yet, cellular
immunity wanes around one-year post-infection in humans, along with the decline of circulat-
ing antibodies within 1-2 years, following recovery from scrub typhus [16]. However, detailed
evaluation of B cell responses or antigen-specific IgG isotype titers in scrub typhus patients is
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nearly absent. In experimentally infected non-human primates and mice, immune protection
and circulating antibodies also seem to diminish quickly [15,17]. Shirai et al. reported that pas-
sive transfer of anti-Gilliam and anti-Karp Of sera protected 3 out of 5 tested mice against a
lethal dose of Karp challenge [22]. Another report revealed that protection conferred by serum
passive transfer was most effective at protecting naive mice from lethal challenge with a homol-
ogous strain when the serum donor was infected multiple times [23]. These pioneer studies,
however, were conducted a few decades ago with limited sample sizes and study depth. At
present, there are no detailed animal studies discussing B cell responses in the context of Ot
infection at the cellular/molecular level.

The germinal center (GC) reaction is critical for the development of durable humoral
immunity against pathogens and is key to the adaptive immune response. Within GCs of sec-
ondary lymphoid organs, unique and dynamic cell-cell interactions occur between proliferat-
ing antigen-specific B cells, T follicular helper (Tth) cells, and the specialized follicular
dendritic cells [24]. These interactions are designed to exert a selective pressure on B cells to
increase the antigen specificity of their B cell receptors (BCRs) over time [25]. This selection
gauntlet only allows B cells with the most antigen specific BCRs to differentiate into long-last-
ing memory B cells and long-lived plasma cells, respectively, which provide durable humoral
immune protection after infection or immunization [26]. Many bacteria, viruses, and parasites
have developed unique mechanisms to subvert GC responses, interfering with the generation
of long-lived humoral immunity. Some of the known mechanisms include altering B cell sur-
vival, eliciting excessive extrafollicular B cell responses [27,28], inducing regulatory B cell dif-
ferentiation (to shut down the immune responses) [29], or disrupting lymphoid tissue
architecture [30,31]. For example, i.p. inoculation of Ehrlichia muris, a closely related intracel-
lular bacterium, elicited strong extrafollicular responses during infection, but delayed develop-
ment of GCs [27,32]. GC responses rely on precisely timed B and T cell migration as well as
localization signals, orchestrated by tightly controlled chemokine gradients and upregulation
of several receptors, including SIPR2 on GC cell subsets [33]. To initiate GC formation, anti-
gen-activated B cells must migrate to the interfollicular region, where they interact with T
cells. Following this interaction, a subset of B and T cells will upregulate CXCRS5 and follow a
CXCL13 chemokine gradient established by follicular dendritic cells that directs these cells to
move toward the center of B cell follicles [34]. Once localized at the center of the B cell follicle,
these GC B cells, Tth cells, and follicular dendritic cells will form a GC [34], in which B cells
will then undergo the strict antigen-specific selection process described above. Several infec-
tions can alter lymphoid tissue organization and disrupt chemokine gradients that are essential
for the initiation and maintenance of the GC reaction [35-40], ultimately leading to short-
lived or attenuated humoral immunity. For example, Popescu et al. revealed that E. muris
infection induced high levels of TNF-o, resulting in disrupted lymphoid tissue organization
and GC B cell development in the spleen [36]. Similarly, pro-inflammatory mediators IFN-y
and TNF-o were implicated as drivers of splenic architecture modulation and inhibition of
Tth differentiation during severe malaria infection [38]. Yet, there are no reports detailing the
GC reaction during Ot infection, leaving a critical knowledge gap regarding the humoral
immune response to Ot and the transient immunity after Ot infection. Such knowledge deficit
has also hampered scrub typhus vaccine development.

In this study, we examined B cell responses in detail by using our established severe scrub
typhus model [41], via intravenous infection of C57BL/6 mice with Ot Karp strain. The intra-
venous murine model of scrub typhus closely resembles several aspects of severe human scrub
typhus (hematogenous dissemination of systemic infection, cell tropism, target organs, organ
pathology), correlating with human scrub typhus clinical manifestations [7,41]. We used Ot-
specific recombinant protein to confirm serum IgG2c as a dominant antibody isotype. Next,
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we used immunofluorescent staining and uncovered the disruption of GC structures in the
spleens at severe stages (D8) of infection. Furthermore, by using RN Aseq analysis of B cells
purified from mock- and Ot-infected spleens, we identified downregulation of adhesion mole-
cule and costimulatory genes, as well as impaired B cell activation and BCR signaling at late-
stages of infection. This study provides the first lines of evidence, describing alteration in GC
formation and humoral immune responses in mice during acute scrub typhus.

Materials and methods
Ethics statement

Female C57BL/6] mice (#000664) were purchased from the Jackson Laboratory and main-
tained under specific pathogen-free conditions. Animals used were at 8—12 weeks of age, fol-
lowing protocols approved by the Institutional Animal Care and Use Committee
(IACUC#1902006) at the University of Texas Medical Branch (UTMB) in Galveston, TX. All
infection studies were performed in ABSL3 facilities in the Galveston National Laboratory. All
procedures were approved by the Institutional Biosafety Committee, in accordance with
Guidelines for Biosafety in Microbiological and Biomedical Laboratories. UTMB complies
with the USDA Animal Welfare Act (Public Law 89-544), the Health Research Extension Act
of 1985 (Public Law 99-158), the Public Health Service Policy on Humane Care and Use of
Laboratory Animals, and the 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 on file with the Office of Laboratory Animal Welfare, in compliance with NTH

policy.

Mouse infection

Ot Karp stocks were prepared in L929 cells. The inoculum infectivity titer was determined as
in our previous report [41]. Mice were inoculated i.v. with a lethal dose (8 x 10* FFU, 200 ul)
of bacteria or PBS (mock) and monitored daily for weight loss, signs of disease, and survival.
Serum and spleen tissue samples (3-5/group) were collected at D4 and D8 post-infection, fol-
lowed by the subsequent immunological analysis. All experiments were performed with the
same bacterial stock. Flow cytometry, IFA, and qRT-PCR data shown are representative of
three independent repeats.

Flow cytometry

Single-cell suspensions were made by passing spleens through a 70-pm cell strainer in RPMI
1640 medium, and these were then treated with Red Blood Cell Lysis Buffer (Sigma-Aldrich).
Cells were first blocked with FcyR blocker, followed by the staining of eFluor 506 Fixable Via-
bility Dye and fluorochrome-labeled antibodies (Abs). The below Abs were purchased from
either BioLegend or Thermo Fisher Scientific: PE-Cy7-anti-CD3, Alexa fluor700-anti-B220,
Alexa fluor488-anti-GL-7, APC-anti-CD38. For the Tth cell staining, cells were first incubated
with the rat anti-mouse CXCR5 for 1 h, followed by the staining of secondary Ab biotin-conju-
gated AffiniPure Goat anti-rat (H+L) for 30 min, and tertiary Ab APC-streptavidin along with
PE-Cy7-anti-CD3, PerCP-Cy5.5-anti-CD4, and FITC-anti-PD-1. Cells were fixed in 2% para-
formaldehyde overnight at 4°C prior to analysis. Data were acquired on a BD LSR Fortessa in
the UTMB Flow Cytometry Core and analyzed by using FlowJo software version 10.7.2 (BD
Bioscience). B cells were gated as B220" CD37; GC B cells were then gated as CD38™ GL-7"
cells. CD4" T cells were gated as CD3" CD4"; Tth cells were then gated as CXCR5" PD-1"
cells.
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Immunofluorescence imaging

Spleen tissues were fixed in 4% paraformaldehyde for 24 h. Tissues were transferred into 20%
sucrose/PBS for 24 h, followed by 30% sucrose/PBS for another 24 h. All fixations were per-
formed at 4°C, and tissues were finally frozen in O.C.T. compound (Sakura Finetek). Frozen
sections (7-pum) were blocked with 1% BSA and 0.3 M glycine in PBS for 30 min. They were
then incubated with rat IgG2a anti-B220 (1:150), rat IgM anti-GL-7 (1:150), biotin anti-CD3
(7 pg/mL) Abs for 1 h at room temperature (BioLegend, clones RA3-6B2, GL-7, 17A2, respec-
tively). Sections were then stained with secondary Abs, Alexa Fluor 594-conjugated mouse
anti-rat IgG2a (1:50, clone MRG2a-83, BioLegend), Alexa Fluor 488-conjugated goat anti-rat
IgM (1:50, clone A21212, Invitrogen), streptavidin cyanine 5 (5 ug/mL, BioLegend) for 1 h. All
samples were stained with DAPI (Sigma-Aldrich). Staining with secondary antibodies and pri-
mary antibodies alone served as negative controls. For each section, at least 4-5 fields of each
spleen section were imaged at the UTMB Optical Microscopy Core on a Zeiss LSM 880 confo-
cal microscope (Carl Zeiss Microscopy LLC) equipped with ApoTome and Zen imaging soft-
ware. The 405, 488, 561, and 633 excitation lasers under 63x oil immersion objective were
used. Acquisition settings were identical among samples of different experimental groups and
representative images are presented from each time point.

NanoString gene expression profiling

Mouse spleen samples were collected from mock (D0) and D8 infected mice, and stored in
RNALater (Ambion, Austin, TX) until extraction was performed. Total RNA was extracted by
using the RNeasy Mini kit (Qiagen), and total RNA samples (3 mice/group, 200 ng/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 nCounter platform and the Mouse Immunology Panel NanoString kit, which comprised
561 genes and 14 housekeeping genes (NanoString Technologies, Seattle, WA). Raw data were
then normalized and analyzed by ROSALIND (https://rosalind.onramp.bio/), with a HyperS-
cale architecture developed by ROSALIND, Inc (San Diego, CA). NanoString criteria was used
for normalization, calculation of fold changes and calculation of p-values. ROSALIND follows
the nCounter Advanced Analysis protocol of dividing counts within a lane by the geometric
mean of the normalizer probes from the same lane. Housekeeping probes used for normaliza-
tion were selected based on the geNorm algorithm as implemented in the NormqPCR R
library [42]. P-value adjustment was performed using the Benjamini-Hochberg method of esti-
mating false discovery rates. Clustering of genes for the final heatmap of differentially
expressed genes was done by using the Partitioning Around Medoids method with the flexible
procedures for clustering R library (Hennig, CRAN R package) that takes into consideration
the direction and type of all signals on a pathway, the position, role, and type of every gene.
The NanoString data presented herein were deposited in NCBI’s Gene Expression Omnibus,
accessible through GEO Series accession number GSE227523 (https://www.ncbinlm.nih.gov/
geo/query/acc.cgitacc= GSE227523).

Quantitative Reverse Transcriptase PCR (qQRT-PCR)

Splenic tissues were collected in RNA Later (Ambion) and incubated at 4°C overnight for inac-
tivation. Tissues were homogenized using metal beads in a BeadBlaster 24 Microtube Homog-
enizer (Benchmark Scientific) with RLT lysis buffer (Qiagen). Total RNA was extracted by
using RNeasy Mini Kit (Qiagen), and the cDNA was synthesized utilizing iScript Reverse
Transcription kit (Bio-Rad). cDNA was amplified in a 10 pL reaction mixture containing 5 pL
of iTaq SYBR Green Supermix (Bio-Rad) and 0.5 uM each of gene-specific forward and reverse
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primer. qQRT-PCR assays were performed on a CFX96 Touch Real-Time PCR Detection Sys-
tem (Bio-Rad), and PCR assays were denatured for 30 s at 95°C, followed by 40 cycles of 15 s
at 95°C, and 60 s at 60°C. To check specificity of amplification, melt curve analysis was per-

formed. Relative quantitation of mRNA expression was calculated utilizing the 2"**“" method.

Primers used in qQRT-PCR analysis are listed in S1 Table.

Quantitative PCR for tissue bacterial burden

Spleen samples were homogenized by using a FastPrep-24 homogenizer (MP Biomedical).
DNA was then extracted by using a DNeasy Blood & Tissue Kit (Qiagen) and used for gPCR
assays, as in our previous report [7]. The primers used were OtsuF630 (5-AACTGATTTTAT
TCAAACTAATGCTGCT-3’) and OtsuR747 (5-TATGCCTGAGTAAGATACGTGAATGG
AATT-3’) (Integrated DNA Technologies). The copy number for the 47-kDa gene was deter-
mined by known concentrations of a control plasmid containing single-copy insert of the gene.
Gene copy numbers were determined via serial dilution (10-fold) of the Ot Karp 47-kDa plas-
mid. Bacterial burdens were normalized to total nanogram (ng) of DNA per pL for each of the
same samples. Data are expressed as the gene copy number of 47-kDa protein per ng of DNA.

Enzyme-linked Immunosorbent Assay (ELISA)

Serum was separated from whole blood samples in blood separation tubes (BD Bioscience) by
centrifuging at 9000 RCF for 2 min. Samples were frozen at -30°C, and once thawed, samples
were inactivated with 0.09% sodium azide overnight at 4°C. For analysis of bacteria-specific
Ab responses, 96-well plates were coated with 2 ug/mL of recombinant Karp type-specific anti-
gen 56 (TSA56, generated by Genscript) in PBS and blocked with 1% BSA. Serum was diluted
1:2 until endpoint titers were determined. Detection was performed utilizing the following
horseradish peroxidase-conjugated primary antibodies that were diluted 1:1000 in blocking
buffer: goat anti-mouse IgG1 (A10551, Thermo Fisher Scientific), goat anti-mouse IgG2c
(PA1-29288, Thermo Fisher Scientific), and goat anti-mouse IgM (1021-05, Southern Bio-
tech). Visualizing reagent utilized was the 1-Step Ultra TMB ELISA Substrate Solution
(Thermo Fisher Scientific). Optical density was measured on the BioTek Epoch microplate
spectrophotometer.

Splenic B cell isolation and RNAseq

B220" B cells were isolated via negative selection from single-cell suspensions by using the
mouse B Cell Isolation Kit (Miltenyi Biotec), following the manufacturer’s instructions. B cell
samples were evaluated for purity (~97-98%, based on B220 expression assessed by flow
cytometry), stored in RNALater (Ambion), and used for RNA extraction (RNeasy Mini Kit,
Qiagen). RNAseq analysis was performed by LC Sciences (Houston, TX) for RNA purity/
quantity assessment via Bioanalyzer 2100 and RNA 6000 Nano LabChip Kit (Agilent), mRNA
extraction, cDNA libraries construction, and sequencing via the Illumina Novaseq 6000. Raw
data were normalized and analyzed by ROSALIND (https://rosalind.onramp.bio/), with a
HyperScale architecture developed by ROSALIND (San Diego, CA). The Mus musculus
genome build mm10 was used as a reference genome. Quality control analysis was done by
using FastQC and RSeQC6 [43]. ROSALIND used HT'seq4 [44] to quantify individual sample
reads and DESeq2 R library [45] to normalize reads via Relative Log Expression. Enrichment
was determined by hypergeometric distribution and was calculated relative to a background
gene set that was relevant for the experiment. Several databases were referenced for gene set
enrichment analysis including Pathway Interaction DB, REACTOME, KEGG, PANTHER,
Gene Ontology Biological Process, and BioPlanet. Meta-analysis of D4 versus mock and D8
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versus mock samples was performed to identify differentially expressed genes between D4 and
D8 samples as well as significant signaling pathways. The RNAseq data presented herein were
deposited in NCBI’s Gene Expression Omnibus, accessible through GEO Series accession
number GSE222692 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE222692).

Statistical analysis

Data were presented as mean * standard error of mean (SEM). ELISA Ab titers, qRT-PCR,
gPCR, and flow cytometry data were analyzed with one-way ANOVA and Tukey’s multiple
comparisons test Post Hoc for comparisons between groups. All data were analyzed by using
GraphPad Prism software. Statistically significant values are denoted as *p < 0.05, ** p < 0.01,
¥ p < 0.001, and **** p < 0.0001, respectively.

Results
O. tsutsugamushi infection and antibody production

B cell research is nearly absent in the context of scrub typhus. Using a murine model of Ot
infection, we first examined bacterium-specific antibody responses during lethal scrub typhus.
We i.v infected C57BL/6 mice with a lethal dose of Ot and monitored body weight and survival
daily. As shown in Fig 1A, body weight loss began at D4 and declined by about 25% until mice
succumbed to infection from D9 to D11. At D8, one day prior to death, we found substantial
and statistically significant levels of splenic bacterial burden (Fig 1B). To assess humoral
immune responses during infection, we measured the titers of serum Ot-specific antibody
against Ot type-specific antigen 56 (TSA56), a well-characterized, immunogenic outer mem-
brane protein [46,47]. While IgM titers (1:2,048) were significantly increased in D4 and D8
samples, only D8 samples showed a statistically significant increase in IgG1 and IgG2c titers
(Fig 1C). Of note, endpoint titers for IgG2c (1:32,768) at D8 were significantly higher than
those of IgG1 (1:1,024), reaching an average IgG2¢/IgG1 ratio of 25 (Fig 1D). These results
reveal that the IgG response was predominantly composed of the IgG2c isotype, a finding that
was reminiscent of that in E. muris-infected C57BL/6 mice [48]. Our finding of high 1gG2c/
IgG1 ratio suggested a type 1-skewed response in vivo, which was in accordance with our pre-
vious reports for strong Th1/IEN-y, but weak Th2/IL-4-related, immune responses during
severe Ot infection [7,41,49,50].

Dysregulated B and T cell homing gene expression during O. tsutsugamushi
infection

To investigate the splenic B cell responses during Ot infection, we used infected spleens to ana-
lyze transcript levels of key molecules associated with antibody isotype switching and B cell
recruitment and migration by qRT-PCR. IL-6, a cytokine involved in B cell proliferation and
increased IgM secretion [51], initially increased in expression at D4, but dropped by approxi-
mately 66% at D8 (Fig 2A). This finding was consistent with our ELISA results demonstrating
increased IgM endpoint titers at D4 and a sustained level at D8 (Fig 1C). We also assessed the
expression of IL-4 and IFN-y, which are known to induce IgG1 and IgG2c isotype switching,
respectively [51,52]. At D8, we found that IL-4 expression was reduced by 42%, while IFN-y
expression levels were nearly 22 times higher relative to mock-infected mice (Fig 2A). From
D4 to D8, IFN-y/IL-4 ratio increased almost 250%, indicating a type 1-skewed immunity, espe-
cially at severe stages of infection. Since IL-21 shares the common receptor y-chain with IL-4,
contributing to isotype switching to IgG1 and initiation and maintenance of GC B cell
responses [53-56], we examined IL-21 transcripts and found a significant repression at both
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Fig 1. Disease progression and antigen-specific antibody titers in mice with lethal O. tsutsugamushi infection. A) C57BL/6 mice (n = 5) were i.v. infected
with O. tsutsugamushi Karp strain (8 x 10* FFU) and monitored daily for survival and body weight. PBS was used as a mock control. B) Mice (n = 3-4) were
euthanized at DO (Mock), D4 and D8, and spleens were harvested for bacterial load measurement by qPCR. C) Serum antibody titers specific to recombinant
TSA56 were measured in infected mice (n = 5) and mock-infected mice (n = 3) via indirect ELISA assay; data were shown as endpoint titers of IgM, IgG1, and
IgG2c, respectively. D) The IgG2C/IgG1 ratio was calculated. Data are shown as mean + SEM from single experiments and are representative of two
independent experiments with similar trends. For statistical analysis, one-way ANOVA was used with a Tukey’s multiple comparisons test. Asterisks without
underlines were representative of comparison to mock. *, p <0.05; **, p <0.01; ***, p <0.001.

https://doi.org/10.1371/journal.pntd.0011090.g001

D4 and D8, as compared to mock-infected mice (Fig 2A, p < 0.001), indicating impaired IgG1
responses during infection. To gain insight into the homing signals of B and T cells, we mea-
sured chemokine receptor transcript levels and found 77% and 83% reduction of CXCR5 and
CCRY7 at D8 relative to mock-infected mice, respectively (Fig 2A).

To further explore alterations in humoral immunity, we examined B/T cell homing mole-
cules through differential expression analysis between mock and D8 samples via NanoString.
All genes encoding chemokines and their respective signaling receptors related with splenic B/
T cell homing were downregulated at D8 (Fig 2B). Notably, CXCR5 and CXCL12 (chemokines
critical for B cell homing and migration [24]) were significantly downregulated, with a fold
change of -4.71- and -1.73, respectively. In addition, T cell homing genes CCR7 and CD62L
were also reduced by -4.57- and -1.99-fold changes, respectively (Fig 2C). Overall, our results
indicated high levels of type 1 immunity (e.g., IFN-y) and suppressed type 2 responses (e.g.,
IL-4) in the spleen, reaffirming findings in our previous reports [7,41,49,50]. Moreover, the
downregulation of key splenic B/T cell homing genes may implicate poor B and T cell localiza-
tion in follicles and T cell zones, especially during severe stages of infection.
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Fig 2. Splenic transcriptional profiles of antibody isotype-switch- and B/T cell recruitment-related genes during infection. A) Mice (n = 3-5) were
infected, as described in Fig 1. Spleen tissues were harvested at indicated time-points. The transcript levels of IL-6, IL-4, IFN-y, IL-21, CXCR5 and CCR7 were
analyzed by qRT-PCR. A one-way ANOVA, with a Tukey’s multiple comparisons test was used for data analysis. Data are shown as mean + SEM from single
experiments and are representative of two independent experiments with similar trends. B) RNA samples extracted from the spleens of mock-infected and
D8-infected mice (n = 3) were analyzed by Nanostring technology using the nCounter Immunology Panel Kit. Differential gene expression was analyzed via
ROSALIND (https://rosalind.onramp.bio/). The key molecules for B/T cell homing were highlighted using blue circles, C) and their Log2 fold change (Log2
FC) changes as well as adjusted p-values were plotted. The statistical analysis was assessed via Benjamini-Hochberg test. *, p <0.05; **, p <0.01; ***, p <0.001;
Rk p <0.0001. Asterisks without underlines were representative of comparison to mock.

https://doi.org/10.1371/journal.pntd.0011090.9g002

Abrogation of splenic architecture and disordered GC structures at severe
stages of infection

Available reports involving either human scrub typhus patients or experimentally infected ani-
mals have indicated that antibodies are not long-lasting and can wane as early as one-year
post-infection [14-16]. Since GCs are the site of developing memory B and long-lived plasma
cells [26], we analyzed the formation of GCs via immunostaining of spleen sections for B cells
(B220™), T cells (CD3"), and GCs (GL7"). Using confocal microscopy, we detected baseline
GCs in mock spleens and found unique architectural trends of T cell zones and GCs during
the infection (Fig 3). In D4 spleens, the GC expansion was evident, judged by distinct GC clus-
ters formed within the B cell follicles and expanded T cell zones. However, D8 spleens dis-
played notable disorganization of lymphoid structures. Although B, T, and GC B cells were
readily detectable at D8, we found that only B cells were maintained in discernable follicles,
while GC B cells seemed to be dispersed randomly throughout the spleen tissue and failed to
form distinguishable GCs. T cells were also scattered throughout the spleen at D8, with few
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B220/CD3/GL-7

Fig 3. Disrupted GC formation and splenic architecture at the severe stage of infection. Spleen tissues were harvested from mock and infected mice, as
described in Fig 1. Frozen sections of spleen (7 pm) were prepared and co-stained for B220 (total B cells, red), GL-7 (GC B cells, green), and CD3 (T cells, blue).
Images were captured using confocal microscopy and are shown at low magnification (scale bar, 200 pm). Selected regions (gray boxes) are shown in high
magnification (scale bar, 100 um). Representative images were acquired from at least three independent mouse infection experiments with similar results.

https://doi.org/10.1371/journal.pntd.0011090.g003

organized T cell zones remaining. Collectively, these immunohistology results suggested
impaired GC formation at severe stages of infection.

Impaired B cell responses in severe O. tsutsugamushi infection

GC responses are critical to the development of long-lived humoral immunity [40]. To con-
firm and expand our findings of altered GC responses at late disease stages, we analyzed several
splenic cell populations by multi-color flow cytometry. We focused on B cells (B220" CD3),
GC B cells (B220" CD38” GL-7"), CD4" T cells (CD3* CD4"), and Tth cells CD4* CXCR5"
PD-17) (Fig 4A), respectively. B cell numbers significantly increased at D4 but declined to the
level of mock samples at D8, indicating a selective impairment in B cell responses at the peak
of infection (Fig 4B). While we revealed evidence of scattered GC B cells at D8 (Fig 3), we
found that this disorganization did not correspond with a reduction in GC B cell numbers, as
the number of GL-7" B cells increased by nearly 3-fold at D4 and was sustained at D8 (Fig 4B).
We next evaluated CD4" T and Tth cells (Fig 4B), as they are known to provide help to both B
cells and GC B cells. The total number of CD4" T cells was significantly increased at D4 but
was reduced to nearly mock levels at D8 (Fig 4B). Total Tth cell numbers were significantly
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Fig 4. Splenic B and T cell subsets in O. tsutsugamushi-infected mice. Spleen tissues were harvested from mock and
infected mice (n = 4), as described in Fig 1. Single-cell suspensions were prepared from spleens and stained for
indicated cell surface markers, followed by flow cytometric analysis. Results were presented as A) gating strategy and
B) absolute numbers of different cell populations. Data are shown as mean + SEM from single experiments and are
representative of three independent experiments with similar trends. For statistical analysis, a one-way ANOVA was
used with a Tukey’s multiple comparisons test. *, p <0.05; **, p <0.01; ***, p <0.001; ****, p <0.0001. Asterisks
without underlines were representative of comparison to mock.

https://doi.org/10.1371/journal.pntd.0011090.g004

increased by approximately 10-fold at D4, and these numbers were not significantly changed
at D8 (Fig 4D). Therefore, the loss of CD4" T and B cell numbers may lead to poor humoral
immunity during acute Ot infection.

O. tsutsugamushi infection modulated B cell adhesion and co-stimulatory
genes

It is known that the process of GC formation and maintenance involves carefully timed upre-
gulation of several genes associated with B cell migration [24,26,33], and that inhibition of this
process can result in the loss of GCs [57,58]. To explore the mechanisms underlying the disor-
ganization of splenic architecture during infection (Fig 3), we performed RNAseq on purified
splenic B cells, and performed a meta-analysis of D4 and D8 samples, normalized to mocks.
Overall, there were 2286 (1207 upregulated, 1079 downregulated) differentially expressed
genes at D4, and 3496 (1988 upregulated, 1508 downregulated) differentially expressed genes
at D8 (S1 Fig). We detected nine significant genes associated with B cell localization, five of
which were downregulated on both D4 and D8, including SIPRI, ITGA4, ITGA6, GPRI183,
and CCR7 (Fig 5A). Three of these genes, SIPR1, GPR183, and CCR?7, showed a trend of con-
tinuous downregulation throughout infection, with fold-changes of -1.68, -2.30, and -1.64 at
D8, respectively (Fig 5A). We also analyzed the normalized expression of SIPR2, which is
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Fig 5. Alterations in genes encoding B cell-homing molecules and T/B cell interaction markers. A-C) Mice were infected, as described in Fig 1; splenic B
cells were purified from mock samples (n = 2) and at D4 (n = 3) and D8 (n = 3) for RN Aseq analyses. Data were normalized via Relative Log Expression (RLE)
using DESeq2 R library. A, C) Meta-analyses between D4 and D8 samples were employed by ROSALIND with Log fold change of adhesion and costimulatory
molecule genes shown, respectively. B) Selected genes for B cell adhesion molecules are shown in Log2 normalized expression. D) The transcript levels of B/T
cell interaction markers on purified B cells were analyzed by qRT-PCR. For statistical analysis in panel B and D, the one-way ANOV A was used with a Tukey’s
multiple comparisons test. * p <0.05; ** p <0.01; *** p <0.001; **** p <0.0001. Asterisks without underlines were representative of comparison to mock.

https://doi.org/10.1371/journal.pntd.0011090.9g005

known to be critical for confinement of GC B cells within GCs [57]. We found that SIPR2
expression was significantly upregulated at D4 (2.18 fold-change) but dropped at D8 (to -1.30
fold-change, Fig 5B). Regarding GPR183 (also known as EBI2), a receptor known to be crucial
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for B cell migration to T cell zones [58-60], we found a significant reduction in GPR183
expression at D4 (-1.34 fold change), which continued decline to -2.30 fold-change at D8 (Fig
5B). Together, these results suggest that the downregulation of genes associated with adhesion
molecules, especially genes encoding the critical receptors SIPR2 and GPR183, may contribute
to the loss of GCs and disrupt of B/T cell interaction at the severe stage of infection.

Strong and long-lasting GC responses are dependent on the second signal of B cell activa-
tion, including co-stimulation of B cells by Tth cells [24,26,61]. Therefore, we next investigated
the expression of genes encoding costimulatory molecules on B cells. Our meta-analyses indi-
cated that five out of the eight significantly identified genes (CD40, ICOS-L, SLAMF1, CD84,
IL-21R) were downregulated continuously during infection (Fig 5C). While expression of
CD80 (B7-1) and PDL1I was continuously upregulated throughout infection, CD86 (B7-2)
expression increased initially at D4 but dropped by 0.41-fold at D8 (Fig 5C). We also con-
firmed some of our RNAseq findings by performing qRT-PCR (Fig 5D). Among molecules
that have known roles in GC B cell survival (CD40, ICOS-L, SLAMFI1, CD84, and IL-21R)
[26,62], their downregulation during Ot infection was highly significant and time dependent.
Overall, our findings suggested a profound failure in upregulating most costimulatory mole-
cules necessary for B/T cell interactions during Ot infection, especially those that are key sig-
nals for GC B cells.

Diminished B cell activation at severe stages of O. tsutsugamushi infection

Since many bacterial species have evolved to manipulate signaling within B cells as an immune
evasion tactic [29], including the enhancement or impairment of B cell activation, we then
compared differentially expressed B cell-activation genes identified by B cell RNAseq. Using
PANTHER and Biological Process databases, we searched for significant genes associated with
B cell activation within the differentially expressed genes at D8 normalized to mocks. We
found a total of 46 genes related to B cell activation, which demonstrated an adjusted p-value
less than 0.05 and fold change greater than 1.5 or less than -1.5 (Fig 6A). Among them, 33/46
(71.7%) were downregulated, and only 13/46 (28.3%) genes were upregulated at D8 (Fig 6A).
This observation was in sharp contrast to the expression of B cell activation genes at D4, of
which 15/26 (57.7%) genes were upregulated (S2 Fig). At D4, among 26 differentially expressed
genes related to B cell activation, 15 genes were upregulated and 11 genes were downregulated
(S2 Fig).

Further analysis of genes associated with signaling pathways revealed a unique set of upre-
gulated genes relating to a type 1-skewed response. We have reported the upregulation of IFN-
v and TNF-o in murine spleens during Ot infection [7]. As shown in Fig 6B, we found that B
cells significantly upregulated genes relevant to signaling pathways mediated by type I IFN,
type II IFN, TNF-o, and IL-12. In contrast, B cell activation genes and pathways upstream of B
cell activation were significantly downregulated, including BCR signaling (S3 Fig) and second-
ary messengers for the BCR signaling. Likewise, B cell differentiation genes (BCL10, CD72,
FOS, PTPRC, SH3BP5, PTPNG, etc.) were also downregulated throughout the infection, corre-
lating with the drop of B cell numbers at D8 (Fig 4). Collectively, results in Fig 6A and 6B dem-
onstrate an impairment in the humoral immune response to Ot infection, likely due to
reduced expression of genes associated with B cell activation, BCR signaling, and other critical
pathways to the B cell immunity.

There is currently a lack of understanding as to what key cytokines or chemokines B cells
may produce in response to Ot infection. As shown in Fig 6C, we found the upregulation of
IL-12A, IL-12B, and TNF, suggesting a possible involvement of B cells in shaping the splenic
type-1 cytokine environment in Ot infection. We and others have previously reported
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Fig 6. Impaired B cell activation in mice following O. tsutsugamushi infection. RNAseq data of splenic B cells were generated, as described in Fig 5A) Differentially
expressed genes for B cell activation (PANTHER and Gene Ontology Biological Process databases) from mock and D8 samples were identified by ROSALIND analysis
and listed in the heatmap as subtracted normalized Log2 expression values. B) Meta-analysis between D4 and D8 samples identified a list of up- and down-regulated
pathways (Pathway Interaction DB, REACTOME, PANTHER, Gene ontology Biological Process, and BioPlanet databases), and C-D) Log fold changes of differentially
expressed C) cytokine and D) chemokine genes were shown.

https://doi.org/10.1371/journal.pntd.0011090.9g006
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upregulated IL-10 in Ot-infected mice and humans [7,63-66]. Of note, we found an increase
in B cell IL-10 transcript levels from 1.01 fold-change at D4 to 2.92 fold-change at D8 (Fig 6C).
To gain insight into the role of B cells in cell recruitment, we analyzed the chemokine gene
expression in B cells and found the top upregulated chemokine genes included CXCL2,
CXCL9, CXCL10, and CCL22 (Fig 6D). Thus, B cells could play a role in recruiting inflamma-
tory cells such as neutrophils (CXCL2) and CD8" T/NK cells (CXCL9, CXCL10), but also anti-
inflammatory T cells, such as Treg cells (CCL22). Since B cells also expressed CCL2, CCL5, and
CCL6, they may play a role in monocyte and macrophage trafficking to the spleen as well (Fig
6D). Together, these results suggested a possible role for B cells to promote both type 1
immune responses and immunoregulatory responses via upregulation of cytokines and
chemokines.

Discussion

The emergence of Orientia infections into different geographic areas outside of its endemic
distribution calls for vaccine-based controls. Despite the public health threat posed by this dis-
ease, detailed studies of adaptive immunity, especially those regarding humoral immunity, are
scarce [2]. Humoral immunity can contribute to host protection against Ot infection, as both
hyperimmune serum and combined anti-Karp and anti-Gilliam sera can provide partial pro-
tection against lethal Ot challenge in mice [22,23]. Yet, a scrub typhus vaccine is not available,
partially due to a poor understanding of pathogenic mechanisms and host protective immu-
nity [2]. In this study, we used our established mouse model and performed tissue and cellular
level transcriptional and immunological analyses to reveal dynamic patterns of B cell responses
to Ot infection. We have provided the first lines of evidence that help understand the mecha-
nisms underlying poor humoral immunity against Ot infection in mice.

First, we revealed TSA56-specific IgG2c-skewed antibody responses and a significantly high
IgG2c/IgG1 ratio during infection, which were in agreement with, but more advanced than our
previous studies that employed whole Ot bacterial lysates as the coated antigens for ELISA
[7,49]. These antibody titer trends were consistent with cytokine levels in the spleen at D8 (Fig
2A), namely reduced expression of IL-6 and IL-21 (increased IgM secretion) and IL-4
(IgG1-switching), but a significant increase of IFN-y (IgG2c-switching). B cell transcriptomics
further revealed a selective upregulation of type 1 cytokine-related signaling pathways (type I
IEN, type II IFN, TNF-o, IL-12, etc., Fig 6B), as well as upregulated type 1 cytokine-encoding
genes (IL-12A, IL-12B, TNF, etc., Fig 6C), suggesting a possible contribution of B cells in pro-
moting the type 1 immune environment. These findings support and extend our previous
reports of Th1-skewed, but Th2-suppressed, immune responses during severe scrub typhus [7].

Second, we provided evidence of abrogated splenic architecture and disrupted GC struc-
tures at D8 of Ot infection. In other infectious disease models such as the self-limited E. muris
infection in C57BL/6 mice [27,36], the disorganization of secondary lymphoid organs and sup-
pressed GC B cell responses are known to compromise humoral immunity and memory [37-
39]. Using immunostaining (Fig 3), we found that D4 spleen sections initially contained
expanded GCs and T cell zones, with distinct B cell follicles and T cell zones. However, D8
samples showed severe disruption of splenic architecture, characterized by scattered T cells
with indistinct T cell zones. In contrast to the well-formed GC structures at D4, GC B cells
were dispersed throughout the spleen, and no discernable GCs were maintained at D8. Since
GCs rely on highly organized structure to properly initiate and sustain the GC reaction [24],
the loss of GC structures indicates a lack of functional GC response at late-stage Ot infection.

We speculated that the distorted spleen morphology at severe stages of Ot infection may be
partially attributed to the downregulation of B and T cell homing molecules (Fig 2B and 2C)
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since these molecules are critical to maintain normal architecture [31] and initiate GC
responses [33]. B cell transcriptomics indicated significant downregulation of several adhesion
molecules during infection, including SIPR1, SIPR2, ITGA4, ITGA6, GPR183, and CCR7 (Fig
5A). Notably, the expression of SIPR2, responsible for confinement of GC B cells to GCs [57],
was transiently upregulated at D4, but its expression dropped below the mock levels at D8 (Fig
5B), when GCs were lost. Therefore, reduced expression of GC adhesion gene SIPR2 may play
arole in the aberration of GC structures. The downregulation of CCR7, which drives B cell
migration to the B/T zone [24], may also contribute to this dysregulated humoral immune
response by reducing cognate interactions between B and T cells, as CCR?7 is required for B
cells to migrate to the B-T boundary. It has been reported that altered splenic morphology
observed during E. muris infection was mediated partly by TNF-q, as infected TNF-a-deficient
mice showed increased GC B cell numbers, clearly formed GCs, and distinct B and T cell
zones as compared to WT-infected mice [36]. On the other hand, proinflammatory cytokines
(TNF-o and IFN-y) were implicated in GC and splenic architecture disruption, as their neu-
tralization increased GC B cell number and improved splenic morphology and GC structures
[38]. Since Ot infection elicits strong type 1 immune responses [7,41,50], these proinflamma-
tory cytokines may contribute to the observed aberrant splenic architecture, and this direction
is warranted for future study.

Third, we found impairment of several pathways critical to the humoral immune response
to infection, including B cell activation and BCR signaling. Our RNAseq data exhibited 46 B
cell activation-associated genes that were significantly changed at D8; among them, over 70%
of genes were downregulated (Fig 6A). Moreover, other crucial signaling pathways in B cells
were downregulated from D4 to D8, including BCR signaling, antigen-activated BCR genera-
tion of secondary messengers, and B cell differentiation (Fig 6B). Negative modulation of B
cell activation has been observed with other bacterial infections [29]. For example, experimen-
tal infection of primary B cells with Yersinia pseudotuberculosis revealed diminished B cell acti-
vation due to the virulence factor yopH-mediated impairment of downstream BCR signaling
events [67]. However, B cell death on D8 may also influence the expression of B cell activation
genes and other B cell-related signaling pathways. Thus, additional investigation into B cell
death and Ot-specific negative modulation of B cell signaling pathways is necessary.

To explain the attenuation of B cell activation during infection, we examined the second
signal of B cell activation. For a B cell to become activated, two signals are required: engage-
ment of the BCR by antigen and co-stimulation by Th cells [68,69]. To investigate this ques-
tion, we examined the expression of genes encoding B cell costimulatory molecules and found
that the majority were downregulated at D8 (Fig 5C). Some of the most important interactions
for GC formation between B and Th cells are mediated through the costimulatory molecules
CD40, ICOS-L, and SLAM proteins on B cells, which bind to their corresponding receptors
(CD40L, ICOS, and SAP) on T cells, leading to costimulatory signal transduction and B cell
activation [24,61,70,71]. Our data showed that the genes associated with these key costimula-
tory molecules were significantly downregulated, indicating the dampened B cell costimula-
tory signaling pathways in Ot infection (Fig 5C and 5D). Together, these findings reveal that B
cell activation is attenuated during Ot infection, and this phenomenon may be mediated by
the inhibition of both the first (BCR signaling) and second (co-stimulation by Th cells) signals
of B cell activation.

Our study demonstrated the dysregulated B cell responses in severe Ot infection; however,
due to the lethality of the high dose i.v. murine model, only two time-points of infection were
explored in this study. Future studies involving lower inoculation doses, more time points,
and/or subclinical models are warranted to further define alterations in the B cell responses
throughout Ot infection and long-lived humoral immunity after host recovery. Future studies
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with scrub typhus vaccines as positive GC-inducing controls would also provide an appropri-
ate comparison for Ot infection. Since other Gram-negative bacteria have been shown to selec-
tively impair B cell activation [29], the use of low-virulence Of strains, full spectral flow
cytometry, and single-cell RN Aseq will help understand strain-specific B cell responses, dis-
tinct B cell subpopulations, and dynamic transcriptomic signatures during scrub typhus
progression.

Opverall, this is the first study regarding B cell responses to acute Ot infection, demonstrat-
ing profound alterations at the tissue level (disorganized GC structures) and at the cellular/
molecular level (impaired B cell activation and related pathways) during lethal scrub typhus in
mice. Our findings provide valuable insights into the humoral immune response to Ot infec-
tion and open future research directions. A better understanding of B cells responses during
acute and subclinical infections will provide vital knowledge that may better scrub typhus vac-
cine design.

Supporting information

S1 Table. Primer sequences for QRT-PCR analysis used within the study.
(PDF)

S1 Fig. Overview of differentially expressed genes identified by RNAseq during lethal Ot
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S2 Fig. Differential expression of B cell activation genes on D4 of lethal Ot infection. Mice
were infected, as described in Fig 1; splenic B cells were purified from mock samples (n = 2)
and at D4 (n = 3) and D8 (n = 3) for RNAseq analyses. Data were normalized via Relative Log
Expression (RLE) using DESeq2 R library. Differentially expressed genes for B cell activation
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were identified by ROSALIND analysis and listed in the heatmap as subtracted normalized
Log2 expression values.

(TIF)

S3 Fig. Differential expression of BCR signaling genes on D8 of lethal Ot infection. Mice
were infected, as described in Fig 1; splenic B cells were purified from mock samples (n = 2)
and at D4 (n = 3) and D8 (n = 3) for RNAseq analyses. Data were normalized via Relative Log
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(TIF)
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