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Abstract

Ixodes scapularis ticks are an important vector for at least six tick-borne human pathogens, including the
predominant North American Lyme disease spirochete Borrelia burgdorferi. The ability for these ticks to
survive in nature is credited, in part, to their ability to feed on a variety of hosts without excessive
activation of the proinflammatory branch of the vertebrate immune system. While the ability for nymphal
ticks to feed on a variety of hosts has been well-documented, the host-parasite interactions between
larval I. scapularis and different vertebrate hosts is relatively unexplored. Here we report on the changes
in the vertebrate transcriptome present at the larval tick bite site using the natural I. scapularis host
Peromyscus leucopus deermouse, a non-natural rodent host Mus musculus (BALB/c), and humans. We
note substantially less evidence of activation of canonical proinflammatory pathways in P. leucopus
compared to BALB/c mice and pronounced evidence of inflammation in humans. Pathway enrichment
analyses revealed a particularly strong signature of interferon gamma, tumor necrosis factor, and
interleukin 1 signaling at the BALB/c and human tick bite site. We also note that bite sites on BALB/c mice
and humans, but not deermice, show activation of wound-healing pathways. These data provide
molecular evidence of the coevolution between larval I. scapularis and P. leucopus as well as expand our
overall understanding of I. scapularis feeding.

Significance

Ixodes scapularis tick bites expose humans to numerous diseases in North America. While larval tick
feeding enables pathogens to enter the tick population and eventually spread to humans, how larval ticks
interact with mammals has been understudied compared to other tick stages. Here we examined the
transcriptomic response of a natural |. scapularis rodent host (Peromyscus leucopus), a non-native I.
scapularis rodent host (Mus musculus), and an incidental host (humans). We find that there are
differences in how all three species respond to larval I. scapularis, with the natural host producing the
smallest transcriptomic signature of a canonical proinflammatory immune response and the incidental
human host producing the most robust signature of inflammation in response to the larval tick. These data
expand our understanding of the pressures on ticks in the wild and inform our ability to model these
interactions in laboratory settings.

Key words: Lyme disease; Tick bites, Ixodes scapularis, Peromyscus leucopus, Mus musculus, Human,
Transcriptomics, Immune Response, Wound Healing
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Introduction

Ixodes scapularis (formerly Ixodes dammini) ticks are the most important invertebrate
vector of human diseases in North America [1]. These ticks are responsible for spreading most
cases of Lyme disease (predominantly caused by Borrelia burgdorferi sensu stricto in North
America), which affects roughly 476,000 individuals in the US yearly [2], as well as six other
human pathogens—Anaplasma phagocytophilum, Babesia microti, Borrelia miyamotoi, Borrelia
mayonii, Ehrlichia muris eauclairensis and deer tick virus/Powassan virus [3, 4]. The spread of
pathogens into and out of |. scapularis requires a variety of complex interactions to occur at the
skin-vector interface [1, 5]. Tick feeding can trigger a immunological processes which threaten
the ability for the tick to survive the blood meal [6]. To prevent this, Ixodes ticks secrete saliva
into the feeding site, exposing the host to anticoagulants and immunomodulatory compounds,
which dampens the host immune response and ensures the tick remains attached until
completion of feeding [7-9]. This secretion also contributes to the spread of B. burgdorferi into
new hosts—both by providing a mechanism to exit the tick [10-12] and by dampening the
immune response while the pathogen establishes the infection [13-20].

I. scapularis is a generalist parasite that successfully feeds on many hosts [21]. In line
with this, previous work has demonstrated that nymphal tick bites on guinea pigs (Cavia
porcellus), Mus musculus, Peromyscus leucopus, and humans are broadly similar at the
histopathological level [22-24]. However, major changes across species occur during recurrent
tick bites, where, for instance, guinea pigs and humans become substantially more inflamed
than the other species—resulting in itching, rejection of the tick, and/or reduced risk of pathogen
transmission [22, 24, 25]. Notably, at the transcriptional level, differences between M. musculus
(BALB/c) and C. porcellus immune responses to nymphal |. scapularis were apparent even at
the first feeding [24]. This demonstrates that not all I. scapularis hosts are equally permissive to
parasitization.

Relatively little attention has been paid to how any vertebrate—including humans or
rodents—interact with larval |. scapularis, though field studies have documented a strong
association between larvae and P. leucopus in the northeastern and midwestern United States
[21, 26-28], as well as birds and reptile hosts in the southeastern United States [21, 29, 30]. In
his 1989 review, Ribeiro stated that their unpublished data demonstrated that larval I. scapularis
can feed efficiently on the North American deermouse P. leucopus but not on C. porcellus [6].
Similarly, larval |. scapularis were found to feed better on P. leucopus than Microtus
pennsylvanicus voles [31]. Larval |. scapularis are not infected with B. burgdorferi [32] and less
commonly bite humans compared with the nymphal stage [33]; thus they have very limited
direct clinical impact on patient health. However, this stage does have a major indirect impact
on human health by impacting B. burgdorferi abundance in nature—Ilarval tick feeding is critical
for the continuation of the B. burgdorferi enzootic cycle [1].

In this study, we compare the transcriptomic response of two rodent models of tick
feeding, the natural I. scapularis host P. leucopus and the artificial I. scapularis host M.
musculus (BALB/c), to examine the transcriptomic response to larval I. scapularis. Pathway
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92  enrichment analyses revealed activation of more proinflammatory signaling pathways in M.
93  musculus than in P. leucopus. We also note evidence of tissue remodeling and homeostasis
94  genes activating in BALB/c rodents but not P. leucopus. Integration of a previously published
95 transcriptomic dataset examining the nymphal bite site in BALB/c mice demonstrated
96 considerable differences between the M. musculus immune response to each of these tick
97  stages, suggesting that ticks may have different capacities to suppress proinflammatory
98 pathways in different hosts across the stages in their life cycle. We also evaluated human
99  patient samples [34] to compare how the human transcriptional response compared to these
100 rodent responses. We found a strong proinflammatory immune response to larval |. scapularis
101  in humans, with activation of many of the same pathways (tumor necrosis factor (TNF),
102 interferon gamma (IFN-y), interleukin 1 (IL1) signaling) as in M. musculus. Overall, this study
103  substantially increases our understanding of host-Ixodes interactions.

104
105 Results

106 BALB/c mice and Peromyscus leucopus deermice respond differently to larval Ixodes
107 scapularis

108 In order to examine how BALB/c (n=4) and P. leucopus (n=5) respond to larval I.
109  scapularis bites, 10 larval ticks were placed in a tick containment chamber affixed to the back of
110 each rodent. Because larval ticks do not leave a noticeable bite site after detachment on either
111 rodent, 2mm punch biopsies were taken surrounding a feeding tick at 48 hours post-placement
112 roughly one-half to three quarters of the way through feeding. Additionally, a second punch
113  biopsy was taken from a region outside the tick containment chamber as a no tick bite control
114  (Figure 1A).

115 We performed RNA sequencing on these biopsies. Principal component analysis
116  revealed that tick bite sites cluster away from unbitten skin along the second principal
117  component in BALB/c mice (Figure 1B) and the first principal component in P. leucopus (Figure
118  1C). We next performed differential gene expression analysis (Table S1) to examine genes that
119  were induced or suppressed (p,<0.05) by larval tick feeding. For all analyses, gene lists were
120  restricted to those genes that could be reliably identified across all samples—meaning across
121  different skin biopsy sites (tick bite and control) and across species (BALB/c and P. leucopus).
122  Differential gene expression analyses revealed that 238 genes were differentially expressed in
123 BALBJ/c tick bite sites (Figure 1D), and 622 genes were differentially expressed in P. leucopus
124  tick bite sites (Figure 1E). Examining the direction of effect, we found that most differentially
125  expressed genes in BALB/c were upregulated (159 upregulated, 79 downregulated), while most
126  genes in P. leucopus were downregulated (216 upregulated, 406 downregulated) (Figure 1F).
127  There was remarkably little overlap between the upregulated genes or downregulated genes
128  across BALB/c mice and P. leucopus (Figures 1G, 1H).

129
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132 Figure 1: BALB/c M. musculus and P. leucopus display different transcriptomic responses to bites
133  from larval |. scapularis. (A) Schematic of larval tick placement and RNA-seq. (B,C) Principal
134  component analysis based on observed transcripts per million reads for each gene in (B) BALB/c mice or
135 (C) P. leucopus. (D,E) Volcano plots of differentially expressed genes in (D) BALB/c mice or (E) P.
136  leucopus. Genes with p>0.05 shown in gray. (F) BALB/c mice display more upregulation of genes than
137  downregulation, while P. leucopus display more downregulation of genes than upregulation. (G, H) Most
138 genes (G) upregulated or (H) downregulated in BALB/c or P. leucopus are not similarly differentially
139 expressed in the opposite rodent.

140

141  Ingenuity Pathway Analysis reveals more proinflammatory cytokine signaling in BALB/c
142  mice compared to P. leucopus at tick bite sites
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143 The Qiagen Ingenuity Pathway Analysis (IPA) pipeline [35] can be used to identify
144  signaling pathways that show evidence of activation or suppression in response to the tick bite.
145  This program assigns pathways controlled by a given upstream regulator (e.g. cytokines,
146  transcription factors). Importantly, this is based on gene expression of genes across the entire
147  pathways, and thus these values cannot be interpreted as meaning that the upstream regulator
148 itself (e.g. Tnf) is upregulated or downregulated in each dataset.

149 Using this tool, we identified 48 cytokine-regulated pathways that show evidence (Z-
150  score 2 2) of activation and one pathway that showed evidence (Z-score < -2) of suppression in
151 BALB/c (Table S2). In contrast three cytokine-regulated pathways showed evidence of
152  activation and two showed evidence of suppression in P. leucopus (Table S2). Of these, two
153  pathways (IFNB1 and PRL) were activated in both species. We focused our attention on the 23
154  cytokine-regulated pathways that had (1) the most significant predicted activation (Z-score > 3)
155  or repression (Z-score < -3) in at least one of the species, and (2) had at least a Z-score
156  difference of 2 between the two species (Figure 2A). This revealed multiple proinflammatory
157  pathways that were predicted to have substantial activation in BALB/c mice but not P. leucopus,
158  particularly the tumor necrosis factor (TNF) (BALB/c Z-score 6.132, P. leucopus Z-score -0.867)
159 and interferon-gamma (IFNG) regulated pathways (BALB/c Z-score 6.4, P. leucopus Z-score -
160 0.02). We also note increased predicted IL6 and IL1 signaling in BALB/c mice but not P.
161 leucopus. Conversely, BALB/c mice had substantial predicted repression of the anti-
162 inflammatory interleukin 1 receptor antagonist (ILLRN) regulated pathway, which showed no
163  evidence of regulation in P. leucopus (BALB/c Z-score -3.633, P. leucopus Z-score 0.454).
164  Together, these data suggest that the BALB/c larval |. scapularis shows signs of robust
165  proinflammatory cytokine signaling at the transcriptomic level that is substantially less present in
166  P.leucopus.

167

168 Ingenuity Pathway Analysis reveals differences in activity of transcription factor
169 regulated pathways in BALB/c mice and P. leucopus bite sites

170 IPA analysis revealed 41 transcription factor regulated pathways that showed evidence
171  of activation (Z-score = 2) in BALB/c bite sites and 19 transcription factor regulated pathways
172 with evidence of repression (Z-score < -2) (Table S2). There were 4 transcription factor
173  regulated pathways that showed evidence of enhanced activity in P. leucopus and 17 that
174  showed evidence of repression. Of these, two transcription factor regulated pathways (ETS1
175 and GATA2) were predicted to be activated in both rodents.

176 Similar to our cytokine regulated pathway analyses, we focused our attention to
177  transcription factor regulated pathways where we observed (1) the most significant predicted
178  activation (Z-score > 3) or repression (Z-score < -3) in at least one of the rodent species, and (2)
179  had at least a Z-score difference of 2 between the two species, which includes 37 pathways
180 (Figure 2B). Complementing our cytokine data, we note numerous proinflammatory pathways
181  were predicted to be activated in BALB/c but not P. leucopus, including IRF3 (BALB/c Z-score
182  4.35, P. leucopus Z-score 1.182) and RELA (BALB/c Z-score 4.04, P. leucopus Z-score -0.898).
183  STAT1 (BALB/c Z-score 4.001) and IRF7 (BALB/c Z-score 4.851) pathways were predicted


https://doi.org/10.1101/2024.05.02.592193
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.02.592193; this version posted May 5, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

184  activated in BALB/c, but a Z-score could not be calculated in the P. leucopus dataset. Wound
185  healing pathways, including the JUN regulated pathway, were also predicted to be activated in
186 BALB/c but not P. leucopus (BALB/c Z-score 3.062, P. leucopus Z-score -1.292), which is
187  notable as the AP-1 transcription factor is suppressed during nymphal tick feeding on mice [36].
188  Other cell proliferation and wound healing pathways also appear active specifically in BALB/c,
189 including EGR1 (BALB/c Z-score 3.221, P. leucopus Z-score -1.993) and SMAD3 (BALB/c Z-
190 score 3.072, P. leucopus Z-score -2.028). Transcription factor regulated pathways that were
191  predicted suppressed in BALB/c mice but unaffected in P. leucopus included the HIF1A-
192  repressor CITED2 (BALB/c Z-score -4.27, P. leucopus Z-score -0.282) and TRIM24 (BALB/c Z-
193  score -4.33, P. leucopus Z-score -0.816).
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196 Figure 2: Ingenuity Pathway Analysis reveals differences in predicted pathway activation. (A)
197 Cytokine-regulated pathways identified by QIAGEN IPA software [35] that were predicted to be
198 differentially activated (Z score greater than or equal to 3 or less than or equal to -3) in either BALB/c
199  mice or P. leucopus and had a Z score difference of 2 or greater between BALB/c and P. leucopus. (B)
200  Transcription factor-regulated pathways identified by QIAGEN IPA software [35] that were predicted to be
201 differentially activated (Z score greater than or equal to 3 or less than or equal to -3) in either BALB/c
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202 mice or P. leucopus and had a Z score difference of two or greater between BALB/c and P. leucopus. For
203 A and B, color represents direction of effect (Red increased signaling, blue reduced signaling), dots
204 represent a significant p-value for pathway enrichment (p<0.05).

205

206 Comparison of larval tick bite transcriptomics with past examinations of nymphal tick
207 bites

208 Recent work by Kurokawa et al. examined transcriptomic changes in BALB/c skin
209 following a nymphal stage I. scapularis tick bite [24]. We compared our data from larval tick
210  bites with these transcriptomic data from nymphal bite sites. Surprisingly, when we examined
211  genes that are reported as differentially expressed in BALB/c in both studies, we see a negative
212 correlation (r?=0.29, p=0.02)—with most shared differentially expressed genes that are
213  downregulated in Kurokawa et al. being upregulated at the larval bite site (Figure 3A). Notably
214  this includes proinflammatory factors Il1b, NIrp3, Ccl2, and Cxcl2. In contrast, when comparing
215 P. leucopus larval bite site differentially expressed genes to BALB/c nymphal bite site
216 differentially expressed genes, a positive correlation is observed (r’=0.27, p<0.001): most genes
217  are downregulated in both bite sites (Figure 3B). For instance, the AP-1 subunit Fosb was
218 downregulated at both the nymphal BALB/c bite site and the larval P. leucopus bite site.
219  Together, these results demonstrate that while we observed proinflammatory signatures in the
220 BALB/c larval tick bite site, the BALB/c nymphal tick bite site and P. leucopus larval bite site
221  appear to be more consistently anti-inflammatory.

222
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224 Figure 3: BALB/c mice, but not P. leucopus, display substantially different gene expression
225 patterns following a larval tick bite compared to a BALB/c nymphal tick bite. (A,B) Comparison of
226 differentially expressed genes (p<0.05) in the (A) BALB/c or (B) P. leucopus larval tick bite site compared
227  to differentially expressed genes in the BALB/c nymphal tick bite site reported by Kurokawa et al. [24].
228 Statistics derived from simple linear regression and p-value describes a slope deviation from 0.

229
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230 Human larval tick bites show macroscopic and transcriptomic evidence of inflammation

231 Together, our data suggested that larval |. scapularis may be better suited at
232 suppressing proinflammatory pathways in a native host (P. leucopus) than in a non-native host
233 (M. musculus). This led us to hypothesize that as hosts become more evolutionarily divergent
234 from P. leucopus, I. scapularis larvae will become less able to suppress inflammation—even on
235  hosts where nymphs are well-described as being able to feed. To test this hypothesis, we took
236 advantage of a human trial where patients with prior Lyme disease who had completed
237  antibiotic therapy were exposed to 25-30 laboratory-reared larval ticks. Skin biopsies were taken
238  before tick placement and/or after ticks were allowed to feed to repletion (NCT02446626) (Table
239 1). Unlike our rodent hosts, we routinely noted strong, macroscopic observations of
240 inflammation at the human site of larval tick feeding (Table 1), though we note this may have
241  been driven in part by the fact that these patients had previously been exposed to ticks in nature
242 [25].

243 We performed RNA-sequencing on biopsies that met one of the following criteria: (1)
244  there was a biopsy taken prior to tick placement and after tick removal (pre vs. post), (2) the
245  post-tick removal biopsy was collected from a subject who had at least 20 total fed ticks (Good
246 Feeding), or (3) the post-tick removal biopsy was collected from a subject who had less than 10
247  total fed ticks with less than half of those being fully fed ticks (Bad Feeding). There were 29 skin
248  biopsy samples that met these criteria and were processed for RNA sequencing, from 17
249  participants, with 1 subject having biopsies sequenced from two xenodiagnostic procedures
250 (Table 1). Human biopsies were taken at the end of tick feeding rather than at an intermediate
251  timepoint as was used in our rodent studies.

252

253
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Table 1. Demographics of sequenced subjects.

#Tick
Subject | Analysis 'Group- Age Sex bites T?:?é # thal # Tptal Local reaction (definit_ely or probably
Code Feeding past Partial Fed Ticks related to the tick bite)
Byrs Engorged

A001* Good feeding 70-79 Male 5 17 4 21 None

A002 Good feeding 70-79 | Female 1 17 4 21 Mild pruritus

A003 Good feeding 60-69 | Female 0 16 4 20 Mild pruritus

A004 Good feeding 30-39 Male 2 21 2 23 None

A005 Good feeding 50-59 Male 1 20 8 28 Mild pruritus

A006 N/A% 60-69 Male 5 15 2 17 None

A007 N/A% 50-59 | Male 1 12 3 15 None

A009 Good feeding 60-69 | Female 0 12 11 23 None

BOO1* Bad feeding 60-69 | Female 2 3 1 4 Mild pruritus and erythema
B002 Bad feeding 70-79 Male 2 4 3 7 Mild pruritus and moderate tenderness
B003* Bad feeding 50-59 Male 2 2 4 6 Mild pruritus

B0O0O4 Bad feeding 20-29 | Female 10 2 1 3 Mild pruritus

BOO5** Bad feeding 50-59 Male 0 2 7 9 Mild pruritus, pain and tenderness
BO06** N/A% 50-59 Male 0 10 3 13 Mild pruritus and tenderness
BOO7* N/A% 50-59 Male 3 7 0 7 Vesicle at site

B008 N/A” 50-59 Male 1 4 10 14 Mild pruritus

B009 Bad feeding 40-49 Male 1 0 2 2 None

B0O10 Bad feeding 60-69 | Female 3 3 4 7 Mild pruritus

* These subjects had two tick placements; this information represents the first removals for BO01, BO04, and BO07 and second removals for
A001 and B0O3.
**B005 and B0O06 are the same subject. BOO6 is the second tick placement/removal.

%Samples with >10 but <20 recovered fed ticks were not included for good vs bad feeding analyses
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254 Skin biopsies were collected from a subset of patients prior to tick placement and all
255  patients after tick removal to examine the effects on the transcriptional profile of human skin
256  after larval tick bites (Figure 4A). Principal component analysis revealed samples from bitten
257  skin modestly clustered along the second principal component (Figure 4B). Differential gene
258  expression analysis (paq<0.05) revealed 4,322 differentially expressed genes (Figure 4C, Table
259  S3), 2,686 of which were upregulated and 1,636 were downregulated.

260 While there are many differences between our rodent and human patient studies that
261  make direct comparison difficult, we do note that this degree of differential expression and the
262  overall effect sizes observed are substantially larger in humans than in rodents—which aligns
263  with our hypothesis that the response to I. scapularis larvae is less blunted than in natural hosts.
264  Further, we noted robust evidence of inflammation, including significant upregulation of the
265 macrophage chemoattractants CCL2, CCL3 and CCL4; the monocyte chemoattractant CCLS8,
266  the neutrophil chemoattractants CXCL1, CXCL2, and CXCL8, and the proinflammatory
267 cytokines IL6, IL1B, TNF, and IL32. We noted upregulation of CD14 and CD68, markers of
268  dendritic cells and macrophages, respectively. The adaptive immune system also appears to
269  play a role, with B lymphocyte attractant CXCL13, T cell markers CD4 and CD69, and T cell
270  attractants CXCL9, CXCL10, CXCL11, and CCL2 all significantly upregulated in the post-tick
271 removal samples.

272 Using IPA analysis, we observed an overall pattern of elevated proinflammatory cytokine
273 signaling in bitten human skin, including activation of TNF, IFNG, IL1, STAT3, STAT1, Nfkb
274  pathways, among others (Table S4, Figure 4D, 4E). We also observed suppression of ILIRN
275 and CITED2 pathways. Notably, these pathways largely overlap with what we observed with
276  BALB/c, suggesting that the BALB/c response to larval |. scapularis may be more similar to the
277  human response than to P. leucopus—although the overall evidence of inflammation in the
278  human transcriptional dataset was substantially stronger. Recent work has examined the human
279  transcriptome in response to a nymphal |. scapularis tick bite [37] and observed upregulation of
280 IL17-mediated inflammation, which we also observed in this dataset.
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281
282 Figure 4: Transcriptomic analysis of the human larval |. scapularis bite site. (A) Schematic of patient
283 sample collection. (B) Principal component analysis based on observed transcripts per million reads for
284  each gene in humans. (C) Volcano plot displaying differentially expressed genes in response to the larval
285 tick bite. Genes with p>0.05 are displayed in gray. (D,E) IPA analysis of the top 20 predicted differentially
286 activated pathways regulated by (D) cytokines or (E) transcription factors following a larval tick bite in
287 humans. All listed upstream regulators have a Z-score greater or equal to 2 or less than or equal to -2.
288
289  Comparison of transcriptional profiles at tick bite sites between patients with high vs low
290 percentage of tick feeding identifies a small set of differentially expressed genes.
291 Our observations that human patients had differential abilities to support larval tick
292  feeding led us to question if there were differences in transcriptional profiles which may be
293  responsible for “good” (=220 fed ticks recovered) or “bad” feeding (<10 fed ticks recovered).
294  Good and bad feeding did not correlate with number of reported tick exposures in the last five
295  years (p=0.2, linear regression), pruritus (p=0.4, T test), or sex (p=0.9, T test). We compared the
296  gene expression profiles of biopsies taken at the tick removal visit and PCA of normalized gene
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297  expression data showed no distinct separation between good and bad feeding along the first
298 and second principal components (Figure 5A). Differential expression analysis revealed only 6
299  differentially expressed genes between feeding groups, with bad feeding as the reference group
300 (Figure 5B, Table S3). There were 2 genes, DHRS2 and PM20D1, which were upregulated
301  with a padj value cutoff of 0.05 and 4 genes, FOXCUT, MATN4, KCNJ12, and SMAD1-AS1,
302  which were downregulated with a pag cutoff of 0.05. None of these differentially expressed
303 genes have previously been implicated in a response to tick feeding and are not associated with
304 animmune response.

305
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308 Figure 5: There are limited transcriptional differences between humans that had good and bad
309 larval tick feeding. (A) Principal component analysis fails to separate individuals that had good feeding
310 (=20 fed ticks) or bad feeding (210 fed ticks) based on observed transcripts per million reads for each
311 gene. (B) Volcano plot displaying differentially expressed genes in individuals that had good or bad
312 feeding. Bad feeding was used as the reference dataset for differential expression. Genes with p>0.05
313 are displayed in gray.

314
315 Discussion:

316 In this study we observed divergent transcriptomic responses to bites from larval I.
317  scapularis by P. leucopus, M. musculus, and humans. We specifically noted that P. leucopus
318 display less evidence of skin inflammation based on the transcriptome than M. musculus, with
319  humans showing far more skin inflammation than either rodent species. Importantly, however,
320 there are several caveats to directly comparing the human results to those from the rodent
321  studies. First, the humans participating in this study had varying levels of past tick exposure
322 (Table 1), whereas the rodents studied were naive to tick bites, a difference which might explain
323  the enhanced inflammatory response in human patients. Second, past work has demonstrated
324  that the P. leucopus nymphal tick bite site becomes more inflamed over time [22], and thus the
325 differences between the rodent hosts and humans may have been reduced if ticks had been
326 allowed to feed to completion on rodent hosts, as they were on humans. However, because
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327 larvae do not leave any evidence of feeding on rodent skin, it is not possible to identify the bite
328  site to perform the skin biopsy following completion of feeding. Despite these limitations, these
329 data provide the first insight into comparative vertebrate immune responses to bites from larval
330 |. scapularis.

331 We consider there to be two ways to interpret the lack of evidence of proinflammatory
332  cytokine signatures in P. leucopus. The first hypothesis is that larval ticks are able to escape
333  detection by the immune system during feeding—while M. musculus and humans are able to
334  detect the larval tick bite and respond. An alternative explanation is that larval are able to exploit
335 homeostatic immune processes and/or feedback loops (reviewed [38, 39]) in P. leucopus but
336  not M. musculus or humans. In this second explanation the P. leucopus immune system could
337 be responding to the tick bite as strongly as it does in M. musculus or humans but the
338  processes that become active are very different. While we do not detect evidence of the latter in
339  our RNA-sequencing dataset, we note that subtle changes in anti-inflammatory factors, cellular
340 metabolism [40], or tissue resident macrophages [41] could be difficult to detect by bulk RNA-
341 sequencing while having major impacts. This highlights the need for additional studies
342  leveraging more sensitive tools, including single cell RNA-sequencing.

343 Regardless of whether larval ticks use stealth or recruitment of homeostatic processes to
344  feed on competent hosts, there have been two non-mutually exclusive hypotheses proposed to
345  describe host-susceptibility [6]. The first is that permissive hosts have immune systems which
346 are intrinsically conducive/non-responsive to tick feeding. The second is that the tick is well-
347 suited through its salivary proteins to manipulate certain host responses locally. One
348 interpretation of our data may be that saliva at different stages of tick development (larvae vs
349 nymph) may impact host responses differently. This could be the result of different salivary
350 protein content or saliva abundance—particularly given the small size of larval ticks and low
351 volume of their secreted saliva compared to nymphal ticks. The former could be impacted by
352  differences in the tick responses to different blood sources. The composition of I. scapularis
353  saliva has been found to change based on the host on which it is feeding, with C. porcellus, but
354 not M. musculus, inducing salivary protein expression that, in turn, drives IL-4 production in
355 murine splenocytes [42]. Nevertheless, nymphal ticks appear capable of circumventing innate
356  immunity in P. leucopus, M. musculus, and humans, larvae appear to display some host
357  specificity in their capacity to blunt immune responses. We do note that while we see
358 differences in inflammation, these data should not be misinterpreted: I. scapularis larvae can
359 feed on all three hosts. It will be interesting to examine whether other wildlife species display
360 differential immune responses to larval tick feeding and whether this contributes to feeding
361  success. Additionally, in this study BALB/c mice were used as representative M. musculus mice,
362 however, additional studies may examine whether there are differences in M. musculus
363  responses to larval ticks if different strains and/or outbred mice are used.

364 These data add to a growing number of reports [43, 44] that bring into question whether
365 M. musculus is a useful model for modeling the North American B. burgdorferi enzootic cycle
366  [1]—the cycle through which the spirochete transitions between vertebrate and invertebrate host
367 in nature. While B. burgdorferi can cycle through M. musculus—particularly in Europe, the
368 predominant reservoirs in North America are P. leucopus and shrews [26, 45-47]. The New
369  World Peromyscus deermouse is approximately 25 million years diverged from the Eurasian
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370  Mus mouse [48], meaning these species have undergone substantial independent evolution and
371 that there has been ample opportunity for I. scapularis to coevolve with P. leucopus. While
372  previous studies have focused on differences in how these rodents interact with B. burgdorferi
373  [43, 44], here we suggest that P. leucopus and M. musculus also have highly distinct cutaneous
374  transcriptome responses to larval I. scapularis tick bites. Thus, while M. musculus has served as
375 a very useful model for studying human Lyme disease severity and susceptibility, studies
376  focused on the North American enzootic cycle should prioritize using natural reservoir species.

377 Our data comparing hosts with “good” or “bad” tick feeding do not support an association
378 between tick feeding success and proinflammatory transcriptomic responses in humans. There
379 are numerous alternative explanations for variable feeding success independent of host
380 immunity. In the 4-6 days between tick placement and tick removal visits, subjects were asked
381 to keep the dressing surrounding the ticks dry and are asked not to wear strong smelling
382 perfumes or lotions, but subject non-compliance in any of these areas could contribute to
383  decreases in duration of tick feeding. Additionally, larval tick handling by physicians during the
384 clinical trial was variable, and accidental damage of ticks during placement on patients is
385  possible. Further, our protocol for collecting the skin biopsies did not capture the participants
386  with the worst feeding, as skin biopsies were only collected from subjects with at least one fed
387 tick.

388 In conclusion, these findings provide new insights into divergent host responses to larval
389 |. scapularis tick feeding. We anticipate that these findings may serve as a launching point to
390 identify potential pharmacologic interventions to disrupt larval tick feeding in nature. Disrupting
391 this stage of the Ixodes life cycle not only prevents development of ticks and further
392  reproduction, but blocks tick acquisition of enzootic-cycling pathogens and eventual spillover
393 into humans. Further studies may examine how this skin inflammation affects the tick-host-
394 pathogen interface during enzootic cycling. Curiously, despite observing a stronger
395 proinflammatory response here at the larval tick-M. musculus interface, past work demonstrates
396 that B. burgdorferi is actually more readily transmitted from M. musculus to larval I. scapularis
397 than from P. leucopus to I. scapularis [43, 49]. Thus, the enhanced inflammation we observed at
398 the M. musculus larval tick bite apparently does not impair transmission of the spirochete to new
399 invertebrate hosts.
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417 Supplemental Materials Legends

418 Table S1: DESeq2 analysis of BALB/c M. musculus and P. leucopus gene expression following
419 larval tick bite.

420 Table S2: QIAGEN IPA analysis of BALB/c M. musculus and P. leucopus signaling following
421  larval tick bite.

422 Table S3: DESeq2 analysis of human gene expression following larval tick bite. Data contain
423  two analyses: Pre- and Post-tick placement and good (>20 fed ticks) vs bad (<10 fed ticks)
424  feeding.

425  Table S4: QIAGEN IPA analysis of human signaling following larval tick bite.
426

427 Materials and Methods

428 Rodent Maintenance, Use, and Ethical Statement

429  All animal procedures were approved by the Tufts University-Tufts Medical Center Institutional
430 Animal Care and Use Committee (IACUC, Protocol #B2021-84). Euthanasia was performed in
431 accordance with guidelines provided by the American Veterinary Medical Association (AVMA)
432 and was approved by the Tufts University IACUC. Rodents were maintained by the Tufts
433  Comparative Medicine Services. The P. leucopus colony was started by Dr. Sam Telford using
434  wild captured rodents from the northeastern and midwestern United States. The colony has
435 been closed since 1994, held in microisolator cages, and is specific pathogen free (regular
436  sentinel testing). BALB/c mice were obtained from Charles River Laboratories (Strain Code
437  028).

438 Equal numbers of male and female rodents were used at the beginning of the experiment,
439  however, variable rates of successful recovery of ticks and/or RNA led to sex-imbalance: Two
440 male and three female P. leucopus were used in the study; One male and three female BALB/c
441  mice were used.

442
443 Rodent Tick Infestation

444 A heated 1:4 mixture of melted beeswax to rosin gum mixture was used to attach a modified
445  microcentrifuge tube lined with mesh between the shaved shoulder blades of each rodent. Ten
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446 |. scapularis larvae (National Tick Research and Education Resource, Oklahoma State
447  University) were placed inside the mesh cap. Mice were singly housed in cages surrounded by
448 a water moat for 48 hours. The tick containment chamber was carefully removed, and a 2-mm
449  punch biopsy was taken surrounding a single feeding tick and transferred immediately to
450 RNAlater, stored overnight at room temperature, and then frozen at —80°C until use. Biopsies
451  were intentionally restricted to regions away from the edge of the tick containment chamber
452  where damage from removal could skew results. A second biopsy was taken on the outside of
453  the tick containment chamber as a matched control.

454
455  Human subjects

456  The subjects described in this study were enrolled in the Xenodiagnosis After Antibiotic
457  Treatment for Lyme Disease clinical study (NCT02446626). The study was approved by the
458 Institutional Review Boards at each center and written informed consent was obtained from all
459  participants. Participants were enrolled at Tufts University in Boston, Massachusetts; National
460 Institutes of Health in Bethesda, Maryland; Mansfield Family Practice in Storrs, Connecticut, and
461  Stony Brook University in Stony Brook, New York. Sequencing of banked biopsy samples was
462  approved by Tufts University Institutional Review Board.

463
464 Human Tick preparation, placement, and removal

465  Larval Ixodes scapularis ticks were reared at a central facility and provided to each of the testing
466  centers. Tick placement and removal was performed as described by Turk et al [50]. For some
467  participants in the Post Treatment Lyme Disease Syndrome group, punch skin biopsies were
468  taken at a control site prior to tick placement and for all participants, biopsies were taken at the
469  completion of tick feeding, at the site of a tick bite.

470
471 Rodent RNA Library Preparation and RNA sequencing

472  After all rodent samples were collected as described above, samples were thawed on ice,
473  transferred to QIAzol, and bead beaten with a 6.35 mm chrome steel bead (Biospec Products)
474  for two cycles of two minutes each at an oscillation frequency of 30/second using a TissueLyser
475 |l (Qiagen). RNA was extracted using the miRNeasy mini kit (Qiagen), with the modification that
476  two RWT washes were performed. gDNA was digested using TURBO DNase (Invitrogen) and
477  RNA was repurified using the RNeasy MinElute Cleanup Kit (Qiagen). Purified RNA was
478  submitted to Azenta Life Sciences/Genewiz for library preparation and sequencing (lllumina
479  HiSeq 2x150bp).

480
481 Human RNA Library Preparation and RNA sequencing

482  2mm skin biopsies from subjects were stored in RNAlater overnight at room temperature and
483  then frozen at —80°C until use. Samples were homogenized under liquid nitrogen using a mortar
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484  and pestle. Tissues were then resuspended in 1 mL of lysis buffer from the RNeasy Fibrous
485  Tissue Mini Kit (Qiagen) and processed as per the manufacturer's protocol. Ribosomal RNA
486 was depleted and RNA-seq libraries were prepared by Tufts University Core Facility.
487  Sequencing of 50bp single end reads was performed on a HiSeq 2500.

488
489 RNA-seq Analysis

490 Reads were mapped to P. leucopus (GCF_004664715.2) [44], M. musculus (GRCm39), or
491 human genomes (GRCh38.98) using STAR version 2.6.1 [51] and gene expression was
492  summarized using RSEM version 1.3.1 [52]. Principal component analysis was performed using
493  the R Bioconductor PCAtools package (R version 4.3.1) [53]. Differential expression analysis
494  was performed using DEseq2 (R version 4.3.1) [54]. Genes with low expression were removed
495 based on their normalized read counts. Genes with greater than 10 read counts were kept.
496  DEGs were identified using an adjusted p-value cutoff of 0.05. Genes with no expression and T
497  cell receptor genes were removed prior to plotting. Heatmaps and clustering, based on
498 Euclidean distance, were generated using the ComplexHeatmap package (R version 4.3.1) [55].
499  Pathway analysis was performed with the use of QIAGEN Ingenuity Pathway Analysis (QIAGEN
500 Inc., https://digitalinsights.giagen.com/IPA) [35]. IPA used differentially expressed genes from
501 the DESeq2 differential expression analysis with p,g<0.05.

502
503  Data Availability

504 Rodent sequencing data are deposited in GEO (GSE266088) and data from the human clinical
505 trial will be available in dbGaP (phs003314.v1.p1).

506
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