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The peptidoglycan of Borrelia burgdorferi can persist in
discrete tissues and cause systemic responses
consistent with chronic illness
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Persistent symptoms after an acute infection is an emerging public health concern, but the pathobiology of
such conditions is not well understood. One possible scenario involves the persistence of lingering antigen. We
have previously reported that patients with postinfectious Lyme arthritis often harbor the peptidoglycan (PG)
cell wall of Borrelia burgdorferi, the Lyme disease agent, in the synovial fluid of their inflamed joints after treat-
ment. However, it is not yet known how B. burgdorferi PG persists, in what form, or if it may play a role in other
postinfectious complications after Lyme disease. Using a murine model, we developed a real-time in vivo sys-
tem to track B. burgdorferi PG as a function of cell wall chemistry and validated our findings using both molecu-
lar and cellular approaches. Unlike typical bacterial PG, the unique chemical properties of polymeric B. burgdorferi
PG drive murine liver accumulation, where the cell wall material persists for weeks. Kupffer cells and hepato-
cytes phagocytose and retain B. burgdorferi PG and, although liver occupancy coincides with minimal patholo-
gy, both organ-specific and secreted protein profiles produced under these conditions bear some similarities to
reported proteins enriched in patients with chronic iliness after acute infection. Moreover, transcriptomic profil-
ing indicated that B. burgdorferi PG affects energy metabolism in peripheral blood mononuclear cells. Our find-
ings provide mechanistic insights into how a pathogenic molecule can persist after agent clearance, potentially

contributing to iliness after infection.

INTRODUCTION

Nearly half a million people are thought to acquire Lyme disease
each year in the United States (I, 2). Upon transmission from an
infected Ixodes spp. tick, the spirochetal pathogen Borrelia burgdorferi
rapidly disseminates and may cause a multisystem disorder if left
untreated. Most patients are effectively treated with doxycycline and
return to health, but ~15% do not and instead develop posttreat-
ment Lyme disease syndrome (PTLDS) (3, 4). PTLDS is defined as
symptoms lasting for more than 6 months after recommended treat-
ment (5, 6). Patients with PTLDS often report similar symptoms
such as chronic fatigue, diffuse pain, and neurocognitive issues (7-
9). Despite the prevalence of PTLDS, and the increased interest in
understanding acute postinfectious syndromes, such as Long Covid,
the etiology is not known (10, 11).

Another Lyme disease manifestation that can occur after therapy
is postinfectious Lyme arthritis. Lyme arthritis is an inflammatory
disorder that is characterized by proliferative synovitis usually af-
fecting one knee. Considerable clinical and basic science data in-
dicate that postinfectious Lyme arthritis is an immune-mediated
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syndrome because patients are treated effectively with immunosup-
pressive therapy (12). Further, autoimmunity, innate immune responses,
and host genetics are central to the severity and resolution of postin-
fectious Lyme arthritis (13, 14). Spirochetal debris after acute infec-
tion is a possible instigator of inflammation, but the molecular identity
of the culprits and their ability to persist after infection have re-
mained elusive (4, 13-16).

B. burgdorferi is considered a stealth pathogen that is incapable
of producing toxins or secreting virulence factors common to other
disease-causing bacteria. The Lyme disease spirochete is one of the
only known diderms that do not produce the endotoxin lipopoly-
saccharide (17-19). These features are at odds with patient symp-
toms from a clinical perspective. Although many topics in the field
are highly debated, it is clear that the disease state is driven by an im-
mune response to the bacterium or bacterial-derived products that
become maladaptive in some individuals (3-5, 12).

An emerging pathogenic determinant in Lyme disease is the pepti-
doglycan (PG) cell wall, a molecular sac that protects practically all bac-
terial cells from bursting from internal osmotic pressure. PG is nearly
universal in the bacterial kingdom, where it plays a basic role in cell-
envelope homeostasis, but several salient features make B. burgdorferi
PG (PG™) unique. For instance, L-Ornithine (L-Orn) occupies the third
position of the PG-stem peptide as the quintessential diamine involved
in cross-linking glycan strands in B. burgdorferi, rather than the near-
ubiquitous meso-diaminopimelate (m-DAP) or L-Lysine (L-Lys), which
is present in most Gram-negative and -positive bacteria, respectively
(16, 20, 21). In addition, B. burgdorferi lacks the pathway required for
muropeptide (or PG fragment) recycling and sheds ~45% of its entire
intracellular PG cell wall out into its extracellular environment per
generation (16). Another peculiarity is that PG glycan strands ter-
minate with the trisaccharide GlcNAc-GlcNAc-1,6 anhydroMurNAc
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(G-G-anhM) instead of the canonical GlcNAc-1,6 anhydroMurNAc
found in nearly all other bacterial clades (22). How these unusual fea-
tures contribute to the overall pathogenicity of B. burgdorferi is not
known, but PG can be detected in the synovial fluid attained from
the swollen joints of patients with Lyme arthritis during infection and
often in patients with postinfectious Lyme arthritis after oral or intra-
venous antibiotic therapy (16). In this study, using a murine model,
we created a real-time tracking system to understand the fate of
bacterial PG as a function of chemistry in live animals and found a
mechanism of antigen persistence that may help explain the patho-
genicity of PG™.

RESULTS
Polymeric PG persists in the murine liver
PG persistence at the site of Lyme arthritis inflammation after an-
tibiotic therapy raises several questions that could only be addressed
with tools that could assess cell wall biodistribution at the organis-
mal level (16). We created a strategy in which PG® ® was covalently
linked to a functionalized dye and tracked the spatial and temporal
dynamics of its distribution in live mice, in real time, and compared
our results with those of the same amount of dye alone. BALB/c]J
mice were used in this system because they develop moderate ar-
thritis when infected with live B. burgdorferi; were previously shown
to experience arthritis when injected with PG” b intravenously; and
have skin pigmentation that is amendable to fluorescent molecule
tracking. Intravenous, retro-orbital (R.O.) administration of cy5 dye
alone resulted in near-ubiquitous signal within hours, which was not
the case for cy5:PG™ (fig. S1). Instead, cy5:PG™ appeared to rapidly
accumulate in the murine liver and spleen (Fig. 1A and fig. S1).
Within 2 days, cy5:PG” ¥ was ~100-fold higher than the dye control
in the murine abdomen and could be seen draining from the liver
and into the inflamed murine ankle (Fig. 1, A and B, and fig. S1). Ex
vivo organ imaging, coupled with arthritis scoring and histology,
confirmed that the liver was the primary site of cy5:PG* accumula-
tion and that cyS:PGBb caused both joint/tendon inflammation
consistent with unlabeled PG [fig. S2 and (16)]. Even after more
than 2 weeks postinjection, the cy5:PG” *_derived signal was >10-fold
more than that of dye alone (Fig. 1B).

Acute stages of B. burgdorferi infection coincide with rapid growth.
B. burgdorferi replication results in muropeptide shedding, which
could contribute to the pool of persistent PG in humans (16, 23). Peri-
plasmic PG would also be liberated into larger polymeric pieces after
antibiotic treatment or cell death during spirochete invasion after
tick transmission (Fig. 1C). Because our studies rely on highly puri-
fied, native components to groduce interpretable results, we opted
to mimic each form of PG™. Digestion with mutanolysin, an N-
acetylmuramidase, created labeled PG fragments that simulated re-
leased pieces produced during growth (digested or dPG” %). To produce
polymeric PG debris (pPG), we sonicated sacculi to mechanically
shear pure cy5.5:PG™ into larger pieces, which was the same form
used for our initial study (Fig. 1, A and B). Despite matching the fluo-
rescent intensity and concentration injected, muropeptide fragments
(cyS.S:dPGBb) were rapidly cleared within 2 days, and signal reached
baseline values in 4 days, whereas polymeric PG (cy5.5:pPG” Y) per-
sisted (Fig. 1, D and E). Given our initial findings (Fig. 1B), we ex-
tended the length of this study and found that the cy5.5:pPG™ signal
was significantly higher than that of dPG, even after 4 weeks (Fig. 1E,
P < 0.01). The clearance of cy5.5:dPG™ fit the model of a one-phase
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exponential decay (R* = 0.9315), indicating that dPG” ® was being ex-
creted at a continuous rate, consistent with the amount injected. The
dye used in this study, cy5.5, was the same for each cell wall material
but differed from studies in Fig. 1 (A and B), which used cy5. This
confirms that pPG?” retention is not an artifact of the dye, but rath-
er an inherent property of the B. burgdorferi cell wall (Fig. 1, A to E).

The chemical composition and organization of PGP is unique
(16, 21, 22), which made us question whether differences in stem-
peptide chemistry affect murine retention or liver accumulation. To
assess this possibility, we developed a dual-labeling, tandem tracking
system in which two PG preparations can be independently labeled
but coinjected into the same animal. Using two dyes with different
spectral properties, cy5 and cy5.5, we could unmix the signals pro-
duced by each preparation to understand the biodistribution of both
at the same time. This strategy controls for variability between both
the individual nature of each animal and the payload being delivered.
We chose two well-characterized bacterial PG stem peptide types
from two bacteria common in the kingdom, Escherichia coli (m-DAP
PG) and Staphylococcus aureus (L-Lys PG), covalently labeled them
with cy5.5, and coinjected each with cy5:pPG®. Polymeric E. coli PG
(cy5.5:pPGEC) and S. aureus PG (cy5.5:pPGS“) transiently localized to
the liver, but the signal was 5- to 30-fold lower than cy5:pPG?" (Fig. 1,
F and G). Much like dPG®, both pPG™ and pPG" reached baseline
after 48 hours, and the liver was devoid of signal. Because E. coli and
S. aureus PG preparations were pure, potential co-contaminants were
nearly undetectable, and both preparations behaved similarly despite
drastically different cell wall architectures; our findings suggested that
features unique to PG likely contribute to the extended half-life in
the liver (fig. S3).

PG contains L-Orn, a rare diamine in the bacterial cell wall. To
determine whether this deviation in stem-peptide chemistry contrib-
utes to localization or half-life, we purified, labeled, and mono-injected
the PG from Deinococcus radiodurans, which contains L-Orn with a
di-glycine bridge (24). The presence of L-Orn in PG did not affect per-
sistence or tissue distribution because D. radiodurans PG was readily
cleared, similar to the rate of both pPG™ and pPG** (Fig. 1F and fig.
S4). The cumulative, longitudinal analysis indicates that, despite
injecting equal amounts, PG™ is uniquely retained relative to other
forms of bacterial PG (Fig. 1G).

Another unusual feature of pPG® is that glycan strands termi-
nate with G-G-anhM (22). It is still unclear how B. burgdorferi pro-
duces and incorporates G-G-anhM into the spirochete cell wall, but
one mechanism in the tick vector appears to be through the direct
utilization of the GlcNAc disaccharide chitobiose, a monomer of
chitin (22, 25). Mutant bacteria unable to produce the chitobiose
transporter ChbC have altered morphology, motility, and an ~37%
reduction in the total amount of G-G-anhM (22). To understand
whether G-G-anhM contributes to pPGBb half-life, we performed
similar tracking studies with purified pPG isolated from a chbC mu-
tant strain. Within 6 hours of injection, there was a significant re-
duction in signal intensity in mice injected with pPG isolated from
the chbC mutant (fig. S5, P < 0.05). Altered amounts of G-G-anhM
affected PG-derived signal intensity throughout the initial phase of
tracking, but the signal did not reach baseline, similar to all other
forms of bacterial PG tested (Fig. 1G and fig. S5), and lower amounts
of PG were omnipresent in the liver, suggesting that the atypical gly-
can strands of PG™ may partially contribute to organ localization
and persistence.
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Fig. 1. Polymeric PG® persists in the murine liver for weeks. (A) PG?” was covalently labeled with cy5 (cy5:PG), 200 pg of the complex was administered into five mice
intravenously by R.O. injection, and the results were compared with those from an equal number of mice injected with matched intensity control (cy5 dye alone). Each group
of animals were simultaneously imaged (see fig. S1 for example) at regular intervals using an in vitro imaging system to assess fluorescent signal distribution. Representa-
tive images are shown. Heatmaps indicate the total radiant efficiency [(p/s per cm? per str)/(uW/cm?)]. (B) The total radiant efficiency of each group described in (A) was
calculated on the basis of average value in the abdominal region and normalized by the arm. au, arbitrary units. (C) Schematic indicating the two possible sources of free
PGP, (Left) During the initial stages of infection, B. burgdorferi death occurs as a result of transmission, immunological processes, or antimicrobial therapy, leading to
polymeric PG release (pPG). (Right) Tick transmission results in population expansion and bacterial cell growth, which causes B. burgdorferi to release muropeptide frag-
ments (simulated by dPG). (D) Comparative analysis of PG localization and retention after R.O. injection into mice (n = 5 per group) of pPG (cy5,5:pPGBb), relative to
fragments or dPG (cy5.5:dPGBb) material. Shown are representative mice. Signal intensity was measured 6 hours (top) and 2 days (bottom) postinjection. Heatmap indi-
cates total radiant efficiency [(p/s per cm? per str)/(uW/cm?)]. (E) Population-level analysis of cy5.5:pPG® signal intensity relative to cy5.5:dPG®. The average total radiant
efficiency (+SD) was calculated for each group over time (n = 5 per group). Statistical significance was calculated by two-tailed t test; ***P < 0.001 and **P < 0.01 compar-
ing cy5.5:pPGBb to cy5.5:dPGBb at each time point. (F) Tandem PG localization and retention was measured as a function of chemistry. Polymeric Staphylococcus aureus
(left) and Escherichia coli (right) were purified, cy5.5-labeled (cy5.5:pPG*? and cy5.5:pPGE, respectively), and coinjected (n = 5 per group) with equal amounts of cy5:pPGE®.
Representative mice 6 hours (top) and 2 days (lower) postinjection are shown, as are the total radiant efficiency heatmaps [(p/s per cm? per str)/(pW/cmz)] of each signal.
(G) Cumulative, average total radiant efficiency values (+SD) are shown for mice shown in (F) and fig. S4 (n = 5 per group). All values attained for pPGBb were significantly
greater than those for all other pPGs tested on and after 12 hours. Data were analyzed by repeated-measures ANOVA; ###P < 0.0001.
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PG is retained in Kupffer cells and hepatocytes of mice

Our initial studies indicated that pure PG” ? establishes unique oc-
cupancy in the murine liver and that this organ may act as a sink of
inflammatory antigen for prolonged periods [Fig. 1; figs. S1, S2,
and S5; and (16)]. In the well-established murine models of Lyme
disease, the liver is not thought to harbor substantial amounts of
viable bacteria. If the liver is relevant in retaining pPG?, then we
would expect to detect PG from dead or dying bacteria in the con-
text of an active infection. We assessed this possibility by needle-
inoculating mice with live B. burgdorferi and quantified the amount
of PG over time using a PG-specific monoclonal antibody.
PG™ was detected in infected animals as early as 1 week after infec-
tion (fig. S6). Later stages of infection produced significantly higher
amounts of liver-derived PG, but the concentration seemed to pla-
teau and persist after 2 weeks (fig. S6, P < 0.0001), suggesting that
the liver is a viable sink for PG debris in the context of murine
infection.

Hepatocytes and Kupffer cells are the two major cell types in the
liver. Hepatocytes are parenchymal cells responsible for macromol-
ecule metabolism, detoxification, and overall liver metabolism (26).
Kupffer cells are resident liver macrophages whose primary func-
tion is to phagocytose foreign viruses, bacteria, and their products
before coordinating hepatocyte-mediated excretion in bile (27).
Given the latter, we hypothesized that pPG was being phagocytosed
by Ku bpffer cells and that differential processing may play a role in
pPG™ persistence. Pulse-chase experiments were gerformed in
which a Kupffer cell line was incubated with cy5:pPG™, cy5:pPG™,
and cy5:pPG to promote phagocytosis; extracellular material was
removed with washes; and intracellular pPG signal was tracked
over time by flow cytometry. Approximately 90% of all Kupffer
cells engulfed cy5-labeled PG, which was expected because of their
phagocytic nature (Fig. 2A and fig. S7, t = 0). After normalizing for
the signal present in each group after uptake, we measured the rela-
tive signal intensity present 1 and 2 days later. At each time point,
Kupffer cells contained significantly more cy5:pPG?-derived sig-
nal, relative to cy5:pPG™ or cy5:pPG™ (Fig. 2, A and B, P < 0.001
for both). Identical studies with intact, labeled, whole cells yielded
comparable amounts of B. burgdorferi phagocytosis but no discern-
able difference in intact cell degradation over time, relative to other
bacteria (fig. S8). Because each measurement contains more than
10,000 cells and the Kupffer cells appear to be healthy, these data
suggest that the PG” * has a longer intracellular half-life in an im-
mortalized Kupffer cell line (Fig. 2, A to C).

The same studies described above were performed with a hepa-
tocyte cell line. We expected that hepatocytes would be much less
active in terms of pPG engulfment relative to Kupffer cells, which
was indeed the case (Fig. 2D). One dlfference, however, was that
hepatocytes preferentially engulfed pPG” (F1g 2D). Data collected
over three separate experiments indicated that, on average, more
than twice as many hepatocytes contained pPG” i (Fig. 2, D and E).
To confirm that phagocytosis was the process by which pPG® was
being engulfed by hepatocytes, additional studies were performed
with increasing concentrations of cytochalasin D and latrunculin A
(28). We also included a fluorescent bead control that is specifically
engulfed by phagocytosis. The percentage of pPG” *_positive hepato-
cytes was twice that of even the control, but we also found dose-
dependent reduction with phagocytosis-specific inhibitors, confirming
the mechanism of endocytosis (Fig. 2E and fig. S9). We extended our
findings to once again assess labeled, fixed, and intact cells and found
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Fig. 2. Hepatocytes and Kupffer cells specifically phagocytose and retain PG®,
respectively. (A) Kupffer cell lines (SCC119) were incubated with cy5-labeled pPGBb,
PPGE, or pPG* (10 pg/ml). After 24 hours, cells were washed three times to remove
extracellular pPG, one sample was removed for analysis (t = 0, red), and retention
was assessed 24 and 48 hours later (blue and orange, respectively) by flow cytom-
etry. Each time point included >10,000 cells. (B) The total intracellular cy5 signal
intensity was calculated at t = 0 and used to normalize how much signal re-
mained in each experimental condition after 24 and 48 hours. *** indicates that
the pPGE® signal was significantly higher than any other group at the same time
point (P < 0.001, n > 10,000 cells, one-way ANOVA with Tukey'’s correction for mul-
tiple comparisons). (C) Representative micrographs of SCC119 cells incubated with
cy5:pPG. The nucleus (DAPI, top), pPG® (cy5, middle), and merge (bottom) are
shown. Scale bar, 5 pm. (D) Hepatocyte cells (CRL-2390) were incubated with cy5-
labeled pPG?®, pPGE, and pPG*® (10 ng/ml). After 24 hours, cells were washed
three times to remove extracellular pPG, and the percentage of cy5-positive cells was
assessed by flow cytometry at 0, 24, and 48 hours later (red, blue, and orange, re-
spectively). *** indicates that the pPG® signal was significantly higher than any
other group at the same time point (P < 0.001, chi-square test, n > 10,000 cells).
(E) CRL-2390 phagocytosis was assessed by incubating cells with increasing con-
centrations of cytochalasin D or diluent control (DMSO) for 30 min before incuba-
tion with cy5-labeled PGs or the positive control E. coli BioParticles. After 24 hours,
cells were washed and assayed by flow cytometry, as described above. *** indicates
that the pPG® signal was significantly higher than any other group at the same time
point (P < 0.001, chi-square test, n > 10,000 cells).

that whole B. burgdorferi cells were not phagocytosed by hepatocytes
(fig. $10). Together, our studies suggest that pPG® is both uniquely
engulfed and retained, respectively, in cultured cells involved in liver
homeostasis.

40f15

5202 ‘vz 1udy uo AISeAIuN ueSSMULION e 610°80us 105" Mmm//:sdny Wod) pepeoumod



SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

PG elicits a unique host response

After establlshlng that the murine liver acts as a specific sink for
pPG”, we questioned the underlying consequences at both the tis-
sue and molecular level. Other forms of bacterial PG are rapidly
cleared and thus were not considered for subsequent studles We
first examined liver histopathology 35 days after cy5.5: pPGP injec-
tion and compared our findings with the cy5.5 control (Figs. 1E and
3A). Blind expert scoring indicated that cy5.5: pPG? produced min-
imal gross liver pathology, with some extramedullary hemopoiesis
(Fig. 3, A and B). We also assessed potential liver dysfunction by
longitudinal serum measurements of both aspartate aminotransfer-
ase (AST) and alanine aminotransferase (ALT). AST and ALT con-
centrations in the experimental and control groups were similar
before injection, but 7 days later, both proteins were significantly
elevated in cy5.5:pPG” *_injected mice compared with control mice
(Fig. 3C, P < 0.01). Serum AST and ALT concentrations peaked at
21 days postadministration and declined afterward but were still el-
evated after 35 days (Flg 3C), suggesting that liver dysfunction per-
sists after cy5.5:pPG” s1gnal reaches background (Fig. 1E).

All studies thus far have involved labeled pPG®". Although the
chemical properties of the dye do not affect the outcome (Fig. 1, A,
B, D, and E), we sought to further understand the effects of native
pPG™. We collected sera and organs from animals injected with pP-
G or diluent 2 days postadministration for further analysis. This
1nterval was selected because all previous studies indicated that only
pPG™ persists at this time point (Fig. 1). In one subset of animals,
livers were fixed and probed for unlabeled pPG®" using immunoflu-
orescence. Compared with phosphate buffered saline (PBS) control-
injected animals, the anti-pPG*’~derived signal was intense and
apparent both within and between cells (Fig. 3D and fig. S11), which
further supports liver localization independent of any modification
to the PG-stem peptide. In another subset of animals, serum was
collected to assess AST and ALT concentrations, and livers were
flash-frozen for whole proteome analysis. Both AST and ALT con-
centrations were elevated, corroborating previous results at an earlier
time point (Fig. 3, C and E). The murine liver proteome in animals
that received pPG™ contained signatures that may have broader im-
pacts on physiology and pathogenesis (Fig. 3F). For instance, reac-
tome analySIS (29) of differentially produced liver proteins after
pPG™ injection indicated that ~70% were associated with innate or
adaptive immunity (Fig. 3G). Adaptors and modulators of toll-like
receptor (TLR) 1 and TLR2 signaling were dysregulated in the pres-
ence of in pPGB An enrichment in processes associated with neu-
trophil granulation was also apparent (Fig. 3G). Perhaps the most
intriguing was that the liver proteome contained signatures common
to viral infections. The individual liver proteins altered by pPG™
were also shown to be dysregulated during severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) infection and in patients ex-
periencing Long Covid symptoms after infection and apparent virion
clearance (tables S1 and S2, P = 0.00038).

Host responses to B. burgdorferi infection and lingering pPG?"
are important determinants of Lyme disease pathology and resolu-
tion (13). Because these are driven by maladaptive immunological
responses, we considered how human cells from healthy individuals
may be altered upon pPG” Y stimulation relative to other types of
bacterial PG. Fresh human peripheral blood mononuclear cells
(PBMCs) from multiple donors were pooled and stimulated with an
equal amount of polymeric, unlabeled PG from multiple sources, in
duplicate. Given the scalability of RNA sequencing (RNA-seq), we
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were able to expand our assessment to include host responses as a func-
tion of PG chemistry and include other variants [e.g., E. coli (m-DAP),
S. aureus (L-Lys-Glys), Streptococcus mutants (L-Lys), and Bacillus
subtilis (amidated m-DAP)]. Comparative transcriptomic analysis indi-
cated that more than 10,000 genes were coexpressed upon stimulation
with each PG preparation, which makes sense for a common pathogen-
associated molecular pattern (PAMP); however, PG® caused the
greatest number of genes to be significantly differentially expressed
(Fig. 3H, P < 0.01). One intriguing pattern emerged within these dif-
ferentially expressed loci; energy metabolism-related genes were
among the most differentially expressed (e.g., electron transport chain;
tricarboxylic acid, longevity regulating pathwa Z) and most of these
genes were specifically down-regulated by pPG™ (fig. $12, A to C). In
addition, C-C motif chemokine ligand 19 (CCL19) and interleukin-23
(IL-23) have been implicated in PTLDS (30-32), and transcrlpts for
both CCL19 and IL-23 were significantly increased upon pPG™ stimu-
lation. This immunological response, however, was not specific for a
particular type of PG (fig. S12D, P < 0.0001). Together, these data sug-
gest a role of lingering B. burgdorferi cell wall PG in possibly potentiat-
ing chronic symptoms after an acute infection.

Persistent polymeric PG is enriched in synovial samples from
individuals with Lyme arthritis

Lyme arthritis is a late-stage disease manifestation that usually oc-
curs months after the initial stages of infection (13). In addition,
some patients with Lyme arthritis treated with recommended dos-
ages of oral and intravenous antibiotic therapy have persistent syno-
vial inflammation and fibroblast proliferation that may worsen in the
postinfectious period (5, 12, 14, 33). In these patients, PG* was de-
tected exclusively in the synovial fluid of their inflamed joint (16).
The method used to determine the presence of PG was an enzyme-
linked immunosorbent assay (ELISA) using a polyclonal antibody
specific for the B. burgdorferi cell wall, and, as such, PG was not de-
tectable in the control synovial fluid 1solated from patients suffering
from other forms of arthritis. Because pPG” per31sts in discrete mu-
rine tissues (Fig. 1, A, B, and E) and can be seen in inflamed joints
(Fig. 1A), but muropeptide fragments are rapidly excreted (Fig. 1,
D and E), we sought to further understand the bioactive molecule
in human patients.

We reassessed the previous polyclonal antibody and found it to be
specific for PG? under a wide range of PG concentratlons (fig. S13A),
but it could not differentiate pPG” ® from dPG® (fig. S13B). To dis-
tinguish these forms, we created a monoclonal antibody by vaccinat-
ing rabbits with a cocktail of both pPG” ® and dPG® and selected B cell
clones using functionalized derlvatlves One such clone was both
highly specific in its affinity for pPG® over other types of pPG (Fig.
4A)and could differentiate the polymeric remnants of the B. burgdorferi
from cell wall fragments created by enzymatic digestion (Fig. 4B). This
monoclonal antibody, r-mAb2G10, was used to detect unlabeled PG
in mouse livers (fig. S11). We reasoned that it could also be used to
delineate which form persists in human Lyme arthritis by ELISA, sim-
ilar to earlier studies (fig. S6). A subset of human synovial fluid sam-
ples collected from patients with either Lyme arthritis or other forms
of arthritis (e.g., theumatoid arthritis, osteoarthritis, and ankylosing
spondylitis) was blindly reassessed and decoded after results were at-
tained. Nearly all patients with Lyme arthritis had detectable amounts
of pPG?, and r-mAb2G10 did not interact with any host components
in control samples (Fig. 4C and fig. S13C). r-mAb2G10 detected
pPGBb in 27 of the available 30 samples (90%) attained after oral or
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Fig. 3. PG chemistry and persistence alter liver and immunological responses. (A) Mouse liver histology was assessed 35 days after cyS‘S:pPGBb (left) or dye control
(right). In the cy5.5:pPGE® image, scant multifocal extramedullary hemopoiesis is apparent. Scale bar, 200 um. (B) Blind histopathological scoring of five mice from each
group described in (A) indicates no significant difference (ns). Data are presented as mean + SD. (C) Longitudinal serum analysis of AST (top) and ALT (bottom) concentra-
tions in samples collected from mice in (A) and (B) (n = 5 per group). Data were analyzed by unpaired, two-tailed t test for each matching control time point, relative to
cy5.5:pPGP; #£p < 0,01 and ***P < 0.001. days p.i., days postinjection. Data are presented as mean =+ SD. (D) Mice were injected with unlabeled pPG® or PBS control;
2 days postinjection, mice were euthanized, and a subset of the livers were fixed. Immunofluorescence was used to assess the localization of pPGE® with a recombinant
monoclonal antibody (pink), relative to the membrane protein catenin P-120 (green) and nuclei (DAPI, blue). More control and experimental images can be found in fig.
S11. Scale bar, 10 pm. (E) Serum analysis of AST (upper) and ALT (lower) concentrations in mice (n = 4 per group) 2 days after being injected with unlabeled pPG?® or PBS
control. **P < 0.01 as measured by two-tailed t test. Data are presented as mean =+ SD. (F) Volcano plot of the total liver proteome collected from the same experimental
groups described in (E) (n = 3 biological replicates per group). (G) Reactome analysis of significantly affected proteins in (F). Most of the proteins (73.5%) that were both
up- and down-regulated by pPG® were associated either with innate (orange) and adaptive (blue) immune responses or with viral (green) infection (P = 0.00038). Sub-
categorical enrichment included proteins associated with neutrophil degranulation (9%) or TLR1/2 signaling (8%). Interferon-associated proteins were overrepresented in
8% of both innate immune and viral responses but could not be discretely assigned to one group. (H) Venn diagram of transcriptomic analysis of human PBMCs stimu-
lated with purified pPG isolated from different bacteria. Fresh, healthy, human PBMCs were pooled from three donors and stimulated for 12 hours with pPG (50 pg/ml)
isolated from B. burgdorferi (G-G-anhM/L-Orn-Gly type PG), E. coli (m-DAP type PG), S. aureus (.-Lys-Glys type PG), S. mutans (L-Lys type PG), or B. subtilis (amidated
m-DAP type PG).
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Fig. 4. Polymeric PG® persists in patients with Lyme arthritis. (A) ELISA
was used to determine the specificity of recombinant monoclonal antibody 2G10
(r-mAb2G10). Microtiter plates were coated with -mAb2G10, followed by incubation
with a serial dilution of purified pPGBb (gray), pPGE‘ (blue), or pPGS" (orange). (B) The
same assay described in (A) was used to determine the affinity of -mAb2G10 for pP-
G?? (gray) and dPG® (red). Data in (A) and (B) are presented as mean = SD. (C) The
r-mAb2G10-based ELISA was used to detect pPG® in human synovial fluid. Sam-
ples from 30 patients with Lyme arthritis (LA) collected at different states of disease
and treatment were assayed for the presence of pPG®. Control samples included sy-
novial fluid samples collected from patients with rheumatoid arthritis, osteoarthritis,
or ankylosing spondylitis. The concentration of PG in each sample was calculated on
the basis of standards with known concentrations (see fig. S13). Data were analyzed
by Kruskal-Wallis test followed by Dunn'’s correction, **##P < 0.0001. (D) Correlation
analysis of PG concentrations determined previously, using anti-PG?? antiserum [(16), x
axis], and those determined using the pPGBb—speciﬁc antibody r-mAb2G10 (y axis).
Pearson correlation coefficient (r) and the corresponding P value. Note that the pa-
tient samples analyzed in (C) and (D) were a subset of the original study because
of sample availability (30 of 34 LA; 28 of 30 controls).
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intravenous antibiotic treatment, whereas earlier studies detected PG in
28 of these same 30 samples. It is also relevant to note that the two pa-
tient samples that were negative previously were also negative using
r-mAb2G10-based pPG? detection, meaning that the sensitivity of r-
mAb2G10 was 96.4% (Fig. 4C). The calculated concentrations of pPG” ’,
although higher in this newly adapted monoclonal antibody-based as-
say, had a strong correlation with the earlier values attained using the
polyclonal antibody (Fig. 4D, r = 0.8691). Collectively, our results indi-
cate that polymeric remains of previously intact B. burgdorferi sacculi are
the bioactive constituents that persist in the synovial fluid of individuals
with Lyme arthritis.

DISCUSSION

Here, we tracked PG to understand its fate through the lens of glyco-
chemistry to determine the biodistribution of a ubi%uitous bacterial
PAMP in real time. Fluorescent signal from cy5:pPG™ or cy5.5:pPG*
was above background, and any other type of PG tested, even at
28 days after injection (Fig. 1). In contrast, other types and forms of
PG, including muropeptides isolated from B. burgdorferi, were rapidly
excreted (Fig. 1G). Recent studies are consistent with ours in that PG
containing either L-Lys or m-DAP, although transiently detectable in
the liver, are undetectable by radioisotope labeling within 1 day (34).
These studies, which used terminal measurements, did not test
PG or PG containing L-Orn. To that end, it was unexpected that L-
Orn did not contribute to tissue tropism or half-life, as indicated by
studies involving D. radiodurans PG (fig. S4). In contrast, the reten-
tion of pPG? that contained reduced amounts of G-G-anhM was
lower than wild-type pPG?, suggesting that this atypical cell wall tri-
saccharide may be involved in liver persistence (fig. S5). One source
of G-G-anhM is likely tick-derived because trisaccharide concen-
trations are reduced by 37% when the transport of environmental
chitobiose (GlcNAc-GlcNAc) is impaired (22, 25). Endogenous con-
centrations of chitobiose during vertebrate infection must be excep-
tionally low, which together suggests that B. burgdorferi has yet to be
determined mechanism(s) to synthesize G-G-anhM. Future studies
should focus on the mechanistic basis of G-G-anhM biosynthesis in
B. burgdorferi because complete ablation of this unusual glycan mod-
ification may eliminate PG persistence.

One function of the liver is to detoxify blood by removing mi-
crobes and their products from circulatory systems through the ac-
tivity of Kupffer cells. Kupffer cells are known to remove B. burgdorferi
from the blood and phagocytosed bacteria appear to die rapidly
(35). This is consistent with the notion that the liver is not a promi-
nent site of B. burgdorferi replication and, although spirochete DNA
may be detected in the organ, viable bacteria are rarely recovered
from laboratory strains of mice (35-38). Our studies suggest that
the Kupffer cells readily phagocytose intact B. burgdorferi cells and
pPG™, and the latter persists in contrast to other forms of PG (Fig. 2,
A and B). A hepatocyte cell line, on the other hand, did not appear
to endocytose intact B. burgdorferi cells but was proficient at specifi-
cally phagocytosing the spirochete cell wall (Fig. 2, C and D; figs. S9
and S10). Together, it seems plausible to postulate that the liver acts
as a sink for pPG™, and the two prominent liver cell types serve as
specific traps. Kupffer cells engulf live B. burgdorferi cells and pPG,
whereas hepatocytes phagocytose and retain pPG® only. The life
span of both hepatocytes and Kupffer cells is difficult to determine
in vivo, but experimental data suggest weeks to months (27, 39, 40).
Eventual cell turnover, or acute liver injury and hepatitis, may cause
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lingering pPG” " to transiently re-enter the serum before entering the
lymph and synovial fluid. This is supported by the presence of pPGB
in the synovial fluid of patients with Lyme arthritis even months
after therapy and could help explain why patients often experience
intermittent attacks of joint pain and swelling (33).

Patients with Lyme disease are often treated with an oral regimen
of doxycycline and many return to health. Two of the four alterna-
tive oral antibiotics recommended to treat Lyme disease, amoxicillin
and cefuroxime, target PG synthesis as does intravenous ceftriax-
one, which is often used to treat patients with Lyme arthritis who
have minimal or no response to oral antibiotics (3). In contrast, all
beta-lactam treatments would theoretically accelerate the liberation
of pPG from the B. burgdorferi periplasm. Doxycycline arrests pro-
tein synthesis, which would facilitate innate immune system-mediated
cell lysis. Together, an obvious question emerges: Why do some
patients recover after therapy and others do not? The answer is like-
ly multifactorial and involves the precise interplay between host ge-
netic and autoimmunity, in conjunction with responses to persistent
pPG®. For instance, polymorphisms in innate immune receptors
associated with PG binding are more likely to be found in patients
with chronic inflammatory diseases like Crohn’s and irritable bowel
syndrome (41-43). Similarly, other cell surface immune receptor
polymorphisms are risk factors for postinfectious Lyme arthrltls
(13,44-46). In these patients, the unusual features of residual pPG
may interact with certain polymorphisms in human PG-binding re-
ceptors, leading to greater difficulty in clearing PG, proinflamma-
tory immune responses to the debris, and broken immune tolerance
(13, 16, 47). Our liver proteomics studies suggest that the latter two
features may indeed occur (Fig. 3, F and G). Such a scenarlo could
involve priming of fibroblast-like synoviocytes by pPG” ?, which can
instigate major histocompatibility complex-II antigen presentation
to T cells, including presentation of antigens previously associated
with autoimmunity in Lyme arthritis (48). Another consideration is
that the cell wall debris of B. burgdorferi may not be the only phlogis-
tic spirochetal remnant in joints. Neutrophil attracting protein A
(NapA) can bind to pPGBb and NapA has also been detected in the
synovial fluid of patients with Lyme arthritis, including in the postin-
fectious period (23, 49), which, together with PG, may contrlbute to pa-
tient symptomology. By understanding the roles pPG® persistence
plays in each potential scenario, we may be able to disrupt this entan-
gled web of associations through targeted therapy, allowing patients to
return to health without the need for immuno-suppressives or exhaus-
tive antibiotic treatment that may not improve patient symptoms.

The etiology of PTLDS in humans is not known. Efforts to dis-
cover metabolic and transcriptomic signatures indicative of PTLDS
or predictors of severity have yielded mixed results, but a few candi-
dates have emerged. CCL19 and IL-23, two immunomodulators whose
transcripts are up-regulated by PG (fig. S12D), are possible candidates,
but clear thresholds to differentiate disease from healthy individuals
are lacking (5, 12, 30-32, 50). Interferon-a is yet another promising
prognosticator of PTLDS (51). Several modulators of type I interfer-
on responses appeared in our proteome studies, but further studies
are needed to confirm a role for interferon-o in PTLDS (Fig. 3G).
The lack of validated laboratory markers for PTLDS means that
physicians must rely on patient histories, surveys, and qualitative
measures such as overall symptoms. A common complaint is chronic
fatigue, much like other postacute infection syndromes (5-9). There-
fore, it was interesting to us that many of the spec1ﬁc trans-criptomic
responses attributed to the unique features of pPG®” were associated
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with energy metabolism (fig. S12, A to C). One caveat is that these
data were collected from healthy human PBMCs instead of myo-
cytes, glial cells, or even PBMCs from patients with PTLDS. That
said, 1f our preliminary model above describing transient reentry of
pPG” ? into the serum is correct, PBMCs may be temporarily but re-
peatedly exposed.

Some limitations to our study should be noted. First, our PG
tracking studies required R.O. injection to facilitate visualization
(Fig. 1). Although PG could be detected in mouse livers after live in-
fection using a different route of inoculation (fig. S6), further method
development is required to assess the biodistribution of pPG™ after
tick-mediated transfer of live B. burgdorferi, which may affect our re-
sults. pPGB was also found to accumulate in immortalized Kupffer
and hepatocyte cell lines (Fig. 2), but additional studies focusing on
primary cells may further define the mechanisms involved in both
phagocytosis and persistence. It is also ossible that inbred and out-
bred strains of mice may differ in pPG ¥ retention or responses. Of
note, a mouse model of PTLDS does not currently exist, so we cannot
say the responses truly resemble those found in patients with PTLDS;
however, the dysregulated pathways could generate organismal level
phenotypes consistent with PTLDS.

The genesis of other postinfectious syndromes such as Long Covid
is also unknown, but there seems to be some parallels to PTLDS. For
instance, SARS-CoV-2 antigens can persist for months in discrete
tissues, but antigen reservoirs are not necessarily the site of pathol-
ogy (52-56). Patients with Long Covid have reported experiencing
cognitive issues and chronic fatigue, issues that involve mitochon-
drial dysfunction (6, 57-63). Although it is not known if persistent
bacterial products are present in the clinically and pathophysiologi-
cal distinct case of PTLDS, our studies supporting the prolonged resi-
dency of a PAMP in distinct organs and cells argue that it is possible
and warrants further investigation. Together, these studies may in-
form our understanding of postinfectious diseases.

MATERIALS AND METHODS

Study design

Our approach to understanding PG” b persistence involved the quanti-
tative assessment of its biodistribution in live animals, in real time. All
animal studies were performed on BALB/c] in accordance with ap-
proved animal welfare and procedures by the Institutional Animal
Care and Use Committees (IACUC) of Virginia Tech (nos. 20-051 and
23-099) and the Feinberg School of Medicine, Northwestern Univer-
sity (approval no. A3283-01). Animals were purchased from the
Jackson Laboratory at 4 to 6 weeks of age, and studies began when
they reached 6 to 8 weeks of age. Power analysis determined the ap-
propriate number of animals in each group; no animals or data points
from any study were excluded. End points for each study were either
determined on the basis of signal intensity or predefined once meth-
ods were repeated. Pathological analysis of liver tissues and arthritis
scoring after PG injection were performed blindly. Biological and tech-
nical replicates are described for each study in the text or figure leg-
ends. Quality control was performed on all materials used in each study
and varied depending on the material.

Culture conditions

The murine Kupffer cell line was a gift from W. Maury (University of
Iowa), originating from Sigma-Aldrich (SCC119). These cells were
grown in RPMI-1640 + 10% fetal bovine serum (FBS) (VWR,
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97068-085) and penicillin (100 U/ml)/streptomycin (100 pg/ml)
at 37°C with 5% CO,. Once the cells reached ~90% confluency,
they were passaged using cell scrapers to lift the cells. The murine
“FL83B” hepatocyte cell line was purchased from the American
Type Culture Collection (ATCC; CRL-2390) and cultured in F-
12K medium with 10% FBS (not heat inactivated; ATCC #30-2020)
with penicillin (100 U/ml)/streptomycin (100 pg/ml) at 37°C and
5% CO,. To passage, the FL83B cells were washed with sterile
PBS and then detached using 3 ml of trypsin EDTA per T-75
flask for ~10 min. The reaction was quenched by adding 8 ml of
complete medium, and 2 ml of cell suspension was used to in-
oculate T-75 flasks.

B. burgdorferi B31-A3, provided by J. Coburn (Medical College
of Wisconsin), was grown at 34°C in BSK-II medium supplemented
with heat-inactivated 6% rabbit serum to mid-late exponential phase
(64). B. burgdorferi B31-5A3/chbC1 was grown similarly, but with
the addition of gentamycin. This strain was provided by P. Rosa from
Rocky Mountain Labs (National Institutes of Health). E. coli strain
K12, B. subtilis 168, and S. aureus FDA 209 were grown in Luria-
Bertani broth. D. radiodurans strain 13939 and Streptococcus mutans
(Clark) were grown in Tryptone Yeast medium supplemented with
10% glucose and brain-heart infusion medium, respectively. All bac-
teria but B. burgdorferi were grown at 37°C with agitation until the
culture reached an optical density at 600 nm (ODggo) of 0.5 (Agilent
BioTek Synergy H1). Cells were pelleted using centrifugation at
4000g¢ for 15 min at 4°C, washed three times with PBS, and frozen at
—20°C until needed.

PG isolation and labeling protocol

The methods for PG isolation from bacterial cells were modified
from earlier studies (65), which were based on Glauner’s procedure
(66). Gram-positive cells were resuspended in PBS and bead beat for
60 s, placed on ice for 60 s, then repeated. Gram-negative cells were
resuspended in PBS without undergoing bead beating. Cell suspen-
sions were added dropwise into boiling 10% SDS, resulting in a 5%
final concentration. The solution was boiled for 1 hour and then
washed five times with warm (~40°C) autoclaved DiH,0O using
ultracentrifugation (50,000¢ for 60 min at 30°C). After washing,
the PG sacculi were treated with lipase (1 mg/ml) for 3 hours, ben-
zonase nuclease (4 pl/ml) for 2 hours, and chymotrypsin (0.3 mg/
ml) overnight with shaking (540 rpm) at 37°C. The next morning,
0.5% SDS (final, v/v) was added, and the samples were heated to
80°C for 30 min before being washed three more times with warm
autoclaved DiH,O using the same conditions as above. PG from
Gram-positive bacteria was treated with 1 M HCI for 48 hours while
rotating at 4°C. The samples were then ultracentrifuged twice with
warmed autoclaved DiH,O. The purified PG was lyophilized and
weighed to determine total yield. It was then resuspended in sterile
PBS and labeled with either cy5 or cy5.5 dye (Thermo Fisher Scien-
tific; 62265 and 46418, respectively) using 50 pg of dye per 0.5 mg
of PG. The PG and dye were incubated for 1 hour at room tempera-
ture with agitation. Unbound dye was removed by washing three
times with sterile PBS and then three times with sterile water, centri-
fuging at 22,000¢ for 10 min. The labeled PG was resuspended in
sterile PBS at 2 mg/ml. It was then sonicated for 10 cycles of 1 min
of sonication (Branson Sonifier 150, 40% amplitude) followed by
2 min on ice. This was used to generate polymeric PG fragments (pPG).
A standard curve of unlabeled cy5 dye was generated to determine
the ratio of dye to PG labeling. Soluble muropeptides (dPG) were
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produced by treating intact sacculi with mutanolysin (62 U/ml fi-
nal) and 5 pM NaHPO,/NaH,POy, pH 5.5, overnight at 37°C with
shaking at 540 rpm. The next morning, an additional amount of mu-
tanolysin was spiked in the same volume as added previously, and
the sample was allowed to digest for another 4 to 6 hours. The en-
zyme was heat-inactivated for 10 min at 100°C, and the sample was
centrifuged at 22,000¢ for 30 min to pellet any insoluble material.
The supernatant containing digested muropeptides was removed,
transferred to a new preweighed tube, and lyophilized. Once the dry
weight was determined, the muropeptides were resuspended to the
desired concentration in sterile PBS.

Potential LPS contamination in PG preparations was assessed us-
ing the manufacturer’s recommended conditions (Thermo Fisher
Scientific; A39552S). Control E. coli lysate was produced by harvest-
ing a 10-ml culture in mid-log exponential growth phase, washing
cells with PBS, resuspending in 0.5 ml, and assessing 25 pl after dis-
ruption using a bead beater (Bertin Technologies). Standard curves
were generated using both formats (micro and macro) and used to
determine LPS concentration present in each sample.

In vivo tracking studies

Six- to 8-week-old female BALB/c] mice were purchased from the
Jackson Laboratory and given food and water ad libitum. Mice were
anesthetized using vaporized isoflurane for all steps requiring anes-
thesia. Nair was used for hair removal over regions of interest while
mice were anesthetized, at least 1 day before the start of each experi-
ment. HotSnapZ hand warmers wrapped in paper towels were care-
fully used to keep mice warm during the hair removal process. Only
ventral hair was removed for the purposes of two-dimensional epi-
illumination imaging. Extra nesting material was also added to each
cage to provide additional warmth. The mice were anesthetized, and
100 pl of each fluorescent PG type (2 mg/ml) or 100 pl of unlabeled
dye (2.9 pug/ml) was retro-orbitally injected. Mice were anesthetized
again and imaged on top of a heated stage at 2, 6, and 12 hours postin-
jection, then every 24 hours for 1 week. Mice were imaged once a
week afterward, all while using the spectral unmixing function set for
cy5 or cy5.5 in the Perkin Elmer in vivo imaging system. Throughout
experimentation, the mice were scored for arthritis prevalence and
severity. Severity was based on a three-point scale assessing ankle di-
ameter, footpad swelling, and overall redness. Prevalence was the per-
centage of mice in each group who received an arthritis score of >1.
Hair removal touch-ups were performed as needed, roughly once
each week. Serum was collected weekly from mice through subman-
dibular bleeds. The blood was incubated at room temperature for
30 min and then spun at 1500g for 10 min at 4°C. The supernatant was
removed and frozen at —20°C or —80°C until needed. Mice were eu-
thanized using CO, asphyxiation followed by cervical dislocation,
and tissues were harvested. All image analysis was done using the Liv-
ing Image Software (version 4.7.3). Briefly, regions of interest were
drawn around the ventral cavity of each mouse, and the radiant effi-
ciency was determined using the equation (p/s per cm” per str)/(WW/
cm?). For comparisons made to dye-injected control animals, the
fluorescent intensity of just the arm was measured as well. The ventral
cavity fluorescence was divided by the arm fluorescence to normalize
control and experimental groups.

Mouse tissue histopathology and semiquantitative analysis
A subset of mouse rear legs and livers were harvested and fixed in
10% neutral buffered formalin and submitted to the Comparative
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Pathology Research Core (Department of Comparative Medicine,
Yale University School of Medicine) for blind, comprehensive histo-
pathologic analysis. The tissues were trimmed, decalcified (Decal
Solution, limbs only) and processed, embedded in paraffin wax, sec-
tioned, stained with hematoxylin and eosin, and cover-slipped by
routine methods. The slides were examined blind to experimental
manipulation for histopathologic changes and the limbs scored by
semiquantitative analysis for both the presence and severity of in-
flammation as previously described (16, 67). Liver sections were ex-
amined for the presence and severity of hepatitis, necrosis, steatosis,
fibrosis, bile duct(ule) hyperplasia bile duct inflammation, and ex-
tramedullary hematopoiesis as previously described (68, 69). Slides
were analyzed and imaged using an Olympus BX63 Microscope and
Olympus DP 28 Camera with Olympus cellSens 4.1 camera software.

Detection of PG®® in murine livers after live infection
BALB/c] mice were needle-inoculated (subcutaneously) with 10*
B. burgdorferi cells (or PBS control). Animals were euthanized at 1,
2, and 4 weeks postinfection as described above, and livers were re-
moved and flash-frozen in liquid nitrogen. A portion of each tissue
was homogenized with a Precellys (Bertin Technology) bead beater,
and undisrupted material was cleared by brief centrifugation. The
total protein concentration present in each lysate was calculated by
Bradford assay, and the values were used to normalize the PG ELISA
values. The same ELISA procedure described below for synovial fluid
samples was used to assess PG concentration in mouse livers.

Flow cytometry with immortalized hepatocytes and

Kupffer cells

For experimentation, each cell type was seeded in non-TC-treated
six-well plates at 1 x 10° cells per well in 1 ml of their respective me-
dium and allowed to adhere overnight. The next day, the cells were
incubated with cy5-labeled PG (10 pg/ml), PBS, or cy5-conjugated
E. coli BioParticles (100 pg/ml; Invitrogen #P35360) as a positive
control for phagocytosis in a total volume of 100 pl and incubated
for 24 hours. The wells were then washed three times with culture
medium to remove any unengulfed PG or BioParticles. One time
point was collected immediately after PG removal, and two addi-
tional time points were collected 24 and 48 hours after removal of
extracellular PG and BioParticles. The Kupffer cells were detached
using cell scrapers, and trypsin was used for the hepatocytes (350 pl
per well and then 650 pl of medium to quench). The cells were then
transferred to 1.5-ml centrifuge tubes and fixed using 4% para-
formaldehyde for 30 min with rocking at room temperature, fol-
lowed by staining with Hoechst (15 pg/ml). Cells were washed
three times with PBS by centrifuging at 125¢ for 5 min for the hepa-
tocytes and 500¢ for 3 min for the Kupffer cells. For the retention
studies, Hoechst and cy5 were used to gate live cells and cells with
PG engulfment, respectively.

For inhibitor studies, cytochalasin D (Sigma-Aldrich #C2618-
200UL) or latrunculin A (Abcam #144290) was resuspended in di-
methyl sulfoxide (DMSO) to 5 mg/ml and 10 mM, respectively. The
compounds were diluted further in DMSO and then added to each
well of hepatocytes for 30 min before the addition of fluorescent PG
or controls. The same concentration of stimuli was used as described
above. After 24 hours, the culture medium was removed, and each
well was washed with 1 ml of sterile PBS. The cells were detached
and fixed as described above for flow cytometry, with the exception
of the Hoechst staining step that was not included.
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Assessing phagocytosis of intact cells

All bacterial strains were cultured to mid-log exponential growth
phase, harvested, washed in PBS, and fixed with 4% paraformalde-
hyde. B. burgdorferi cells were fixed for 10 min; all other cells were
fixed for 30 min before reactions were quenched by placing cells on
ice for 20 min. After three washes with PBS, cells were labeled with
cy5 N-hydroxysuccinimide (50 pg/ml) for 1 hour with agitation. Un-
bound dye was removed with four washes of PBS, and both phase
contrast and epifluorescent microscopy were used to confirm label-
ing. A WOLF G2 cell sorter was then used to quantify the cy5 signal
intensity within each group of bacteria.

Dishes containing 10° Kupffer cells or hepatocytes were incu-
bated with labeled and fixed bacterial cells (5 bacteria:1 eukaryotic
cell) for 24 hours. After 24 hours, a sample was removed (time = 0),
extracellular bacteria were removed with PBS washes, and addition-
al samples were removed 24 and 48 hours later. Each sample was
fixed at the time of collection using methods described above. Flow
cytometry (BD FACSymphony A1) was used to quantify intracel-
lular cy5 signal. When appropriate, E. coli BioParticles (10, 50, or
100 pg/ml; Invitrogen #P35360) were added as control material.

Tissue immunofluorescence

Livers from murine experiments involving purified PG were fixed
overnight with 10% neutral buffered formalin, washed three times
with PBS, and then transferred to 70% ethanol until paraffin embed-
ding. Tissues were sliced into 5-pm sections and mounted onto micro-
scope slides. For immunofluorescence, the tissues were deparaffinized
in Safeclear followed by decreasing concentrations of ethanol. The
antigen retrieval step was performed by incubating the slides for
20 min in 10 mM citric acid buffer, pH 6, heated to 95°C. After cooling,
the slides were washed in tris-buffered saline (TBS) and incubated
overnight with primary antibodies. Rabbit monoclonal anti-pPG” b
2G10 (made in collaboration with Abclonal as described below) was
used at 7.5 pg/ml, and mouse anti-p120 catenin was used at 10 pg/ml
(BD Biosciences #610134). The next day, the slides were washed four
times for 5 min each in TBS + 0.025% Triton X-100 (TBS-T) with
agitation. Goat anti-rabbit cy5 (7.5 pg/ml; the Jackson Laboratory
#111-175-144) and donkey anti-mouse cy3 (1.7 pg/ml; the Jackson
Laboratory #715-165-150) secondary antibodies were then incubated
for an hour at room temperature in the dark followed by four more
wash steps with TBS-T. An autofluorescence quenching kit with DAPI
(4’,6-diamidino-2-phenylindole) containing mounting medium was
used from Vector labs before sealing the slides (Vector #SP-8500).
Slides were imaged using an LMS 880 Indimo Axio Observer confocal
microscope (63%/1.40 oil DIC M27 objective) to generate high-quality
images. For confocal imaging, the excitation and emission wavelengths
used were 405/448, 543/583, and 633/686.

Liver proteomic studies

Sera collected from BALB/cJ mice on day 0 through submandibular
bleeds used the same postprocessing conditions listed above. The
mice were retro-orbitally injected with 50 pg of unlabeled pPG* re-
suspended in PBS. After 2 days, mice were euthanized as described
above, and serum was collected through a cardiac puncture. The liver
was rapidly removed and flash-frozen using liquid nitrogen. Next,
liver specimens were homogenized in 5% SDS + 50 mM triethylam-
monium bicarbonate (TEAB), pH 8.5, using a bead beater (Bertin
Instrument; Precellys 24 touch) for 7 cycles of 60 s on and 15 s rest at
4500 rpm. The samples were reduced and alkylated using 4.5 mM
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dithiothreitol (DTT) and 10 mM iodoacetamide (IAA), respectively;
precipitated with methanol; and digested with trypsin (2 pg). After
peptide recovery, three biological replicates were run in duplicate us-
ing LC-MS/MS.

The data were filtered to remove any hit that had one or fewer
peptides present. Fragpipe analyst (20.0 platform with MS Fragger
3.8) was used to reference the Mus musculus genome for data analy-
sis with specific advanced criteria selected for. The minimum per-
centage of non-missing values globally was set to 10, the minimum
percentage of non-missing values in at least one condition was set to
60, the differentially expressed (DE) adjusted P value cutoff was set
to 0.05, and the DE log; fold change cutoff was 1. Variance stabiliz-
ing normalization, Perseus type imputation, and MaxLFQ intensity
were used.

ALT and AST serum quantification

ELISAs were conducted to measure serum concentrations of spe-
cific proteins. Mouse AST and ALT ELISA kits were purchased from
Abcam (products #ab263882 and #ab282882). Samples were analyzed
per the manufacturer’s recommendation, and values were attained
using the Agilent BioTeK4 synergy H1 microplate reader.

RNA sequencing

Three vials of human PBMCs were purchased from Zen-Bio and
pooled together in the provided lymphocyte culture medium. The
cells were plated at 2 x 10° cells/ml in 12-well plates and allowed to
rest overnight. The cells were then stimulated for 12 hours with pu-
rified pPG (50 pg/ml) isolated from B. burgdorferi, E. coli, S. aureus,
B. subtilis, or S. mutans and compared with PBS control. All stimuli
and subsequent RNA-seq analysis were performed on biological
replicate samples. RNA from pelleted cells was extracted using
Trizol reagent and chloroform in combination with an RNA mini-
prep plus Zymo Research purification kit to remove contaminating
DNA. Novogene was responsible for cDNA production, library
preparation, and sequencing using Illumina technology. Novogene
also performed differential expression analysis, Kyoto Encyclopedia
of Genes and Genomes pathway analysis, and Venn diagrams. Their
analysis included >39,000,000 clean reads per sample. Clean reads
were defined as those that did not contain adapters, and <0.1% of
nucleotides in the read could not be determined and had a Q score
higher than 20.

Monoclonal antibody production

Monoclonal antibody production services were provided by Ab-
clonal. Abclonal was provided with highly purified preparations of
PG that were digested using mutanolysin (see above). Instead of
removing undigested sacculi, 200 pg of the entire mixture (digested
and undigested) was used to vaccinate two New Zealand white rab-
bits. Animals were boosted with another 200 pg of pPG and dPG
each month, for a total of 7 months. After final booster and titer
analysis, animals were euthanized, splenocytes were isolated, and
individual B cell clones were screened according to Abclonal’s pro-
cedures. No fewer than 500 clones were tested for affinity toward
different forms and types of biotin-conjugated PG™. A total of
27 clones were counter-screened using biotin-conjugated E. coli and
S. aureus PG. One such clone had high affinity and specificity for
polymeric PG (mAb2G10). The heavy and light chains were cloned
into the proprietary TurboCHO viral vector and recombinantly ex-
pressed and purified from Chinese hamster ovary (CHO) cells. The
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latter service was provided by GenScript, yielding a purified, recom-
binant mAb2G10 (r-mAb2G10).

Determination of mAb2G10 specificity and sensitivity
Sandwich ELISA was used to determine the specificity of -mAb2G10
for polymeric PG, Briefly, each well of the 96-well plate was coated
with 75 pl of r-mAb2G10 (10 pg/ml in 0.05 M carbonate-bicarbonate,
pH 9.6) and kept at 4°C overnight with gentle shaking. After wash-
ing the plate three times with PBS-T (PBS plus 0.05% Tween 20)
to remove unbound antibody, the remaining binding sites were
blocked for 1 hour at 37°C using 100 pl of fish serum blocking buf-
fer (Thermo Fisher Scientific). The plate was washed three times
and incubated with a titration (1000 to 0.49 ng/ml) of sonicated
and digested PG of B. burgdorferi, E. coli, or S. aureus for 1 hour
at 37°C. Unbound material was washed with PBS-T, and the plates
were incubated with 75 pl of biotinylated r-mAb2G10 (2 pg/ml in
PBS) for 1 hour at 37°C. r-mAb2G10 was biotinylated using Biotin-
PEG4-NHS ester (BroadPharm) according to the manufacturer’s pro-
tocol. After washing, the plates were incubated with horseradish
peroxidase (HRP)-conjugated streptavidin (1:10,000; Thermo Fisher
Scientific), and bound streptavidin was detected with 1-step ultra
TMB-ELISA substrate (Thermo Fisher Scientific) after 15 min of
incubation. Stop solution (1.5 N H,SO4) was added, and the response
was determined by measuring absorbance at 450 nm, after back-
ground subtraction of signal attained in the absence of PG (Agilent
BioTek H1 Synergy).

Sandwich ELISA was also used to detect PG in synovial fluid.
Plates were coated with r-mAb2G10 and blocked as described ear-
lier. Synovial fluid from patients with Lyme arthritis and control
samples from patients with rheumatoid arthritis, ankylosing spon-
dylitis, or osteoarthritis were reported earlier (16). The plate was
incubated with a titration of sonicated PG? (1000 to 0.015 ng/ml)
for 1 hour at 37°C to create a standard curve. The patient samples
were diluted and treated as standards of known concentration. PBS
was used as a negative control. All plates were incubated with bio-
tinylated r-mAb2G10 (10 pg/ml in PBS) and HRP-conjugated strep-
tavidin as described above.

Polyclonal antibody specificity and sensitivity for

PGB using ELISA

The same sandwich ELISA methods described above were used for
the originally described polyclonal antibody (16), with slight modi-
fications. The primary antibody (poly anti-PG” %) was diluted 1:40 to
coat microtiter plates and capture PG. The same primary was used
to detect PG, but at 1:120 dilution, followed by the secondary HRP-
conjugated antibody and substrate described above.

Statistical analysis

Individual-level data for experiments where n < 20 are presented in
data file S1. Most statistical analysis used GraphPad Prism 10.1.2,
other previous versions of the same software, or FlowJo VX. Unpaired
Student’s ¢ tests were used to assess statistical significance, and
Welch’s correction was applied when appropriate (Figs. 1 and 3 and
figs. $3, S5, and S6). Analysis of variance (ANOVA) was used to as-
sess statistical significance in datasets containing three or more
groups (Fig. 2B and fig. S8). Chi-square tests were applied to the
same datasets involving percentages (Fig. 2, C and D). Statistical anal-
ysis of pPG present in synovial fluid samples was determined using
MatLab scripts available through mathworks and a Kruskal-Wallis
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test, followed by Dunn’s post hoc correction to account for the as-
sessment of three samples coming from the same patient.
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Abstract

One-sentence summary: Polymeric Borrelia burgdorferi peptidoglycan cell wall can persist in murine livers
for weeks to months after direct injection or infection.

Editor’s summary

As the tick vector for Borrelia burgdorferi expands its range, more individuals are at increased risk of both acute
Lyme disease (caused by B. burgdorferi infection) and postacute sequelae after Lyme disease. In a pair of pa-
pers, Gabby et al. and McClune et al. expand our knowledge of B. burgdorferi with the goal of combatting Lyme
disease. Gabby et al. posited that antibiotics other than high-dose doxycycline may be able to specifically kill
B. burgdorferi. They found that a beta-lactam, piperacillin, could eliminate B. burgdorferi in vitro and in mice
(notably without affecting the microbiome) and provided the mechanistic basis of this activity. McClune et al.
investigated how the B. burgdorferi peptido%lycan (PG®%) may drive long-term consequences of Lyme disease.
They observed that a particular form of PG™ could persist in the mouse liver for much longer than others, or
even peptidoglycan from different bacteria, suggesting that PGP could serve as a source of continuous antigen,
thereby driving inflammation. Altogether, these studies highlight the need to clear B. burgdorferi to avoid per-
sistent PG? and provide another antibiotic that may be able to do so. —Courtney Malo

McClune et al., Sci. Transl. Med. 17, eadr2955 (2025) 23 April 2025
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