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Abstract

Previous studies have shown that monocytes can be ‘trained’ or tolerized by certain stimuli to respond stronger or weaker to a secondary stimu-
lation. Rewiring of glucose metabolism was found to be important in inducing this phenotype. As we previously found that Borrelia burgdorferi
(B. burgdorferi), the causative agent of Lyme borreliosis (LB), alters glucose metabolism in monocytes, we hypothesized that this may also
induce long-term changes in innate immune responses. We found that exposure to B. burgdorferi decreased cytokine production in response
to the TLR4-ligand lipopolysaccharide (LPS). In addition, B. burgdorferi exposure decreased baseline levels of glycolysis, as assessed by lactate
production. Using GWAS analysis, we identified a gene, microfibril-associated protein 3-like (MFAP3L) as a factor influencing lactate production
after B. burgdorferi exposure. Validation experiments proved that MFAP3L affects lactate- and cytokine production following B. burgdorferi stimu-
lation. This is mediated by functions of MFAP3L, which includes activating ERK2 and through activation of platelet degranulation. Moreover, we
showed that platelets and platelet-derived factors play important roles in B. burgdorferi-induced cytokine production. Certain platelet-derived
factors, such chemokine C-X-C motif ligand 7 (CXCL7) and (C-C motif) ligand 5 (CCL5), were elevated in the circulation of LB patients in com-
parison to healthy individuals.
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Abbreviations: 200FG: 200 Functional Genomics cohort; 500FG: 500 healthy individuals of Western-European ancestry from the Human Functional Genomics
Project; ARLA: antibiotic-refractory Lyme arthritis; ATP: adenosine triphosphate; B. burgdorferi: Borrelia burgdorferi; BSK: Barbour-Stoenner-Kelley; CCL5:
C-C motif ligand 5; CXCL7: C-X-C motif ligand 7, EM: erythema migrans; ERK2: extracellular signal-regulated kinase 2; GWAS: genome-wide association study;
IFN-y: interferon-gamma; IL: interleukin; IPF: immature platelet fraction; LB: Lyme borreliosis; LDH: lactic acid dehydrogenase; LPS: lipopolysaccharide;
MFAP3L: microfibril-associated protein 3 like; PBMC: peripheral blood mononuclear cell; PPBP: pro-platelet basic protein; PTLDS: Post-Treatment Lyme Disease
Syndrome; RANTES: regulated upon activation normal T cell expressed and secreted; RPMI: Roswell Park Memorial Institute; RSK1: ribosomal S6 kinase 1; s.l.:
sensu lato; s.s.: sensu stricto; STARI: southern tick-associated rash illness; TLR4: toll-like receptor 4; TNF: tumor necrosis factor.

Introduction

Borrelia burgdorferi is the causative agent of Lyme borreliosis
(LB), the most common vector-borne disease in the Northern
Hemisphere [1, 2]. LB often presents with a centrifugally
expanding skin rash called erythema migrans (EM). The in-
fection can develop into more severe manifestations such as
acrodermatitis chronica atrophicans, Lyme arthritis, Lyme
carditis, or neuroborreliosis [3]. Generally, antibiotic treat-
ment for LB is effective, yet a small percentage of patients
experience persisting symptoms even after treatment [4, 5].

Since B. burgdorferi is not known to produce toxic factors
[6-8], it is likely that the majority of LB symptoms can be
attributed to the host response against the pathogen [9-11].
In addition, most evidence indicates that antibiotic-refractory
Lyme arthritis (ARLA) is caused by an aberrant inflamma-
tory response rather than persistent infection [12, 13]. Some
studies suggest that immune responses also are involved in
Post-Treatment Lyme Disease Syndrome (PTLDS) [14, 15].
The host immune response, therefore, plays a crucial role in
both the initiation and pathology of LB.

Metabolic profiling of white blood cells has demonstrated
the important role of cellular metabolism for immune cell ac-
tivation. We recently found alterations in glucose and gluta-
thione metabolism in primary monocytes after stimulation
with B. burgdorferi. These metabolic routes were proved to
be essential for the inflammatory response [16] and were
identified iz vivo in the circulation of patients with EM [17].
Recently, studies showed that a certain metabolic profile
could distinguish healthy controls from EM patients and a
different tick-transmitted disease, southern tick-associated
rash illness (STARI) [18].

Importantly, the metabolism of glucose was also shown to
play a major role in the induction of trained immunity, the
long-term functional reprogramming of innate immune cells
conferred by infection or vaccination [19, 20]. We therefore
hypothesized that B. burgdorferi-induced changes in cellular
metabolism might also alter monocyte responses to a sec-
ondary stimulus. To investigate this, we studied a cohort of
healthy volunteers from whom primary monocytes were ex-
posed to B. burgdorferi followed by secondary stimulation



Platelets amplify B. burgdorferi response, 2022, Vol. 210, No. 1

with Escherichia coli lipopolysaccharide (LPS). After a resting
period, the cells were restimulated with an unrelated stimulus
(in this case the TLR4 ligand LPS) and the production of
cytokines and lactate were analyzed. Next, we performed a
genome-wide association study (GWAS) to determine the gen-
etic factors that play a role in these responses. The genetic
factors that we identified were then validated in additional in
vitro experiments.

In this study, we aim to show the response of primary
monocytes primed by B. burgdorferi followed by a secondary
stimulus investigating the role of B. burgdorferi in trained in-
nate memory.

Materials and Methods

Study population

The 200 Functional Genomics (200FG) cohort consists of
healthy volunteers of Western European ancestry, working as
foresters across the Netherlands. As their occupation results
in a higher risk of getting exposed to B. burgdorferi, serology
was performed on all subjects in this cohort to determine
previous exposure to the spirochete. None of the volunteers
included had signs or symptoms of active B. burgdorferi in-
fection at the moment of sample collection.

500FG is a cohort of 500 healthy individuals of Western-
European ancestry from the Human Functional Genomics
Project (www.humanfunctionalgenomics.org). General char-
acteristics of this cohort have been described previously [21].

LB patient material (heparin plasma) was available from
94 adult patients with physician-confirmed EM included in
the LymeProspect study [22]. Blood was drawn at the time
of diagnosis, preferably before but ultimately within seven
days after the beginning of antibiotic therapy. Follow-up
blood samples were acquired six and twelve weeks after the
first phlebotomy. For comparison, healthy controls from the
Netherlands were used, who were included in the VICTORY
study [23]. Additionally, healthy controls from the laboratory
were used as a control group.

In addition, serum samples were available from a cohort
of Romanian patients with clinically confirmed EM. Baseline
samples were obtained before start of antibiotic treatment,
and follow-up samples at 2, 6, and 12 weeks from baseline.
Serum samples from tick-bitten healthy controls were col-
lected at one time point.

Culture of B. burgdorferi spirochetes

B. burgdorferi, ATCC strain 35210 (ATCC, Wesel, Germany)
was cultured at 24°C in Barbour-Stoenner-Kelley (BSK)-H
medium (Sigma-Aldrich) supplemented with 6% rabbit serum
until spirochete growth commenced. Cells were then grown at
34°C to late logarithmic phase, at which point the spirochetes
were checked for motility by dark-field microscopy and har-
vested. Spirochetes were quantified using a Petroff-Hauser
counting chamber, washed three times with PBS and stored
at -80°C.

Isolation of PBMCs and monocytes

Peripheral blood mononuclear cells (PBMCs) were isolated
from fresh blood from healthy volunteers (cohort subjects) or
buffy coats (for validation experiments). Blood was diluted
with sterile PBS (1:1) and a density centrifugation was applied
over Ficoll-Paque (Pharmacia Biotech) as described previously
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[24]. Next, the interphase containing the PBMCs was col-
lected, washed with ice-cold PBS and cells were resuspended
in RPMI 1640 medium supplemented with gentamycin
10 mg/mL, L-glutamine 10 mM and pyruvate 10 mM. Cells
were counted in a Coulter counter (Coulter Electronics) and
adjusted to a concentration of § x 10° cells/mL and seeded in
round-bottom 96-well plates (5 x 10° cells/well).

For the experiments using platelet-poor PBMCs, PBMCs
were spun down at low speed (156 x g, without brake) for
15 min to pellet the PBMCs but not the platelets. Cells were
washed once with PBS, then resuspended in RPMI, and
treated as described before.

The protocol showing how to train human monocytes has
been published recently [25]. For experiments using mono-
cytes, PBMCs were seeded in flat-bottom plates and left to ad-
here for one hour at 37°C. Subsequently, wells were washed
three times with 200 pL. warm PBS to remove non-adherent
cells and increase purity of the monocyte fraction. After one
hour, cells were stimulated with RPMI (negative control) or
B. burgdorferi (10° sp/mL, MOI = 1), B-glucan (bGL, 2 pL)
or 10 ng/ml LPS (lipopolysaccharide, E. coli serotype 055:B5,
Sigma) in medium supplemented with 10% pooled human
serum (HS). Plates were then incubated for 24 hours at 37°C,
after which the stimuli were washed away with warm PBS
and fresh medium containing 10% HS was added. Cells were
maintained at 37°C in the incubator for a total of six days,
with one medium refreshment at day three. After the resting
period, cells were restimulated for 24 hours with 10 ng/mL
LPS. Finally, after restimulation, supernatants were collected
and stored at -20°C until assayed.

Reagents

In intervention experiments, cells were pretreated for 1 hour
with VI X-11e (TCS ERK 11e, Tocris Bioscience), rabbit poly-
clonal anti-MFAP3L antibody (Abcam), recombinant human
Chemokine C-X-C motif ligand 7 (CXCL7) (R&D systems),
mouse monoclonal anti-CXCL7 (clone # 59418, R&D sys-
tems) or appropriate control (DMSO vehicle control and IgG

control respectively) prior to the initial stimulation with B.
burgdorferi or RPML

Cytokine measurements

Cytokine concentrations in cell culture supernatants were
measured by sandwich ELISA using commercial kits spe-
cific for IL-6, IFN-y (Sanquin, Amsterdam, the Netherlands),
IL-1B, TNFa or CXCL7 (R&D Systems, Abingdon, United
Kingdom) according to the manufacturers’ instructions.
Absorbance was measured using an Infinite® 200 PRO
microplate reader (Tecan, Giessen, the Netherlands). CXCL7
and CCLS5 were measured in heparin plasma samples by
Luminex Assay (R&D Systems, Abingdon, United Kingdom).
The overnight shipment time of these plasma samples was
matched to the pre-centrifugation time of the control plasma
samples.

Lactate measurements

Lactate concentrations in cell culture supernatants were
quantified using Amplex® Red reagent (0.2 mM, Thermo
Fisher Scientific). First, lactate oxidase (2 U/mL, derived from
Pediococcus sp., Sigma) was used to break down lactate,
yielding hydrogen peroxide. In the presence of horseradish per-
oxidase (0.2 U/mL HRP, Thermo Fisher Scientific), hydrogen
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peroxide reacts with Amplex® Red to generate the fluores-
cent product resorufin. Because the oxidase- and peroxidase-
mediated reactions are coupled, the amount of fluorescence
directly correlates to the amount of lactate. Cell-free medium
samples, incubated for the same amount of time, were included
to allow for background correction. Fluorescence was meas-
ured (Ex: 570 nM, Em: 585 nM) and concentrations were de-
rived from a standard curve of sodium-L-lactate (Sigma).

Genotyping, imputation and QTL mapping
Individuals of 200FG cohort were genotyped using the
[llumina HumanOmniExpressExome-8 v1.0 and the data
was imputed, as previously described [26]. Raw cytokine and
lactate levels were first log-transformed. Then, the ratio of
cytokine/lactate measurements between the second and the
first stimulation was computed to capture the induction of
tolerance. The ratio of log-transformed cytokine/lactate data
was mapped to genotype data using a linear model with age
and gender as covariates. The genome-wide significance was
based on a threshold of P value <5 x 105,

RNA sequencing and eQTL expression analysis

The RNA sequencing dataset and eQTL mapping were de-
scribed previously [27]. Briefly, The sequencing reads were
mapped to human reference genome NCBI build 37 using
STAR v2.3.1 [28]. Gene expression was estimated using
HTSeq count [29] using Ensembl GRCh37.71 gene anno-
tation. Gene expression data was TMM (trimmed mean of
M values) normalized and log2-transformed. Subsequently,
eQTL mapping was done by using linear regression model
with age and gender as covariates. Gene function was pre-
dicted using a previously described gene network predic-
tion model based on pathways and gene sets from the Gene
Ontology (GO), Kyoto Encyclopedia of Genes and Genomes
(KEGG), Reactome and Biocarta databases [30]. eQTL
threshold is defined as P<-1 x 10%.

Western blot

Stimulated PBMCs (5x10°) were lysed in 100 pL lysis buffer
(50 mM Tris, 150 mM NaCl, 2 mM EDTA, 2 mM EGTA,
10% glycerol, 1% Triton X-100, 40 mM a-glycerophosphate,
50 mM sodium fluoride, 200 pM sodium vanadate, 10 pg/
mL leupeptin, 423 10 ug/mL aprotinin, 1 pM pepstatin A,
and 1 mM phenylmethylsulfonyl fluoride) and stored at
-80°C until further use. Lysates were centrifuged (10 min,
14000 rpm, 4°C) to eliminate cell debris. Supernatans were
used for Western blot analysis. Bio-Rad 4-15% polyacryl-
amide gels were used to load equal amounts of protein. Next,
the separated proteins were transferred to Nitrocellulose (Bio-
Rad) membranes and the membrane was blocked for 1 hour
with 5% BSA (bovine serum albumin, Sigma) in TBS-Tween
buffer (TBS-T). This was incubated overnight with a primary
antibody (RSK1 (D6DS5) and Phospho-p90RSK (Thr359)
(D1E9), both Cell Signaling or rabbit anti-actin, Sigma) at a
dilution of 1:1000 in blocking buffer (TBS-T with 5% BSA).
Blots were washed following overnight incubation in TBS-T
three times and incubated with HRP-conjugated anti-rabbit
antibody (1:5000; Sigma) in 5% milk in TBS-T for 1 hour.
Blots were developed with ECL (Bio-Rad) according to the
manufacturer’s instructions and results were quantified with
Image Lab (version 5.2.1).
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Measurement of platelet function and activation in
500FG subjects

Venous blood was collected in citrated Vacutainer tubes (3.2%
sodium citrate, Becton Dickinson, USA). Platelet reactivity was
determined by a whole blood flow cytometry assay that has
been described earlier [31]. In short, platelet membrane expres-
sion of the alpha-granule protein P-selectin and the binding of
fibrinogen to the activated integrin allbp3 are measured in
unstimulated samples and after ex vivo platelet stimulation
by eight increasing concentrations of adenosine diphosphate
(ADP, 7.8-125 pM, Sigma) or crosslinked collagen-related
peptide (CRP-XL, 9-625ng/mL). Whole blood was added to a
mixture of HEPES-buffered saline and saturating concentra-
tions of PE-labeled anti-CD62P (P-selectin; Bio-Legend, San
Diego, USA), FITC-labeled anti-fibrinogen (DAKO Ltd., High
Wycombe, UK) and PC7-labeled anti-CDé61 (platelet identi-
fication marker; Beckman Coulter, France). After 20 minutes
incubation at room temperature, 0.2% paraformaldehyde
was added, and samples were analyzed using a FC500 flow
cytometer (Beckman Coulter) within 4 hours. Platelets were
gated based on their forward- and sideward-scatter properties
and positivity for CD61, which was defined as a median fluor-
escence intensity (MFI) exceeding that of the matched isotype
control; 10.000 platelets were measured in each sample.
Next, ADP- and CRP-XL-induced platelet P-selectin (termed
as APR and CPR) and platelet-fibrinogen reactivity to either
ADP or CRP-XL (termed as AFR and CFR) were determined
by calculating the area under the curve (AUC) from the MFI
of CD62P or fibrinogen on CD61-positive events generated
from the increasing concentrations of ADP or CRP-XL.

The formation of platelet mediator concentrate (PMC),
which is considered a sensitive marker for platelet activa-
tion, was determined by incubating citrated whole blood
with PC7-labelled anti-CD61 and PE-labelled anti-CD14 (a
glycosylphosphatidylinositol (GPI)-linked membrane glyco-
protein; Bio-Legend) as a monocyte identification marker.
Optilyse B (Beckman Coulter) was added after 30 min fol-
lowed by distilled water. The PMC formation was quantified
based on the MFI of CD61 on CD14-positive cells.

Plasma concentrations of the platelet a-granule CXCL7, a
plasma soluble marker for platelet activation, and thrombin-
antithrombin (TAT) complexes, a marker for coagulation
activation, from all samples were measured using ELISA as
previously described [32]. Anti-human {-thromboglobulin
(MAB393, BAF393) was purchased from R&D systems,
Abingdon, UK, and sheep anti-human thrombin antibodies
was purchased from Kordia/Affinity Biologicals (Ancaster,
Ontario, Canada).

Platelet stimulation and activation assay for
validation experiments

Venous blood was collected in citrated Vacutainer tubes
(3.2% sodium citrate, Becton Dickinson, USA). The tubes
were spun down at low speed (156xg) for 15 minutes at
room temperature (RT) with no brake to obtain the platelet-
rich plasma (PRP). Platelet concentration and leukocyte
contamination were measured with a Sysmex XN450 hema-
tology analyzer. Platelet concentration was adjusted to
2 x 10° plt/pL using platelet-poor plasma, obtained after
centrifuging the remaining blood for 10 min at 2000xg,
without break. After isolation, platelets were incubated
for 3 hours with increasing doses of B. burgdorferi and



Platelets amplify B. burgdorferi response, 2022, Vol. 210, No. 1

adenosine-di-phosphate (ADP) as a positive control. After
3 hours, samples were collected for flow cytometry analysis
and the remainder was spun down to collect cell-free super-
natants.

Platelet activation was determined by the membrane ex-
pression of the alpha-granule protein P-selectin and platelet-
fibrinogen binding. In short, isolated platelets were incubated
with an antibody cocktail consisting of PE-labeled anti-
CD62P (Bio-Legend, San Diego, USA), FITC-labeled anti-
fibrinogen (Dako, Glostrup, Denmark) and PC7-labeled
anti-CD61. After incubation for 20min at RT, cells were fixed
with 0.2% paraformaldehyde and analyzed using a FC500
flow cytometer (Beckman Coulter, France). Platelets were
gated based on their forward- and sideward scatter (FSC/SSC)
properties and positivity for the platelet-marker CD61.

Cytotoxicity assay

Cell survival was analyzed using the CytoTox 96® Non-
Radioactive Cytotoxicity Assay (Promega, Leiden, the
Netherlands) according to the manufacturer’s instruction.
This assay is based on the measurement of lactate dehydro-
genase (LDH) in cell-free supernatant. LDH is a stable cyto-
solic enzyme and is only released into the supernatant after
cell lysis and can therefore be used as a measure of cell death.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
(version 5.03, San Diego, California, USA). QTL mapping
was performed with statistical programming language R (R
Core Team, 2012). Bivariate correlations were tested using
Spearman’s rho correlation coefficient. Comparison between
groups was done by Mann-Whitney U test or Student’s T-test
depending on data distribution. Paired T-test or Wilcoxon
matched-pairs signed rank test were used to compare con-
tinuous parameters from the same individual with different
stimulations again depending on data distribution. Data are
expressed as mean = SEM, unless stated otherwise. P-values
less than 0.05 were considered statistically significant.

Results

B. burgdorferi exposure decreases cytokine
responses to a secondary stimulus

To determine whether exposure of primary human mono-
cytes to B. burgdorferi influences their inflammatory response
to a secondary, non-related stimulation, we used a well-
characterized in vitro model of trained immunity/tolerance
described previously [33]. Primary monocytes of 151 healthy
volunteers were exposed for 24 hours to B. burgdorferi,
fungal cell wall component p-glucan, or LPS; after 24 hours,
cells were washed and rested for six days, after which cells
were restimulated with the TLR4 ligand LPS (Fig. 1a). As ex-
pected, LPS restimulation induced significant production of
TNFa and IL-6 in all conditions; however, cells that were
previously exposed to B. burgdorferi produced significantly
fewer cytokines than cells that had received mock-treatment
(Fig. 1b). These findings were similar to those after prior LPS
exposure, and in contrast to the increased cytokine produc-
tion after exposure to (-glucan, as was previously described
[34]. This indicates that B. burgdorferi exposure decreases the
inflammatory potential of primary monocytes, similar to LPS-
induced tolerance.
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In line with the previous literature [19, 35], LPS
restimulation induced increased lactate production in
both RPMI as B. burgdorferi as first stimulation (Fig. 1c).
Exposure to B. burgdorferi lowered baseline lactate produc-
tion, although this could be rescued by restimulation with
LPS. This suggests that B. burgdorferi stimulation induces
a stronger upregulation of lactate production in response to
LPS. Indeed, B. burgdorferi-treated cells had a statistically sig-
nificantly higher fold-change (FC) in lactate production after
LPS-restimulation than control cells (Fig.1d), however the ac-
tual difference between the groups was modest.

Genetic variation in MFAP3L influences lactate
production after B. burgdorferi exposure

For all parameters, significant inter-individual variation was
observed in the responses to B. burgdorferi and LPS. To iden-
tify the source of this variation, a genome-wide association
study (GWAS) was performed to identify quantitative trait
loci (QTLs) affecting the fold-change in cytokine or lac-
tate production induced by B. burgdorferi. One of the most
significant QTLs was the single-nucleotide polymorphism
(SNP) rs76765097 (P < 1.67 x 107'%), affecting LPS-induced
lactate production (Fig. 2a). As previously mentioned, B.
burgdorferi-exposure decreased baseline lactate production,
while no difference was seen after LPS-restimulation between
B. burgdorferi-exposed and unexposed monocytes (P = 0.07).
However, individuals carrying the SNP exhibited a higher
LPS-induced lactate production after B. burgdorferi exposure
than without prestimulation (Fig. 2b). To elucidate what
genes were affected by this SNP, expression QTL analysis was
determined in the S00FG cohort [16], a separate cohort of
healthy volunteers. Only one gene was found to be signifi-
cantly affected, namely microfibril-associated protein 3 like
(MFAP3L). As shown in Fig. 2¢, individuals carrying the mu-
tation had significantly higher levels of MFAP3L mRNA ex-
pression compared with wild-type individuals. Transcriptome
analysis of B. burgdorferi exposed PBMCs of 36 healthy indi-
viduals [36] showed no upregulation of MFAP3L expression
(Fig. 2d).

MFAP3L influences lactate and cytokine production
partially through ERK2

eQTL analysis determined that a genetic variation leading
to increased MFAP3L expression was critical for lactate
production in B. burgdorferi-stimulated primary mono-
cytes. To validate these findings, we attempted to elucidate
the functional role of the MFAP3L protein in B. burgdorferi
stimulations. As MFAP3L protein was reported to be partly
located at the level of the cell membrane, we attempted to
block MFAP3L activation using a neutralizing antibody.
However, the addition of a polyclonal anti-MFAP3L anti-
body did not affect B. burgdorferi-induced cytokine nor lac-
tate production in either a direct PBMC stimulation or the
trained immunity model (Supplimentary Fig. S1). This sug-
gested that MFAP3L acts mainly intracellularly. An earlier
study suggested that the protein exhibits kinase activity and
activates the serine/threonine kinase ERK2 [37]. We inves-
tigated the role of the signaling molecule ERK2, using the
pharmacological ERK2 inhibitor VIX-11e in a PBMC model
of B. burgdorferi infection. As VI X-11e inhibits ERK2 in
an ATP-competitive manner, without affecting phosphor-
ylation levels, we confirmed the effect of the inhibitor by
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Figure 1: Inflammatory response of primary monocytes after exposure to B. burgdorferi. (A) Schematic representation of the trained immunity model.
Primary monocytes are stimulated for 24 hour with medium control (RPMI), B. burgdorferi (Bb, MOI = 1), p-glucan (bGL, 2uL) or LPS (10 ng/ml). After 24
hour, the stimuli are washed away and cells are rested for six days, after which cells are restimulated with RPMI or LPS (10 ng/ml). After 24 hour, cell-
free supernatants are collected for analysis of lactate- and cytokine production. (B) TNFa and |16 production in cell-free supernatants from monocytes
of 151 healthy volunteers subjected to the trained immunity protocol described above. (C) Lactate concentration (uM) in cell-culture supernatant from
primary monocytes of 120 healthy volunteers subjected to the trained immunity protocol described above. (D) Fold-change (FC) in lactate production
after restimulation with LPS versus mock-treatment in primary monocytes previously exposed to B. burgdorferi or RPMI (n = 120). *** P < 0.0001 test

with Wilcoxon matched-pairs signed rank test in panels B-D.

analyzing the phosphorylation levels of one of its main
downstream targets, RSK1. As shown in Fig. 3a, levels of
p-RSK1 were induced after B. burgdorferi stimulation and
dose-dependently decreased by VIX-11e. As expected, ex-
posure to B. burgdorferi significantly increased lactate pro-
duction in PBMCs, both after 24 hours and 7 days (Fig.
3b-c). Inhibition of ERK2 affected lactate production in a
dose- and time-dependent manner. After 24 hours, low- (P
= 0.0029) and moderate ERK2-inhibition (P = 0.0322) de-
creased B. burgdorferi-induced lactate production, while
high-dose ERK2-inhibition increased lactate production.
This induction by high-dose ERK2-inhibition may be the re-
sult of nonspecific effects of the inhibitor. After 7 days of B.
burgdorferi stimulation, the highest concentration of ERK2-
inhibition showed a decrease in lactate production. Taken to-
gether, these data indicate that ERK2 plays an essential role
in regulating lactate production in response to B. burgdorferi.

As lactate production is a measure of the rate of glycolysis,
and glycolysis has previously been shown to be important for
cytokine production [16, 38], we set out to determine whether
ERK2 also plays a role in B. burgdorferi-induced cytokine
production. Noteworthy, ERK2-inhibition exhibited a similar
effect on IL-1f3 production as was seen for lactate production,
with the low- and intermediate dose decreasing cytokine pro-
duction and the high dose showing a trend toward increased
IL-1B release (Fig. 3d). In contrast, for TNFa and IL-6, all
doses significantly downregulated cytokine production. After
7 days of incubation, a dose-dependent decrease in the pro-
duction of IFN-y could still be observed, even though only the
highest dose reached statistical significance.

To rule out that any effects of the inhibitor were due to cyto-
toxicity, the concentrations of lactate dehydrogenase (LDH)
were measured in cell-free supernatants of all conditions
tested. As seen in Suppl. Fig. 2, LDH release was comparable
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Figure 2: GWAS analysis indicates MFAP3L to be involved in lactate production in B. burgdorferi-exposed cells. (A) Manhattan plot of genome-wide
QTL mapping of LPS-induced fold-changes in lactate production in primary monocytes previously exposed to B. burgdorferi (Bb). The upper horizontal
line (red colour) represents the threshold for genome-wide significance (p<5x10-8). (B) LPS-induced fold change in lactate production in B. burgdorferi-
exposed PBMCs obtained from individuals with different genotypes of SNP rs76765097. (C) Gene expression levels of MFAP3L, normalized by TMM
method (Trimmed Mean of M values) in whole blood from healthy volunteers with different genotypes of rs76765097. P-values were calculated using a
linear model with age and sex as covariates. (D) Relative gene expression of MFAP3L in PBMCs from healthy volunteers (n = 30) stimulated for 4 and
24 hour with B. burgdorferi. Data were extracted from a publicly available dataset through the NCBI Gene Expression Omnibus database, accession
code GSE42606. Data are represented as median of fragments per kilobase of transcript per million mapped reads (FPKM).

in VIX-11e treated cells and B. burgdorferi-exposed cells.
Taken together, ERK2-inhibition was found to decrease cyto-
kine production after 24 hours and 7 days of B. burgdorferi
stimulation. These data are also supporting the role of gly-
colysis in the inflammatory response, as lactate production
correlated well with cytokine production.

As the MFAP3L-ERK2 pathway was originally iden-
tified in a trained-immunity model, we also investigated
whether ERK2 played a role in the long-term effects of B.
burgdorferi stimulation on monocytes. Primary monocytes
were pretreated with the ERK2 inhibitor for 1 hour, ex-
posed to B. burgdorferi for 24 hours and then cultured and
restimulated according to the trained immunity protocol as
described above.

As shown in Fig. 3h, LPS restimulation increased lactate
production in both untreated and B. burgdorferi-stimulated
cells. Again, addition of the ERK2-inhibitor resulted in de-
creased lactate (Fig. 3h), as well as TNFa (Fig. 3i) and IL-6
(Fig. 3j) production, in a dose-dependent manner. However,
when comparing lactate and cytokine production between
B. burgdorferi exposed and unstimulated monocytes before
restimulation with LPS, only TNFa production decreased
significantly. Together, these data suggest that ERK2 indeed
plays a role in B. burgdorferi-induced lactate and cytokine
production and may be one mechanism by which MFAP3L
regulates lactate production.

The role of (MFAP3L)-activated platelets in the host
response against B. burgdorferi

Having confirmed the link between ERK2 and B. burgdorferi-
induced production of cytokine and lactate, we moved on to
investigate the second suggested function of MFAP3L. The
gene network prediction model [30, 39, 40] suggested that
MFAP3L plays a role in platelet aggregation and platelet acti-
vation. Indeed, platelet function has been linked to MFAP3L
expression [41]. Platelets are increasingly being appreciated
for their role in inflammation [42, 43]. To investigate whether
platelets play a role in the context of B. burgdorferi infec-
tion, we investigated the SOOFG cohort in which several func-
tional parameters of the immune system have been mapped
[21, 44]. For this analysis, we assessed several markers of
platelet activation, such as surface expression of P-selectin,
fibrinogen-binding to the activated o, f3, integrin, formation
of platelet-monocyte complexes, and circulating levels of the
a-granule protein CXCL7. These markers were correlated to
ex vivo cytokine production by PBMCs to identify platelet
factors that influenced cytokine production induced by B.
burgdorferi. Noteworthy, especially CXCL7 was found to
show a statistically significant correlation to B. burgdorferi-
induced production of IL-1f3 and TNFa, even after correction
for total platelet count (Fig. 4a). IL-6 and IL-17 also showed
a highly significant correlation to CXCL7, but this appeared
to be due to the platelet count, as these correlations were
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Figure 3: Effect of ERK2-inhibition on B. burgdorferi-induced lactate- and cytokine production. (A) Western blot of a downstream target of ERK pathway
RSK1, both phosphorylated (p-RSK1) and the total amount RSK1 are represented in the first and second row, respectively. p-RSK1 is induced upon

B. burgdorferi exposure and with ERK2 inhibitor VTX-11e is decreased in a dose-dependent manner. In the right panel the western blot data were
quantified corrected for actin. Lactate production, measured in cell-free supernatants of PBMCs from healthy volunteers (n = 6) exposed for 24

hours (B) or 7 days (C) to B. burgdorferi or RPMI in the presence of different doses of the ERK2-inhibitor VTX-11e or vehicle control (DMSO). Cytokine
production of ILl-1p (D), TNFa (E), I1L-6 (F), and IFN-y (G), measured in cell-free supernatants of PBMCs from healthy volunteers (n = 6) exposed for 24hr
(D-F) or 7 days (G) to B. burgdorferi or RPMI in the presence of different doses of the ERK2-inhibitor VTX-11e or vehicle control (DMSO). (H) Lactate
production, measured in cell-free supernatants of primary monocytes from healthy volunteers (n = 6) exposed to B. burgdorferi for 24 hours in the
presence of different doses of VTX-11e and, after a six-day resting period, restimulated for 24hr with LPS. # represents statistically significant lower
lactate levels compared to vehicle control. Cytokine production of TNFa (1) or I1-6 (J), measured in cell-free supernatants of primary monocytes from
healthy volunteers (n = 6) exposed to B. burgdorferifor 24 hours in the presence of different doses of VTX-11e and, after a six-day resting period,
restimulated for 24hr with LPS. *P < 0.05, **P < 0.01, ***P < 0.0001 tested with Wilcoxon matched-pairs signed rank test for panels B-J.
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Figure 4: Role of platelets in B. burgdorferinduced cytokine production. (A) FDR-corrected P-values of correlations between circulating platelet
parameters and cytokine production by PBMCs stimulated ex-vivo in a cohort of 489 healthy participants. Platelet markers include ADP- and CRP-XL-
induced platelet P-selectin (APR and CPR); platelet-fibrinogen binding to either ADP or CRP-XL (AFR and CFR); platelet-monocyte complexes (PMC);
CXCL7 levels, CXCL7 levels corrected for platelet count (CXCL7/PLT); total platelet count (PLT). The correlation coefficients of the statistically significant
correlations are provided, the non-significant correlation coefficients are not displayed. (B-C) Percentage of P-selectin- and fibrinogen positive platelets
(n = 6 healthy volunteers), determined by flow cytometry after 3hr stimulation with increasing doses of B. burgdorferi or the positive control ADP.
Bb5/6/7 = stimulation with B. burgdorferi 10A5/6/7 spirochetes/ml. (D) CXCL7 secretion in cell-free supernatants of platelets from healthy volunteers

(n = 6) stimulated for 3hr with increasing doses of B. burgdorferi or the positive control ADP. Expression of the gene PPBP (CXCL7) (E) and CCL5 (F) in
physician-confirmed LB patients (including both EM and multiple EM) at different time points (n = 29) compared to healthy controls (n = 13). Data were
extracted from the NCBI GEO database, accession number GSE63085. Data are represented as median+IQR of fragments per kilobase of transcript
per million mapped reads (FPKM). The concentration of both CXCL7 (G) and CCL5 (H) were elevated in the plasma of 82 EM patients, including 14
patients with multiple timepoints, compared to 19 healthy controls. Cytokine production of IL-1p (I) and TNFa (J) in platelet-poor (PP) PBMCs from
healthy volunteers (n = 6) stimulated for 24hr with B. burgdorferiin the presence of rhCXCL7 (20ug/ml). Ns = not statistically significant, *P < 0.05, **P
< 0.01, ***P < 0.0001 calculated using independent-samples Mann-Whitney U test for comparing HC and LB patient cohort and Wilcoxon matched-pairs
signed ranked test for paired testing when comparing LB patient different time points in panels E-H. Wilcoxon matched-pairs signed ranked test was
used in panels | and J.

absent after correction for the platelet count. Interestingly, B. ~ marker P-selectin and binding of fibrinogen to the activated
burgdorferi-induced IL-1p and TNFa showed a negative cor-  integrin o, 3, on the platelet membrane. As shown in Fig. 4b,
relation with total platelet count. This suggests that platelets while ADP-stimulation substantially increased the percentage
and platelet-derived proteins might play a dual role in regu-  of P-selectin and fibrinogen-positive platelets, no such effect
lating cytokine production in response to B. burgdorferi. could be seen for B. burgdorferi. To determine whether B.

To validate the role of platelets in B. burgdorferi infection, burgdorferi may specifically lead to the secretion of CXCL7,
we first determined whether the spirochete was able to in- we analyzed the CXCL7 production in the cell-free super-
dependently activate platelets. Platelet-rich plasma (PRP) natants of the stimulated samples. In line with the findings
from healthy volunteers was exposed for 1 and 3 hours to B. shown in Fig. 4b and ¢, no change in CXCL7 levels was ob-
burgdorferi and adenosine diphosphate (ADP) as a positive served following B. burgdorferi exposure, while a substan-
control. After incubation, flow cytometry was performed to tial increase in CXCL7 levels was seen after incubation with

determine the membrane expression of the a granule platelet  the positive control ADP. Taken together, these data indicate
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that short exposure of B. burgdorferi is not able to activate
platelets directly in vitro. It could be that an interaction of
monocytes, platelets, and B. burgdorferi is needed to activate
platelets in vivo.

As we found the strongest correlation between CXCL7
levels and cytokine responses, we further investigated this
process. To consider the involvement of other cell types in
the interaction with platelets, we investigated the expres-
sion of CXCL7 in vivo. For this, we made use of tran-
scriptome data of PBMCs from patients with erythema
migrans, obtained from a previously published dataset [45].
Interestingly, the expression of pro-platelet basic protein
(PPBP), the gene encoding for CXCL7, was significantly in-
creased in unstimulated PBMCs of LB patients compared to
healthy controls (Fig. 4e). Strikingly, expression remained
elevated up to six months after diagnosis. Considering the
high expression levels, it is likely that the mRNA expres-
sion is derived from platelets, which are known to be abun-
dantly present in PBMC populations. Indeed, we found
an elevated plasma concentration of CXCL7 in erythema
migrans (EM) patients at both 6 and 12 weeks after EM
diagnosis and following antibiotic treatment compared
with healthy controls (Fig. 4g). We could confirm that
this findings in serum of different cohort of EM patients
(Supplimentary Fig. S5). Interestingly, the gene expression
(Fig. 4f) and plasma concentration (Fig. 4h) of a different
platelet-derived chemokine, chemokine (C-C motif) ligand
5 (CCLS), was also elevated in EM patients, providing add-
itional support for a role of platelets in the pathogenesis
of EM. These platelet-derived markers are sensitive for
preanalytical factors, however. While we found comparable
platelet counts in whole blood of the healthy controls and
EM patients, we observed an increased immature platelet
fraction (IPF) in whole blood of EM patients compared
with healthy controls (Supplimentary Fig. S6b). Immature
platelets have been shown to be more biochemically active
than their mature counterparts [46]. These findings support
the notion of the involvement of platelets in the human host
immune response against B. burgdorferi.

Having confirmed that CXCL7 is upregulated in the context
of B. burgdorferi infection in vivo, we determined whether it
would indeed play a role in the inflammatory response. First,
we attempted to inhibit the action CXCL7 with a neutral-
izing antibody. Even though ELISA analysis indicated that the
antibody indeed bound its target, as lower levels of CXCL7
were detected (Supplimentary Fig. S3a), no effects could be
detected on cytokine or lactate production (Supplimentary
Fig. S3b,c). This indicates either that CXCL7 has no effect
on cytokine production or that binding of the antibody to its
target does not affect its signaling function.

To elucidate this, we determined the effect of adding recom-
binant human CXCL7 (rhCXCL7). As steady-state levels of
CXCL7 ina PBMC model are already high, due to a large number
of platelets present, we first lowered the number of platelets in
our PBMC population using extra washing steps. After this, we
pre-incubated cells for 1 hour with thCXCL7 after which cells
were stimulated with B. burgdorferi. As shown in Fig. 4i and j,
the addition of thCXCLY7 significantly increased the production
of both IL-1 and TNFa, suggesting that it is indeed involved in
the inflammatory response. A role for LPS-contamination was
excluded by adding a 10-fold excess of the TLR4 antagonist
Bartonella quintana LPS (Supplimentary Fig. S4).
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Taken together, these data show that even though platelets
are not directly activated by B. burgdorferi, platelet-derived
molecules such as CXCL7 play an active role in inducing an
inflammatory response.

Discussion

This study shows that exposing human monocytes to B.
burgdorferi decreased their capacity to respond to a secondary
stimulus. In addition, we found a genetic variant affecting the
expression of MFAP3L that influences B. burgdorferi-induced
lactate production. Furthermore, we provide evidence that the
downstream effects of MFAP3L might be partially mediated
by ERK2 and through platelet activation. Finally, we provide
new data suggesting that platelets may play an active role in
the inflammatory response against B. burgdorferi, possibly
mediated by the platelet-derived chemokine CXCL7.

The concept of trained immunity has been proposed during
the last years, initiated from the finding that monocytes re-
spond stronger when they have been previously exposed to
certain stimuli [47]. Mechanistically, this has been explained
by intracellular metabolic changes including an increased
glycolytic rate [19]. As our previous findings also showed an
increased glycolytic rate after B. burgdorferi-stimulation [16],
we hypothesized that the spirochete might induce trained
immunity as well. In contrast, we found that initial exposure
to B. burgdorferi decreased cytokine production by mono-
cytes, like the well-known LPS-induced innate immune toler-
ance [48, 49]. Correspondingly, we found that B. burgdorferi
exposure decreased long-term baseline lactate production in
comparison to control cells. This was somewhat surprising,
as we know from previous studies that acute stimulation
with the pathogen increases lactate production [16]. This
suggests the presence of a negative feedback mechanism that
downregulates late lactate production after the initial in-
crease. In support of this, B. burgdorferi-exposed cells were
able to restore their lactate production to control levels when
stimulated with LPS.

To further unravel the mechanism behind these responses,
GWAS analysis was performed to find genetic variants af-
fecting LPS-induced lactate or cytokine production in B.
burgdorferi-exposed cells. The most significant correlation
was found for an SNP affecting lactate production; indi-
viduals carrying this mutation produced more lactate when
previously exposed to B. burgdorferi. This suggests that the
mutation either prolongs the B. burgdorferi-induced acute
state of increased glycolysis or affects the cell’s metabolic
reactivity. To further elucidate this, eQTL analysis of whole
blood was performed in a separate cohort to identify genes
that were affected by the variant. The only gene found to be
significantly affected by the variant was MFAP3L. MFAP3L
is a protein-coding gene and it has been suggested to partici-
pate in the nuclear signaling by ERK2/MAPK1 and EGFR
[37]. Supporting the link between MFAP3L, ERK2, and gly-
colysis, the addition of a specific ERK2 inhibitor decreased
lactate production in both a PBMC and a monocyte training
model. This is in accordance with previous studies showing
that ERK2 is important for the induction of glycolysis [50,
51]. Furthermore, ERK2 inhibition substantially decreased
cytokine responses induced by B. burgdorferi, both in the
acute stimulation as in the trained immunity model. These
findings are also supported by previous literature, as ERK2
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has been shown to play a role in cytokine production by mul-
tiple cell types in response to B. burgdorferi [52, 53].

In addition to ERK2, gene ontology analysis suggested that
MFAP3L might have a function in the activation and degranu-
lation of platelets. The role of platelets in innate immunity is
increasingly being recognized. Platelets have been shown to
express functional TLRs [54-56] and can recognize and re-
spond to pathogens. In addition, platelets have been shown to
directly interact with neutrophils [57, 58], dendritic cells [59,
60], and monocytes [61, 62] thereby regulating the inflamma-
tory response. Especially the latter is noteworthy in this con-
text; platelets were shown to differentially affect monocyte
responses based on the encountered antigen [43, 63].

So far, only few studies have studied the role of platelets
in B. burgdorferi infection, and there are some reports con-
cerning platelets in the pathogenesis of relapsing fever by
Borrelia recurrentis [64, 65]. It has been hypothesized that
B. burgdorferi-induced vascular damage [66, 67] is followed
by platelet activation and aggregation, leading to binding of
B. burgdorferi to platelets, mediated by integrin o ,f,, yet
only if these platelets have been previously activated [68-70].
Virulent B. burgdorferi could bind platelets more efficiently
than non-virulent spirochetes [69, 70], suggesting that platelet
binding could be related to infectivity. This binding could be
mediated through B. burgdorferi surface protein p66 [71].

We found that B. burgdorferi was unable to activate plate-
lets in the absence of other cell types. Nevertheless, our data
indicated a strong positive correlation between the circulating
platelet-derived protein CXCL7 and ex vivo cytokine produc-
tion in healthy volunteers. In contrast, a negative correlation
was seen between TNFo and IL-1f production and total
platelet count. This is in line with a previous study that found
that platelets negatively affected cytokine production induced
by Pam3Cys, another TLR2 ligand [43]. IL-6 appeared to be an
exception in our analysis, showing a positive correlation with
platelet count, although this might be due to the relationship
with CXCL7 [72, 73]. Subsequently, we found that expression
of PPBP, the gene encoding for CXCL7, was significantly in-
creased in PBMCs from EM patients, even up to six months
after baseline. Next, we found that CXCL7 and CCLS plasma
concentrations were elevated in EM patients compared to
healthy controls. In EM patients, CXCL7 and CCLS5 were raised
after six and even twelve weeks following the start of antibiotic
treatment, but, interestingly, not at the time of diagnosis. The
unaffected CXCL7 plasma concentration at baseline could be
an effect of immune evasion strategies of B. burgdorferi s.l
[74]. Persistently elevated circulating CXCL7 and CCLS con-
centrations can be explained in multiple ways. First, training
of megakaryocytes [75, 76]. Second, persistent or recurring de-
granulation of platelets in response to B. burgdorferi. Third,
of the 94 EM patients depicted in Fig. 4, 88 (93.6%) received
doxycycline, which interferes with anti-inflammatory macro-
phage differentiation and can inhibit matrix metalloproteinases
(MMPs) [77, 78]. In addition, broad-spectrum antibiotics affect
the host microbiome and can alter host immunity leading to en-
hanced inflammatory signatures [79].

Upregulation of PPBP in PBMCs was also described in
a recent study in patients with multiple EM, both at base-
line and after 1 month, but not after 6 months [80]. In add-
ition, CXCL7 gene expression was upregulated in dendritic
cells in response to B. garinii stimulation compared with
unstimulated and LPS-stimulated cells [81], which might be
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due to platelet contamination however. During a different
spirochetal infection, neurosyphilis, elevated CXCL7 con-
centrations in the cerebrospinal fluid were reported [82].
Finally, we found that the addition of recombinant CXCL7
increased cytokine production in an in vitro PBMC model
of B. burgdorferi stimulation, supporting an active role for
CXCLY7 in the inflammatory response to B. burgdorferi.

A limitation of this study was that plasma from EM pa-
tients was only available after overnight shipment. Twenty-
four hours of storage of platelets causes platelet aggregates
and the release of platelet-derived platelet factors (PF), such
as PF 4 [83]. We corrected for this by matching the time
until centrifugation of EM patients with healthy controls. It
would be interesting to measure CXCL7 and CCLS in freshly
obtained patient plasma to account for spontaneous degranu-
lation of platelets. To address this problem, we measured
CXCL7 in serum, which was directly obtained after blood
collection and we could confirm increased circulating CXCL7
in EM patients. Moreover, the correlation of CXCL7 with B.
burgdorferi-induced cytokine production displayed in Fig. 4a
was found in freshly isolated platelets and freshly isolated
PBMC:s [84]. Considering all the above, CXCL7 might not be
a causal factor in B. burgdorferi-induced cytokine production,
but platelet degranulation in general. For instance, the gene of
another platelet a-granule, PF4, was shown to be upregulated
in 2 transcriptome studies of EM patients [45, 80].

Another well-known platelet factor, CCLS, was found
to be elevated in the plasma of EM patients as well. CCLS,
also known as Regulated upon Activation Normal T-Cell
Expressed and Secreted (RANTES), is produced by several
cell types and attracts not only T cells, but also other immune
cells such as dendritic cells, eosinophils, and NK cells [85, 86].
Interestingly, tick saliva inhibits the binding of CCLS5, to its
receptors by chemokine binding proteins, called Evasins, that
have anti-inflammatory properties in animal models [87]. For
instance, in Lyme neuroborreliosis [88] and Lyme arthritis
[89] CCLS mRNA expression and production were increased
following B. burgdorferi exposure.

CXCL7 belongs to the CXC chemokine family and has in-
deed been shown to function as a chemoattractant for neu-
trophils [90] but also monocytes [91]. In addition, CXCL7
has been reported to play a role in angiogenesis, cell pro-
liferation, and antimicrobial defense [92-96]. Noteworthy,
CXCL7 has also been reported to be involved in regulating
the expression of glucose transporters and thereby glucose
uptake in connective tissue cells [97]. CCLS is involved in
glucose metabolism as well [98], as it regulates glucose up-
take in activated T cells to facilitate chemotaxis [99]. It is
tempting to speculate that increased CXCL7 and CCLS
levels may be a mechanism by which increased MFAP3L ex-
pression affects lactate production. ERK2 may also have a
mediating role in this process, as ERK2 has proven to be
active in platelets [100] and play a role in platelet activation
and degranulation [101, 102]. Taken together, we propose a
model in which increased expression of MFAP3L enables ac-
tivation of ERK2, which promotes platelet degranulation and
release of CXCL7 and CCLS in response to B. burgdorferi
which may affect glucose uptake and lactate production in
monocytes. Our in vitro data indicate that this pathway also
substantially affects cytokine production, which is not sur-
prising, considering the strong link between glucose metab-
olism and inflammation [16].
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In summary, this study indicates that exposure of mono-
cytes to B. burgdorferi decreases their inflammatory poten-
tial, suggestive of innate immune tolerance. This may on the
one hand be an immune evasion strategy of the spirochete,
and speculatively, it may also increase the susceptibility of the
host to other infections. Further studies are needed to deter-
mine the clinical consequences of this effect. Furthermore, we
identified the ERK2 pathway and platelet activation not only
as mediators in B. burgdorferi-induced phenotypical changes
in monocytes, but also as general players in the host response
against this pathogen. Considering the important role of the
host inflammatory response in LB pathogenesis, these find-
ings may prove useful for explaining the variability in clinical
phenotype seen in LB.
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