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Abstract

The mammalian host responds to infection with Borrelia spirochetes through a highly orchestrated
immune defense involving innate and adaptive effector functions aimed toward limiting pathogen
burdens, minimizing tissue injury, and preventing subsequent reinfection. The evolutionary
adaptation of Borrelia spirochetes to their reservoir mammalian hosts may allow for its persistence
despite this immune defense. This review summarizes our current understanding of the host
immune response to B. burgdorferi sensu lato, the most widely studied Borrelia spp. and etiologic
agent of Lyme borreliosis. Pertinent literature will be reviewed with emphasis on in vitro, ex

vivo and animal studies that influenced our understanding of both the earliest responses to B.
burgdorferias it enters the mammalian host and those that evolve as spirochetes disseminate

and establish infection in multiple tissues. Our focus is on the immune response of inbred mice,
the most commonly studied animal model of B. burgdorferiinfection and surrogate for one of

this pathogen’s principle natural reservoir hosts, the white-footed deer mouse. Comparison will

be made to the immune responses of humans with Lyme borreliosis. Our goal is to provide an
understanding of the dynamics of the mammalian immune response during infection with B.
burgdorferiand its relation to the outcomes in reservoir (mouse) and non-reservoir (human) hosts.

Introduction

The mammalian immune system is critical for host defense against infection and for
establishing memory responses that can respond rapidly to prevent or limit re-infection
(Medzhitov, 2008). Sensor cells located in barrier tissues throughout the body play
important roles in distinguishing pathogens as foreign (Murphy and Weaver, 2017). These
cells orchestrate immune responses that evolutionarily have been selected as effective at
controlling the perceived threat, either by its elimination or by limiting the pathogen
burden and adverse effects on the host. Regulation of the inflammatory response is key
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to preventing excessive tissue injury as a consequence of this defense and restoring tissue
homeostasis once the pathogen is controlled (Medzhitov, 2008; Feehan and Gilroy, 2019).

The goal of this review is to provide an understanding of the dynamics of the mammalian
immune response during infection with Borrelia burgdorferiand how this response

affects pathogen elimination and persistence. When visualized in tissues, B. burgdorferi

is extracellular and has a predilection for extracellular matrix and connective tissue at all
stages of infection (Duray and Steere, 1988; Barthold et al., 1990; Barthold et al., 1993).
Although B. burgdorferihas been sighted rarely inside cells, both ex vivoand in vitro studies
of its genome and its mechanisms for immune evasion (reviewed in Radolf and Samuels,
2021), which are directed toward subverting phagocyte, antibody, and complement-mediated
destruction, point over-whelmingly toward its residing in the host extracellularly (Hyde,
2017; Lin et al., 2020). B. burgdorferihas evolved to persist for extended periods of time in
its reservoir hosts without associated inflammatory pathologies despite engagement of both
innate and adaptive immunity (Moody et al., 1994; Baum et al., 2012). The adaptive immune
response, while unable to eliminate all spirochetes from the host, is capable of protecting

the host from re-infection with autologous strains (Bockenstedt et al., 1997; Nadelman et

al., 2012; Khatchikian et al., 2014; Jacquet et al., 2015). The factors that allow for this

state of “concomitant immunity” await a better understanding of the genetic and antigenic
composition of spirochetes that persist within the immunocompetent vertebrate host.

Much of what has been learned about the innate response has been derived from /in vitro
studies of the interactions of cultured B. burgdorferiand its components with cells or

cell lines. While providing much insight into the capacity of mammalian immune cells

to recognize and respond to B. burgdorferi components, the ability of B. burgdorferito
rapidly change its gene expression program depending on its environment (culture, tick,

or mammal) (Radolf and Samuels, 2021) limits the extrapolation of /n vitro studies to the
unique /n7 vivo microenvironments in which B. burgdorferiresides in the mammal (Radolf
et al., 2012). A further distinction is made between B. burgdorferiinfection in inbred

mice, a surrogate reservoir host, and the clinical pathology known as “Lyme disease” or
“Lyme borreliosis” resulting from B. burgdorferi infection of non-reservoir hosts, including
humans. Studies in inbred mice provide important insights into immune components that
are critical not only for limiting pathogen burden, resolving inflammation and preventing
infection with B. burgdorferi, but also for identifying the spirochete’s key immune evasion
strategies. Mice, however, do not develop the pathology characteristic of Lyme borreliosis
in humans (Duray and Steere, 1988; Barthold et al., 1992a; Steere et al., 2016) even though
in vitro studies suggest that similar immune pathways are engaged by mouse and human
cells exposed to B. burgdorferiand its components (discussed herein). Recent studies in
humans have used advanced technologies to probe host responses in blood and tissues, with
a goal toward understanding how these responses result in clinical pathology. In this article,
we review the innate and acquired host responses to B. burgdorferithat control pathogen
burden, prevent reinfection and limit the extent of tissue injury and clinical disease, as well
as those that may allow for B. burgdorferi persistence.
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Establishment of infection: The role of the tick vector in B. burgdorferi

infection

B. burgdorferiinfection begins with introduction of spirochetes into the mammalian skin
during tick feeding. The skin constitutes the first barrier to tick-borne pathogens, and
breaching of this barrier at the tick feeding site creates a critical portal for passage of the
pathogen from the tick to the bloodmeal host (Frischknecht, 2007). As with other vector-
borne pathogens, B. burgdorferibenefits from mechanisms that /xodesticks have evolved

to obtain the bloodmeal and to prevent host immunity to tick refeeding. Blood feeding of
Ixodes ticks is a highly ordered process that occurs over 3—10 days, with the majority of

the blood ingested during the final 24 hours of attachment (Kemp et al., 1982). With the
initiation of feeding, B. burgdorferireplicates in the tick midgut and then migrates through
the hemocoel to the salivary glands prior to deposition in the deep epidermis or dermis of the
bloodmeal host (Dunham-Ems et al., 2009). During this time, tick saliva bathes the feeding
pit with pharmacologically active substances that impair hemostasis, host immunity and
wound healing, and which can secondarily facilitate pathogen transmission to the bloodmeal
host (Ribeiro et al., 1985) (see also Radolf and Samuels, 2021). The composition of tick
saliva changes during the course of tick feeding (Perner et al., 2018) and varies depending
on the bloodmeal host species, possibly as a consequence of the vertebrate immune response
(Narasimhan et al., 2019). Successful transmission of B. burgdorferito the vertebrate host
depends on its ability to exploit components of tick saliva as it moves from the tick salivary
gland into the unique ecological niche of the tick feeding site (Nuttall and Labuda, 2004;
Nuttall, 2019).

Several studies have shown that tick saliva can enhance infectivity of B. burgdorferi. Co-
inoculation of B. burgdorferiwith 1. scapularis or 1. ricinus salivary gland lysates into mice
enhances pathogen burden in multiple organs in comparison to needle inoculation (Zeidner
et al., 2002). This effect, however, is tick species- and spirochete strain-specific, as it was
observed only when co-inoculating a spirochete strain isolated from the tick species from
which the salivary gland lysates were obtained. Saliva and salivary gland extracts from /.
ricinus promoted enhanced dissemination of B. afzelii when co-inoculated into mice, with
an increase in pathogen burden in the skin and urinary bladder, but not the heart, by day 6
(Pechova et al., 2002; Horka et al., 2009). The early effect of tick saliva on pathogen survival
is likely mediated by inhibition of cutaneous innate immune mechanisms. Consistent with
this, /. ricinus salivary gland extracts impeded macrophage production of reactive oxygen
species and Killing of B. afzelii by mouse macrophages /in vitro (Kuthejlova et al., 2001).

A more recent study demonstrated that /. ricinus salivary gland extracts inhibited mast cell
activation /n vitro. While mast cell-deficient mice did not exhibit increased replication of B.
burgdorferiin the skin, dissemination to the joints occurred more quickly (Bernard et al.,
2017).

The factors within tick saliva that facilitate B. burgdorferitransmission and dissemination
are only partially defined. Analyses of the /. scapularisand /. ricinus sialotranscriptomes
have identified differentially expressed genes during tick feeding that encode proteins
predicted to have a broad range of pharmacologic activities (Narasimhan et al., 2002;
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Ribeiro et al., 2006; Kotsyfakis et al., 2015; Perner et al., 2018). The timing for production
of some of these molecules varies with duration of tick feeding (Perner et al., 2018).
These molecules have been catalogued into functional groups, such as the basic tail family
proteins (e.g. salp14) that impair blood clotting (Narasimhan et al., 2002; Ribeiro et al.,
2006), the tissue factor pathway inhibitors ixolaris and penthalaris (Francischetti et al.,
2002; Francischetti et al., 2004), vasodilators such as prostacyclin, prostaglandin E2, and
adenosine (Ribeiro et al., 1988; Sa-Nunes et al., 2007), and inhibitors of angiogenesis
(Francischetti et al., 2005). More relevant to the survival of B. burgdorferiin the skin

are factors that retard local inflammation at the tick bite site, especially those that

interfere with the activity of phagocytes, antibody and complement. Tick saliva contains
an abundance of protease inhibitors, including sialostatin L, ILS919, and ISL 1373, that
impair neutrophil functions such as chemotaxis, integrin expression, and reactive oxygen
generation, respectively (Kotsyfakis et al., 2006) (Guo et al., 2009). Sialostatins also
modulate mouse dendritic cell (DC) responses to B. burgdorferi in vitro, reducing DC
maturation and IFN-B production, as well as DC production of the chemokines MIP-1a
and IP-10 that recruit mononuclear cells, T cells and mast cells (Lieskovska et al.,

2015). Other factors inhibit macrophage activation and interfere with the alternate pathway
of complement activation, including salp20, Isac and Isac paralogs found in /. ricinus
(Valenzuela et al., 2000; Daix et al., 2007; Tyson et al., 2007; Couvreur et al., 2008).
Additionally, the TSLP1 family inhibits the lectin complement cascade (Schuijt et al.,
2011; Wagemakers et al., 2016). RNAseq analysis of single /. ricinus salivary glands
revealed that the most abundant transcripts expressed within the first 24 hours of tick
feeding were secreted metalloproteases, members of the basic tail superfamily proteins,
and anti-complement Isac paralogs, including IRAC1, IRACII and IXACB1-5 (Daix et al.,
2007; Couvreur et al., 2008; Perner et al., 2018). The actions of these molecules at the tick
feeding site interfere with the initial skin immune defense and may help pathogens like B.
burgdorferi establish infection in the mammal.

Components of tick saliva modulate adaptive immunity, skewing T cell differentiation
toward a TH2 phenotype through actions on DCs and T cells. This could facilitate B.
burgdorferiinfection by reducing the actions of TH1-associated cytokines on phagocytes.
PGE; in tick saliva increases IL-10 and reduces IL-12 and TNFa production by DCs,

and suppresses DC-induced CD4+ T cell proliferation and IL-2 production /n vitro (Sa-
Nunes et al., 2007). Tick saliva also contains an IL-2 binding protein that inhibits T

cell proliferation in vitro (Gillespie et al., 2001). Repeated tick infestation of C3H/HeN
mice leads to reduced production of IL-2 and IFN-y by splenocytes after concanavalin

A stimulation and augmented production of IL-4 and IL-10 production. The increase in
production of anti-inflammatory cytokines, especially 1L-10, may help suppress phagocyte
activation and clearance of B. burgdorferi. In support of this, treatment of C3H/HeJ mice
with TNFa, or with IL-2 or IFN-y for 10 days after onset of B. burgdorferi-infected tick
feeding reduced mouse infection rates by 95% and 30-45%, respectively (Zeidner et al.,
1996). Langerhans cells (LCs) are critical for tick-mediated suppression of the concanavalin
A-induced TH1 response in lymph nodes draining the tick bite site, but their impact

is attenuated when B. burgdorferiis introduced by feeding ticks (Vesely et al., 2009).
Recently, a sphingomyelinase-like protein (IsSMase) has been identified in /. scapularis
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saliva that directly polarizes CD4+ T cells toward a TH2 phenotype and expression of I1L-4
(Alarcon-Chaidez et al., 2009). B. burgdorferialso has exploited a tick salivary protein,
salp15, to colonize the bloodmeal host (Ramamoorthi et al., 2005). The expression of this
protein is upregulated in infected tick salivary glands and binds to outer surface protein C
(OspC) on spirochetes as they enter the host. The binding of salp15 to OspC can shield

B. burgdorferi s.s. from borrelicidal antibodies /n vitro, suggesting that it could interfere
with antibody-mediated killing /n vivo. This effect appears to be species- specific as salp15
could not protect B. garinii or B. afzelii from being killed. Recombinant salp15 injected with
spirochetes enhanced their survival in mice, and siRNA depletion of the protein in infected
ticks reduced B. burgdorferiinfectivity after vector transmission (Ramamoorthi et al., 2005).
In addition, salp15 inhibited DC production of inflammatory cytokines through binding of
DC-SIGN (Hovius et al., 2008), as well as T cell receptor signal transduction by binding

to the T cell coreceptor CD4 (Garg et al., 2006; Juncadella et al., 2007). These diverse
functions of salp15 not only aid B. burgdorferi infection and contribute to disease expression
but also reduce the impact of host innate and adaptive immune responses induced by B.
burgdorferithat could potentially interfere with tick feeding.

Initial host defense - the innate immune response

Both innate and acquired defenses control spirochetes in tissues, with the humoral response
particularly important for lowering B. burgdorferitissue burden, resolving disease and
protecting from infection. Innate immune mechanisms are likely engaged to some extent at
all stages of infection and wherever spirochetes are found in the mammal. Their greatest
impact, however, would be during phases where B. burgdorferiinitially enters the host,
replicates and disseminates.

Early spirochetal dissemination into tissues and interactions with resident immune cells

During natural infection, ticks deposit B. burgdorferi within the epidermal or dermal layers
of the skin, depending on the size/stage of the tick and the skin thickness of the new

host. Studies of the earliest stages of tick-transmitted infection using intravital microscopy

in living mice and GFP-expressing spirochetes have been unable to visualize spirochete
deposition within the skin, consistent with the small numbers that are believed to be
deposited in the feeding pit (Ohnishi et al., 2001; Bockenstedt et al., 2014). However,
intradermal needle inoculation with a range of B. burgdorferi doses has been found to result
in similar tissue burdens as achieved following tick transmission over time, with the absolute
numbers varying depending on the mouse strain infected (Brown and Reiner, 1998b). After
inoculation of cultured GFP-expressing spirochetes into mouse skin, intravital microscopy
reveals that they immediately become motile within the skin, displaying a backward-forward
motility along collagen fibers interspersed with longer runs, similar to patterns observed in
tick-transmitted infection (Harman et al., 2012). Within 48 hours, they begin disseminating
from the inoculation site through the dermis, particularly in areas possessing collagen
(Barthold et al., 1991; Shih et al., 1992; Shih et al., 1993). During dissemination, spirochetes
achieve velocities that average ~250 um/min, while maintaining a primarily backward-
forward motility interspersed with some longer runs in a single direction (Malawista and

de Boisfleury Chevance, 2008; Harman et al., 2012). While some spirochetes access the
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bloodstream, the vast majority of bacteria appear to continue migrating through the dermis
and lymphatic ducts (Tunev et al., 2011; Imai et al., 2013). After injection into one ear

of a mouse, it consistently takes around 8 days for the spirochetes to reach the opposite

ear, regardless of the inoculum dose; this also supports a mainly skin/lymphatics-based
dissemination (Tunev et al., 2011). The first resident immune cells encountered during
dissemination are LCs, which reside in the areas at the epidermal/dermal interface (Nestle
et al., 2009), and constantly sample the environment via their long pseudopods that move

at around 0.4 um/min (Nguyen Hoang et al., 2014). Subsequently, the spirochetes come

in contact with cells of the macrophage/DC lineage as they continue through the dermis
(Nestle et al., 2009). These cells are capable of capturing and phagocytosing a subset of

B. burgdorferi even though they move approximately 300-times slower than B. burgdorferi
(Malawista and de Boisfleury Chevance, 2008). Within 4 hours of B. burgdorferibeing
injected into the skin, large numbers of neutrophils migrate specifically to the skin regions
that contain spirochetes (Xu et al., 2007). These phagocytes travel at average speeds

of 6 um/min, which is around 40-times slower than spirochetes, capturing some of the
disseminating B. burgdorferi (Park et al., 2018). The vast majority of spirochetes, however,
continue to disseminate, with bacteria observed in the heart by <7 days and in the rear
ankle joints by 7-10 days post-infection after inoculation into the back skin (Lazarus et al.,
2006). The spirochetes can inhabit at least transiently almost any tissue in the host, including
the meninges (Divan et al., 2018), residing in the extracellular spaces where they can
interact with resident immune cells. During this persistent phase, B. burgdorferi may elicit
inflammatory responses, though the exuberance of those responses is dependent largely on
the host genetic make-up rather than the number of spirochetes that reside in those tissues
(Ma et al., 1998; Brown et al., 1999; Miller et al., 2008b). Notably, the spirochetes continue
to display the same backward-forward motility and velocities in skin tissues as demonstrated
early in infection, even 2 years post-infection (Wooten et al., unpublished).

Aspects of the innate immune response appear to have the strongest effects on bacterial

clearance.

A number of studies have helped delineate the relative importance of innate versus adaptive
immunity in the control of B. burgdorferinumbers in host tissues. As outlined more below,
SCID mice lacking B and T cells possessed similar spirochetal numbers as wild-type (WT)
mice for several weeks post-infection. Over time, spirochetes reached higher numbers in
several tissues of SCID mice compared to WT mice (Barthold et al., 1992b; Wang et

al., 2005), with control of spirochete numbers mediated by B cells but not T cells (de
Souza et al., 1993; Schaible et al., 1994). Mice lacking the pattern recognition receptor
toll-like receptor 2 (TLR2) or myeloid differentiation antigen 88 (MyD88), the downstream
signaling adaptor for numerous TLRs, including TLR2, quickly developed bacterial loads
that were significantly higher than WT mice, and these differences were maintained even
after the adaptive responses developed (Wooten et al., 2002b; Bolz et al., 2004) (Figure

1). Importantly, the antibody levels in these mice were similar to or significantly higher
than those of infected WT mice, and passive transfer of their immune serum to naive mice
generated similar protection against B. burgdorferi challenge as immune serum from WT
mice (Wooten et al., 2002b; Yoder et al., 2003; Bolz et al., 2004). These findings suggest
that the absence of MyD88 reduces effector functions of the innate immune response
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important for controlling pathogen burden. Finally, massively parallel sequencing of a
defined set of B. burgdorferi mutant strains following their transfer by needle-inoculation
into WT and MyD88-deficient mice determined that the major bottleneck to infection occurs
early at the site of infection, which is when innate immunity comprises the majority of
immune responsiveness (Troy et al., 2013). Together with studies in SCID mice, these
findings suggest that both the innate immune response and the production of antibodies are
critical for controlling pathogen burden after B. burgdorferi infection in mice.

A caveat concerning most studies of B. burgdorferiinteractions with immune cells is that
they utilize assays performed /n vitro or ex vivo, which are inadequate surrogates for the
3-dimensional tissues in which these spirochetal bacteria have evolved to reside. Some
reasons for this include: 1) B. burgdorferiis a true obligate parasite that lacks many genes
needed for growth outside a tick or vertebrate host; 2) B. burgdorferiis highly adaptable to
the host or environment it encounters (i.e. vertebrate host vs. /n vitro culture) and can rapidly
change gene expression patterns; 3) we still do not know which gene products are expressed
on the B. burgdorferi surface within a vertebrate host versus those expressed in an artificial
environment; and 4) the relevance of B. burgdorferi motility and chemotaxis for immune
evasion, particularly regarding the cellular responses, cannot be appreciated anywhere other
than within the complex architecture of host tissues (Stevenson et al., 1995; Carroll et al.,
1999; Charon and Goldstein, 2002; Rosa et al., 2005; Stewart et al., 2005). Thus, much

of our understanding of how individual innate immune cell types respond to encounters
with B. burgdorferi and/or its lipoproteins /n vitro must be interpreted with caution. Some
innate immune pathways have also been explored in mutant mice lacking relevant genes or
after depletion of effector molecules. Table 1 summarizes those studies and the impact of
interruption of specific innate immune pathways on pathogen burden, antibody responses
and pathology.

B. burgdorferi agonists and their innate pattern recognition receptors (PRRs)

B. burgdorferi populates the extracellular spaces of host tissues and, thus, is likely to
initially interact with PRRs on cell surfaces. Early /n vitro experiments indicated that

B. burgdorferiis capable of stimulating a wide range of leukocytes and other host cells
(Defosse and Johnson, 1992; Schoenfeld et al., 1992). Fractionation studies suggested

that outer membrane lipoproteins were the primary pathogen-associated molecular patterns
(PAMPs) through which innate immune cells sense B. burgdorferi. Prior to the identification
of toll-like receptor (TLR) 4, the C3H/HeJ mouse line, a derivative of the C3H/HeN strain,
was identified as resistant to septic shock after injection with lipopolysaccharide (LPS),

but to be highly susceptible to infection with Gram-negative bacteria (Watson and Riblet,
1974; Weinstein et al., 1986); thus C3H/HeJ mice were presumed to lack an LPS receptor.
Significantly, B. burgdorferi and/or their purified lipoproteins elicited similar responses

by macrophages derived from either C3H/HeJ or C3H/HeN mice, and both mouse strains
exhibited a similar course of infection with B. burgdorferi (Radolf et al., 1991; Yang et al.,
1992; Barthold et al., 1993; Ma and Weis, 1993). This strongly suggested that B. burgdorferi
lacked a classical LPS and that spirochetal lipoproteins activated macrophages through
different innate receptors. The discovery of a family of TLRs (Medzhitov et al., 1997; Rock
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et al., 1998) set the stage for subsequent work that identified TLR2 to be the receptor for B.
burgdorferilipoproteins.

In addition to its surface PAMPs, intracellular PAMPs of B. burgdorferi are likely exposed
when the bacterial cells are damaged or after their phagocytosis and degradation within
certain host cell types. These PAMPs would then be recognized by PRRs residing within
the endosomal/phagosomal compartment of phagocytes, where they can either amplify or
suppress particular immune/inflammatory pathways (Cervantes et al., 2014). Evidence for
the existence of pathways involving B. burgdorferi agonists and PRRs other than TLR2 have
come from reports demonstrating that a greater complexity of responses are triggered in
human and mouse mononuclear cells cultured with living B. burgdorferithan with purified
lipoproteins or with sonicated preparations of spirochetes (Benhnia et al., 2005; Moore et
al., 2007; Cruz et al., 2008; Lazarus et al., 2008; Dennis et al., 2009; Salazar et al., 2009)
(Wooten et al., unpublished). The many immune molecules and pathways involved in the
innate response to B. burgdorferiare described below.

CD14—The first receptor identified to mediate B. burgdorferi-associated inflammatory
signaling was CD14. This receptor can be utilized by cells that either possess CD14 directly
linked to their surface via a glycosylphosphatidylinositol linkage (mCD14) on myeloid
lineage immune cells (e.g. macrophages, neutrophils, dendritic cells) or as a soluble protein
(sCD14) in serum. Both macrophages (via mCD14) and endothelial cells (via sCD14)

were activated by B. burgdorferi recombinant lipoproteins or lipopeptides using pathways
accentuated by CD14 (Sellati et al., 1998; Wooten et al., 1998). Prototypic B. burgdorferi
lipoproteins OspA and OspC were directly bound to CD14 in a similar fashion as LPS
(Wooten et al., 1998). Activation of macrophages by lipoproteins occurred in the absence of
CD14, albeit only at higher concentrations, indicating a role for CD14 in innate immune cell
monitoring for bacterial lipid-containing pathogen-associated molecular patterns (PAMPS)
in host tissues (Wooten et al., 1998; Hirschfeld et al., 1999). The mechanism differed

from LPS-mediated interactions with CD14, in that lipoprotein activities mediated by CD14
occurred independently of LPS-binding protein activity (Sellati et al., 1998; Wooten et

al., 1998). Studies using CD14-deficient mice indicated that B. burgdorferiinteractions
with CD14 /n vivo were important for lowering bacterial numbers in multiple target

tissues and diminishing B. burgdorferi-associated inflammatory pathologies (Benhnia et al.,
2005). CD14-mediated signaling increased neutrophil-associated activities in B. burgdorferi-
infected tissues while promoting matrix metalloprotease 9 (MMP9) activities and collagen
remodeling (Zhao et al., 2007; Sahay et al., 2011). CD14 can promote B. burgdorferi
phagocytosis through interactions with complement receptor 3 (CR3; CD11b) and lipid

raft microdomains of macrophages completely independent of the TLR2-signaling pathway
(Hawley et al., 2012). These findings suggest that CD14 acts as a scavenger receptor to
target B. burgdorferifor enhanced phagocytosis and/or interacts with TLR2 (see below) to
activate CD14-associated host cells.

TLR2—Early publications identified both TLR2 (Kirschning et al., 1998; Yang et al.,
1998) and TLR4 (Poltorak et al., 1998) as the LPS-receptor. However, work by Hirschfeld
et al indicated that the apparent LPS-mediated signaling via TLR2 was actually due to
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contaminating lipoproteins in the crude LPS preparations used in those studies (Hirschfeld et
al., 2000), confirming that TLR4 was the actual LPS receptor. Transfection of five different
TLRs individually into 293 and U373 cell lines lacking some or all TLRs identified TLR2
as a major receptor for B. burgdorferi-mediated signaling, as only cells expressing TLR2
alone could become activated in response to recombinant OspA and OspB lipoproteins,
synthesized triacylated lipopeptides, or sonicated B. burgdorferi (Hirschfeld et al., 1999;
Lien et al., 1999). TLR2-mediated signaling in response to lipoproteins also activated NF-
kB in THP-1 cells, and could elicit apoptosis and/or respiratory burst-associated products
in those cells (Aliprantis et al., 1999). TLR2-mediated signaling controlled B. burgdorferi
numbers /n vivo, as multiple target tissues from TLR2-deficient mouse lines possessed

up to 100-fold more spirochetes compared to WT mice months post-infection (Wooten

et al., 2002a). Interestingly, TLR2-deficient mice produced similar or significantly greater
levels of B. burgdorferi-specific antibodies than WT mice, and these antibodies recognized
a similar range of bacterial antigens, suggesting that TLR2-mediated innate responses
were most important for controlling B. burgdorferi numbers but are similarly unable

to clear the infection (Wooten et al., 2002a)(Wooten et al., unpublished). Immunization

of TLR2-deficient and WT mice with rOspA elicited similar protection from challenge
with B. burgdorferi, confirming that antibodies arising in the absence of TLR2 possessed
indistinguishable protective capacities (Yoder et al., 2003). While TLR2-mediated signaling
alone significantly contributes to the response to B. burgdorferi, the association of this
receptor with TLR1 appears necessary for optimal production of antibodies against B.
burgdorferilipoproteins (Alexopoulou et al., 2002; Yoder et al., 2003). TLR2-activity is
not required for phagocytosis of B. burgdorferibut does appear to be needed for sampling
of spirochetal agonists after phagocytosis to allow optimal inflammatory signaling (Shin

et al., 2008b; Salazar et al., 2009). In the case of human macrophages, phagocytosis

of live B. burgdorferielicits a more potent and varied upregulation of proinflammatory
mediators compared to macrophages exposed to spirochetal lysates, suggesting that
phagosomal signaling continues to be driven by subsequent exposure to TLR2-dependent
and -independent B. burgdorferi agonists (Salazar et al., 2009). Interestingly, this TLR2-
associated inflammatory signaling by murine macrophages is much stronger in response to
killed B. burgdorferi or bacterial lysates compared to intact spirochetes, whereas human
macrophages and DCs show much stronger signaling in response to live bacteria compared
to bacterial lysates. The reason for these differences between mouse and human innate
immune cell activation events is currently unknown (Lazarus et al., 2008; Salazar et al.,
2009).

As noted above, B. burgdorferiinfection of TLR2- or MyD88-deficient mice resulted in very
high levels of bacteria in all target tissues tested compared to WT mice, despite similarity

in their antibody responses (Bolz et al., 2004; Liu et al., 2004). Unlike TLR2-deficient
macrophages, however, MyD88-deficient macrophages exhibited a defect in phagocytosis

of B. burgdorferiand produced lower levels of inflammatory mediators in response to

B. burgdorferiand its components than TLR2-deficient or WT macrophages (Shin et al.,
2008b). These findings support a role for MyD88 in facilitating signals through innate
receptors other than TLR2 after B. burgdorferi infection. Phagocytosis of B. burgdorferi
also can be enhanced through signaling via the TIR-domain-containing adapter-inducing
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interferon-p (TRIF) adapter protein, which can be stimulated following TLR2 engagement
(Shin et al., 2008b; Petnicki-Ocwieja et al., 2013; Petnicki-Ocwieja et al., 2015; Ullah et
al., 2016). Together, these findings indicate that TLR2-signaling is critical for controlling B.
burgdorferinumbers in tissues by affecting both innate and adaptive effector functions.

TLR1 and TLR6—TLR1 is expressed on the surface of many cell types and is known

to dimerize with TLR2 to promote binding of bacterial triacylated lipoproteins, including
those expressed by B. burgdorferi. TLR6 is also known to dimerize with TLR2 and

to bind bacterial diacylated lipoproteins, which are presently mainly on Gram-positive
bacteria. Thus, while one might predict that TLR1, but not TLR6, would have a major

role in B. burgdorferi-signaling, there have been few studies assessing their function in
controlling spirochete numbers independent of TLR2. TLR1 does appear necessary for
optimal production of antibodies specific for B. burgdorferilipoproteins (Alexopoulou et
al., 2002). Co-cultures of B. burgdorferilysates with different cell types isolated from the
central nervous system elicited increased expression of TLR1 by astrocytes and microglia
cells, but not neurons (Cassiani-Ingoni et al., 2006). In macrophages, TLR1 levels also were
upregulated after exposure to B. burgdorferi (1zadi et al., 2007). Peritoneal macrophages
from either TLR1- or TLR6-deficient mice exposed to B. burgdorferi in vitro produced a
range of inflammatory cytokines at levels similar to those obtained from WT mice (Oosting
etal., 2011a). Interestingly, splenocytes from TLR1-deficient mice produced significantly
less IL-10 and significantly higher levels of IFNy after exposure to B. burgdorferi in vitro
compared to WT splenocytes. In contrast, TLR6-deficient mice exhibited a decreased IFNy
response. These findings indicate that the balance of TH1/TH2 associated cytokines is
altered in the absence of TLR1 or TLR6 in mice. In contrast to TLR1-deficient mice, studies
using PBMCs from human donors with polymorphisms in their TLR1 genes indicated that
a subset of those mutations resulted in a significant inhibition of proinflammatory cytokines
in response to B. burgdorferi in vitro (Oosting et al., 2011a), which could potentially
impact the outcome of B. burgdorferiinfection. Subsequent studies with a larger cohort of
Lyme borreliosis patients identified a particular TLR1-polymorphism (i.e. TLR1-1805GG)
that correlated with the development of persistent inflammatory arthritis after antibiotic
treatment (post-antibiotic Lyme arthritis, discussed further below) (Strle et al., 2012). These
patients developed higher levels of IFN-y and other inflammatory mediators than Lyme
borreliosis patients who did not develop post-antibiotic Lyme arthritis, and PBMCs from
these patients also produced higher levels of these mediators when exposed to B. burgdorferi
in vitro. Together, these studies suggest that TLR1 can modulate inflammatory cytokine
production in response to B. burgdorferi, and certain TLR1 polymorphisms may augment
TH1-like inflammatory responses. While these effects may contribute to adverse outcomes
from Lyme borreliosis, specific roles for TLR1 and TLR®6 in controlling B. burgdorferi
infection in vertebrate hosts have not yet been elucidated.

Other TLRs: TLR5/TLR7/TLR8/TLR9—TLRS5 is a surface PRR that recognizes bacterial
flagella. Although B. burgdorferi possess flagella, their location between the inner and outer
membranes of the spirochete indicates they would not be exposed unless the spirochete has
been damaged. While deficiency in TLR5 does not alter B. burgdorferi phagocytosis, it has
been shown to affect production of inflammatory cytokines in macrophages and microglia.
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These observations suggest that phagocytosis and disruption of intact B. burgdorferi exposes
flagella to TLR5 within endolysosomal compartments (Shin et al., 2008b; Parthasarathy and
Philipp, 2015, 2017). However, macrophage responses to flagellin-deficient B. burgdorferi
elicited similar levels of prototypic proinflammatory cytokines as produced in response to
WT B. burgdorferi, indicating that TLR5 plays a minimal role in the inflammation caused
by these spirochetes (Salazar et al., 2005). Disparate responses by certain TLRs are obtained
depending on the host cell type studied. In contrast to human microglia, human monocytes
stimulated with B. burgdorferilysates or lipoproteins resulted in the upregulation of TLR2
and downregulation of TLRS5, rendering the cells less responsive to TLR5 agonists (Cabral
et al., 2006). TLR7 and TLR8 (PRRs for single-stranded RNA), as well as TLR9 (PRR for
unmethylated CpG sequences in DNA), also respond to B. burgdorferi components that are
likely exposed upon its degradation within host cells. Phagocytosis of B. burgdorferihas
been shown to elicit production of Type | and Il interferons from human PBMCs (Petzke et
al., 2009; Love et al., 2014, 2015), monocytes, and DCs (Cervantes et al., 2011; Cervantes
et al., 2013) via these TLR pathways, suggesting their involvement in the host response

to B. burgdorferiinfection. Interestingly, although type | IFN production was noted in B.
burgdorferi-infected mice, production was shown to be independent of MyD88/TRIF, thus
independent of TLR stimulation (Miller et al., 2008a; Hastey et al., 2014).

Nod-like receptors (NLRs)—Another group of intracellular PRRs is the NLRs that
normally reside in the cytoplasm of leukocytes as well as other host cell types (Motta

et al., 2015). Most of these possess a common C-terminal leucine-rich repeat segment

that is associated with recognition of microbial agonists, as well as nucleotide-binding
domains that allow protein-protein interactions. At least two different NLRs, NOD-1 and
NOD-2, respond to muropeptides of bacterial peptidoglycan, with NOD-1 activated by
muramyltripeptides of Gram-negative bacteria and NOD-2 by muramyl-dipeptides of Gram-
positive bacteria. In those bacteria, inflammatory cytokines produced by macrophages are
substantially reduced in the absence of NOD-2 but not NOD-1. B. burgdorferiproduces a
thin layer of peptidoglycan that elicits inflammatory events in mammals (Beck et al., 1990).
As discussed elsewhere (Radolf and Samuels, 2021), peptidoglycan of Borrelia spirochetes
has a unique muramyldipeptide and, unlike other bacteria, these spirochetes do not recycle
their peptidoglycan fragments during cell wall turnover (Jutras et al., 2019). This shedding
of a highly inflammatory B. burgdorferi component may contribute to the disproportionate
host inflammatory reaction in infected tissues in comparison to the numbers of spirochetes
present and may explain the more exuberant responses elicited from innate immune cells /n
vitro by sonicated/disrupted spirochetes versus intact viable organisms (Jutras et al., 2019).

NOD?2 activation induces the proinflammatory cytokines IL-1p and IL-18. The receptors for
both of these cytokines require MyD88 to transmit intracellular signals, suggesting that these
cytokines could play an important role in host defense. Absence of 1L-18, however, does

not alter host susceptibility to B. burgdorferiinfection and disease (Behera et al., 2006a).
Secretion of IL-1p requires the intracellular assembly of the inflammasome, comprised

of NOD-, LRR- and pyrin domain-containing protein 3 (NLRP3), pro-caspase 1 and the
adaptor apoptosis-associated speck-like protein ASC, through which caspase 1 cleaves
pro-IL-B into its active form (Swanson et al., 2019). Upregulation of the inflammasome
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components occurs in response to perceived cell stress, including signals transmitted through
pattern-associated molecular patterns (PAMPS; microbial agonists) and PRRs such as
NOD?2. Several /n vitro studies have shown that B. burgdorferiinduction of IL-1f from
mouse and human macrophages requires caspase 1 and ASC (Liu et al., 2009; Oosting et

al., 2011b). Despite these /n vitro observations, /in vivo studies have not supported a critical
role for caspase 1-dependent inflammasome activation in host defense against B. burgdorferi
(Liu et al., 2009). No significant difference in pathogen burden or arthritis severity was
noted in mice deficient in either caspase 1 or ASC when infection was introduced by
intradermal inoculation. However, absence of caspase 1 or ASC does attenuate arthritis
induced by direct inoculation of cultured B. burgdorferiinto the joint (Oosting et al., 2012).
Surprisingly, joint inflammation was not dependent on NLRP3, the principal NLR involved
in the caspase 1-inflammasome, suggesting the involvement of other pathways.

Cellular mediators of the innate immune response to B. burgdorferi

Langerhans cells (LCs).—LCs are a subset of myeloid cells that reside in the epidermis
near the dermal interface (Kaplan, 2017). These cells are identified by the cell surface
receptor Langerin (CD207), a PRR. They possess a full complement of PRRs that allow
them to respond to pathogens encountered near the skin surface. Their activation leads to
the upregulation of MHC class Il and subsequent migration to the draining lymph nodes

to present antigens to lymphocyte populations in those tissues. Electron microscopy studies
identified B. burgdorferi associated with LCs in the epidermis of the skin lesion erythema
migrans (EM), an early manifestation of Lyme borreliosis in humans (Hulinska et al.,
1994). An ex vivo model using human skin tissues showed that LCs become activated

by B. burgdorferivia a TLR2-mediated mechanism and subsequently migrate out of these
tissues (Mason et al., 2016). A study of human skin incubated with B. burgdorferi in vitro
found that, in contrast to other DC populations, LCs were not able to phagocytose Lyme
Borrelia, (Filgueira et al., 1996). Increased numbers of LCs were observed in biopsies of
acrodermatitis chronica atrophicans (ACA) lesions, a late skin manifestation of untreated
Lyme borreliosis, and these cells demonstrated a decrease in MHC class 1 expression
compared to LCs in normal skin (Silberer et al., 2000). Transfer of LC-enriched epidermal
cell populations, pulsed /n vitrowith B. burgdorferi, into naive mice elicited significant
antibody production that protected recipients from challenge infection with tick-transmitted
bacteria, suggesting that LCs play a significant role in B. burgdorferi-directed adaptive
immune responses (Mbow et al., 1997). LCs also appear to be involved in the suppression
of TH1 responses in regional lymph nodes during and after tick-feeding on mice, though the
mechanisms for this activity are unknown (Vesely et al., 2009). Altogether, these findings
suggest that LCs are not effectors that phagocytose B. burgdorferi. Instead, LCs efficiently
sense spirochetal agonists in the skin and then activate adaptive immune responses in
secondary lymphoid tissues.

Macrophages/Dendritic cells—Macrophages and dendritic cells (DCs) are tissue-
resident professional phagocytes that can be generated from several tissues, though

the majority represent a progression from myeloid progenitors in the bone marrow to
blood-resident monocytes (Geissmann et al., 2010).Upon receiving maturation signals,
monocytes leave the vasculature and migrate into tissues, where they mature into either
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macrophages or DCs. Macrophages and DCs are both professional antigen-presenting
cells capable of initiating adaptive immune responses via antigen presentation by MHC
class I or I1. DCs are specialized for migration to the T cell zones of lymphatic tissues
after phagocytosis of microbes where they present processed antigens to initiate T cell
responses. In contrast, macrophages remain mostly in tissues at the site of infection where
they phagocytose invading microbes and initiate localized inflammatory responses that
attract additional leukocytes and soluble immune mediators. Currently, the literature on
macrophage interactions with B. burgdorferi far outnumber papers on DCs, though both
have similar effector responses (Chung et al., 2013).

In vitro studies indicate that macrophages and DCs can efficiently phagocytose and kill

B. burgdorferi, and these activities are enhanced by opsonization via complement and/or
spirochete-specific antibodies that bind to CR3 or Fc receptors, respectively (Benach et al.,
1984a; Peterson et al., 1984; Montgomery et al., 1994; Filgueira et al., 1996; Cinco et al.,
1997; Montgomery et al., 2002; Suhonen et al., 2002; Chung et al., 2013). Macrophage
activation also occurs in response to B. burgdorferi recombinant lipoproteins via interactions
with TLR2, producing a similar elicitation of activation markers as reported after exposure
to intact spirochetes (Radolf et al., 1995; Hirschfeld et al., 1999; Wooten et al., 2002a;
Chung et al., 2013). B. burgdorferi strains that have been passaged repeatedly /in vitro

are less infectious and more susceptible to phagocytosis by macrophages /n vitro than
low-passage strains, but both high and low passage strains equally elicit an oxidative burst
after phagocytosis; the mechanisms behind these differences are unknown (Georgilis et al.,
1991b).

Phagocytosis of B. burgdorferialso can be triggered by interaction of spirochetes with

a number of surface PRRs, including integrin a3p1, MARCO, and TLRs, the latter

capable of signaling via MyD88 and TRIF (Behera et al., 2006c; Behera et al., 2008;
Petnicki-Ocwieja et al., 2013; Hawley et al., 2015; Killpack et al., 2017). Macrophages (and
neutrophils) ingest B. burgdorferi primarily through both tube and coiling phagocytosis,

in which a pseudopod of the cell wraps or “coils” around the entire length of the

spirochete, resulting in its engulfment (Rittig et al., 1992; Montgomery and Malawista,
1996; Rittig et al., 1998; Linder et al., 2001; Naj et al., 2013; Naj and Linder, 2015)
(Figures 2 and 3). Phagocytosis and degradation of B. burgdorferireleases intracellular
PAMPs that macrophages then recognize via TLRs and other PRRs that are present in

the phagolysosome and other endosomal compartments, as discussed above (Salazar et al.,
2005; Shin et al., 2008b; Salazar et al., 2009; Cervantes et al., 2014; Petnicki-Ocwieja et al.,
2015; Carreras-Gonzalez et al., 2019). The cumulative effect of B. burgdorferi phagocytosis
is a potent inflammatory response eliciting a wide range of pro-inflammatory mediators,
including cytokines, chemokines, leukotrienes, and eicosanoids. These mediators prove

to be a double-edged sword, in that they promote both spirochetal clearance, but also
inflammatory pathology (Wang et al., 2008; Strle et al., 2009; Blaho et al., 2011, Pratt and
Brown, 2014). This is reflected transiently in the joints and hearts of B. burgdorferi-infected
mice, where macrophages have been shown to express phenotypic markers associated with
both protective M1 and tissue remodeling M2 differentiation (Lasky et al., 2015b). Overall,
these findings indicate a critical role for macrophages and DCs in initiating and mediating
immune mechanisms necessary for controlling B. burgdorferi numbers in host tissues.
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Neutrophils/Endothelial cells—Neutrophils are the most numerous phagocytic cells
normally present in the circulation. When tissue-resident myeloid cells (e.g. macrophage
and DCs) become activated, they secrete inflammatory mediators that activate endothelial
cells lining local blood vessels. Activated endothelial cells upregulate the expression of
adhesion molecules and chemokines that promote adherence of circulating immune cells
and their subsequent migration from the bloodstream into the tissue. Chemotactic molecules
secreted by activated tissue-resident immune cells create a gradient that directs leukocytes
from the blood to the infected area, where they contribute to the phagocytosis and killing

of extracellular pathogens. Since B. burgdorferiis known to persist long-term in the
extracellular spaces in multiple tissues, endothelium and neutrophils must play an important
role in controlling these infections.

In vitro studies using primary human umbilical vein endothelial cells (HUVECS) indicate
they rapidly become activated after exposure to B. burgdorferi or their lipoproteins.
Spirochetes bind to HUVECSs via a mechanism involving fibronectin and then traverse the
endothelial layers; this penetration was enhanced via binding of plasminogen (Szczepanski
et al., 1990; Comstock and Thomas, 1991; Coleman et al., 1995). HUVECs co-cultured
with B. burgdorferi or their lipoproteins elicit rapid NF-xB translocation to the nucleus,
followed by upregulation of adhesion molecules critical for recruitment of leukocytes
within 1-4 hours post-infection (Boggemeyer et al., 1994; Sellati et al., 1995; Wooten

et al., 1996). Activation of HUVECs is greatly enhanced in the presence of sCD14 and
activation is suppressed by B. burgdorferi-elicited 1L-10 (Sellati et al., 1998; Wooten et
al., 1998; Lisinski and Furie, 2002a). HUVEC secretion of pro-inflammatory cytokines and
chemokines occurs within 4 hours of exposure, and neutrophils bind and traverse these
endothelial layers by >4h post-exposure (Ma and Weis, 1993; Sellati et al., 1995; Sellati et
al., 1996; Wooten et al., 1996; Ebnet et al., 1997).

In vitro studies indicate that neutrophils can efficiently phagocytose and kill B. burgdorferi,
and these activities are enhanced in the presence of complement and/or spirochete-specific
antibodies (Benach et al., 1984a; Peterson et al., 1984; Suhonen et al., 2000; Lusitani et al.,
2002; Suhonen et al., 2002). Neutrophil activation also occurs in response to B. burgdorferi
recombinant lipoproteins, producing a similar elicitation of activation markers as reported
after exposure to intact spirochetes (Morrison et al., 1997; Cinco et al., 1998). Phagocytosis
of B. burgdorferiby neutrophils occurs by tube phagocytosis in which pseudopods wrap
around the entire 20-30um length of these spirochetes to allow engulfment (Suhonen et al.,
1998). Neutrophil-generated elastase, LL-37, and a number of other granular components
can either directly kill B. burgdorferi or inhibit their growth /n vitro (Garcia et al., 1998;
Lusitani et al., 2002, 2003). Injection of B. burgdorferior their lipoproteins into murine skin
tissue results in a rapid influx of neutrophils (Norgard et al., 1995; Salazar et al., 2005). A
number of chemokines and their receptors appear to be critical for recruitment of neutrophils
into infected skin, heart, or joint tissues, including CXCR2 and KC (Georgilis et al., 1991a;
Brown et al., 2003; Montgomery et al., 2007). Of significance, while neutrophils infiltrate B.
burgdorferi-infected mouse skin efficiently within 6h, these numbers rapidly drop after 12h
post-infection. Neutrophils are almost completely absent by day 7 post-infection, despite

the continued presence of spirochetes (Xu et al., 2007). The downregulation of neutrophil
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influx may be a consequence of host adaptation of B. burgdorferifrom the culture to

the mammalian environment and appears to be important for the establishment of B.
burgdorferiinfection in this model. Of note, with tick-transmitted infection, inflammatory
cells increased in numbers at the tick bite site during the first 3 days of tick attachment, but
were excluded from the area immediately adjacent to the tick hypostome where spirochetes
are deposited (Krause et al., 2009). Evidence that neutrophils can be deleterious to B.
burgdorferisurvival can be seen in studies using a B. burgdorferitransformant that expresses
and secretes the murine neutrophil chemokine KC. Infection of mice with this transformant
caused a significant increase and extended presence of neutrophils at the inoculation site,
which correlated with a significantly increased clearance of bacteria in all tissues tested (Xu
et al., 2007). Even though neutrophil presence highly correlated with more efficient control
of B. burgdorferinumbers, mice deficient in genes that encode proteins within the NADPH
oxidase complex (i.e. Ncfl or Gp91phox) showed similar numbers of spirochetes in joints,
hearts, and ear skin at 4 weeks post-infection as WT mice (Crandall et al., 2005). On the
surface, this appears at odds with the finding that mouse strains that develop arthritis after

B. burgdorferiinfection exhibit a short-lived neutrophil-mediated inflammation in the joints
(Barthold et al., 1990). Although quantification of B. burgdorferiin mouse tissues by PCR
does not distinguish live from dead spirochetes, these findings suggest that either neutrophils
are not important for controlling spirochete numbers in those tissues, or that other, NADPH
oxidase-independent mechanisms may be engaged. Neutrophils responding to B. burgdorferi
can generate extracellular traps (NETSs) formed by the release of nuclear and cytosolic
proteins and chromatin that ensnare and kill spirochetes (Menten-Dedoyart et al., 2012).

The formation of NETs has been shown to occur through both NADPH oxidase-dependent
and -independent mechanisms, suggesting a mechanism in addition to phagocytosis whereby
neutrophils responding to B. burgdorferiin infected joints may Kill spirochetes (Douda et al.,
2015). Overall, the data suggest that neutrophils initially control B. burgdorferinumbers, but
that there is a lack of sustained neutrophil infiltration into infected skin and perhaps other
tissues. Identifying the mechanisms behind this lack of continued neutrophil activation will
be important to understanding how these spirochetes can establish persistence.

Natural killer cells—Natural killer (NK) cells are derived from cells of the

lymphocytic lineage during hematopoiesis but do not subsequently undergo antigen-receptor
rearrangement compared to T and B cells (Abel et al., 2018). Instead, they act as cytotoxic
innate immune cells with invariant receptors that recognize alterations in expression of
major histocompatibility complex proteins on multiple types of host cells. These specificities
of NK cell receptors allow recognition of host cells that have either become infected

by different classes of microbial pathogens or that have been transformed to become
tumorigenic, even in the absence of MHC expression. NK cell binding to these “altered”
cells also promotes binding to Fas ligand.

The combined effects of these interactions lead to release of cytotoxic granules and
formation of pores, leading to cell lysis and/or apoptosis. Within the host environment,
their activities are enhanced by exposure to a subset of proinflammatory cytokines secreted
by activated tissue-resident phagocytes, including 1L-12 and 1L-18, which promote their
activation and secretion of IFNvy. This makes NK cells important for early detection of
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intracellular pathogens, such as viruses. The literature assessing the importance of NK

cells in controlling B. burgdorferi during acute infection is limited. Patients with early

or later stage manifestations of untreated Lyme borreliosis possessed significantly more
CD16™ NK cells in their blood compared to patients that had been treated with antibiotics,
and these cells expressed different cell markers associated with activation (Golightly et

al., 1988). Interestingly, exposure of isolated NK cells to B. burgdorferi in vitro caused

the suppression of their cytotoxicity. Crude preparations of murine primary NK cells from
lymph nodes suggest they become activated /n7 vitro after exposure to B. burgdorferi or their
recombinant lipoproteins, as evidenced by production of IFNy (Brown and Reiner, 1998a).
Antibody-depletion of NK cells in mice did not appear to alter host control of B. burgdorferi
numbers in multiple tissues, as measured by tissue outgrowth in BSK medium cultures
(Barthold and de Souza, 1995; Brown and Reiner, 1998a). However, synovial tissues from
Lyme borreliosis patients possess increased numbers of NK and T cells which secrete high
levels of IFNy, suggesting they do promote the inflammatory lesions associated with human
Lyme arthritis and could contribute to spirochete killing (Katchar et al., 2013) (Jutras et al.,
2019). NK cells also express inhibitory receptors and help to maintain self tolerance and
potentially could contribute to resolution of inflammation (Pegram et al., 2011). Overall,
while NK cells represent a resident immune cell type that can be activated in response to

B. burgdorferi, their importance in controlling infection or mediating the pathology seen in
Lyme borreliosis is still poorly understood.

Mast cells—Mast cells are tissue-resident innate immune cells that originate from
hemopoietic stem cells (Frossi et al., 2017). They are primarily found in the connective
tissues or mucosal surfaces near smooth muscle, glands, nerves, and blood vessels. When
these cells become activated in response to their surface IgE molecules binding particular
ligands, they degranulate to release a plethora of preformed cytokines, proteases, heparin,
and multiple vasoactive materials. This results in rapid effects on proximal tissues, such as
local blood flow, smooth muscle contraction, vessel permeability, and secretion activities.
Because B. burgdorferiis introduced into and persists within skin tissue, it is possible that
interactions with skin-resident mast cells might influence the development of B. burgdorferi
induced inflammation. B. burgdorferiinfection of gerbils resulted in increased numbers of
mast cells in most tissues (Preac Mursic et al., 1990). Purified B. burgdorferi lipoproteins
promoted the upregulation of CD28 on bone marrow-derived mast cells (Marietta et al.,
1997), an important costimulatory receptor for T cells, and exposure of rodent mast

cells to intact B. burgdorferi elicited degranulation and increased TNFa secretion /n vitro
(Talkington and Nickell, 1999). A more recent study found that exposure of C57BL/6 mouse
mast cells to B. burgdorferi spirochetes /n vitroresulted in degranulation and the production
of the inflammatory cytokine IL-6 and upregulation of MCP1 mRNA,; addition of /. ricinus
salivary gland extract inhibited these responses (Bernard et al., 2017). Experiments in mast
cell deficient (Ki#*—/-) mice, however, revealed no significant impact on host resistance to
infection, although B. burgdorferiwas detected in the joints slightly earlier than in WT mice.
Taken together, although early mast cell activation may occur in response to B. burgdorferi
infection, there is limited data indicating these cells play a significant role in host defense or
disease.
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Microglia—B. burgdorferi are known to cause both peripheral and central nervous system
pathology, collectively termed Lyme neuroborreliosis (Halperin, 2019). The central nervous
system contains a diverse repertoire of myeloid cells, including microglia found in the brain
parenchyma and non-parenchymal macrophages that can be found in the perivascular areas,
the meninges and the choroid plexus (Prinz et al., 2011). To date, the responses of microglia
are the only CNS macrophage type that has been studied /7 vitro. Microglia phagocytose
invading pathogens and elicit inflammatory responses that can recruit a range of infiltrating
immune cell types (Forrester et al., 2018). /n vitro studies with murine microglial cell

lines and primary murine or human microglia reveal that they are able to efficiently
phagocytose B. burgdorferi, even in the absence of complement, and that spirochetes were
efficiently trafficked into phagolysosomes and digested, followed by production of various
proinflammatory mediators (Rasley et al., 2002; Kuhlow et al., 2005; Greenmyer et al.,
2018). Phagocytosis of B. burgdorferiby primary microglia cells from rhesus monkeys
correlates with increases in TLR1, TLR2, and TLR5 expression (Bernardino et al., 2008).
Production of proinflammatory mediators by primary microglial cells in response to B.
burgdorferiis augmented in the presence of NOD2 (Chauhan et al., 2009). Killed or
damaged B. burgdorferi elicit a greater magnitude of inflammatory mediators compared to
intact spirochetes, and these inflammatory responses are associated with increased apoptosis
of bystander cells (Myers et al., 2009; Greenmyer et al., 2018). These findings, albeit
derived from studies with microglia, suggest that CNS macrophages have the capacity

to respond vigorously to B. burgdorferi and likely play a role in the host response in
neuroborreliosis.

Soluble mediators that significantly affect B. burgdorferi infection

Interleukin-10—The production of pro-inflammatory cytokines is an important outcome of
phagocyte-mediated killing of microbes due to their ability to amplify innate host defenses
and to activate the adaptive immune response (Liu et al., 2004; Salazar et al., 2005; Moore
et al., 2007; Cruz et al., 2008; Shin et al., 2008a; Salazar et al., 2009). These responses

must eventually be suppressed, however, to prevent damage to the host tissues. One major
anti-inflammatory cytokine that provides this function is IL-10, which is usually produced at
later times after infection to downregulate the inflammatory responses and prevent excessive
tissue injury. However, some pathogens are able to elicit early 1L-10 production or encode
an IL-10 homolog, either of which can prematurely shut down inflammatory/immune
responses that are needed to effectively clear the infection. Thus, IL-10 production provides
an important counterbalance to productive inflammatory responses and serves to modulate
those responses to prevent damaging the host.

In vitro studies determined that B. burgdorferiand/or their lipoproteins potently elicit

IL-10 production from macrophages and DCs (Chung et al., 2013). Similar trends in

IL-10 production were observed in macrophages from mouse, human, and rhesus macaques
incubated with B. burgdorferiand its lipoproteins, with optimal signaling dependent on both
TLR2 and CD14 (Giambartolomei et al., 1998; Brown et al., 1999; Wooten et al., 2002b;
Benhnia et al., 2005; Dennis et al., 2006). Interestingly, it was shown recently that living B.
burgdorferiinduce greater production of IL-10 by murine macrophages than do equivalent
numbers of non-viable organisms (Lazarus et al., 2008). Addition of IL-10 to cell cultures
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suppresses pro-inflammatory cytokine production by macrophages and B cells in response
to B. burgdorferi. The B. burgdorferi-induced production of IL-10 appears dependent on the
host genetic make-up, and is greater in macrophages from mildly arthritic C57BL/6 mice
than severely arthritic C3H mice (Brown et al., 1999; Lazarus et al., 2006). Kinetic studies
indicated that IL-10 is elicited earlier in response to B. burgdorferi than the production of
pro-inflammatory mediators, and correlated with prematurely suppressed pro-inflammatory
responses (Lazarus et al., 2008; Chung et al., 2013). These findings are supported by the
observation of greatly enhanced production of inflammatory mediators by macrophages
and DCs from IL-10-deficient mice, as well as suppressed phagocytosis of B. burgdorferi
and reduced expression of markers indicative of efficient activation of adaptive immune
responses (Lazarus et al., 2008; Chung et al., 2013). Intravital confocal microscopy supports
both the early kinetics of IL-10 production in infected mouse skin, with the majority of
IL-10-producing cells falling within the phenotype of MHC class Il-expressing cells, which
are presumed to be macrophages/DCs (Wooten et al., unpublished).

The role of IL-10 in modulating arthritis severity in B. burgdorfer-infected mice is apparent,
as infection of either IL-10/~C57BL/6 mice or IL-10~/~C3H mice resulted in more severe
disease than was observed in the appropriate WT strain (Brown et al., 1999) (Brown et al.,
2008). The suppression of arthritis by IL-10 is not due to better control of spirochetes in
tissues, as 1L-107/~ mice harbored reduced numbers of bacteria in their tissues (Brown et

al., 1999). IL-10 in infected joints was produced primarily by cells of the macrophage and
CD4* T cell lineage (Sonderegger et al., 2012b). The enhanced control of bacteria /in vivo
was dependent on innate host defenses, not to an observed heightened production of 1gG
(Lazarus et al., 2006). Thus, although release of the tight control of inflammation by the lack
of IL-10 resulted in more severe arthritis, this was coupled with more effective control of
the bacteria. The role of IL-10 in controlling arthritis development is not well understood, as
regulation of IL-10 production is complex and depends on the cell type producing it (Moore
et al., 2001). Mechanistic insight has come from /n vitro studies in which SOCS1 and
SOCS3 have been implicated in the IL-10-mediated suppression of B. burgdorferi-induced
inflammatory responses in macrophages (Dennis et al., 2006), while others have found that
IL-10 effects on the endothelium can influence inflammatory cell infiltration (Lisinski and
Furie, 2002b). Apoptosis also was observed in human monocytes following treatment with
lipoproteins or after phagocytosis of B. burgdorferi, suggesting another means of limiting
inflammatory responses (Aliprantis et al., 1999; Cruz et al., 2008).

Complement system—The complement system refers to a group of 30+ proteins and
their fragments that comprise an essential immune monitoring system to identify and control
invading microbes, particularly those residing in extracellular spaces (Lin et al., 2020;

Skare and Garcia, 2020). Activation can be initiated via binding of specific antibodies

(i.e. classical pathway), binding by innate pattern recognition receptors such as mannose
binding lectins (i.e. lectin-binding pathway), or by the continuous small-scale activation

of complement component C3, which will bind surfaces and initiate activation unless
inactivated by regulatory proteins (i.e. alternative pathway). Activation by any of these three
pathways results in the formation of a C3-convertase which will generate activation of the
enzymatically-amplified cascade of complement factors to result in a panoply of immune
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effects that can kill microbial invaders. One is the production of a membrane attack complex
(MAC), which is a self-assembling complex that forms a pore in the microbial membrane,
leading to a loss of membrane potential and/or lysis. Microbes that can resist this killing are
known as serum-resistant, which is essential for establishing infection in most host tissues.
Another mechanism for killing is via the effect of covalently bound fragments of the C3
protein (e.g. iC3b) on the microbial surface, which opsonizes the microbe to be recognized
by phagocytes possessing complement receptors, which potently promotes phagocytosis and
killing by those host cells. Thus, B. burgdorferi must possess a number of mechanisms to
evade the killing mechanisms of complement to establish persistent infection (Radolf and
Samuels, 2021).

Virtually all virulent B. burgdorferi sensu lato can grow/survive in the presence of human
serum, a feature attributed to its ability to resist complement activation and complement-
mediated lysis in the absence of specific antibodies (Kochi et al., 1991; Patarakul et al.,
1999; Stevenson et al., 2002). This property is common to many human pathogens and

is consistent with the need for this organism to survive extracellularly and disseminate
hematogenously. Murine studies have described the involvement of a number of different
complement components with B. burgdorferi during infection. /n vitro studies indicated
that B. burgdorferi can initiate complement activation via the classical and alternative
pathways (Kochi and Johnson, 1988). While certain spirochete-specific antibodies have
been reported to directly kill or inhibit growth of B. burgdorferi in vitro (Sadziene et al.,
1993; Sadziene et al., 1994), in most cases complement is required for antibody-mediated
killing of these bacteria (Kochi et al., 1993). Mice deficient in C3, which is central to all
downstream complement-mediated immune mechanisms, harbored greater numbers of B.
burgdorferiiin some tissues and required five-fold fewer B. garinii spirochetes to establish
infection (Lawrenz et al., 2003; Woodman et al., 2007). The fifth component of complement,
C5, which is essential for formation of the membrane attack complex, is not required

for antibody-mediated protection from infecting B. burgdorferi (Bockenstedt et al., 1993).
Interestingly, serum-resistant B. burgdorferi strains express a CD59-like protein which can
bind complement components C8 and C9, thus inhibiting assembly of the MAC (Pausa et
al., 2003). B. burgdorferi sensu lato species also expresses three additional proteins (i.e.
CspA, BGAG66, and BGAT1) that directly bind different components of the MAC, thus
preventing the assembly of these lytic complexes (Hallstrom et al., 2013; Hammerschmidt
et al., 2016). Together, these studies in mice suggest a major role for complement as an
opsonin to promote clearance of the organism by phagocytes during early infection, rather
than in direct lysis of the bacteria via the MAC, which is only seen at significant levels in the
presence of B. burgdorferispecific antibodies /n vitro (Kochi et al., 1991).

B. burgdorferiis supremely adapted to evasion of complement mechanisms by producing

a plethora of proteins capable of binding multiple host complement-regulatory proteins
(Lin et al., 2020; Radolf and Samuels, 2021). These proteins include complement regulator-
acquiring surface proteins (CRASPS) that bind factor H, OspC that binds C4b, BBK32 that
binds the C1 complex and a 43 kD protein that binds the C4b binding protein C4bp. The
combined effects of these interactions renders variable levels of resistance to clearance of
spirochetes by the classical, alternative, and lectin-mediated pathways. Spirochete binding
of host factor H prevents C3-convertases from accumulating on their surfaces, and thus
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renders them resistant to clearance by the alternative pathway. Overall, it is apparent that

B. burgdorferihas invested much evolutionary currency to allow inactivation of complement
immune activation. Collectively, these findings also suggest that therapies that can quell a
subset of these activities might be able to allow the host innate responses to clear these
infections. Recent examples of this are studies mutating the factor H-binding site of B.
burgdorferiprotein CspZ (i.e. CRASP-2) so that it is unable to bind factor H, and using this
as a vaccine in mice (Marcinkiewicz et al., 2018; Marcinkiewicz et al., 2020). By preventing
immediate complexing of this mutant protein with factor H within the mouse, antibodies are
generated against multiple epitopes on the CspZ protein, which appears to confer resistance
when challenged with B. burgdorferi.

Responses of acquired (adaptive) host defenses

T and B lymphocytes of the adaptive immune system and their secreted products are critical
for controlling infections. These cells regulate anti-pathogen defenses following their highly
antigen-specific, pathogen-induced activation, clonal expansion and eventual differentiation
into various effector populations. These effectors control acute infections and generate
memory responses that enable a host to more vigorously respond to repeat encounters with
the same pathogen. The interaction of CD4 T cells with B cells is critical for the induction
of optimal antibody responses, as well as the establishment of robust B cell memory.
Experiments with SCID mice lacking T and B lymphocytes confirmed the importance of
the adaptive immune system in controlling B. burgdorferiinfections, as SCID mice cannot
control B. burgdorferi spirochete burdens in blood and tissues and eventually succumb to
uncontrolled B. burgdorferi expansion and the resulting inflammatory responses (Schaible et
al., 1989; Schaible et al., 1990).

Yet, despite the fact that B. burgdorferiinfection results in the generation of vigorous and
specific antibody responses in their natural reservoir species, including small rodents such
as Peromyscus leucopus and birds, infections are not cleared. Instead, as shown with studies
on commonly used laboratory mouse strains, such as 129, BALB/c, C57BL/6 and C3H,
tissue loads of B. burgdorferi are suppressed, but remain at levels that allow their acquisition
by feeding ticks for many months. Clinical studies in dogs, horses, non-human primates

and humans demonstrated that chronic, non-resolving infection can occur also in these
incidental non-reservoir hosts (Appel et al., 1993; Barthold et al., 1993; Roberts et al., 1995;
Straubinger et al., 1997; Radolf et al., 2012). Seroprevalence studies in humans as well

as dogs residing in endemic areas have shown high exposure rates. Comparisons between
1gG seroprevalence in individuals following a tick-bite and incidence of Lyme borreliosis
suggests that only a fraction of exposed individuals who generate 1gG will develop disease.
(Fahrer et al., 1991; Rath et al., 1996; Huegli et al., 2011). Thus, while lifelong persistent
infection in reservoir species is the likely outcome, in non-reservoir species outcomes vary
from asymptomatic seroconversion to debilitating disease.

In persistent non-resolving infections of reservoir species, the clinical manifestations of
disease are largely suppressed by the adaptive immune response. While spirochete burdens
are reduced significantly, the pathogen is not eliminated. Importantly, the spirochete burden
of disease-susceptible mice, such as the C3H mouse, which shows significant arthritis
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development after B. burgdorferiinfection, is indistinguishable from that of disease-resistant
laboratory mouse strains when using PCR to quantify Borrelia DNA (Barthold et al.,

1993). Thus, disease associated with B. burgdorferiinfection is not a manifestation of

the pathogen causing damage, but rather the result of the inflammatory response to the
pathogen. In C3H mice, for example, arthritis development is caused by a deficiency of
lysosomal beta-glucoronidase. This leads to a failure to clear glycosaminoglycans in the
joints of infected mice, which is a damage-associated molecular pattern (DAMP) that causes
continued activation of inflammatory stimuli, resulting in tissue damage (Bramwell et al.,
2014).

In sum, the adaptive immune response to B. burgdorferi infection is ineffective in clearing
the pathogen from its natural reservoir species yet can protect the host against reinfection.
In the infected host, it controls spirochete numbers, and thereby reduces the triggers of
inflammatory responses that result in disease. In the clinical pathology characteristic of
Lyme borreliosis, T cells may also become drivers of an ongoing inflammatory process. The
features of adaptive immunity to B. burgdorferi, which have been studied mostly in mice,
and which are summarized below, cannot be seen as reflecting an effective host defense that
results in pathogen clearance. Rather, they represent the outcomes of a complex interplay of
B. burgdorferiimmune evasion strategies and the mammalian adaptive immune system that
results in a state of concomitant immunity. This interplay allows B. burgdorferito fulfill its
complex lifecycle without inciting disease in the reservoir host.

B Cell Responses

B cells are critical for controlling B. burgdorferitissue burden. Mice selectively lacking

B cells (/gh6-/- mice) exhibited markedly elevated pathogen burdens in various tissues.

B cells were also shown to be critical for preventing and/or resolving arthritis, carditis

and myocarditis (McKisic et al., 2000). Their actions can be augmented by T cells, as
carditis resolution was promoted by the adoptive transfer of IFN-y—producing T cells into
T cell deficient mice, presumably through activation of macrophages, which are prominent
in the diseased heart tissue (Bockenstedt et al., 2001). A role for antibodies as the main
effectors produced by B cells was demonstrated in numerous passive transfer experiments,
in which serum from previously infected mice or humans, but not non-infected controls, or
the transfer of B and T cells, but not T cells alone, into SCID or T and B cell-deficient
ragI-/- mice reduced pathogen burden and resolved arthritis (Schaible et al., 1989;
Barthold et al., 1992b; McKisic and Barthold, 2000; Bockenstedt et al., 2001). Antibodies
induced by B. burgdorferiinfection are bactericidal, i.e. can Kill the bacteria through both
direct, complement-dependent and complement-independent spirochete lysis (LaRocca and
Benach, 2008). They also can opsonize the spirochetes for uptake and degradation by
macrophages and neutrophils following engagement of their surface-expressed FcyR or
complement receptors (Benach et al., 1984b; Modolell et al., 1994).

Antigenic targets of the antibody response to B. burgdorferi infection.

Early clinical studies demonstrated strong serum antibody-antigen immune complex
formation in patients with disseminated B. burgdorferi infection (Hardin et al., 1979; Hardin
et al., 1984; Brunner and Sigal, 2001), indicating that robust antigen-specific humoral
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immune responses can be initiated among that group of patients. Indeed, strong early B

cell responses have been associated recently with faster resolution of disease following
antibiotic treatment (Blum et al., 2018). However, seroconversion takes time. Previous
studies suggested that it is detectable in only about half of patients with a localized EM

at the time of presentation (Aguero-Rosenfeld et al., 2005; Steere et al., 2008; Wormser

et al., 2008; Pegalajar-Jurado et al., 2018; Nigrovic et al., 2019), although development of
more sensitive modified-testing modalities have increased these numbers (Pegalajar-Jurado
et al., 2018). Convalescent blood samples obtained after antibiotic treatment increases the
percentage of patients testing positive for Lyme borreliosis. Lack of seroconversion has been
observed in patients following rapid initiation of antibiotics, when the infection may have
remained localized in the skin. In experimentally infected mice, seroconversion takes 10 —14
days, despite a robust and early B cell activation in the lymph nodes. Yet, by ELISPOT
analysis, increased but transient local production of IgM and IgG was measurable in lymph
nodes draining the site of infection by day 7. The data suggest that production of antibodies
even in lymphoid tissues is not always reflected in the serum (Tunev et al., 2011; Hastey et
al., 2012).

Comprehensive serological analysis of the immunogenic targets of B. burgdorferi-specific
IgG from mice and humans, conducted with a genome-wide protein expression array,
demonstrated the remarkable conservation of antibody targets between these species.
Induction of antibodies was estimated to occur against ~15% of B. burgdorferi gene open
reading frames (ORFs) (Barbour et al., 2008). This number is likely an underestimate,
however, given the restrictions in this approach to screen effectively for all conformational
epitopes. Nonetheless, the study provides the most comprehensive analysis yet on the
antibody targets of B. burgdorferi. Previously identified surface-exposed lipoproteins such
as OspC, p35, p37, p39, BmpA, BmpB and decorin-binding proteins (Dbp) A and B, which
can induce antibodies with passive protective capacity (Fikrig et al., 1990; Fikrig et al.,
1992; Fikrig et al., 1997b; Hanson et al., 1998; Pal et al., 2008), were strongly represented
among B. burgdorferi peptide targets. In addition, the array analysis also identified strong
1gG responses to previously unknown Borrelia proteins, including BBKO7 among others,
which were shown to be mostly absent from culture-grown B. burgdorferibut rapidly and
strongly induced following mammalian infection (Barbour et al., 2008; Coleman et al.,
2011). The ability of some of these antigens to elicit protective immunity after immunization
appears to be B. burgdorferi strain-dependent. For example, neither OspC nor BmpA from
B. burgdorferi N40 could elicit protective immunity, while they were protective to challenge
with the B31 strain (Barthold et al., 1997; Bockenstedt et al., 1997).

The dynamic up- and down-regulation of surface proteins by B. burgdorferi affects the
specificity of the antibody response induced to the infection and must be considered an
immune evasion strategy. One prominent example is the expression of OspC, a protein
required for mammalian infections (Grimm et al., 2004). Its expression is induced in

the tick after initiation of the blood meal (Schwan et al., 1995; Pal et al., 2004), while
OspA is downregulated (de Silva et al., 1996). Mutant B. burgdorferi with stabilized
expression of OspC are rapidly cleared from the host (Embers et al., 2008). Once infection
is established, however, expression of OspC is rapidly lost from B. burgdorferiin lymph
nodes, where B cell responses are initiated (Skare et al., 2016). This suggests that the loss
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of this immunogenic surface protein reduces induction of OspC-specific antibodies, thereby
avoiding antibody-mediated clearance during the earliest stages of B. burgdorferiinfection,
when Osp C is indispensable for the B. burgdorferilife-cycle (Tilly et al., 2006). Consistent
with the expression pattern of OspC, IgG responses to this protein are overall low in infected
mice compared to antibody responses to other surface proteins of B. burgdorferi (Barbour et
al., 2008; Tunev et al., 2011).

Measurement of antibody responses to the surface-expressed VISE protein of B. burgdorferi
is used extensively for serological testing. The stalk region of this protein (the “C6”
peptide) is highly invariable, immunogenic and appears to be constitutively expressed by
B. burgdorferi. Most antibody responses to VISE, however, are directed against the highly
immunogenic protein head region, which is antibody accessible on the spirochete outer
membrane (Eicken et al., 2002). That region undergoes extensive and continued antigenic
variation, owing to the continued segmental recombination from a contiguous array of
multiple v/sE silent-expression cassettes (Zhang et al., 1997; Zhang and Norris, 1998b, a;
Bankhead and Chaconas, 2007; Coultte et al., 2009) (see also Radolf and Samuels, 2021).
The process of antigenic variation is considered a prominent mechanism through which

B. burgdorferi evades immune clearance, as it results in the generation of strong, but
ultimately ineffective antibody responses that are induced to antigens expressed only for
short periods of time (Norris, 2006; Bankhead and Chaconas, 2007; Coultte et al., 2009;
Rogovskyy and Bankhead, 2013; Magunda and Bankhead, 2016). Thus, although a large
number of antibodies against a variety of surface proteins of B. burgdorferi are induced,
and the antibodies engage with and eliminate large numbers of spirochetes over the course
of infection, the pathogen uses a multitude of immune evasion strategies to reduce the
functionality of the antibodies.

Characteristics of the antibody response to B. burgdorferi Serum antibodies to B. burgdorferi
are of the IgM, 1gG and IgA isotypes in humans, with IgA responses most prevalent in

early Lyme borreliosis in patients presenting with EM (Steere et al., 1979; D’Arco et al.,
2017). IgM and IgG responses have been detected in the serum of 30-80% of patients at

the initial visit (Aguero-Rosenfeld et al., 1996; Barbour et al., 2008; Tjernberg et al., 2009),
which in the case of patients presenting with EM, is usually within the first 10-14 days after
a tick bite. In experimentally-infected dogs, IgM responses were measurable as early as 7
days post infection and IgG by around day 10, similar to experimental infection of mice
(Greene et al., 1988). As infection progresses beyond 6 weeks, IgM responses may remain
elevated or may return to normal (Aguero-Rosenfeld et al., 1996). In untreated infection in
humans, B. burgdorferi-specific 1gG titers increase and are highest during the late phase of
disease, when arthritis is present (Craft et al., 1986; Aguero-Rosenfeld et al., 2005). 1gG
titers may remain elevated for years after treatment despite clinical remission, or they may
return to background levels following antibiotic treatment (Hammers-Berggren et al., 1994;
Aguero-Rosenfeld et al., 1996; Nowakowski et al., 2003). Intrathecal IgM, 1gG and IgA

are also found in humans with neurological manifestations of the infection and are of high
diagnostic value (Steere et al., 1990; Schutzer et al., 1997). Intrathecal antibodies to Borrelia
are induced following direct intracerebral inoculation of spirochetes into mice but not when
infection is introduced peripherally (outside the central nervous system) (Li et al., 2006).
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A poorly-understood characteristic of the murine antibody response to B. burgdorferi, also
reported for humans, is the continued presence of T-independent Borrelia-specific serum
IgM, even months after initial infection (Steere, 2001; Liu et al., 2004; Gajovic et al., 2010;
Hastey et al., 2020). Given that the half-life of serum IgM is short, on the order of 12 — 48
hours in mice, the continued presence of IgM in persistently-infected mice suggests either
production of long-lived IgM secreting plasma cells or the continued de novo formation

of plasmablasts. Because anti-Borrelia IgM responses are largely T-independent, the latter
appears more plausible but would require the continued presence of Borrelia antigens. Of
importance, the ratio of IgM and 1gG therefore does not differ significantly between acute
and persistent B. burgdorferiinfection in mice. Ongoing IgM responses seem to control
bacteremia, but do not appear to contribute to control of Borreliatissue-burden, presumably
because this very large molecule (850 kD) cannot gain access to tissues, except in situations
of strong inflammation and associated vascular leakage (Blandino and Baumgarth, 2019;
Hastey et al., 2020).

As stated above, hypergammaglobulinemia, often associated with chronic and persistent
infections, and consisting of both Borrelia-specific and non-specific 1gG, was found also

in B. burgdorferi-infected mice (Hardin et al., 1979; Schutzer et al., 1990; Brunner and
Sigal, 2001; Schutzer and Luan, 2003; Soulas et al., 2005). The mechanisms underlying the
development of hypergammaglobulinemia, and the role this plays in effective immunity to
B. burgdorferiis unknown. Studies on a chronic viral infection model in mice, the pathogen
LCMV, suggested that hypergammaglobulinemia and strong production of self-reactive
antibodies is dependent on CD4 T cell activation, and that this strong T cell induction
paradoxically suppresses effective neutralizing antiviral antibody responses (Recher et al.,
2004). Whether a similar effect might reduce the effectiveness of anti- Borrelia responses has
not been tested.

B cell activation during B. burgdorferi infection

Following B. burgdorferiinfection, B cells are activated and lymph nodes dramatically
increase in size and cellularity, with much of the increase contributed by the accumulation of
B cells (Sigal et al., 1988; Yang et al., 1992; Tunev et al., 2011). In contrast, B cell activation
and induction of B. burgdorferi-specific antibody-secreting cells in the spleen are rarely
observed in response to tick-borne infections or infection with host-adapted spirochetes

via tissue-transplantation (Tunev et al., 2011). However, activation of marginal zone B

cells resulting in secretion of IgM was reported in response to infection after intradermal
inoculation of cultured B. burgdorferi, presumably in response to blood-borne spirochetes
(Belperron et al., 2007; Malkiel et al., 2009). The extensive B cell accumulation observed

in the lymph nodes was shown to depend on infection-induced, B cell extrinsic Type |

IFN signaling, likely affecting lymph node stroma (Hastey et al., 2014). Co-cultures of

B cells with culture-grown B. burgdorferi causes mitogenic B cell activation dependent
largely on TLR2-mediated signals. However, the observed robust antibody response to B.
burgdorferiinfection of mice lacking either TLR2 or the adaptor protein MyD88, indicated
that B cell activation and differentiation /n vivois not driven, or not driven solely, by

these innate signals (Woods et al., 2008). Recent studies using transgenic mice expressing

B cells specific for the hen egg lysozyme (HEL) demonstrated that HEL-reactive, Borrelia
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non-specific B cells are activated /n vivo following infection (Soulas et al., 2005; Jung

et al., 2016). These cells secreted IgM and could undergo class-switch recombination to

1gG; however, the 1gG-expressing cells were unable to differentiate into antibody-secreting
cells. Thus, increases in transgene-induced, non- Borrelia-reactive antibodies following B.
burgdorferiinfection were largely of the IgM isotype, not considered to be pathogenic, and
the HEL-specific B cells producing these antibodies contributed to the pool of activated B
cells after infection (Soulas et al., 2005; Jung et al., 2016). This is consistent with another

in vivo study, which concluded that much of the strong infection-induced IgG response in
lymph nodes of B. burgdorferi-infected mice is Borrelia-specific, and, thus, the outcome of
specific antigen-B cell interactions (Tunev et al., 2011). Paradoxically, mice lacking MyD88,
the adaptor molecule of most TLRs, including TLR2, showed a dramatically enhanced
hypergammaglobulinemia, which was shown to be a B cell-extrinsic effect (Woods et al.,
2008), possibly triggered by the presence of increasing amounts of Borrelia antigens in these
mice.

Some of the differences observed between B cell stimulation /7 vivo and in vitro may

be explained by the extensive differences in Borrelia surface protein expression between
culture-grown and mammalian-host adapted spirochetes (Samuels, 2011; lyer and Schwartz,
2016), including expression of OspA, a mitogen for B cells (de Souza et al., 1992) that

is rapidly downregulated after uptake of the bloodmeal and following transmission to the
mammalian host (de Silva et al., 1996; Caimano et al., 2019). Thus, OspA is unlikely

to drive early B cell responses /n vivo, as it is not significantly expressed following
infection of the mammalian host. (Schwan et al., 1995), consistent with a lack of antibody
response development to OspA following natural infection or infection with host-adapted
spirochetes. Taken together, B. burgdorferi infection typically results in the strong activation
of lymph node B cells, including both Borrelia-specific and Borrelia non-specific, possibly
self-reactive B cells. Their activation is affected by extrinsic and intrinsic inflammatory
signals that act in concert with Borrelia antigens to drive strong B cell responses in

the lymph nodes of infected mice. These responses result in strongly enhanced serum
concentrations of both IgM and IgG that remain elevated throughout infection (Tran V.G.
and Baumgarth, N., unpublished).

T-dependent follicular B cell responses to B. burgdorferi Follicular B cell responses are
classified into either extrafollicular or germinal center (GC) B cell responses. Extrafollicular
responses result in the rapid formation of foci containing short-lived plasmablasts in the

T-B border and the medullary cord area of lymph nodes, and can be induced in either a
T-dependent or T-independent manner. In contrast, GC responses are dependent on cognate
CDA T cell help from T follicular helper cells (Tgy). GC responses are required for antibody
somatic hyper-affinity maturation and result in the development of antibody-secreting long-
lived plasma cells and recirculating memory B cells.

Despite the appreciated need for CD4 T cell help in the induction of strong B cell
responses, antibodies that arise after B. burgdorferiinfection in the absence of T cell

help can support the resolution of arthritis and can, after passive transfer, protect mice
from challenge infections (Fikrig et al., 1996; McKisic and Barthold, 2000). There are two
possible explanations for these puzzling findings: First, most if not all T cell responses to
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B. burgdorferiare initiated in a T-independent manner through formation of extrafollicular
foci; or second, CD4 T cell help is insufficient to enhance the functionality of the humoral
response to B. burgdorferi. Support for induction of largely T-independent responses to B.
burgdorferiwas provided with studies in mice lacking CD40L, a critical co-stimulatory
molecule expressed by T cells that induces Ig class-switch recombination and B cell
activation (Fikrig et al., 1996). Antibodies generated to B. burgdorferi infection in these
mice retained their ability to protect mice from a challenge infection. Similarly, serum from
B. burgdorferi-infected mice lacking either all T cells, lacking CD4 T cells, or lacking
MHCII, retained passive protective capacity (Fikrig et al., 1996; Fikrig et al., 1997a;
McKisic and Barthold, 2000). Furthermore, strong extrafollicular plasmablast responses
form in lymph nodes after B. burgdorferiinfection (Tunev et al., 2011). However, 1gG
class-switching, with the exception of switching to 1gG2b, was severely reduced in mice
deficient in CD40L, MHCII, CD4 or all T cells (Fikrig et al., 1996; Fikrig et al., 1997a;
McKisic and Barthold, 2000). Also, B. burgdorferitissue burden was strongly increased in
CDA T cell-deficient mice (Elsner et al., 2015a); arthritis could not be resolved in SCID
mice after passive-serum transfer (Fikrig et al., 1996; McKisic and Barthold, 2000; Elsner
et al., 2015a); and carditis-resolution was delayed (Fikrig et al., 1997a). These data do

not refute the notion that CD4 T cells are induced and likely important for the humoral
response to B. burgdorferi. Rather, the passive protective capacity of antibody responses to
B. burgdorferiis achieved even in the absence of IgG class switch recombination and the
formation of T cell-dependent B cell responses. Thus, passive protection might not require
antibody functionalities associated with antibody-tissue entry, which is needed for resolution
of arthritis and carditis, as IgM is passively protective, or strongly hyper-affinity-matured
antibodies, a process that requires T cell-dependent GC responses.

Taken together, these findings suggest that CD4 T cell helper responses to B. burgdorferi
are insufficient to induce fully functional antibodies able to clear B. burgdorferiinfection. In
support of that finding, it was shown that functional GC responses do not develop after B.
burgdorferiinfection in mice (Hastey et al., 2012; Elsner et al., 2015a; Elsner et al., 2015b).
Instead, they arise relatively late, around day 15 of infection, and then rapidly collapse by
day 30, despite ongoing infection and despite the formation of CXCR5+ PD-1hi Bcl6+
CDA4+ TFH (Hastey et al., 2012; Elsner et al., 2015a; Elsner et al., 2015b; Hastey et al.,
2016). This lack of sustained GC causes a failure to sustain antibody affinity maturation, and
a failure to induce memory B cells and long-lived plasma cells (Hastey et al., 2012; Elsner
et al., 2015b). A failure to induce memory B cell responses may explain why, following
antibiotic treatment, Borrelia-specific serum antibodies are often lost and, as shown for
experimental mice, hosts can become susceptible to reinfection (Piesman et al., 1997; Elsner
et al., 2015b). The lack of effective T-dependent B cell response induction may contribute to
the inability of the host to clear B. burgdorferiinfection. It will be important to determine
the mechanisms underlying the inability of B. burgdorferi-infected mice to induce robust
T-dependent B cell responses and to assess whether their induction could result in clearance
of B. burgdorferi from the mammalian host.
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Pre-existing and innate-like B cell immunity to B. burgdorferi

Humoral defense begins prior to deposition of spirochetes within the host, when ticks ingest
interstitial fluid containing IgG or hemorrhaged blood, which contains all Ig subclasses,

at the feeding site (Belperron and Bockenstedt, 2001). Infected ticks that feed on B cell-
deficient mice (B6./gh6—/-) harbor more spirochetes than those that feed on WT mice.
Moreover, passive transfer of normal mouse serum into B cell-deficient mice reduces
spirochete burden in feeding ticks. Pre-existing antibodies might be generated through
long-lived plasma cells, or the presence of circulating IgG following recent exposure to B.
burgdorferi. Even individuals never exposed to B. burgdorferi, however, harbor so-called
“natural” antibodies, mostly of the IgM isotype, that exist in all individuals. Natural
antibodies are secreted in mice by a distinct fetal-derived B cell subset termed B-1,

which have the capacity to generate long-lived antigen-specific immunity in the absence

of T cell help (Alugupalli, 2008). They also can reduce early pathogen burden to various
pathogens, likely because of their ability to bind structures common to many pathogens,
thus functioning similar to innate soluble pattern recognition receptors (Baumgarth et al.,
2005; Baumgarth, 2011). The presence of natural B. burgdorferi-binding IgM, generated in
the absence of any previous exposure, can complicate IgM-based serodiagnosis for Lyme
borreliosis. Natural IgM is sufficient to cause B. burgdorferireductions in the ticks during
blood uptake, whereas IgG antibodies have no effect (Belperron and Bockenstedt, 2001).
IgG can pass into the tick haemolymph, where it is bound by immunoglobulin-binding
proteins and is excreted in the tick saliva back into the host, a mechanism by which the tick
may interrupt the host immune response to tick feeding (Wang and Nuttall, 1999).

T cell responses

In contrast to the B cell’s ability to directly engage with Borrelia antigens, T cells require
antigen-presentation by conventional or non-conventional MHC molecules. Conventional T
cell activation entails the processing of protein antigens into peptides, followed by peptide
loading into MHC | and Il complexes, which allows their presentation by antigen-presenting
cells (APC), such as dendritic cells, macrophages and B cells, to af T cell receptors (TCR)
expressed on CD8 and CDA4 T cells, respectively. The presentation of peptides by MHC

I1 on B cells, following antigen binding and subsequent internalization by the BCR, is the
hallmark of CD4 T-dependent B cell responses and results in the differentiation of CD4

T follicular helper cells (Tgy) during B. burgdorferi infection. It also causes the activation
of various CD4 and CD8 effector T cells (Teff), and populations of CD4 T regulatory
(Treg) cells, the latter considered essential in controlling overshooting inflammation and
tissue-damage, which are discussed below.

“Unconventional” antigen presentation involves the presentation of lipids and glycolipids

to T cells (Park and Kim, 2018; Godfrey et al., 2019). These types of antigens cannot be
presented on MHC | and MHC 1, yet are common antigens expressed by B. burgdorferi.
These antigens are processed for presentation by non-classical MHC Ib molecules such as
CD1d, as well as Qa-1 in mice, the ortholog of the non-polymorphic HLA-E of humans,
which activate “natural killer” T cells (Park and Kim, 2018). Another non-classical MHC Ib
molecule is MR1, which can bind to and present small bacterial metabolites and activates
so-called Mucosa-Associated Invariant T cells (Godfrey et al., 2019). While CD1-restricted
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T cell activation has been shown for B. burgdorferiinfection, activation of MAIT cells has
not been described.

T cells utilizing the -y TCR are another type of “unconventional” T cell reported to play a
role in B. burgdorferiinfections. Identifying the antigens recognized by the y6 TCR remains
the subject of ongoing investigations. In contrast to ap TCR and other non-conventional T
cells, -y6 TCR antigen-binding appears to be more akin to that of the BCR. About 0.5%

of y& T cells in mice can directly bind to the inducible non-classical MHC Ib molecule
T10 and the related T22, which lack an antigen-binding groove (Crowley et al., 2000).
Recognition of lipid antigens in CD1 has also been observed (Divan et al., 2015). However,
they can also bind directly to protein antigens (phycoerythrin) as well as haptens (Zeng et
al., 2012; Chien et al., 2014; D’Souza et al., 2019). A recent study, using a tetramerized
human y6 TCR expressed by a T cell clone derived from the synovial fluid of a patient
with chronic Lyme arthritis, reported expression of IL-1p-induced cell surface ligand(s)

on activated monocytes and T cells, although their exact identity remains to be revealed
(Collins et al., 2019).

Responses to B. burgdorferiby nonconventional T cells Antigens presented by CD1d

to invariant TCR “natural killer” T (iNKT) cells, and by MR1 to MAIT cells, first
demonstrated activation of T cell subsets with highly restricted TCR repertoires and are
considered innate-like. The B. burgdorferi-derived glycolipid diacylglycerol (BbGL-II)
was one of the first pathogen-derived antigens identified as being presented by CD1d

to mouse and human invariant iINKT cells, causing their activation (Kinjo et al., 2006).
iNKT cells were shown to be activated in response to the infection and to produce

IFNy (Tupin et al., 2008; Olson et al., 2009). Activation of iINKT cells appeared to be,

at least in part, dependent on TLR2 signaling, as TLR2-deficient mice showed reduced
accumulation of NKT cells in the arthritic joints, although their frequencies in the heart
tissue was unchanged (Lasky et al., 2016). Production of IFN-y by iNKT cells may enhance
macrophage-mediated B. burgdorferi uptake and thus could reduce Borreliatissue burden;
it can also drive the upregulation of CD1d as well as alter the chemokine milieu, thereby
affecting the recruitment of macrophages and neutrophils (Sabino et al., 2011). However,
IFNy production by iNKT cells was not always observed (Whiteside et al., 2018). Lack of
CD1d expression, and thus lack of iINKT cells, or deficiency in the major Va14-expressing
iNKT cell subset, resulted in enhanced arthritis development and increased spirochete tissue
burden in mouse strains that are normally resistant to disease (C57BL/6 and BALB/c mice).
Increased spirochete burden may underlie the observed increases in serum antibody titers
against B. burgdorferi in these mice, including antibodies to the CD1d-ligand BbGLII
(Kumar et al., 2000; Tupin et al., 2008). Together, the data suggest a protective role for
CDA1d-restricted iINKT cells; however, the mechanisms of that protective role remains to be
revealed more fully.

In addition to CD1d-restricted invariant NKT cells, also termed “Type | NKT”, more recent
studies using tetramerized CD1a, CD1b and CD1c from humans (mice only express CD1d),
identified CD1-restricted ap T cells with a diverse TCR repertoire (dNKT, or Type Il NKT).
These dNKT recognize antigens, including self-antigens, presented by CD1a, b or ¢, (Mori
et al., 2016; Dhodapkar and Kumar, 2017). B. burgdorferi infection was shown to drive
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expression of CD1a-c on myeloid cells indirectly by stimulating the TLR2-induced secretion
of IL-1p (Yakimchuk et al., 2011) and may drive the activation of CD1b-restricted NKT
cells with self-antigen recognition potential in human patients (Reinink et al., 2019). The
significance of these cells and their contributions to immunity to B. burgdorferi infection
and/or infection-induced disease remain to be established.

T cells expressing the y& TCR develop from the thymus throughout life, although their
development includes early developmental waves that seed various tissues, including the
skin, where they may interact with B. burgdorferishortly after its release from the tick

into the mammalian host (Divan et al., 2015). The main focus of studies on y8& T cells in
infection has been on lymph tissue of mice and synovial fluid of patients with Lyme arthritis
(Divan et al., 2015). Collectively, the results suggest that y8& T cells respond to cell stress
and inflammatory responses triggered indirectly through TLR activation, as well as release
of pro-inflammatory cytokines, such as IL-1p, that occurs during arthritis development.
These signals seem to trigger the upregulation of y& TCR ligands on numerous cell types,
including monocytes, T cells, dendritic cells as well as fibroblasts (Collins et al., 2016;
Collins et al., 2019). Similar to findings with CD1d-restricted iNKT cells, y& T cells may
contribute to production of IFNy in tissues during B. burgdorferiinfection (Bockenstedt et
al., 2003).

Conventional T cell responses

The contributions of ap T cells to host defense during B. burgdorferiinfection remains
incompletely defined. Studies with mice lacking all T cells (TCR B/6 —/-) or only ap TCR-
expressing cells, or with mice depleted of CD4 or CD8 T cells, demonstrated surprisingly
modest effects of T cell-deficiency on the course of B. burgdorferiinfection. These effects
included some enhancements in spirochete tissue burden and increased arthritis severity
(Keane-Myers and Nickell, 1995; Lim et al., 1995; Fikrig et al., 1997a; McKisic and
Barthold, 2000; Elsner et al., 2015a). As discussed above, given that CD4 T cells are
required for Ig class-switch recombination to most IgG subclasses, at least part of the effect
on Borrelia-load can be explained by a failure to induce 1gG in these animals. Antibody-
independent mechanisms of host defense, however, cannot be ruled out (Keane-Myers and
Nickell, 1995). These apparently modest effects of T cells on the course of B. burgdorferi
infection are surprising, given the importance of CD4 T cells as crucial effectors and
regulators of immune responses (Sakai et al., 2014; Tubo and Jenkins, 2014; Sallusto, 2016),
and since effective B cell immunity usually requires T-dependent co-stimulatory signals that
support Ig-class switch recombination, affinity-maturation, and the development of B cell
memory and long-lived plasma cells. As outlined above, given that many of the features of a
T-dependent B cell response are lacking in B. burgdorferi infected mice (Hastey et al., 2012;
Hastey et al., 2014; Elsner et al., 2015a; Elsner et al., 2015b), together the data indicate

that a fully-functional T cell response fails to develop or is suppressed during the infection,
which could contribute to the development of Borrelia persistence.

Effector CD4 T cell responses are shaped by the inflammatory milieu in which they develop.
Infections with extracellular pathogens, such as B. burgdorferi, are thought to be controlled
by CD4 T cells polarized to express the transcriptional regulator ROR-yt and secreting the
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hallmark cytokine IL-17. Through secretion of cytokines, these cells regulate neutrophil
accumulation at sites of infection, which then eliminate the pathogen via phagocytosis

and enzyme-mediated killing. Exuberant and/or dysregulation of the pro-inflammatory
IL-17-driven responses may also cause tissue damage (Chamoun et al., 2018). Remarkably,
IL-17-deficiency on either the C57BL/6 or the C3H background did not significant impact
B. burgdorferitissue burden, course of disease, or the magnitude of the anti-B. burgdorferi
antibody responses (Lasky et al., 2015a). As discussed in the innate immunity section of
this review, the presence of B. burgdorferiin the skin of infected mice does not trigger
continued accumulation of neutrophils or other effectors to the site of infection, further
suggesting that TH17 responses are not significantly induced during B. burgdorferiinfection
in this model. However, the interpretation of the data is complicated by the fact that lack
IL-17/RORyt can lead to reciprocal increases in T-bet expression and IFN-y production,
which may mask some of the functions of IL-17 in B. burgdorferiinfection by supporting a
TH1-like pro-inflammatory response that contributes to Borrelia clearance.

Early studies suggested that induction of TH1 responses could drive the transient
inflammatory pathology seen in mice infected with B. burgdorferi, and that a dominance of
TH2 responses attenuated that response (Matyniak and Reiner, 1995). A pro-inflammatory
role for IFNy-producing T-bet+ CD4 TH1 cells in B. burgdorferiinfection-induced
inflammatory disease was suggested by the strong association between IFNy—producing
CDA T cells with Lyme arthritis and carditis in mice and humans (Lim et al., 1995; Anguita
etal., 1996; Gross et al., 1998b; McKisic et al., 2000). While adoptive transfer of T

cells into B. burgdorferi-infected mice deficient in B cells led to significant inflammatory
pathology, transfer of both B and T cells resolved inflammation, indicating that B cells are
required for disease-ameliorating effects (McKisic et al., 2000). In another study, the transfer
of IFNy—producing CD4 T cells into T cell-deficient mice promoted carditis regression,

not inflammation; this may be related to their effects on promoting macrophage-mediated
clearance of B. burgdorferi at this site (Bockenstedt et al., 2001). Furthermore, treatment

of mice with anti-IL-12 mADb, a cytokine that induces IFN-y production by T cells, reduced
arthritis severity in C3H mice, but at the expense of an increased B. burgdorferitissue-
burden (Anguita et al., 1996). Others showed that the frequencies of activated CD44M
CD11aM cells increased while total CD4 T cell numbers changed little in LN (or spleen)
following B. burgdorferiinfection (Hastey et al., 2012). No evidence of IFNy production
was found at those sites, despite the fact that B. burgdorferi-infection induces strong IFNB
responses, including in the LN (Miller et al., 2008a; Lochhead et al., 2012; Hastey et al.,
2014; Ma et al., 2014). Moreover, C3H IFNy—/- and DBA IL-4-/- mice developed arthritis
of comparable severity and duration to their WT counterparts, as did disease-resistant 129/
SvEv mice deficient in the IFN-y receptor, and C57BL/6 and BALB/c mice deficient in IL-4
or the IL-4 receptor alpha chain (Brown and Reiner, 1999; Potter et al., 2000; Glickstein et
al., 2001).

Current studies on T cell responses to B. burgdorferi are hampered by inadequate tools

to follow antigen-specific T cells. Recent evidence furthermore suggests that a significant
proportion of T cells active in lymph nodes after B. burgdorferiinfection do not react

to Borreliaantigens (Whiteside et al., 2018). Mice deficient in the anti-inflammatory
cytokine IL-10 develop robust arthritis on an otherwise disease-resistant background, which
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is associated with T cell infiltration of the synovium. A significant fraction of activated CD4
and CD8 T cells in the lymph nodes of these mice after B. burgdorferiinfection were not
induced by Borrelia-antigens but, rather, responded with strong “bystander” activation to
inflammatory signals that required T cell-intrinsic TLR2-signaling. These bystander T cells,
both CD4 and CD8, upregulated TLR2 in response to infection and secreted IFN+y, which
supported inflammatory joint destruction (Whiteside et al., 2018). The data further highlight
that control of the inflammatory milieu after B. burgdorferiinfection can ameliorate the
induction of potentially pathogenic T cell responses. They also highlight the fact that
production of IFN-y is a double-edged sword, as it both supports reduction of B. burgdorferi
tissue burden, but also drives inflammatory tissue destruction. Similarly, IL-10 is induced
following B. burgdorferiinfection (Sonderegger et al., 2012a) and appears to be a key
regulatory factor that can reduce the amount of IFN-y produced following B. burgdorferi
infection, and thereby the level of arthritis that develops in mice (Whiteside et al., 2018).
However, as discussed above, greatly enhanced production of 1L-10 may reduce macrophage
activation and Borrelia clearance, which could cause secondary inflammatory responses due
to excessive spirochete loads. In disease-resistant strains of mice, the balance between IFNy
and/or IL-17 and the production of IL-10 may support the failure to clear B. burgdorferi
infections in the absence of overt manifestations of disease. In humans, who present with

a spectrum of pathological manifestations following B. burgdorferiinfections, a negative
correlation was demonstrated between the levels of IL-10 produced by /n vitro stimulated
monocytes and reduced production of TNFa. in response to TLR-signaling and disseminated
Lyme borreliosis (Kisand et al., 2007).

Anti-inflammatory cytokines, such as IL-10 and TGF, are secreted in part by CD4*
CD25" Foxp3* Treg cells. The balance of Teff populations with Treg may contribute to

the regulation of Lyme arthritis (Sakaguchi, 2004; Belkaid and Rouse, 2005). In support,
Treg are found in the synovium of patients with chronic antibiotic-refractory Lyme arthritis,
where they were presented in higher numbers compared to control patients with antibiotic-
responsive arthritis. Moreover, /n vitro inhibitory activity of Treg was reduced when taken
from antibiotic-refractory Lyme arthritis compared to Treg isolated from those responding
to antibiotic therapy (Shen et al., 2010; Vudattu et al., 2013). Activation of CD4+ Treg is
observed also in the lymph nodes of B. burgdorferi-infected mice (Nardelli et al., 2004;
Elsner et al., 2015a). Mice depleted of IFN+y and IL-17 developed no arthritis until mice
were depleted also of CD25+ T cells (Nardelli et al., 2004). Furthermore, CD28-/- mice,
which are deficient in natural Treg (lliopoulou et al., 2007), had increased incidences,
duration and severity of arthritis following B. burgdorferi infection in comparison to control
mice. However, CD28-/- mice have impaired humoral immune responses (Shahinian et
al., 1993) and lower pathogen-specific antibody titers after infection, which complicates
interpretation of results.

Taken together, a diverse array of T cells is induced in response to Borreliainfection

in both mice and humans. Production of proinflammatory cytokines such as TNFa.

and IFN-y supports the reduction in Borreliatissue loads and inhibits the development

of Borrelia-induced pathology, although it does not clear the infection. Conversely,
induction of immune-regulatory cytokines, such as IL-10, may ameliorate manifestations

of disease, while failing to support Borrelia-clearance. Altering the balance of pro- and anti-
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inflammatory stimuli to benefit stronger anti-pathogen responses can cause inflammatory
disease, arthritis and carditis, either because B. burgdorferiinfection is incompletely
controlled, or because of the consequences of a dysregulated inflammatory response, as
modeled in different strains of mice (Crandall et al., 2006; Ma et al., 2014; Paquette et al.,
2017).

Host responses in human Lyme borreliosis

As discussed above, there are remarkable similarities between the immune molecules,
cells, and signaling pathways that are engaged by B. burgdorferiand its components

in mice and in humans. Without antibiotic treatment, spirochetes can persist in humans
despite a panoply of immune responses, but most often these are associated with clinical
disease. The outcomes in terms of pathology are quite different in untreated B. burgdorferi
infection in mice and humans. Experimentally infected outbred Peromyscus leucopus, a
main reservoir host for B. burgdorferi, exhibit no significant gross or microscopic pathology
despite the presence of spirochetes in multiple tissues. An exception exists only when
infection is introduced at a very young age (3 days), which can result in a transient arthritis
(Moody et al., 1994). Inbred laboratory mice (Mus musculus) can exhibit inflammatory
lesions in the hearts and joints, the appearance and severity of which are not only age-

but also mouse strain-dependent (Barthold et al., 1990). In inbred mice, appearance and
resolution of pathology follow the evolution of the immune responses to the spirochete

as it multiplies in the skin and disseminates through the blood, lymphatics and tissues to
establish foci of infection in other organ systems. The greatest burden of B. burgdorferi

is detected during the period of peak disease, consistent with spirochete components
driving the acute inflammatory response. Inbred mice also develop chronic inflammation
in tissues, characterized by segmental perivascular and perineural infiltrates of lymphocytes
and plasma cells that are often in association with visible spirochetes in adjacent tissues,
although these pathologic changes do not give rise to clinical manifestations such as those
seen in human Lyme borreliosis (Barthold et al., 1993).

B. burgdorferiinfection of humans incites a broader range of tissue pathology, most

often clinically apparent in the skin (EM, Borrelialymphocytoma, and ACA), the heart
(conduction system abnormalities and myocarditis), the nervous system (especially cranial
nerve abnormalities, meningitis/meningo-encephalitis, and radiculoneuropathies) and in the
joints (proliferative synovitis) (Steere et al., 2016) (see also Radolf and Samuels, 2021).
These manifestations typically follow a characteristic timeline, with skin (except for ACA),
heart and nervous system involvement in the first weeks to 1-2 months of infection, and
arthritis and ACA occurring later. Clinical signs such as erythema migrans (EM) can remit
without specific intervention, and others, like arthritis, can recur in the same or different
site. Older studies of tissues from patients with Lyme borreliosis, many of whom had the
infection for several years prior to diagnosis, have documented the extent of pathology that
can occur in various organs during the course of untreated B. burgdorferi infection (Duray
and Steere, 1988). It is important to note that lymphocytes dominate the cellular infiltrates of
all human tissues examined by pathology, whereas innate immune cells are more prevalent
in the transient inflammatory lesions in mice, with T and B lymphocytes infiltrating mouse
organs as disease resolves. While these differences may reflect, in part, the duration of
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infection at which samples are evaluated for pathology, they also suggest that B. burgdorferi
infection of reservoir hosts, such as mice, elicits an immune program much more permissive
to silent persistent infection than the immune responses that arise in non-reservoir hosts
exemplified by humans.

Host response in cutaneous manifestations of Lyme borreliosis

Experiments in laboratory mice have provided much information about the dynamics of the
immune response to B. burgdorferi and its relationship to pathologic changes in the mouse,
yet many features of human Lyme borreliosis remain to be explained. By the time patients
present with clinical signs, cellular infiltrates in infected tissues reflect an adaptive immune
response, with CD4+ T cells dominating the pathology (Steere et al., 2016). Typically, this
presentation occurs within the first month of infection when one of the earliest clinical signs
of Lyme borreliosis, the skin lesion EM, appears at the tick bite site (average 7-14 days
after the bite). Not all humans present with EM, and mice do not develop EM after infection
is introduced by tick bite or needle inoculation, even though the skin is a preferred site

for B. burgdorferiinfection and persistence (Barthold et al., 1992a). The reason for this is
unclear, given that EM lesions are comprised of T lymphocytes, DCs, macrophages and rare
plasma cells (Boer et al., 2007), and as described earlier, these cell subsets are engaged in
mice within the first month of infection, when EM would be expected to appear. In humans,
more spirochetes are found at the leading edge of the EM lesion than centrally, and smaller
lesions harbor more spirochetes than larger ones (Liveris et al., 2002). As the size of the EM
approximates the duration of infection, this suggests that the immune response is effective
at reducing bacterial burdens in human skin, just as the bacterial burden at this site in mice
declines with time, albeit without evidence of adaptive immune cell infiltration.

Characterization of EM by immunohistochemistry shows patchy perivascular and interstitial
infiltrates, the density of which increase with the age of the lesion (Boer et al., 2007).

It is presumed that skin-resident innate immune cells respond to the tick bite and B.
burgdorferi deposited in the feeding pit as the effects of tick saliva wane, and their
activation leads to release of inflammatory mediators that recruit additional immune cells
to the infection site. In EM, perivascular infiltrates are dominated by CD4+ and CD8+
lymphocytes whereas interstitial infiltrates are comprised mainly of CD68+ histiocytes
(Boer et al., 2007). CD1a+ DCs, which can drive TH1 differentiation, are less commonly
found and are mainly perivascular. In one study, denser infiltrates had a greater abundance
of B cells with rare CD138+ plasma cells, and this was associated with the age of the

lesion (Boer et al., 2007). Flow cytometric analysis of dermal leukocytes extracted from
EM lesions, using a blister technique, similarly revealed a predominance of T cells and
also monocytes/macrophages and DCs, with occasional neutrophils (Salazar et al., 2003). T
cells had an effector phenotype, and DCs had upregulated HLA-DR, CD14, and TLRs 1, 2
and 4 expression, consistent with a mature phenotype capable of presenting antigens to T
cells. The dominant cytokines extracted from the lesions by the blister method were I1L-6
and IFNy, and the levels were higher in patients with isolated EM in comparison to those
with multiple EM lesions. Responses in the skin are reflected, at least in part, in the blood.
Analysis of cytokines and chemokines of patients who present with EM revealed elevation
of innate cytokines CCL2, IL-6, IL-10, TNF and IL-1p, as well as the TH1-associated
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cytokines and chemokines CXCLO, CXCL10, IFNvy, and CCL19. In addition, marked
elevated in TH17 cell associated cytokines IL-23, IL-27, IL-25, IL-22, IL17F, IL-21, and
IL-17A has been observed (Strle et al., 2017).

The findings above are consistent with a much earlier study comparing expression of select
genes in EM lesions versus those expressed in the late skin manifestation ACA (Mullegger
et al., 2000). ACA typically occurs months to years after B. burgdorferi infection, most often
on a distal extremity, and is associated with B. afzelii infection. Both EM and ACA exhibit
mononuclear cell infiltrates, although they are patchy and found throughout the dermis in
EM lesions, whereas infiltrates in ACA are denser and concentrated in the upper dermis.
Cytokine mRNA expressed within EM lesions, as detected by /n situ hybridization, revealed
prominence of TNFa and IFN-y, as well as the anti-inflammatory cytokine 1L-10, whereas
ACA lesions showed only TNFa and IL-4. The differences in the dominant cytokines in EM
vs ACA led to the notion that a strong IFNy-producing T cell response that promoted
macrophage activation was important for controlling B. burgdorferiburden and tissue
dissemination, and that development of a TH2 response early may set the stage for the later
complication of ACA. Whether the initial reaction to the tick bite, which as noted earlier
might be modulated by the introduction of tick salivary proteins that can skew immune
responses toward a TH2 phenotype, is permissive to ACA has not yet been explored.
Transcriptomic analyses of RNA isolated from EM biopsies supported earlier findings

of induction of innate and adaptive immune programs that favor TH1 differentiation and
phagocyte activation (Marques et al., 2017). Of 254 genes differentially expressed in EM
lesions versus healthy control skin, signatures for innate immune responses, cell migration
and chemotaxis dominated among genes upregulated, whereas a prominent signature for
tissue development and remodeling was found in those downregulated. In particular, two
dominant clusters of induced genes were found: one with Type | and Type 11 IFN signaling,
along with T cell chemoattractants CXCL9, CXCL10, and CXCL11; and the other related
to innate immune cell functions, including phagosome formation, FcyR and TLRs 1 and

2. B cell chemoattractants, IFNvy, and genes involved in tryptophan catabolism, including
the enzyme IDO1 (indoleamine 2,3-dioxygenase 1) were also found. Induction of CXCL9
and CXCL10 is consistent with the dominance of IFN-y—producing CD4+ TH1 cells in

EM lesions that promote phagocyte activation, whereas CXCL11 promotes Treg formation.
Phagocytic DC ingestion of spirochetes can lead to the induction of Type | IFNs /in vitro,
and this could drive the differentiation of IDO1-producing DCs that induce Treg cells,
which can be found by immunohistochemistry in EM lesions. In addition to induction of
Treg cells, tryptophan depletion can lead to suppression of the priming of CD8+ T cells,
which are found in abundance in EM lesions. Taken together, these results suggest that

the balance between proinflammatory responses and Treg cell induction may influence how
permissive the host is to spirochete dissemination and ultimately to late complications of
Lyme borreliosis.

Host response in the heart

Clinical involvement of the heart is rare in humans with Lyme borreliosis and most often
occurs during the early, disseminated phase of B. burgdorferiinfection. As a consequence,
few studies have examined cardiac tissue specimens in Lyme carditis, which have largely
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been obtained either from endomyocardial biopsies or postmortem (Cary et al., 1990;
Reimers et al., 1993; Tavora et al., 2008; Muehlenbachs et al., 2016). A recent autopsy
case series evaluated the hearts of 5 patients who died of sudden cardiac death due

to acute Lyme borreliosis (Muehlenbachs et al., 2016).The findings revealed significant
inflammatory infiltrates in the atrioventricular and sinoatrial nodes, consistent with the
clinical abnormalities typical of Lyme carditis, namely conduction system disease. There
were also interstitial lymphoplasmacytic infiltrates in the myocardium in a curvilinear
pattern with perivascular distribution extending from the endocardium to the epicardium,
with infiltrates also involving the epicardial adipose tissue. Coronary arteries were not
involved, nor was their evidence of vasculitis. Cellular infiltrates were predominantly

T cells, histiocytes, and plasma cells, without significant recruitment of neutrophils or
eosinophils. CD3+ T cells generally were in greater abundance than CD79a+ B cells,

but lymphoid follicles were not observed. Cardiomyocyte complement components C4a
and C9 were not detected. Cardiac tissue had increased collagen content and decorin was
detected where collagen was present. These findings differ from the transient carditis seen
in B. burgdorferi-infected mice, which arises in the absence of adaptive immune cells.

In mice, inflammation is dominated by macrophages primarily located at the heart base,
with T and B cells comprising less than 5% of the infiltrates (Ruderman et al., 1995).

In all of the autopsy cases, spirochetes were detected in the heart tissues by Warthin-
Starry stain and immunohistochemistry along the collagen fibers, consistent with their
presence driving the inflammatory response. Despite involvement of the heart indicating
disseminated B. burgdorferiinfection, the only other site where spirochetes were found

by immunohistochemistry was in the leptomeninges (2 patients) where they also were
associated with mild perivascular inflammation. Spirochetes were not detected visually in
other tissues available for analysis (lung, liver, kidney, spleen, prostate, nonlesional skin,
and various soft tissues), including several that express decorin. It has been proposed from
mouse studies that B. burgdorferi expression of DbpA is required for heart involvement and
that absence of decorin diminishes the spirochete’s ability to colonize this site (Brown et al.,
2001; Lin et al., 2014). The results of autopsy studies demonstrate that in humans, tissue
expression of decorin is not sufficient to allow for spirochete colonization of a site, and the
development of pathology leading to Lyme carditis suggests B. burgdorferihas a tropism for
infection at this site.

Host response in neuroborreliosis

Neurologic disease is a third example of how mice and humans differ in the pathology that
arises after B. burgdorferiinfection. Early studies revealed that while spirochetes could be
visualized in the mouse perineurium, there was no associated inflammation. They also could
only be cultured from mouse brains early in infection, during periods when blood cultures
were also positive (Barthold et al., 1992a). More recent immunohistochemical studies,
however, revealed that while B. burgdorferi did not involve the brain parenchyma in mice, it
was detected in the meninges, most often intra- and peri-vascular, in disseminated infection
(Divan et al., 2018). In humans, Lyme neuroborreliosis can manifest as peripheral or central
nervous system involvement, with meningoencephalitis, cranial nerve palsies and peripheral
radiculoneuropathies most commonly seen (Halperin et al., 1988; Pachner and Steiner,
2007). A characteristic feature of Lyme neuroborreliosis is the immune cell composition of
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cerebrospinal fluid (CSF), which is notable for a lymphocytic infiltrate with elevated protein
levels and antibodies to B. burgdorferi. Studies conducted primarily in Europe, where Lyme
neuroborreliosis is more prevalent, have partially characterized the immune response in the
CSF. Induction of matrix metalloproteases (MMPs) may permit B. burgdorferi invasion into
neural tissue, and production of chemokines, including CXCL11 and CXCL13, contributes
to cell recruitment. The CSF immune cells in Lyme neuroborreliosis are comprised of
>60%T cells and ~15% B cells, with NK cells and monocytes representing a much smaller
fraction of the cellular response (Kowarik et al., 2014). The relatively high frequency

of B cells, which is much higher than in other bacterial or viral CNS diseases, may be
explained by the fact that B. burgdorferi can induce human monocytes to produce the B cell
chemoattractant CXCL13 /n vitro, and monocytes with increased expression of CXCL13
are found in the CSF (Narayan et al., 2005; Rupprecht et al., 2007). B. burgdorferi-specific
antibodies to a number of Borrelia antigens can be detected in the CSF. An elevated ratio

of pathogen-specific 1gG in the CSF compared to the peripheral blood is indicative of

local antibody production. C1q, C4, C3 and C3a levels were elevated in the CSF, without
associated findings in the plasma, suggesting that the inflammatory response is localized

to the CSF (Rupprecht et al., 2007). In early neuroborreliosis, CD8+ T cells were the
predominant T cells in CSF, which then gave way to a dominant CD4+ TH1 type response
(Jacobsen et al., 2003; Lunemann et al., 2007). Analysis of the TH1 cells isolated from a
single US patient with acute neuroborreliosis identified peptides of B. burgdorferi heat shock
protein 90, 30S ribosomal protein, and proteins involved with porphrine and lipoprotein
biosynthesis as relevant T cell antigens (Lunemann et al., 2007). Interestingly, a number of
T cells had specificities for human peptide sequences, including CNPase, a structural protein
involved in synaptic transmission, but whether these self-reactive T cells play a role in the
immune response or contribute to clinical signs and symptoms of neuroborreliosis remains
unknown.

More recently, Eckman and colleagues examined the cytokines and chemokines in US
patients with Lyme neuroborreliosis using multiplex assays (Eckman et al., 2018). Their
study confirmed the dominant increase in CXCL13 in CSF specimens and also reported
elevated levels of the chemokines CXCL12, CXCL10, CXCL8, CXCL1 and eotaxin as
well as the cytokines IL-12, IFN+y, IL-1a, IL-6, TNFa, IL-10, IL-1 receptor antagonist
(IL-1RA) and granulocyte-monocyte colony stimulating factor (GM-CSF). The expression
of many of these cytokines and chemokines can be induced when human microglia (the
predominant phagocytic cell of the brain) or astrocytes (the primary glial cell forming the
blood-brain barrier) are exposed to B. burgdorferi in vitro (Casselli et al., 2017; Greenmyer
et al., 2018). No studies have specifically detailed responses /n vitro of non-parenchymal
macrophages (resident cells of the meninges) to B. burgdorferi. Transcriptomic studies

of astrocytes exposed to B. burgdorferi in vitro also revealed changes in expression of

38 miRNAs, and for about half, expression of their respective gene targets was altered.
Interestingly, the miRNAs expressed, which included miR145 and miR146b, were different
from those identified as influencing Lyme arthritis, supporting the concept that in humans,
B. burgdorferi elicits a tissue — specific immune response.
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Host response in Lyme arthritis

Lyme arthritis is considered a late manifestation of Lyme borreliosis, occurring several
months (average 6 months) after the onset of infection (Steere et al., 1987). The late
appearance of arthritis relative to the onset of infection distinguishes the arthritis seen in

B. burgdorferi-infected mice from the affliction in humans. Age plays a role in the clinical
presentation, with young children often presenting with an acute mono- or pauciarticular
inflammatory arthritis involving the knee or hip that resembles septic arthritis (Willis et al.,
2003; Thompson et al., 2009; Baldwin et al., 2016), whereas Lyme arthritis in teens and
adults usually presents with significant swelling in a joint without much pain (Steere et al.,
2016). Adults often report no history of a clinical syndrome compatible with acute Lyme
borreliosis in the year preceding the onset of arthritis. In mice, arthritis is polyarticular and is
mediated by PMNs in the joint space and surrounding tissues. Although synovial fluid from
Lyme arthritis patients similarly has a predominance of PMNSs, synovial tissue is notable
for infiltration with CD4+ T cells, macrophages, B cells and plasma cells (Duray and
Steere, 1988; Steere and Angelis, 2006). The degree of synovial proliferation is dependent
upon the number of episodes of arthritis and the duration of arthritis prior to treatment. In
acute arthritis, B. burgdorferiDNA can be detected in the synovial fluid and tissue (Li et
al., 2011), consistent with infection driving the host response. In untreated patients, rare
spirochetes and globular antigen deposits have been observed in perivascular areas where
lymphocytes are also present (Duray and Steere, 1988). The spontaneous remission of an
episode of acute arthritis, which can last for only a few days or for several months, is
presumed to be immune-mediated, but organisms can persist in the absence of antibiotic
therapy and give rise to recurrent episodes of acute arthritis. In one study of patients who
did not receive antibiotic therapy for EM, arthritis developed in more than half, but the
number of patients with recurrent episodes of arthritis declined by 10-20% each year even
in the absence of therapy, suggesting that either the inflammatory response was eventually
down-regulated or spirochetes driving that response had been eliminated (Steere et al.,
1987).

The late appearance of arthritis raises the question as to where spirochetes reside during the
asymptomatic phase before arthritis onset. Two-photon intravital imaging of B. burgdorferi-
infected mice has revealed spirochetes adjacent to cartilage and in the tendon insertion sites
(entheses) around joints (Bockenstedt et al., 2012) (see also Radolf and Samuels, 2021).
Entheses are relatively avascular areas rich in decorin, aggrecan, and other molecules B.
burgdorferiis known to bind. Decorin in particular has been shown to be required for the
development of B. burgdorferi-induced arthritis in mice (Brown et al., 2001). In both mice
and humans, a specialized population of CD3*CD4~CD8~IL-23R*RORyt" T cells has been
identified in entheses that is believed to be involved in the pathogenesis of other forms of
inflammatory arthritis through the production of IL-17 (Sherlock et al., 2012; Reinhardt et
al., 2016; Cuthbert et al., 2017). These cells express PRRs and respond to local or systemic
administration of IL-23. Interestingly, IL-23R*RORyt* T cells are found at sites associated
with mechanical stress, like the enthesis and the aorta, which also are areas associated

with B. burgdorferipathology. For other forms of arthritis in which IL-23R*RORyt* T
cells are believed to play a role, mechanical stress damaging the enthesis is thought to

be an initiating event for an episode of joint inflammation. Adjacent synovial tissue cells,
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including macrophages and synovial intimal fibroblasts that normally contribute to entheseal
nourishment and repair, drive the inflammatory response that involves the joint. Whether
IL-23R*RORyt* T cells are involved in the host response in Lyme borreliosis has not been
explored.

The initiation of an episode of Lyme arthritis in humans likely involves exposure of synovial
innate immune cells expressing TLRs to B. burgdorferi or its components, and the induction
of MMPs from synovial cells and other cells within the joint. B. burgdorferi elicits MMPs
and aggrecanases from human chondrocytes 7 vitroand MMP-2, MMP-3, and MMP-9 are
found in synovial fluid (Hu et al., 2001; Behera et al., 2006b). As noted above, MMP-9
expression is also linked to the development of B. burgdorferi-induced arthritis in mice
(Heilpern et al., 2009). Both a- and y6 T cells have been isolated and characterized

from synovial fluid and tissues of patients with Lyme arthritis. ap T cells include TH1,
TH17, and TH2 subsets, and the dominance of TH1 cells correlates with larger effusions.
Immunohistochemistry reveals upregulation of adhesion molecules (P-selectin, vascular
adhesion protein-1, intercellular adhesion molecule-1 and vascular cell adhesion molecule-1)
on synovial lining cells, endothelial cells, and cell infiltrates (Akin et al., 2001). Analysis

of synovial fluid chemokines have detected macrophage and neutrophil chemoattractants, as
well as TH1 chemoattractants CXCL9 and CXCL10, the TH17 cell chemoattractant CCL2,
and the B cell chemoattractant CXCL13 (Shin et al., 2007). Both pro-inflammatory (IL-6,
TNFa, IL-1B, IFNvy) and anti-inflammatory cytokines (IL-10, IL-5 and IL-4) have been
reported (Shin et al., 2007). NapA has been identified as one B. burgdorferi component

that drives joint inflammation in Lyme arthritis through the induction of IL-6, IL-1pB, and
TGFp, and NapA-specific TH17 cells have been found in synovial fluid. A feature of Lyme
arthritis is that in some patients, resolution of joint inflammation may take weeks to a

few months after completion of antibiotics. The reason for the slow resolution of arthritis

is not clear, although some studies suggest that adjunctive use of intra-articular steroids

or oral non-steroidal anti-inflammatory agents may aid resolution. Recently B. burgdorferi
peptidoglycan has been detected in the joints of patients with Lyme arthritis both before and
after treatment and may provide a stimulus for continued inflammation even after antibiotics
have killed viable organisms (Jutras et al., 2019).

Return to homeostasis and immunoregulation

The resolution of inflammation and return to tissue homeostasis after an immune challenge
involves timely control of both innate and adaptive immune responses to prevent excessive
tissue damage and limit energy consumption that occurs with on-going immune activation
(Paludan et al., 2020). A return to a new immune homeostasis after pathogen encounter
depends on the degree of perceived threat to the host. In B. burgdorferi reservoir hosts
such as mice, that threshold appears to be low as mice exhibit minimal pathology despite
persistence of spirochetes. The human encounter with B. burgdorferi, in contrast, results

in a range of outcomes, from asymptomatic seroconversion to persistence of inflammatory
sequelae after treatment, as for example in post-antibiotic Lyme arthritis (discussed below).
These differences in outcomes likely relate to individual variation in host responses to
infectious and immune challenges. A full understanding of how variations in human
immunity contribute to the expression and outcomes of Lyme borreliosis awaits a more
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comprehensive understanding of the human immune system, its regulation and relation to
other biological systems within the human host.

Regulation of innate and adaptive immune responses begins virtually immediately after
their engagement (Vigano et al., 2012; Cui et al., 2014). Examples include the induction of
IL-1 receptor antagonist after IL-1 receptor signaling, downregulation of cytokine receptor
expression, modulation of signaling through induction of suppressor of cytokine signaling
(SOCS), induction of CTLAA4 after T cell activation, and actions of Treg cells. In an effort to
assess the evolution of the immune response in Lyme borreliosis, Bouquet et al conducted a
longitudinal transcriptome analysis of PBMCs isolated from whole blood samples of Lyme
borreliosis patients presenting with EM and followed for 6 months after antibiotic treatment
(Bouquet et al., 2016). Because a known signature of B. burgdorferiinfection is Type |

IFN response, a comparison was made between differentially expressed genes in Lyme
borreliosis with those found in other infectious and inflammatory conditions, some of which
are noted for Type | IFN induction. In the acute phase at study entry, the Lyme borreliosis
samples revealed upregulation of gene sets common to influenza infection, another Type

| interferon-associated pathogen, as well as sets shared with the Gram positive bacterium
Streptococcus pneumoniae bacteremia. These gene sets included significant enrichment

for transcripts encoding interferon signaling as well as PRR-associated innate immune
responses. The elevation in these genes was protracted and detected even at 3 weeks after
antibiotic treatment (~5 weeks after presentation). By 6 months, the number of differentially
expressed genes (DEGSs) had diminished and the pattern had changed, showing evolution

of the response from genes primarily upregulated to those downregulated. At this stage,
60% of the DEGs were shared with those seen in systemic lupus erythematosus, a Type

I IFN-associated autoimmune disease, and 30% with rheumatoid arthritis (other infectious
diseases were not reported at this time point). The most downregulated gene transcript was
EIF2, which encodes for elF2, a global regulator necessary for the translation initiation

of mRNASs and also downregulated in systemic lupus erythematosus. Although the study
cohort included patients who had not yet resolved subjective symptoms such as fatigue

at the 6 month timepoint, there was no difference in DEGs between those who reported
return to their pre-infection clinical baseline and those who did not. Taken together, these
findings confirmed a robust inflammatory transcriptome during the early phase of Lyme
borreliosis that was sustained for a period after antibiotic therapy for the infection. The
significance of a protracted inflammatory signature should be considered in the light of new
studies revealing the impact of antibiotics on host immunity. Specifically, antibiotics have
global effects on the host microbiome and can alter host immunity acutely in response to

an immune challenge, enhancing inflammatory signatures in the blood (Hagan et al., 2019).
Moreover, doxycycline (the most common antibiotic used to treat EM) not only inhibits
MMPs but also interferes with M2 (anti-inflammatory) macrophage differentiation (He and
Marneros, 2014). Both of these effects could lead to prolonged inflammatory signatures in
the blood even though patients are clinically improving. The subsequent evolution of the
immune response to one that shares some features with a Type | IFN-associated autoimmune
disorder may represent engagement of common pathways aimed at reducing innate immune
activation during the elimination of cellular and pathogen inflammatory debris and the
energy expenditure of excessive activation of adaptive immunity.
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Post-antibiotic Lyme arthritis — the importance of immune regulation

About 10% of patients with Lyme arthritis develop chronic synovitis, usually in a single
joint, that persists despite antibiotic therapy. In an early study, arthritis often had been
present for many months to years in patients prior to antibiotic institution, and even then,
joint inflammation generally responded to this intervention (Steere et al., 1987). With time,
a second subgroup of patients has been identified in whom arthritis does not resolve within
>3 months of completion of antibiotic therapy, and often patients have received multiple
antibiotic courses (Steere et al., 2006). Inflammation persists even though B. burgdorferi
can no longer be detected in synovial fluid or synovial tissue (Nocton et al., 1994).
Development of this “post-infectious” form of Lyme arthritis (now termed “post-antibiotic
Lyme arthritis”) is associated with more invasive strains (RST1 type) of B. burgdorferi
sensu strico, as well as genetic factors that may predispose to greater intensity and duration
of inflammatory responses (Strle et al., 2011; Strle et al., 2012). Patients who develop post-
antibiotic Lyme arthritis are more likely than those with antibiotic-responsive arthritis to
bear rheumatoid arthritis-associated HLA-DRB1 molecules, especially HLA-DRB1*0401,
HLA-DRB1*0101, and HLA-DRB1*0404 alleles. Because of the association of these
HLA alleles with rheumatoid arthritis (Steere et al., 2006), much research has focused on
autoreactivity in patients with post-antibiotic Lyme arthritis. A search for B. burgdorferi
proteins that could incite autoreactivity through molecular mimicry initially identified an
OspA peptide (aal63-175) as having some sequence similarity to human LFA-1, but
subsequent studies have not supported its relevance to arthritis (Gross et al., 1998a; Trollmo
et al., 2001). Linked T and B cell responses to several self-antigens have been identified
subsequently, including endothelial cell growth factor (ECGF), MMP-10, apolipoprotein B
100, and annexin A2 (Drouin et al., 2013; Crowley et al., 2015; Crowley et al., 2016).
Although antibodies to these proteins can be found in patients who resolve arthritis, they
tend to be higher in those whose arthritis does not resolve.

These antibodies to self-antigens are generally of the 1gG2 and 1gG4 subclasses, whereas
those directed against B. burgdorferi antigens are usually 1gG1 and IgG3 (Sulka et al.,
2018). Interestingly, the magnitude of 1gG4 to some of these self-antigens correlates with
the degree of obliterative vasculopathy and fibrosis characteristic of post-antibiotic Lyme
arthritis (Londono et al., 2014; Sulka et al., 2018).

There is increasing evidence that a heightened and dysregulated immune response
contributes to the magnitude and duration of Lyme arthritis. A retrospective analysis
compared cytokine and chemokine expression in archived synovial fluid samples from
patients who resolved arthritis versus those who developed post-antibiotic arthritis (Shin et
al., 2007). Samples from patients in whom arthritis persisted after antibiotic therapy had
higher levels of TNFa, IL-1p and IFN+y in synovial fluid and increased levels of T cell
and monocyte chemoattractants (CXCL9, CXCL10 and CCL4), indicating a more exuberant
inflammatory response. Most of the TH1 cytokines and chemokines declined over time in
the post-antibiotic Lyme arthritis group once PCR for spirochete DNA became negative,
although patients continued to have elevated levels in comparison to controls. Resolution
of inflammation may in part be mediated by FoxP3 Treg cells, as post-antibiotic Lyme
arthritis has been associated with low numbers of Treg cells in synovial fluid (Shen et
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al., 2010). The magnitude of the TH17 response has been correlated with the severity

of joint inflammation and to the development of autoreactivity that may contribute to
persistent synovitis (Strle et al., 2017). Genetic factors that could contribute to more severe
inflammation include a SNP of the CD14 gene (CD14-550 C/T), which is related to the
levels of soluble CD14 (Inoue et al., 2007); soluble CD14 has been detected at elevated
levels in patients with a more severe inflammatory response to B. burgdorferiinfection
(Lin et al., 2000). In addition, a Toll-like receptor 1 (1805GG) polymorphism has also
been associated with heightened TH1 inflammatory responses and is more prevalent among
patients with post-antibiotic Lyme arthritis (Strle et al., 2012). Certain microRNAs that
modulate inflammatory gene expression, including miR-155, miR-223 and miR-146a, are
elevated in patients who experience persistent synovitis in comparison to those whose
arthritis resolves with antibiotic treatment (Lochhead et al., 2017).

A study of the transcriptome of synovium from patients with post-antibiotic Lyme arthritis
has shed light on how infection-induced inflammation can evolve to an immune-mediated
chronic inflammation after the pathogen is eliminated (Lochhead et al., 2019a). Synovial
tissue of patients with post-antibiotic Lyme arthritis exhibits heightened Type | and Type

I1 IFN responses that correlate with the degree of inflammatory cytokine expression at the
protein level, especially IFN-y, and are inversely correlated with genes involved in tissue
repair. A dominance of T cells that produced IFN+y, including CD4, CD8 and double
negative populations, as well as a smaller population of IFN-y-producing NK cells were
found. Fibroblast-like synoviocytes, which have been implicated in the pathogenesis of
rheumatoid arthritis, were a main source of IFN-inducible genes and when exposed to IFNy
in vitro, became hyper-responsive to B. burgdorferi (Lochhead et al., 2019b). Dysregulation
of fibroblast-like synoviocytes may favor the continued recruitment of IFNy-producing

T cells into the synovium and give rise to many of the observed pathologic changes in
post-antibiotic-Lyme arthritis. These findings underscore the importance of host regulation
of both innate and acquired immune responses in order to return to a new state of tissue
homeostasis after pathogen encounter, control and elimination.

Concluding Remarks

From the above, it is apparent that the immune response to B. burgdorferiis both

complex and nuanced and involves many cell types, soluble molecules and varies based

on the organ system affected by infection with this pathogen. While the immune response

to B. burgdorferireduces and controls spirochete numbers, and prevents or resolves
manifestations of infection-induced disease, B. burgdorferi ultimately establishes persistent
infection in many vertebrate reservoir hosts, enabling its re-acquisition by tick vectors

and transmission to other hosts. Thus, co-evolutionary adaptation allows B. burgdorferito
maintain its essential enzoaotic cycle while helping the vertebrate host to avoid disease.
Persistent infections by extracellular microbes are rare, more often seen following infections
of viruses, such as CMV and EBYV rather than large and complex bacteria that are constantly
exposed to cells of the immune system. The complexity of how the balance between
persistence and a disease-free state is achieved would be nearly impossible to maintain
across the genetic diversity of the entire spectrum of hosts susceptible to infection with

B. burgdorferi. Indeed, most infected vertebrates can either clear B. burgdorferi efficiently

Curr Issues Mol Biol. Author manuscript; available in PMC 2024 February 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bockenstedt et al. Page 42

or develop some level of inflammatory disease, the latter seen following infections of
canine, equine, and human hosts. A better understanding of the mechanisms enabling
disease-free persistence of B. burgdorferiversus the mechanisms causing inflammation
and disease are critical for enhancing our ability to develop therapeutics that more directly
target the mechanisms rather than the manifestations of B. burgdorferi-induced disease.
The recent advances in research technologies, including intravital microscopy, single-cell
transcriptomics, proteomics and metabolomics, to name but a few, are likely to result

in a more nuanced understanding of immune response regulation to infections with B.
burgdorferi that may have relevance not only to human Lyme borreliosis but to infection
with other Borrelia spp.
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Figure 1.
Image from a 2-photon intravital microscopy movie of GFP-expressing B. burgdorferi

transformant 914 (derived from strain 297) in the ear skin of a 27-day infected C3H
myD88-/- mouse. Infection was introduced by tick bite. Blue, second harmonics of
skin collagen fibers. Note the numerous GFP spirochetes along the collagen fibers and
surrounding the central hair follicle (See Bockenstedt, et al., 2012).
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Figure 2.
Serial images from a movie of a human neutrophil ingesting B. burgdorferiin vitro. Panel

A shows engulfment of B. burgdorferi from one end by tube phagocytosis. Panel B shows
the same neutrophil engulfing a spirochete initially attached at one end. The opposite

end was subsequently captured, allowing the neutrophil to readily engulf the immobilized
spirochete. From the unpublished archives of movies produced by Malawista (deceased) and
de Boisfleury Chevance.
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Figure 3.
Phagocytosis of B. burgdorferiby a dermal professional antigen-presenting cell. Transgenic

mice (I-AB-GFP expressing) possessing green MHC class I1-expression were infected with
DsRed-expressing B. burgdorferiintradermally into the ear. Intact ear tissues were imaged
using intravital confocal microscopy on living mice at 24h post-infection. The four images
were taken at 6-minute intervals (left-to-right). From the unpublished archives of movies
produced by the R. Mark Wooten lab; images provided by John Presloid.

Curr Issues Mol Biol. Author manuscript; available in PMC 2024 February 05.



Page 71

891w U1 uonajdap pajelpaw-Apoqnue — uwum_%n_m

passasse J0N — <\ZN

uonajap auab/no-3oouy — OV_N

Bockenstedt et al.

sqV o110ads

-uigjoldodi] o s)unowe Jassa| (urys oeq
(£00Z ‘I 12 13POA ‘200 ‘'[e 18 UBI00M) abueyo oN {1/ 01 Jejiwis Aybnoy ‘quiol ‘ueay ‘1es) pasealou] O (2d11) Z 1010839183 I1|-|[0L
(e666T ‘JBUIBY pue uMoig ‘S66T “'|e 10 49]19S) abueyo oN abueyo oN abueyo oN apIX0 214N
O (yungns
(5002 “Ie 39 |1epuelD) abueyo oN abueyo oN abueyo oN 8sepIx0 HddVN) xoyd/#d/ToN

(9002 “Ie 190 Z]0g ‘9002

““[e 19 1palsuax 209 ‘900z “'Ie 19 vIayag ‘700z 'Ie 10 z|og) abueyd oN abueyo oN pasea.ou| OM88AAN
()]
(870Z “Ie 33 UOSEIN) afueys oN aBueys oN abueyos oN ¥T/8 (dd ) upioud parep.-plopA N

1\ 2Je sanssiy Jaylo
(6102 “I® 30 NOWNOD) abueyd oN pasea.ou| ‘urys ur AjJea paseasou| O (1gN) unoe| buipuig-ssouue N\
(5T0Z “1e 18 Ase) abueyo oN abueyo oN abueyo oN OM/T-TI
(266T “Ie 19 eUNBUY ‘966T ‘€ 18 BUNOUY) SIIYMe pasealdsq AJuo ezob| aseasdsq (1ed) pasealdsg pew|dep ZT-11

(zt0Z (uiof
““Ie 19 4866319puUOS {9007 “*|e 18 SnIeze ‘666T [ 19 umoig) pasealou| pasea.ou| ‘1eay ‘ums) pasealdaq OMO0T-11
(000Z “[e 19 JB>SOIES 1000T “'[© 18 J310d) abueyd oN qzoul 01 TOB| woly 1ys abueyd oN OMET-TI-TI

(ctoz e ® AN A
19 1866a13puos ‘6002 “'[2 12 UOS|O ‘G666T JauIay pue umolg) pasealnag V/IN pasealou| £ PPBIGEP IO O YANS I/ANS |
(2102 "I 10 8nenbed ‘¥T0Z |2 18 BN ‘FTOZ “'[e 18 AoiseH) pasealnaq abueyo oN abueyo oN pas|dep 10 O 12dAL NI
()]
(5002 “Ie 39 |1epuelD) abueyo oN V/IN abueyo oN (yungns asepixo HAAVN) xoydredo
(866T "[e 12 43]13S) abueyd oN VIN aBueyd oN O Ul ps-d/uleps-3
(€002 I 18 ZUaime-T) pases.ou| pasealoaq pasea.ou| O €2 weuodwod Juews|dwo)
(yToz "B SnIpJsed

19 897 ‘0T0Z "I 10 997 ‘6002 “"IB 18 UOS|O ‘8002 ‘| 18 uidny) ‘SIILIYLe pasealou| pasealou| pasealou| (S1P0 LN ochOv_ YTPA/BTOL/PTAD

20IW ] M 01
S90UB PJPY juswdoprepasessig | uewdoprep (Qy) Apogqiuy | aAlep . usp.ing usboyred P19 e 8|ndJsjow 10 ausb S0H

Author Manuscript

U098 L/3LI0paINg g Uo SIONRIP3IAl SUNLWW| 81euu| JO 10813

‘TalqeL

Author Manuscript

Author Manuscript

Author Manuscript

Curr Issues Mol Biol. Author manuscript; available in PMC 2024 February 05.



	Abstract
	Introduction
	Establishment of infection: The role of the tick vector in B. burgdorferi infection
	Initial host defense - the innate immune response
	Early spirochetal dissemination into tissues and interactions with resident immune cells
	Aspects of the innate immune response appear to have the strongest effects on bacterial clearance.
	B. burgdorferi agonists and their innate pattern recognition receptors PRRs
	CD14
	TLR2
	TLR1 and TLR6
	Other TLRs: TLR5/TLR7/TLR8/TLR9
	Nod-like receptors NLRs

	Cellular mediators of the innate immune response to B. burgdorferi
	Langerhans cells (LCs).
	Macrophages/Dendritic cells
	Neutrophils/Endothelial cells
	Natural killer cells
	Mast cells
	Microglia

	Soluble mediators that significantly affect B. burgdorferi infection
	Interleukin-10
	Complement system


	Responses of acquired adaptive host defenses
	B Cell Responses
	Antigenic targets of the antibody response to B. burgdorferi infection.
	B cell activation during B. burgdorferi infection
	Pre-existing and innate-like B cell immunity to B. burgdorferi
	T cell responses
	Conventional T cell responses

	Host responses in human Lyme borreliosis
	Host response in cutaneous manifestations of Lyme borreliosis
	Host response in the heart
	Host response in neuroborreliosis
	Host response in Lyme arthritis

	Return to homeostasis and immunoregulation
	Post-antibiotic Lyme arthritis – the importance of immune regulation

	Concluding Remarks
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Table 1.

