1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Ticks Tick Borne Dis. Author manuscript; available in PMC 2022 March 01.

-, HHS Public Access
«

Published in final edited form as:
Ticks Tick Borne Dis. 2021 March ; 12(2): 101638. doi:10.1016/j.ttbdis.2020.101638.

Host Transcriptome Response to Borrelia burgdorferi sensu lato

Derick Thompsonl, John A. Watt!, Catherine A. Brissettel”
1Department of Biomedical Sciences, University of North Dakota, Grand Forks, North Dakota,
United States of America

Abstract

The host immune response to infection is a well-coordinated system of innate and adaptive
immune cells working in concert to prevent the colonization and dissemination of a pathogen.
While this typically leads to a beneficial outcome and the suppression of disease pathogenesis, the
Lyme borreliosis bacterium, Borrelia burgdorferi sensu lato, can elicit an immune profile that leads
to a deleterious state. As B. burgdorferis.l. produces no known toxins, it is suggested that the
immune and inflammatory response of the host are responsible for the manifestation of symptoms,
including flu-like symptoms, musculoskeletal pain, and cognitive disorders. The past several years
has seen a substantial increase in the use of microarray and sequencing technologies to investigate
the transcriptome response induced by B. burgdorferis.l., thus enabling researchers to identify key
factors and pathways underlying the pathophysiology of Lyme borreliosis. In this review we
present the major host transcriptional outcomes induced by the bacterium across several studies
and discuss the overarching theme of the host inflammatory and immune response, and how it
influences the pathology of Lyme borreliosis.
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Introduction

In 1975 a cluster of cases originally thought to be juvenile rheumatoid arthritis were
identified in the towns of Lyme and Old Lyme, Connecticut (Steere et al., 1977b). This
epidemic form of arthritis was initially investigated by Steere et al. and ultimately led to the
recognition of what is now known as Lyme borreliosis (EIbaum-Garfinkle, 2011). A few
years later, Burgdorfer and colleagues first isolated the infectious agent now known as
Borrelia burgdorferi sensu stricto and epidemiological evidence indicated transmission
occurred through the bite of ticks from the genus /xodes (Burgdorfer et al., 1982; Steere et
al., 1978, 1977a). Since its identification, Lyme borreliosis has seen a consistent increase in
the number of cases throughout North America, Europe, and Asia, with an estimated
300,000 cases annually in the United States, over 232,000 cases in Europe and 3,500 in Asia
(Centers for Disease Control and Prevention (U.S.). Center for Surveillance, 2019; Hubalek,
2009; Rizzoli et al., 2011, Sykes and Makiello, 2016). It is now known that the disease is
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predominantly caused by three species of the Borrelia burgdorferi sensu lato complex:
Borrelia afzelii, Borrelia garinii, and Borrelia burgdorferi sensu stricto (referred to as B.
burgdorferihereafter) (Wang et al., 1999). The three species vary in geographic distribution
—in North America, only B. burgdorferiis found, in Europe all three species are present,
though B. afzeliiand B. garinii are most prevalent, and in Asia B. garinifis the most
predominant species (Stanek et al., 2012). Although there are many similarities of clinical
manifestations of Lyme borreliosis that is shared between species, B. burgdorferiin North
America is typically associated with greater pathogenic symptoms and tends to be more
arthritogenic (Cerar et al., 2016). In contrast, B. afzelii shows greater affinity to skin
manifestations and B. garinii tends to be more neurotropic (Stanek et al., 2012; Strle and
Stanek, 2009).

During the initial localized stages of the disease following the transmission of the bacteria
from the tick, the most common and indicative symptom is the presence of the erythema
migrans (EM) rash that is present in up to 70% of infected individuals and appears within 3
to 30 days, however some patients may be asymptomatic (Schwartz, 2017). Treatment
during this initial phase with appropriate antibiotic therapy is effective in resolving an active
infection in the vast majority of cases. However, if left untreated, B. burgdorferis.l. will
hematogenously disseminate into secondary tissue and organs within a few weeks leading to
involvement of the musculoskeletal system (Biesiada et al., 2012). Common regions for the
bacteria to enter are the joints, tendons, or bursae in the early disseminated stages of the
disease leading to musculoskeletal pain and swelling of large joints (Bitar and Lally, 2008).
During this dissemination phase, B. burgdorferis.l. may enter cardiac tissue on rare
occasions, which causes between 1-4% of patients to develop carditis (Bartlingk et al., 2007;
Schwartz, 2017). Involvement in cardiac tissue can interfere and impair electrical signals
between the atria and ventricles of the heart, termed atrioventricular block (Silver et al.,
2007). Clinical manifestations of Lyme carditis present as shortness of breath, light-
headedness/fainting, heart palpitations, or chest pains (Silver et al., 2007). Involvement of
the central nervous system (CNS) is usually seen in the late stages of delayed or untreated
Lyme borreliosis but has been observed in patients that still present with EM rash (Biesiada
etal., 2012). While it is unknown how the bacteria are able to cross the blood-brain barrier
and enter the CNS, B. burgdorferi can be found and has been isolated from the cerebral
spinal fluid of patients diagnosed with Lyme neuroborreliosis. Neurological manifestations
range from radiculoneuritis, meningitis, and facial palsy (Pachner and Steere, 1985; Schmidt
et al., 2015; Thaisetthawatkul and Logigian, 2002). Additionally, during this late stage of the
disease, unresolved infection and inflammatory response within joints can lead to tissue
degradation and subsequently arthritis. Recent surveillance of reported cases by the CDC
indicates that approximately 30% of individuals will develop arthritis (Schwartz, 2017).
Although active infection may be cleared through antibiotics, some patients may experience
persistent inflammation within the CNS and joints that may last for months to years
(Marques, 2008; Picha et al., 2006; Steere and Angelis, 2006). Because B. burgdorferis..
does not produce or secrete any known toxins that can be attributed to the manifestations of
the disease, it is suggested that the host immune and inflammatory response elicited by the
bacteria is the major contributing factor to the pathogenesis of the disease (Stanek et al.,
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2012). Figure 1 highlights the general timeline for the progression of the disease and
common symptoms associated with Lyme borreliosis.

With the advent of next-generation sequencing technologies, the ability to perform
transcriptome analysis has become much more accessible and affordable. The past several
years has seen a dramatic increase in RNA-seq analysis that allows researchers to conduct
genome-wide transcriptome profiling of both model and non-model organisms. The impact
of this technological innovation is best seen in studies of host-pathogen interactions. The use
of RNA-seq and microarray technologies aids in understanding the development of the host
response to a disease. This can better illustrate the host immune response towards a
pathogen and how the pathogen may overcome these obstacles. Particularly, regarding B.
burgdorferis.l., the host immune response and subsequent inflammation, while generally
beneficial, poses a deleterious outcome for patients with Lyme borreliosis, especially if such
symptoms are persistent. With such a tremendous evolution in sequencing technologies,
researchers are able to better understand this dichotomy in Lyme borreliosis. However, to
date, there has not been a comprehensive review that compares and summarizes the findings
of studies that have utilized such technologies. The goal of this review is to summarize past
and current findings that have utilized RNA-seq and microarray technologies in Lyme
borreliosis models to formulate a cohesive understanding of host transcriptome alterations in
response to B. burgdorferisensu lato. A list of these studies that are highlighted in this
review can be found in Table 1.

Transcriptional Response of Early Localized Infection

Lyme borreliosis begins at the site of the tick bite where B. burgdorferis.l. and tick saliva
are transmitted to the host during feeding (Spielman et al., 1987). Though many studies cited
throughout this review do not utilize ticks as a route of transmission, it is important to note
the role of tick saliva in Lyme borreliosis. Tick saliva contains a milieu of
immunomodulatory factors that include antihistamines, antioxidants, and anti-complement
proteins that promote bacterial survival (Das et al., 2001, p. 25; Hourcade et al., 2016;
Kotsyfakis et al., 2006). The saliva has been shown to inhibit neutrophil functions and
impedes the killing and clearing of bacteria; the proteins ISL 929 and ISL 1373 have been
shown to inhibit neutrophil chemotaxis to the site of infection (Guo et al., 2009; Ribeiro et
al., 1990). Furthermore, dendritic cell (DC) migration and maturation are also inhibited by
tick saliva, specifically Prostaglandin E2 (Sa-Nunes et al., 2007; Skallova et al., 2008).
These anti-inflammatory and immunosuppressive effects aid in the initial establishment of a
localized infection at the skin of the host. Nevertheless, investigating the initial contact of B.
burgdorferis.l. with host tissue provides valuable understanding into the early pathogenesis
of Lyme borreliosis. This section summarizes the transcriptional alterations within tissue and
cells that first encounter B. burgdorferis.l. during the early phase of the disease — Figure 2
highlights these interactions.

Dendritic cells

Dendritic cells are phagocytic and professional antigen-presenting cells that can be found in
many tissues including the skin where they monitor for and detect invading pathogens. As a
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part of the innate immune system, DCs act as a bridge linking the innate and adaptive
immune response through their ability to activate naive T cells following stimulation and
migration to lymph nodes (Banchereau and Steinman, 1998; Patente et al., 2019). DCs,
which reside in the epidermis (Langerhans cells) or dermis (dermal DCs), are one of the first
types of immune cells to interact and phagocytize B. burgdorferi, allowing for the processing
and presentation of Borrelia antigens for the activation of CD4* T cells (Filgueira et al.,
1996; Mason et al., 2014). There have been very few studies that have investigated the role
and interactions of Langerhans cells with B. burgdorferis.l., but one study has shown their
potential role in the modulation of the T-helper cell response during tick feeding in
Langerhans cell deficient mice, though this response was attenuated in the presence of 5.
burgdorferi (Hulinska et al., 1994; Mason et al., 2014; Vesely et al., 2009). As Langerhans
cells are a major tissue-resident cell of the skin, this lack of experiment data represents a
large gap in knowledge within the early stages of disease pathogenesis. Additionally, due to
the limited number of DCs that can be collected for /in7 vitro investigation, it is common to
derive DCs either through bone morrow or peripheral blood monocytes (PBMCs); however,
to date, only one study has investigated the host transcriptional effects between Borreliaand
DCs. Hartiala et al. (2007) utilized PBMCs from healthy donors and generated DCs in vitro
to determine the transcriptional response to Borrelia garinii, a member of the Borrelia
burgdorferi sensu lato complex. Like B. burgdorferi, B. garinii elicits a phagocytic response
from DCs, in which they are processed, induce DC maturation, and activate T cells
(Suhonen et al., 2003). The microarray experiments performed by Hartiala et al. made two
comparisons, B. garinii stimulated vs unstimulated DCs and B. garinif stimulated versus
LPS stimulated DCs. In both comparisons, several genes that transcribe chemotactic
cytokines were upregulated in response to B. garinii stimulation. The neutrophil
chemoattractants CXCL1, CXCL7, and CXCL2, the latter also showing chemotactic
properties for polymorphonuclear leukocytes and hematopoietic stem cells, showed
increased expression compared to unstimulated and LPS-stimulated groups, and have
previously been implicated in the inflammatory response in later manifestations of Lyme
borreliosis (Burdon et al., 2005; Moser et al., 1990; Ritzman et al., 2010; Rouault et al.,
2013). The gene encoding for CSF-1 was induced at greater levels in B. garinii stimulated
DCs; CSF-1 functions as a cytokine for hematopoietic stem cell differentiation into
macrophages, and activates macrophage phagocytosis as well as inflammatory and
chemotactic functions (Jones and Ricardo, 2013; Nemunaitis, 1993). Transcripts for markers
of DC maturation and differentiation were found to be upregulated in both the LPS and B.
garinii stimulated groups — ADAM19, CD83, and SLAMF1 (Aerts-Toegaert et al., 2007;
Fritsche et al., 2000; Kruse et al., 2001; Li et al., 2019). Further evidence of the DC
inflammatory response to these stimuli is observed by the induction of inflammatory
cytokine genes — TNF-a, IL-1a, IL-1B, and IL-6. Though it has been previously shown that
B. burgdorferis.l. can stimulate an interferon response, interestingly, such a response was
not seen in DCs stimulated by B. garinii, yet interferon-inducible genes were upregulated
within the LPS group - this includes IFIT1, IRF2, and IRF7. One of the principle findings
by Hartiala et al. was the demonstration of a reduced response in CD38 and CCR7
expression in DCs stimulated by B. gariniiwhen compared to LPS. During differentiation to
immature DCs, CD38 is down-regulated, but expressed following DC maturation and is
required for DC chemotaxis and transendothelial migration (Fedele et al., 2004; Partida-
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Sanchez et al., 2004). Similarly, CCR7, a chemokine receptor, is a key promoter for DC
migration to the lymph nodes (MartIn-Fontecha et al., 2003). This results in an impaired and
weakened humoral response and suggests a possible cause for the immune abnormalities
associated with Lyme borreliosis (Hartiala et al., 2007). This is in line with similar
experiments that utilize Ex Vivo skin models injected with B. burgdorferi sensu stricto, LPS,
or Pam3CSK4 (TLR2 agonist) to measure dendritic cell activation and migration (Mason et
al., 2016). Here, the authors observe the TLR2-mediated migration of DCs in response to B.
burgdorferi, however, the expression of CCR7 and CD38 were comparable to PBS controls,
while LPS and Pam3CSK4 induced significant upregulation of these markers. Infection of
monocyte derived DCs with B. burgdorferi, again, did not show an upregulation of CCR7
and CD38 (Mason et al., 2016).

Macrophages (mouse)

A second prominent immune cell found in the skin are macrophages. While phenotypically
and morphologically distinct, macrophages share many functional characteristics with
dendritic cells. Like DCs, macrophages play a central role in the innate immune response
during pathogen invasion. While both are antigen presenting, macrophages are
predominantly phagocytic, clearing cellular debris and pathogens while modulating an
inflammatory response through the secretion of cytokines to alert the adaptive immune
system (Ferenbach and Hughes, 2008; Gottschalk and Kurts, 2015).

To study the innate immune response to B. burgdorferi, Carreras-Gonzalez et al. (2018)
utilized RNA-seq to investigate the transcriptional profile of primary murine bone marrow-
derived macrophages (BMMs). Following infection, a large number of differentially
expressed genes (DEGs) were observed, with gene expression consistent with an innate
immune and inflammatory response. The pattern of gene transcription involved biological
processes for the recruitment, differentiation, and activation of leukocytes. A sizable number
of DEGs (317) that were induced by B. burgdorferiwere directly related to the inflammatory
response, and 64 DEGs were found to be involved in phagocytosis, a significant function of
macrophages. The macrophage pathway profile following exposure to B. burgdorferi
resembled the profile for the recognition of bacteria and viruses by pattern recognition
receptors (PRRs); more specifically, pathway mediators within toll-like receptor (TLR)
signaling showed a significant increase within the stimulated BMMs. TLRs are a well-
recognized and studied receptor family required for the innate immune response that is
activated during Borreliainfection, and TLR2 signaling has been extensively shown to be a
predominant pathway in the induction of a pro-inflammatory response (Berende et al., 2010;
Bernardino et al., 2008; Wooten et al., 2002). Nonetheless, studies have shown that such an
immune response to B. burgdorferiis not isolated to only TLR2. TLR2-deficient mice show
poor response to B. burgdorferiin which the bacteria persist at elevated levels for at least 8
weeks, and while macrophages showed no response to OspA, an outer surface protein
known to signal through TLR2, sonicated spirochetes did stimulate a macrophage response
(Hirschfeld et al., 1999; Yoder et al., 2003). Additionally, in TLR2 knock-out mice,
macrophages were still able to activate and respond to spirochete lysates (Wooten et al.,
2002). However, the role of TLRs is diminished in the current study by Carreras-Gonzélez
and colleagues. Though there were significant overlap in the number of genes between
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stimulated BMMs and TLR2 or PAM3CSK, (a TLR2 agonist) signaling pathways, the
percentage of shared genes was less than 10% - suggesting that a greater diversity in
signaling receptors are responsible for the overall response, as seen with an upregulation in
receptor Nod2 and overlap with triggering receptor expressed on myeloid cells-1 (TREM1)
signaling. TREM-1 is a receptor that amplifies a pro-inflammatory response, and while a
more robust inflammatory response could provide efficient clearing of an invading pathogen,
it can lead to substantial cell death and tissue damage — a concept not unfamiliar to the Lyme
borreliosis field (Colonna, 2019; Ramesh et al., 2013; Roe et al., 2014; Wang et al., 2009;
Wooten and Weis, 2001). However, in a study using TREM1~/~ mice infected with
Lefshmania major, Legionella pneumophila, or influenza virus, the mice displayed a
significant attenuation of disease pathology in regards to inflammatory infiltrates and a
reduction in the expression of pro-inflammatory cytokines, yet were equally capable of
clearing the infection compared to controls (Weber et al., 2014). In fact, additional studies of
B. burgdorferiinfection implicate the TREM1 pathway as a significant contributor to the
pathogen-induced inflammatory response (Bouquet et al., 2016; Myers et al., 2009). The
inflammatory response by BMMs was further highlighted by the reduction in signaling
intermediates induced by PPAR, an inflammatory suppressor, and the downregulation of
1110ra, the receptor for the anti-inflammatory interleukin-10. Furthermore, several pro-
inflammatory cytokines were shown to be upregulated including IL-1, IL-6, IFNB1, and
TNF (a regulator of TREM1). Importantly, protein levels were assessed using label-free
mass spectrometry to determine gene expression correlation to protein translation. Although
a limited number of proteins were identified to be significantly changed, several proteins/
genes were differentially changed in the same direction. Moreover, some proteins were
inversely correlated or showed no difference compared to gene expression, but the majority
of proteins were associated with similar pathway enrichment found at the gene expression
level. Overall, the study showed an inflammatory response by BMMs following B.
burgdorferiinfection that was characterized by an increase in pro-inflammatory cytokines, a
reduction in anti-inflammatory pathways, and an increase in phagocytic related genes.

In addition to transcriptional profiling of murine macrophages, Carreras-Gonzalez et al.
(2018) further characterized the transcriptional response of the interaction between B.
burgdorferiand human CD14* peripheral blood monocytes via microarray analysis to
determine their relevance in the human innate immune response. A similar number of DEGs
were found in the human monocytes compared to BMMs. A significantly reduced number of
DEGs were shared between the two cell types, most likely attributed to differences across
species. However, similarities appeared following functional and pathway analysis in which
pathways involving the recruitment of leukocytes, phagocytosis, and endocytosis were
increased. Furthermore, analysis regarding upstream regulators indicated similar patterns of
gene expression for receptors TLR3, TLR7, TLR9, and NOD2, and proinflammatory
cytokines TNF, IL-1a, IL-1B, and IFNa2. The gene expression pattern for the inhibition of
the anti-inflammatory IL10RA pathway was observed in both BMMSs and human
monocytes. While there were distinct differences between the two groups regarding specific
gene expressions, it appears that infection with B. burgdorferi produces a pro-inflammatory
response that overlaps both groups.
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Many of these findings are supported by the transcriptome profiling of peripheral blood
mononuclear cells (PBMCs) by Salazar et al. (2009), which contain a milieu of peripheral
immune cells which include monocytes. Their study, involving human PBMCs infected with
Bb 297, demonstrated that PBMCs produced a greater and more expanded inflammatory and
immune response to live bacteria compared to lysates, which was induced by the
phagocytosis of live Bb. Isolated human monocytes from PBMCs were then determined to
be a major source of this gene expression profile through the upregulation and secretion of
pro-inflammatory cytokines that include IL-18, TNF-a, and IL-6. Furthermore, isolated
monocytes were determined to be a source of a substantial type | interferon response through
the upregulation of IFN-pB and several type | interferon-inducible genes including IFITZ,
IFIT2, IFIT3, and ISG15.

Dermal fibroblasts

The skin represents an important obstacle in the progression of Lyme borreliosis as it forms
a complex physical barrier comprised of the epidermis, dermis, and hypodermis. B.
burgdorferis.l. establishes a local infection within the dermis, and aside from resident
immune cells such as DCs and macrophages, dermal fibroblasts are among the first cells to
come into contact with the spirochetes (Castelli et al., 2008; Schramm et al., 2012;
Vasudevan and Chatterjee, 2013). Fibroblasts are the main resident cells in the dermis and
play an important role in the formation and reorganization of the extracellular matrix.
Moreover, fibroblasts are able to communicate and modulate local immunocompetent cells
as a functional part of the innate immune response through the recruitment of leukocytes,
inflammatory regulation, and the maturation of dendritic cells (Saalbach et al., 2007; Sorrell
and Caplan, 2009).

To understand the role of dermal fibroblasts in skin inflammation during the early
pathogenesis of Lyme borreliosis, Schramm et al. (2012) performed microarray analysis of
human dermal fibroblasts in response to three different strains of Borrelia burgdorferi sensu
stricto. The three strains of B. burgdorferiwere isolated from different environments
representative of different stages of Lyme borreliosis — a tick isolate (strain N40), an
erythema migrans skin biopsy (strain Pbre), and from a skin biopsy of acrodermatitis
chronica atrophicans (ACA), a late stage manifestation of Lyme borreliosis (strain 1408).
Though there were distinct and common transcriptional profiles between groups, there were
no discernable differences in relevant transcriptional pathways across each group. As one of
the major functions of fibroblasts, ECM production and remodeling genes were found to be
upregulated among the genes shared across groups. These involve the structural components
that include integrin ITGAL, laminin LAMAL, microfibrils MFAP3, and collagen fibrils
COLB8AL. Most importantly, three matrix metalloproteinases (MMPs) were found to be
upregulated — MMP-1, MMP-3, and MMP-12. The induction of MMPs by B. burgdorferi
have been linked to the development of Lyme arthritis showing similar erosive and
inflammatory pathologies to rheumatoid arthritis (Cawston et al., 1984; Hu et al., 2001,
Steere et al., 1988). MMP-1 and MMP-3 have been shown to be elevated in the synovial
fluid of Lyme arthritis patients (Hu et al., 2001; Lin et al., 2001). B. burgdorferi appears to
induce the production of host MMPs to degrade and digest extracellular matrix proteins that
allow for greater dissemination (Behera et al., 2005; Gebbia et al., 2001).
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In addition to the upregulation of ECM remodeling pathways, the transcriptional response in
fibroblasts was largely indicative of a pro-inflammatory profile. A high level of cytokines
and chemokines were shown to be upregulated. Additionally, many upregulated genes were
representative of signaling mediators that regulate and sustain an inflammatory response
such as NF-xB transcription factors (NF-xB1, -2), interferon-related and inducible genes
(IRF1, STAT1/2, OAS2, and IFIH1), and genes within the tumor necrosis factor family
(TNFSF10, TNFSF13B). Through the release of secreted factors, dermal fibroblasts appear
to communicate with innate immune cells that allows for their attraction, activation, and
maturation to the site of infection (de Koning, 1993; Ebnet et al., 1997; Jones et al., 1994;
Mullegger et al., 2007; Parsonage et al., 2005). Moreover, during the localized infection
phase, dermal fibroblasts inadvertently provide a means for B. burgdorferi dissemination by
the induction of ECM degradation factors like MMPs (Schramm et al., 2012).

A similar study performed by the same research group, Meddeb et al. (2016), sought to
determine the transcriptional response of human dermal fibroblasts to three different
Borrelia burgdorferi sensu lato strains — these species included Borrelia afzelii (1BS17), B.
garinii (IBS6), and B. burgdorferi sensu stricto (IBS19). There were no significant
transcriptional differences between the three species that were of relevance to the immune
response, which was further characterized by similar induction and secretion of IL-8 in a
dose and time dependent manner when compared to unstimulated controls. A core of 42
highly up-regulated genes were found to be common among the three strains that included
genes involved in the pro-inflammatory and innate immune response. These include several
chemokines and cytokines that act as inflammatory and chemotactic factors — CCL2,
CXCL1, CXCL2, CXCL6, CXCL10, IL-6, IL-8. Additionally, the gene expression profile
was representative of a sustained inflammatory response that involve NF-xB and Type |
interferon related genes (IRF7, ISG15, IFIT1, IFIT2, IFIT3, and STAT1). Many of these
genes were also shared with the B. burgdorferis.s. strains isolated from varying clinical
manifestations of Lyme borreliosis (Schramm et al., 2012). In this regard, it can be
suggested that the transcriptional profile of dermal fibroblasts is not impacted by the strain
or species of B. burgdorferis.l. and that differences in species-specific clinical
manifestations are indicative of a more systemic immune response during the pathogenesis
of the disease (Cerar et al., 2016).

Erythema migrans

The erythema migrans rash is the manifestation of the collaborative effects of the individual
cellular responses highlighted thus far. Marques et al. (2018) supports this conclusion
through the transcriptome assessment of EM biopsies from early Lyme borreliosis patients.
Their findings reveal upregulation of genes associated with the innate immune response, cell
migration, and chemotaxis when compared to health controls. Genes associated with this
response including several CXCLs (CXCL9, 10, 11, and 13) and CCLs (CCLS5, 8, and 9).
Furthermore, a robust interferon inducible response was the predominate profile among the
immune response, as was observed in dermal fibroblasts (Meddeb et al., 2016; Schramm et
al., 2012). This includes IFN-y, which was predicted to be a top upstream regulated and
previously established within EM lesions, IFIT1, IFIT3, OAS1, STATL, and IRF7 (Salazar et
al., 2003). In contrast, genes involved in tissue development and remodeling were found to

Ticks Tick Borne Dis. Author manuscript; available in PMC 2022 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Thompson et al.

Page 9

be repressed. In support of the overexpression of the chemokines, CXCL9, CXCL10, and
CXCL11, which are predominate T-cell chemoattractants and induced by IFN-y, infiltrating
regulatory T-cells as well as DCs were found to be present within the EM lesions (Marques
et al., 2018; Metzemaekers et al., 2018).

Transcriptional Response of Early Disseminated Infection

The next phase following the initial localized infection of Lyme borreliosis is the early
dissemination of B. burgdorferis.l. to other host tissue and organs. Hematogenous
dissemination is the primary mechanism for the spread of the spirochete in the host and the
first barrier that the spirochetes interact with is the endothelial barrier of the blood vessels.
This is also a primary barrier that must be overcome by innate and adaptive immune cells.
Figure 3 illustrates the host transcriptome response during this phase of dissemination.

Endothelial cells

Dame et al. (2007a) sought to determine the role of endothelial cells in Lyme borreliosis by
performing microarray analysis of a human umbilical vein endothelial cell (HUVEC) /n
vitro system infected with B. burgdorferi. T lymphocytes have long been implicated in the
pathogenesis of Lyme borreliosis and specifically Th1 cells have been shown to be elevated
in the synovial fluids of Lyme arthritis patients (Gross et al., 1998; Salazar et al., 2003).
Furthermore, Th1 cells which specifically secrete IFN-y have shown a migratory affinity
towards endothelia that have been stimulated by B. burgdorferi, and a significant correlation
has been shown between symptom score of LD patients and IFN-y (Gergel and Furie, 2004;
Salazar et al., 2003). To this end, Dame and colleagues further sought to identify the
synergistic effects of IFN-y and B. burgdorferi on the transcriptional profile of primary
human endothelial cells.

In the presence of B. burgdorferi, HUVECs showed poor activation and minimal differential
gene expression (Dame et al., 2007a). Of these genes, several have already been identified to
be induced by B. burgdorferiin a number of /n vitro and /n vivo models — these genes
include immune cell adhesion molecules (ICAM-1, VCAM-1) and leukocyte recruitment
chemokines (CXCL8, CCL2), which have been specifically shown to promote the
transmigration of leukocytes across endothelia during B. burgdorferi infection (Boggemeyer
et al., 1994; Burns et al., 1997; Burns and Furie, 1998; Gergel and Furie, 2004; Sellati et al.,
1995). Stimulation of HUVECs with IFN-y only produced a larger transcriptional change in
both magnitude and number of genes when compared to B. burgdorferi only, with a subset of
genes being classified as mediators of inflammation. However, the combinatorial effects of
IFN-y and infection revealed several inflammatory and immune related genes that were
significantly upregulated and showed a robust fold change compared to each individual
treatment. This effect can be clearly seen in the expression of CCL8 - IFN-y only: 17.672
FC, Bbonly: 1.31 FC, and Bb+ IFN-y: 113.58 FC. Of the genes that were markedly
upregulated in response to the combinatorial effects of Bband IFN-vy, several were involved
in the recruitment of leukocytes which include specifically T lymphocyte chemoattractants
CCL7, CCL8, CXCL9, CXCL10, CXCL11, CX3CL1 and also the aforementioned adhesion
molecules (ICAM-1, VCAM-1), as well as the neutrophil chemoattractant CXCL2 (Bazan et
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al., 1997; Cole et al., 1998; Liao et al., 1995; Loetscher et al., 1994; Rouault et al., 2013;
Taub et al., 1993). Furthermore, the presence of T lymphocytes has been attributed to more
persistent inflammatory syndromes (Cope, 2002; Divan et al., 2015; Moro-Garcia et al.,
2018; Skapenko et al., 2005). Many of these genes are mediators in both the innate and
adaptive immune systems; however, interestingly, the CIITA gene showed a downregulation
in Bb only treatment, but an upregulation in IFN-y only, and an even greater upregulation
with the combination of treatments. C//7A encodes for the class 11, MHC, transactivator and
acts as a master regulator for MHC class 1l genes, involved in antigen processing and
presentation. This change in gene expression brought upon by IFN-vy treatment is suggestive
of a transition towards adaptive immune response. Together, the transcriptional changes
observed indicate a key role of endothelial cells in conjunction with IFN-+y that leads to a
greater adaptive immunological response through the selective recruitment of T
lymphocytes, and as Th1 cells themselves produce and secrete IFN-v, a positive-feedback
loop would promote a more chronic inflammatory environment which is seen in Lyme
borreliosis patients (Dame et al., 2007a; Duray, 1989; Duray and Steere, 1988; Forsberg et
al., 1995; Gross et al., 1998, p. 1; Salazar et al., 2003).

Peripheral blood mononuclear cells

During hematogenous dissemination, B. burgdorferis.l. encounters a wide variety of
immunocompetent cells within the blood circulatory system. Due to the ease of access,
availability, and as one of the predominate classes of immune cells in the blood, peripheral
blood mononuclear cells (PBMCs) are commonly used in both ex vivoand in vivo analysis
of Lyme borreliosis. PBMCs are defined as any peripheral blood cell that has a round
nucleus, as opposed to anuclear cells such as mature erythrocytes or multi-lobed nucleated
cells such as granulocytes. They are predominately comprised of lymphocytes (T cells, B
cells, and NK cells) and to a lesser extent monocytes (Acosta Davila and Hernandez De Los
Rios, 2019; Autissier et al., 2010).

To determine the global and temporal transcriptional pathways involved during B.
burgdorferiinfection in humans, Bouquet et al. (2016) performed longitudinal transcriptome
analysis (RNA-seq) of PBMCs collected from patients with acute Lyme borreliosis at three
time points: time of diagnosis/pre-treatment, treatment completion (3 weeks), and 6 months
post-treatment to determine the transcriptional profiles of post-treatment symptoms. Twenty-
nine individuals with acute Lyme borreliosis that presented with a documented EM rash and
flu-like symptoms, such as fever, fatigue, and the onset of muscle or joint pains, were
enrolled in addition to 13 healthy control individuals. It was observed that the longer the
duration between the onset of symptoms and the time of completed treatment, the greater the
correlation with PTLDS diagnosis, in which non-PTLDS patients had an average duration of
9.7 days between symptom onset and treatment completion and 19.3 days for PTLDS
patients.

Transcriptional analysis showed a consistent decrease in the number of DEGs across the
three time points compared to controls (Bouquet et al., 2016). Interestingly, when taking into
consideration other infectious diseases such as Influenza, the gene expression of patients
with Lyme borreliosis failed to return to baseline levels; however, persistent symptoms were
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not solely dependent on this failure to return to baseline as no DEGs were found between
patients with resolved symptoms and those with persistent symptoms. Pathway analysis of
the pre-treatment group indicated activation of the inflammatory response, immune cell
trafficking, hematological system, as would be expected during the early dissemination
phase of B. burgdorferi. However, these pathways remained activated at treatment
completion and to a lesser extent at the 6-month post-treatment time point. This is reflected
in the top 10 enriched pathways in that 8 pathways of the pre-treatment, 10 pathways in
treatment completion group, and 4 pathways in 6-month post-treatment group were directly
related to the immune response. Furthermore, TREM-1 signaling was the top activated
pathway for both pre- and completed treatment groups. As mentioned previously, TREM-1
acts as an amplifier of inflammation, and also acts as a mediator for Th1 activation through
factors such as DAP12, IL-6, IL-12 that were upregulated in these two groups. Inversely, the
elF2 signaling pathway was found to be downregulated in all three groups and has been
found to be involved in protein synthesis during cellular stress (Park and Moon, 2013). The
pathogen Legionella pneumophila was previously shown to disrupt and downregulate
mediators of this pathway through the secretion of effectors, and defective signaling of elF2
was shown to lead to greater susceptibility to intracellular invasion by Yersinia
pseudotuberculosis, Listeria monocytogenes, and Chlamyadia trachomatis (Fontana et al.,
2011; Shrestha et al., 2012). However, the current mechanism and immunological impact of
elF2 signaling inhibition following B. burgdorferis.l. infection is yet to be elucidated.
Several TLRs were also found to be either upregulated or predicted to be activated that
include TLR-1, -2, -4, -7, and -8 within the first two time points. Additionally, within these
two groups, the majority of upstream regulators were proinflammatory cytokines such as
CSF2, IFN-y, TNF-a (a master regulator of elF2, TREM1, and TLR signaling), anti-
inflammatory cytokines IL-6 and IL-10, and the transcription factor NF-xB. In contrast, the
top upstream regulators for 6-month group mainly involved genes associated with the
regulation of gene expression such as MYCN, MYC, and FOS. Overall, Bouquet et al. found
that the transcriptional profile of acute Lyme borreliosis patients prior to treatment and upon
treatment completion shared many characteristics, with many overlapping DEGs involved in
the inflammatory and immune process but the activation of inflammatory T-cell apoptosis
and B-cell developmental pathways were inhibited when compared to other acute infection
diseases. While the 6-month post-treatment group did not produce a marked inflammatory
response, it failed to return to baseline levels; however, when compared to the transcriptional
profiles of other immune-mediated chronic diseases such as systemic lupus erythematosus,
up to 60% of the pathways overlapped. Many of the immune and inflammatory responses
observed by Bouquet et al. were corroborated by a previous study by Petzke et al. utilizing
ex vivo PBMC cultures, and in fact 44% of DEGs were shared between the two studies
(Bouquet et al., 2016; Petzke et al., 2009). Additionally, the type | interferon response was
found to be induced by TLR7 and TLR9 (Petzke et al., 2009). Although the study by
Bouquet et al. lacked protein level assessment of the patients, the gene expression profiles
were correlated to the demographics, clinical manifestations of the disease, and disease
progression. Similarly, Petske et al. investigated minimal protein translation, but concluded
an increase in IFN-a protein levels induced by TLR7 and TLRO.
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Choroid plexus epithelium

In a study performed by our laboratory, Thompson et al. (2020) sought to investigate a long-
standing question that occurs during the early disseminating phase of Lyme borreliosis —
How and where does B. burgdorferienter the central nervous system (CNS)? Evidence of
the spirochete penetrating into the human brain parenchyma is sparse, however, it is well-
known that the bacteria is capable to exist within the cerebral spinal fluid (CSF) - this is
evident by the isolation of the Bb 297 strain from the CSF of a Lyme borreliosis patient as
well as direct detection of Bb DNA (Luft et al., 1992; Steere et al., 1983). A common
outcome of neuroborreliosis is the invasion and abundance of peripheral immune cells into
the CSF, specifically lymphocytic pleocytosis (Djukic et al., 2012). With this in mind, the
choroid plexus was selected as a primary candidate due to its role in the formation of the
blood-CSF barrier and potential for the transmigration of both pathogens and peripheral
immune cells into the CSF (Meeker et al., 2012; Schwerk et al., 2012; Steinmann et al.,
2013).

As the epithelial cells of the choroid plexus form the tight blood-CSF barrier, primary
human choroid plexus epithelial cells (HCPECSs) were infected in vitroby B. burgdorferi
B31 MI-16 for 48 hours followed by RNA-seq analysis (Thompson et al., 2020). Functional
and Pathway analysis identified a strong immune and inflammatory response comprised of
chemokine-mediated signaling pathway, and type | and Il interferon pathways. Many of the
chemokines that were upregulated, CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, CCL2,
CCL5, and CCL13 are involved in immune cell chemotaxis specifically neutrophils,
monocytes, T-helper cells, and other lymphocytes (Charo and Ransohoff, 2006; Ritzman et
al., 2010). Protein analysis of CXCL1, CXCL2, CXCLS5, and CXCL6 through ELISA were
found to correlate to changes in gene expression. Additionally, many interferon-related and
inducible genes were significantly upregulated, including OASL, -2, -3, signaling mediators
STAT1, -2, and the master regulator IRF7. Signaling pathway impact analysis provides
information of the activation or inhibition of enriched pathways which indicated the
activation of a number of viral pathways such as Influenza A, Measles, and Herpes simplex
infection — this is indicative of an interferon response as historically, interferon-related genes
were initially associated with viral infections. Of the downregulated transcripts, genes
predominately clustered into regulatory, structural, and angiogenesis functions. Of interest to
this study, a number of tight and adherens junction components were downregulated —
CLDN14, PCDHY7 and 10, and CDH2. Additionally, regulatory and scaffolding components
of these junctions were downregulated.

Taken together, these data suggest that the choroid plexus functions as a key mediator in the
pathogenesis of neuroborreliosis through the promotion of an inflammatory state and the
upregulation of genes specific to the recruitment of peripheral immune cells. Furthermore,
the choroid plexus may act as a potential entry point for B. burgdorferiand these immune
cells into the CSF by the downregulation of tight and adherens junction genes.

Transcriptional Response of Late Disseminated Infection

The late disseminated phase of Lyme borreliosis is characterized by successful invasion of
secondary tissue and organs, including joints, heart, and CNS, followed by subsequent
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clinical presentations associated with affected tissue. A common outcome of dissemination
into the joints is Lyme arthritis, in which 30% of patients will develop it (Arvikar and Steere,
2015; Schwartz, 2017; Steere, 1987). Furthermore, by overcoming the tight barriers of the
CNS, dissemination into this system followed by neurological manifestations of symptoms
occur in up to 12% of patients with Lyme borreliosis (Koedel et al., 2015). During this late
phase of the disease, symptoms become more deleterious and have a greater chance of
persistence, leading to a reduction in quality of life due to musculoskeletal pain, cognitive
disruption, and fatigue (Eikeland et al., 2011; Rebman et al., 2017; Wills et al., 2016). Figure
4 details the effects of B. burgdorferis.l. on cells and tissues during this late stage of the
disease.

Following dissemination of B. burgdorferis.l. into the joints, a common outcome of late-
disseminated infection is Lyme arthritis (LA). Like other symptoms, arthritis usually
resolves following antibiotic treatment in patients; however, tissue damage and inflammation
may persist within the joint and synovial tissue despite successful bacterial clearance
(Arvikar and Steere, 2015; Li et al., 2011). A series of studies performed by Lochhead et al.
characterized the transcriptome profile of synovial tissue and synovial fluid from patients
with postinfectious LA and compared the gene expression to other forms of arthritis,
including rheumatoid arthritis (RA) and osteoarthritis (OA) (Lochhead et al., 2019a). When
compared, the gene expression profile of LA showed greater similarity to more chronic
forms of arthritis such as RA, in contrast to OA, a more degenerative arthritis. Pathway
analysis of differentially expressed genes between LA and OA further distinguish the two
conditions in which pathways associated with immune disorders and immune activation
were highly enriched within the LA profile. Conversely, pathway analysis of LA and other
forms of chronic inflammatory arthritides show a pattern of innate and adaptive immune
activation in which genes related to antigen processing, cell mediated cytotoxicity, and
chemokine signaling were upregulated. Even in the absence of an active infection, the
expression of pattern recognition receptors and inflammatory chemokines were consistently
upregulated in LA patients. In contrast to these other forms of inflammatory conditions, the
gene expression profiles of LA synovial tissue show a downregulation of genes related to
tissue repair and metabolism.

A strong interferon gamma profile was observed in which 37% of all genes upregulated
were interferon-regulated genes when compared to OA and 52% when compared to other
chronic inflammatory arthritis conditions. Such a robust interferon related response has been
observed before, however, in this study Lochhead et al. showed an inversely correlation of
the interferon response to tissue repair mechanisms in LA patients. This relationship, in
conjunction to a positive correlation to other inflammatory profiles, provides an explanation
in disease pathology from initial infection towards tissue degradation and a more chronic
inflammatory state observed in LA patients. Importantly, these findings in gene expression
were confirmed at the protein level. Protein measurements from serum, synovial fluid, and
synovial tissue from LA patients were found to have elevated chemokines and cytokines
associated with the innate and adaptive immune response that include IFN-y, IL-6, CXCL9,
and CXCL10.
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IFN-y had been previously shown to be an important factor in determining the host response
to B. burgdorferi towards a more inflammatory state (Dame et al., 2007b; Gergel and Furie,
2004; Gross et al., 1998). This characteristic IFN-y response observed in the synovial tissue
of postinfectious LA patient was found to also be a predominate factor in the inflammatory
determination of the disease (Lochhead et al., 2019b). Characterization of joint lesions in
these patients have identified an abundance of inflammatory cell infiltrates (Gross et al.,
1998; Lochhead et al., 2019a). In fact, CD4+ and CD8+ T cells are typically seen to be the
most common type of infiltrating cells within joints of LA patients (Lochhead et al., 2019b).
Lochhead et al. identified that subsets of these lymphocytes, including subsets of DN T cells
and CD56+ NK cells, were sources of active production of IFN-y within the synovial tissue.
Synovial fluid analysis further established the presence of several chemokines and cytokines
including IFN-y, CXCL10, TNFa, and IL-6. The role of IFN-y was previously established
to be an important factor in the differentiation of fibroblast-like synoviocytes (FLS) into
immune effector cells within the synovium of LA patients (Bartok and Firestein, 2010;
Lochhead et al., 2012). When FLS were treated /n vitrowith B. burgdorferi, minimal
changes in gene expression were observed (Lochhead et al., 2019b). However, when treated
with IFN-y, a robust upregulation of genes associated with chronic inflammation and
autoimmune disorders were observed and, with the addition of B. burgdorferi, this was
further expanded to a similar profile found within the synovial tissue of postinfectious LA
patients (Lochhead et al., 2019a, 2019b).

MicroRNAs (miRNA), which are small non-coding RNAs, aid in the regulation of gene
expression through the inhibition of translation. Expression of miRNAs have the ability to
profoundly impact the host inflammatory and immune response in bacterial infections, as
well as chronic inflammatory disorders such as RA (Kurowska-Stolarska et al., 2011; Okada
et al., 2016; Zhou et al., 2018). In another study by Lochhead et al., the miRNA profile of
synovial tissue from LA patients was found to be more conducive towards inflammation and
cellular proliferation when compared to OA (Lochhead et al., 2017). Many of the miRNAs
expressed in postinfectious LA synovial tissue was also found to be highly expressed within
the synovial fluid of postantibiotic LA patients, including miR-146a and miR-155, which are
anti-inflammatory and pro-inflammatory, respectively (Boldin and Baltimore, 2012; Jurkin
et al., 2010; O’Connell et al., 2012, 2007; Yamasaki et al., 2009). This is supported within a
murine model that found miR-146a to be upregulated specifically within the joints of B6,
C3H, and B6 1L10 ~/~ mice, while interestingly, miR-155 was only upregulated within 1L10
=/~ mice (Lochhead et al., 2015, 2014). These miRNAs are associated with the TLR and NF-
xB inflammatory response, while other upregulated miRNAs showed expression in
association with myeloid function and acute inflammation (miR-142 and miR-223) (Boldin
and Baltimore, 2012). Additionally, miR-17 and miR-20a, both oncogenic, were found to be
upregulated, while the tumor suppressor miRNAs let-7a and let-7c, were downregulated
(Gruszka and Zakrzewska, 2018; Lee et al., 2016).

Together, the inflammatory and immune gene expression profile, marked by a robust
interferon response and cellular infiltration, as well as the dysregulation of miRNA
associated with inflammatory pathways, suggests a dysregulation of the immune response
and thus suggests a mechanism for the perpetuation of a chronic inflammatory state within
the synovium of postinfectious LA patients. Further characterization of tissue also highlights
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the macroscopic outcomes of this molecular profile with the invasion of lymphocytes,
specifically IFN-y producing T-cells, and inflammation and tumor-like proliferation within
the joints (Lochhead et al., 2019a, 2017; Strle et al., 2017).

The findings by Lochhead et al. share several similarities with previous experiments that
utilized a murine (Mus musculus) model of Lyme arthritis to determine the gene expression
within the joints of mice in response to B. burgdorferi, including an inverse correlation
between IFN-inducible genes and tissue repair gene expression (Crandall et al., 2006).
Crandall et al. (2006) used two strains of mice that developed either severe arthritis (C3H) or
mild disease (C57BL/6), as well as C578BL/6-1L-107/~ that lacked the anti-inflammatory
cytokine IL-10, to study this outcome (Brown and Reiner, 1998; Ma et al., 1998).

Across several time points, the transcriptome profile of the three mice strains showed
increasing similarities determined by significant inflammatory response and immune cell
infiltration that was evident through gene expression and histological analysis. A robust
leukocyte chemoattractant profile was also observed: PMN-recruiting (CXCL1, CXCL2,
CXCL5), mononuclear cell-recruiting (CCL2, CCL3, CCL7, CCL12), and T cell-recruiting
(CXCL9, CXCL16, CCL2, CCL7). Although it has been established that B. burgdorferi
activates the production of several pro-inflammatory cytokines such as TNF-a, IL-1p, or
IFN-7y in humans, through the regulation of NF-xB, only IL-1f was observed in the joints of
C3H and C57BL/6 mice. In contrast, many of these inflammatory cytokines were
significantly induced in 1L-107~ mice; this further suggests that IL-10 plays an important
role in the mediation of the immune and inflammatory response. Furthermore, several
interferon-inducible genes were found to be overexpressed across all three strains, though
the response was either transient (C3H) or delayed (C57BL/6) when compared to the robust
response in IL-10~~ mice. Although IL-10~"~ mice were able to more effectively clear the
bacterial growth, the associated increase in pro-inflammatory cytokines and interferon-
inducible genes correlated to more severe arthritis (Crandall et al., 2006).

Brain parenchyma (rhesus macaque)

Neuroborreliosis is defined by the invasion of the CNS by B. burgdorferis.l., leading to an
inflammatory response and subsequent neurological manifestations of the disease. Due to
the disease severity and difficulty in treatment of persistent symptoms, many studies have
been aimed to understand the mechanisms that lead to this pathology. The rhesus macaque
has long been used as a model for neuroborreliosis due to the similarities of disease
pathogenesis including CNS infection, CSF pleocytosis, and inflammation of the meninges
(England et al., 1997; Roberts et al., 1998). Ramesh et al. (2008) utilized an ex vivo model
of rhesus macaque brain cortex slices to determine the inflammatory profile induced by B.
burgdorferiand its impact on neuronal and glial apoptosis. A large number of immune-
related genes were found to be upregulated, and in contrast to the peripheral immune
response, a number of these genes were found to be CNS specific: FAM19A1, a member of
the C-C-chemokine family that is predominantly expressed within the brain as a regulator of
immune and nervous cells; Corticotropin-releasing hormone (CRH), a hormone that is
produced and secreted from the hypothalamus in response to infection and stress; and
P2RY®6, a receptor involved in microglial activation (Fu et al., 2014; Webster et al., 1997).
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Additionally, common inflammatory and immune factors including TNF-a, CXCL1,
CXCL9, CXCL14, and CCL4 were upregulated. In response to B. burgdorferi, several genes
related to cellular death and apoptosis were significantly upregulated within the host tissue.
CHCHD®6 which regulates mitochondria-mediated apoptosis, and ELAVLA4, involved in
inflammation and neuronal death, were found to be upregulated. Neuronal and
oligodendrocyte apoptosis was further confirmed following B. burgdorferi infection through
TUNEL and activated caspase-3 assays (Ramesh et al., 2008).

Microglia (rhesus macaque), and SH-SY5Y neurons

Astrocytes

Further characterization of the apoptotic fate of neuronal cells was performed by Myers et
al. (2009), in which primary rhesus macaque microglia and astrocytes, and human SH-SY5Y
neuroblastoma cells were co-cultured with B. burgdorferi either alone or in combination.
Astrocytes and microglia are the main resident glial cells of the brain and serve a number of
supportive functions, with microglia acting as the resident macrophage. Alone, astrocytes
and neuronal cells showed minimal inflammatory activation following B. burgdorferi
infection. In contrast, microglia and co-culture of cells showed a robust increase in
inflammatory chemokines. Microarray analysis of B. burgdorferiinfected microglia
indicates a similar response that is seen in peripheral immune cells with the induction of
CCL and CXCL cytokines, including CCL-2, -4, -5, and -7, and CXCL12. Additionally, the
inflammatory related factors IL-6, -8, -10, and -1, and TNF were found to be significantly
elevated. As many of these genes work in concert, the top enriched pathways involved
TREML1 signaling, IL-6 and IL-10 signaling, and pattern recognition receptors. Co-culturing
microglia and SH-SYS5Y cells together following infection, led to the increase in the
expression of pro-apoptotic genes (Bax, NOXA-1) and a decrease in anti-apoptotic gene
expression (Bcl-X| ) within the neuronal cells. These data suggest that the inflammatory
state of the CNS that is generated by resident glial cells can lead to neuronal death and
provides insight into the pathogenesis of neuroborreliosis.

Though Myers et al. indicated that astrocytes may not exhibit a robust inflammatory
response compared to microglia, astrocytes provide important trophic support to neurons,
and their dysfunction could impact the homeostasis of the brain. Another study performed
by our laboratory, Casselli et al. (2017), investigated the role of astrocytes in the
exacerbation of neuroborreliosis through the use of RNA-seq. Astrocytes are the most
abundant cell in the brain and play a role in a wide variety of functions (Pekny and Pekna,
2014). Their functions include nutrient support, neurotransmitter recycling, aiding in
synaptic remodeling and plasticity, structural support which includes the formation of the
blood-brain barrier, and respond to CNS injury and infection through inflammatory and
immune modulation (Khakh and Sofroniew, 2015; Pekny and Pekna, 2014).

Casselli et al. used primary human astrocytes /7 vitro stimulated by Bbfor 24 and 48 hours.
A total of 275 transcripts were found to be differential expressed across both time points
with significant overlap between them (221 DEGSs). Tumor necrosis factor superfamily,
member 18 (TNFSF18) showed the strongest induction. Additional inflammatory and
immune related genes were upregulated that include chemokines CXCL1, CXCLS6, and
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CXCL8 as well as ERAP2 which is involved in innate immunity and antigen processing and
presentation (Castro and A, 2018). In line with the broad nature of astrocyte functionality,
biological and functional analysis indicated genes were involved in nervous system
development, angiogenesis, and cell adhesion. The role of miRNA in the regulation of gene
expression was also investigated, with several miRNAs being differentially expressed that
are predicted to be involved with MAPK signaling, cell adhesion, and adherens junctions.
While these experiments indicated an inflammatory and immune response following B.
burgdorferiinfection, it seems the response was less concerted compared to more specialized
immune cells. This may suggest and provide credibility to disease severity that correlates to
the invasion of peripheral immune cells into the CNS, as seen in the CSF of neuroborreliosis
patients. Such an outcome may lead to a dysregulation in astrocytic function and result in the
exacerbation of a more persistent inflammatory environment within the CNS.

Conclusion

The use and expansion of transcriptomics approach allows researchers the ability to acquire
large data sets of both cellular and systemic environments that allow for identification of
novel pathways that may be associated with a specific biosignature or biomarker of a
disease. This is the case with Lyme borreliosis, where transcriptome profiling is becoming
more common place and provides additional insight into the mechanisms that regulate
phenotypic change.

There are many different types of models utilized in the studies reviewed, including /in vitro,
ex vivo, and in vivo in a humans, mice, and rhesus macaque — each are unique in their
benefits and limitations. Many of the /n vitro studies benefit from the precision of
environmental manipulation that can be performed and provide a reductionist method of
research. In Thompson et al. (2020), purified cultures of choroid plexus epithelia cells can
be tested to determine their specific role in the disease pathology of Lyme borreliosis and
investigate its role in CNS dissemination. However, this study and others like it are severely
limited due to the lack of systemic and biological context — without the positive or negative
feedback provided by other cell types, it is difficult to determine the extent of alterations that
may take place /n vivo. This context dependent outcome is highlighted by Lochhead et al.
(2019) when stimulation of FLS by B. burgdorferi only shows minimal enrichment of genes;
in contrast, with the addition of IFN-y, which would normally be produced by infiltrating T-
cells, the transcriptome profile is greatly expanded and was found to be highly similar to that
of postinfectious LA patients. While animal models provide this biological context, it is
important to consider their limitations as well. Mice (Mus musculus) are a common model to
study the pathogenesis of Lyme borreliosis but have significant differences in both innate
and adaptive immunity compared to humans (Mestas and Hughes, 2004). Furthermore,
several important immune mediators are absent in mice, including IL-8, CXCL11 (IFN-
inducible T-cell chemoattractant), and several other chemokines. This is an important
distinction when determine significance of pathways involved in disease pathology, as
several processes do not occur in mice — in humans, STAT4 activation allows for the
induction of Th1 development through IFN-a, however, this process does not occur in mice
due to the failure of STAT4 activation (Farrar et al., 2000; Mestas and Hughes, 2004).
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While this review highlighted the outcomes of transcriptome profiling in several Lyme
borreliosis models, insights into the mechanisms of the immune response and disease
progression can only be made when such data is correlated to protein translation within the
same experimental conditions. There are many mechanisms in which gene expression and
protein translation can be regulated and it is by no means a certainty that a change in gene
expression would positively correlate to the increase in protein production. In fact, a recent
publication utilizing integrative transcriptomic and proteomic analysis of live B. burgdorferi
(Bb4680) in rhesus macaque frontal cortex implants found that the correlation between
transcripts and protein levels was low (Ding et al., 2020). In other words, the abundance and
presence of specific MRNAs does not indicate similar abundance of their associated

proteins. Several studies mentioned in this review lacked appropriate protein level
assessment — Schramm et al. (2012), Meddeb et al. (2016), Bouquet et al. (2016), Crandall et
al. (2006), and as such, extrapolation to clinical relevance should be cautiously considered. It
is common, however, to determine the secretion of chemokines and cytokines within the
supernatant of /77 vitro experiments or through the utilization of immunohistochemistry as
seen in Hartiala et al. (2007), Myers et al. (2009), Casselli et al. (2017), Ramesh et al. (2008)
and Thompson et al. (2020); however, it is important to note that these methods are
inherently limited based on the number of proteins assessed. Lochhead et al. utilized several
methods to determine the validation of gene expression to protein levels through flow
cytometric analysis, cytokine/chemokine quantification via multiplex assays, and
immunofluorescence. Whereas Carreras-Gonzalez et al. (2018) performed mass
spectrometry to determine correlation between gene expression and protein levels. All
methods have their limitations, but it is critical to take these methods into consideration
when interpreting transcriptome data of past and future studies.

Many of these studies reviewed in this paper corroborate an overarching observation in
Lyme borreliosis patients in which 1) Time between treatment and onset of symptoms
predicts disease severity and 2) The host immune response, specifically a robust adaptive
immunity marked by immune cell infiltration and pro-inflammatory factors, correlates to a
more severe pathology. It is no surprise that these two observations can be simplified as one
of the same. A prompt and effective antibiotic treatment is highly indicative of patient
symptoms as it prevents the pathogen from greater dissemination and impact of secondary
tissue, where many of the late stage symptoms occur i.e. arthritis, CNS inflammation and
subsequent neurological pathology, and carditis. However, in many cases, the host innate
immune response and delayed treatment fail to halt the dissemination of the pathogen early
enough to prevent a stronger acquired immunity which may lead to these symptoms.

Omic-level studies provide significant insight into pathways affected during Lyme
borreliosis that allows for theorization of targets for therapeutic research. In studies
mentioned above, TNF and associated pathways such as TREM1 were abundantly observed
to be enriched following infection. Previous therapeutic strategies aim for an anti-
inflammatory approach, and indeed, treatments for an anti-TNF-a treatment have been
proposed in the past. As these studies become even more wide-spread within the Lyme
borreliosis field, as well as other infectious diseases, a greater emphasis on meta-analysis of
these large data sets will become invaluable to understand the disease at a systemic level
(McSweegan, 2007; Steere and Angelis, 2006). As Lyme borreliosis becomes a greater
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public concern, the utilization of these large datasets will become more important. Meta-
analysis of all these datasets will provide a larger, systemic overview in the pathogenesis of
the disease and provide information for targeted therapeutics.
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Fig. 1.

Severe cognitive impairment - Depression, fatigue, sleep disturbances; Arthritis

A summary of Lyme borreliosis symptoms and general timeline of the stages of the disease.
A) Symptoms of Lyme borreliosis. The most common symptom is the erythema migrans
(EM) rash. Arthritis is typically seen in 29 % of patients, while neurological and cardiac
manifestations are less common. B) General timeline of the stages of Lyme borreliosis. The
initial localized infection involves the EM rash, flu-like symptoms, and musculoskeletal
pain, typically in the first month of infection. Early dissemination occurs within one to
several months and can lead to heart and CNS involvement in addition to initial localized
symptoms. Pathogen establishment in secondary tissue and organs during the late
disseminated phase (months to years from initial infection) can lead to the addition of more
severe complications including cognitive impairment and arthritis. Created with

BioRender.com.
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Fig. 2.

Ar? overview of the transcriptional response of early localized infection. Infection occurs by
the transmission of B. burgdorferi s.1. through the bite of a tick and is localized within the
skin of the host. Following infection, several resident cells detect and initiate a
transcriptional profile in response to the pathogen. Dermal fibroblasts aid in the recruitment
of lymphocytes and produce matrix metalloproteinases that leads to the degradation of the
extracellular matrix. Monocytes and macrophages initiate phagocytosis and play key roles in
the promotion of inflammation, and activation and attraction of leukocytes. Similarly,
dendritic cells aid in peripheral immune cell chemotaxis and promote their differentiation
and activation. Infection may lead to an impaired migration of dendritic cells to lymph
nodes. Created with BioRender.com.
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Fig. 3.

An overview of the transcriptional response of early disseminated infection. The main route
of dissemination for B. burgdorferi s.I. is through the circulatory system. The endothelium of
blood vessels represents a barrier that must be overcome by both B. burgdorferi and immune
cells — infection induces the production of several inflammatory and chemotactic cytokines
and an increase in cellular adhesion molecules that promotes that binding of leukocytes. The
induction of MMPs in both endothelial cells and fibroblasts can aid in the dissemination of
the bacteria. Likewise, the choroid plexus epithelium, in response to B. burgdorferi,
produces a similar profile conducive to the chemotaxis of peripheral immune cell and a
reduction in cell-cell junction transcripts. Peripheral blood mononuclear cells produce an
inflammatory response marked by Trem1 signaling, amplifying inflammation. Key
mediators of the response include TNF, NF-xB, and IFN-y, the latter which enhances the
endothelial response. Created with BioRender.com.
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Fig. 4.

Ag overview of the transcriptional response of late disseminated infection. Following
hematogenous dissemination, the central nervous system and joints are common regions for
B. burgdorferi s.1. to colonize. Frontal cortex tissue responds in a diverse manner
representative of resident cells — highlighted by inflammatory cytokines and marked by
neuronal and oligodendrocyte apoptosis. SH-SY5Y neuronal cells indicate minimal response
to infection and are inclined towards a pro-survival profile. Through the activation of
microglia, marked by inflammatory factors, SH-SY5Y cells shift towards cell cycle arrest
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and pro-apoptotic profiles. Astrocytes promote a less robust immune response compared to
microglia and show a shift in transcriptional regulation. B. burgdorferi invade the synovial
fluid and surrounding tissue of joints, leading to the induction of chemotactic cytokines and
subsequent invasion of leukocytes — an indication of Lyme arthritis. Created with
BioRender.com.
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Table 1 —
List of publications reviewed

Cell or Tissue Type Borrelia sp. Publication Sequencing Platform Dataset Note

Dendritic cells B. garinii Hartiala et al., 2007 [1] Microarray - Hum-16K cDNA In publication

Mus musculus, B. burgdorferi 297 Carreras-Gonzalez et al., RNA-Seg-Illumina HiScanSQ GSE103483

Macrophages 2018 [2]

Monocytes B. burgdorferi Carreras-Gonzalez et al., Microarray-Illumina Human GSE103483

B31-5A15 2018 [2] HT12 v4 BeadChips
Dermal Fibroblasts B. burgdorferi N40, Schramm et al., 2012 [3] Microarray-PIQOR- Skin GSE31740
Pbre, 1408 cDNA

Endothelia (HUVEC) B. burgdorferiHBD1 Dame et al., 2007 [4] Microarray-Affymetrix Human | GSE6092
U133 Expression Array Plus
2.0

LD Patient PBMCs N/A Bouquet et al., 2016 [5] RNA-Seq — lllumina HiSeq GSE63085
2000

PBMCs B. burgdorferi B515 Petzke et al., 2009 Microarray — Affymetrix GSE17103 **
Human Genome U133 Plus 2.0

Choroid Plexus B. burgdorferiB31 - Thompson et al., 2020 [6] RNA-Seq — Illumina HiSeq GSE153261

Epithelium MI-16 4000

Mus musculus, Joint B. burgdorferi N40 Crandall et al., 2006 [7] Microarray — Affymetrix GSE6055
Mouse Expression 430A,;
Affymetrix Mouse Genome
4302.0

Rhesus macaque B. burgdorferiB31 — Ramesh et al., 2008 [8] Microarray — Agilent 4x44K N/A

(Macaca mulatta) - 5A19 rhesus macaque, G2519F

Brain parenchyma

Rhesus macaque B. burgdorferiB31 — Myers et al., 2009 [9] Microarray — Agilent 4x44K In publication

(Macaca mulatta) — 5A19 rhesus macaque (G2519F);

Microglia, astrocytes; Agilent 4x44K Human

human SH-SY5Y (G4112F)

Astrocytes B. burgdorferi B31- Casselli et al., 2017 [10] RNA-seq — Illumina HiSeq GSE85143

MI-16

2000

*
All samples derive from human unless otherwise stated

Hk
Could not be found in GEO database
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