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ABSTRACT

The bacterial spirochete Borrelia burgdorferi, the causative agent of Lyme Disease, can disseminate
and colonize various tissues and organs, orchestrating severe clinical symptoms including arthritis,
carditis, and neuroborreliosis. Previous research has demonstrated that breast cancer tissues could
provide an ideal habitat for diverse populations of bacteria, including B. burgdorferi, which is asso-
ciated with a poor prognosis. Recently, we demonstrated that infection with B. burgdorferi enhances
the invasion and migration of triple-negative MDA-MB-231 cells which represent a type of breast
tumor with more aggressive cancer traits. In this study, we hypothesized that infection by B. burg-
dorferi affects the expression of cancer-associated genes to effectuate breast cancer phenotypes.
We applied the high-throughput technique of RNA-sequencing on B. burgdorferi-infected MDA-MB-
231 breast cancer and normal-like MCF10A cells to determine the most differentially expressed
genes (DEG) upon infection. Overall, 142 DEGs were identified between uninfected and infected
samples in MDA-MB-231 while 95 DEGs were found in MCF10A cells. A major trend of the
upregulation of C-X-C and C-C motif chemokine family members as well as genes and pathways was
associated with infection, inflammation, and cancer. These genes could serve as potential biomarkers
for pathogen-related tumorigenesis and cancer progression which could lead to new therapeutic
opportunities.
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INTRODUCTION

Breast cancer is the most diagnosed cancer among women worldwide with a 1 in 8 chance
of a woman being diagnosed with breast cancer in their lifetime in the United
States [1]. It accounts for the leading cause of death due to cancer among women with
a 1 in 39 chance of fatality, second only to lung cancer [1]. Among the various sub-
types of breast cancer, triple-negative breast cancer (TNBC), which tests negative for
estrogen, progesterone, and human epidermal growth factor receptor, presents with a
shorter survival and higher mortality rate [2]. TNBC is highly invasive with a recurrence
rate of 25% and is not sensitive to endocrine therapy resulting in limited treatment
options [2].

Infectious agents stand third among risk factors for cancer development. As per the
American Cancer Society, 15-20% of cancers are caused by infectious agents [3]. For
example, Mycobacterium tuberculosis has been associated with lung cancer, Helicobacter
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pylori infection results in increased migration and invasion
rates in gastric cancer, and Campylobacter jejuni is corre-
lated with small intestine lymphomas [4].

Recent findings showed that intracellular microbiota
promote the survival of circulating breast cancer cells but
not primary tumor growth [5]. However, another report
shows the colonization of breast cells by the bacterium
Fusobacterium nucleatum is associated with accelerated
tumor growth [6]. Moreover, a study published in 2018
highlighted bacterial signatures associated with breast
cancer, of which one of the spirochetal bacteria, Borrelia
burgdorferi, correlated with a poorer prognosis in breast
cancer [7]. This data supports our recent publication,
where we reported that B. burgdorferi can invade normal
and tumorigenic mammary epithelial cells and affect the in
vitro invasion and matrix remodeling potential as well as
miRNA expression profile of cancer cells [8, 9]. Interest-
ingly, B. burgdorferi was also found to be associated pre-
viously with primary cutaneous B cell, non-Hodgkin and
Mucosa-Associated lymphoid tissue (MALT) lymphomas
[10-12].

B. burgdorferi is the causal organism of Lyme disease,
which is a multi-systemic disease with several clinical
manifestations like musculoskeletal inflammation and
neurological symptoms [10, 11]. The pathogen enters the
body via the bite of the Ixodes tick and then disseminates to
and colonizes various tissues and organs [10, 11]. Previous
research has reported that B. burgdorferi can evade the host
immune response using various strategies like altering its
membrane proteins, actively suppressing the host immune
system, and existing in pleomorphic forms [13-22].
Additionally, B. burgdorferi can avoid detection by the
immune system by internalizing into the host cells without
affecting cell viability [13]. This ability, in conjunction with
cancer cells’” indefinite proliferative capacity, could serve as
a powerful mechanism to ensure the bacteria’s survival
within the host organism. Further, our previous study
demonstrated that infection of TNBC cells by the spiro-
chete can make the cancer cells potentially more aggressive
[8]. Hence, it is imperative to understand the physiological
effect of B. burgdorferi on TNBC cells and identify the
molecular mechanisms that B. burgdorferi recruits to
effectuate these more aggressive cancer traits.

RNA-sequencing is a high-throughput method that
allows for the quantitative analysis of gene expression,
and it is ideal for measuring differential gene expression
in bacteria-infected cells [23]. It was successfully used in
the comprehensive mapping of genes with altered
expression in response to Borrelia bavariensis infection in
human brain microvascular cells [24]. Consistently, many
of the differentially expressed genes (DEGs) were found in
pathways that are known to be dysregulated in cancer,
including breast cancer [23]. Therefore, we applied RNA-
sequencing technology followed by gene ontology analysis
of normal and triple-negative breast cancer cell lines with
the goal to propound the molecular mechanisms that may
orchestrate the effect of B. burgdorferi on breast cancer
cells.

MATERIALS AND METHODS

Culture techniques and infection with B. burgdorferi

The B31 strain of B. burgdorferi (ATCC 35210, Manassas,
VA) was cultured in Barbour-Stoner-Kelly-H (BSK-H) me-
dium (Sigma Aldrich, St Louis, MO), supplemented with 6%
rabbit serum (GeminiBio, West Sacramento, CA) in sterile
15mL glass tubes at 33 °C and 3% carbon dioxide. Low
passage numbers (<P6) were used for all experiments.

Normal breast epithelial cells (MCF10A) and triple-
negative breast cancer cells (TNBC, MDA-MB-231) were
cultured using standard cell culture techniques at 37 °C and
5% carbon dioxide. MDA-MB-231 was cultured in Dul-
becco’s Modified Eagle Medium (DMEM, Sigma Aldrich,
Louis, MO) supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin-streptomycin-glutamine (PSG, Thermo-
Fisher Scientific, Waltham, MA), along with 20 pg mL™"
gentamycin. MCF10A was cultivated in Dulbecco’s Modified
Eagle Medium-F12 (DMEM-F12), (Sigma Aldrich, St Louis,
MO) supplemented with 5% Horse Serum (Gibco™,
ThermoFisher, Waltham, MA), 10 pg mL™" bovine insulin
(Sigma Aldrich, St Louis, MO), 100 ng mL™! cholera toxin
(Sigma Aldrich, St Louis, MO), 20 ng mL ™" epidermal growth
factor (EGF, ThermoFisher, Waltham, MA), 0.5 mg mL™!
hydrocortisone (Sigma Aldrich, St Louis, MO), and 1%
penicillin-streptomycin (PS, Gibco™, ThermoFisher, Wal-
tham, MA). The cells were serum-deprived for 10 h in serum-
free basal growth media supplemented with 1% of the
required antibiotic (PSG for MDA-MB-231 and PS for
MCF10A). Infection with B. burgdorferi at a multiplicity of
infection (MOI) of 60 for 48 h was performed in co-culture
media composed of 1/3rd serum- and antibiotic-free growth
media and 2/3rd of BSK-H supplemented with 6% rabbit
serum. Uninfected cells grown in coculture media were used
as a negative control.

Immunofluorescence and confocal microscopy

MCF10A and MDA-MB-231 cells (4 X 10*/well) were grown
on sterile 4-well chamber slides (ThermoFisher Scientific) for
24 h. The cells were then washed with 1X phosphate buffer
saline (PBS, PH 7.4) after 24h and were infected with
B. burgdorferi B31, at a multiplicity of infection (MOI) of 60,
resuspended in 1mL of coculture media. Uninfected cells
grown in coculture media were used as a negative control.
The uninfected and infected normal and breast cancer
epithelial cells were incubated for 48 h at 37°C, 5% CO,. After
infection, the co-culture media was removed, and cells were
washed twice with 1X PBS pH 7.4. The infected cells were
treated with 10 pg mL™" of Cell tracker CM-Dil dye (Ther-
moFisher Scientific, C7001) diluted in 1X PBS pH 7.4 to stain
the epithelial cells. The cells were incubated at 37°C for 5 min
and then transferred to 4°C for 15 min. The dye was then
aspirated, and the cells were washed once with 1X PBS (pH
7.4), then fixed using cold methanol for 5 min at —20°C. The
methanol was aspirated, and cells were washed once with 1X
PBS pH 7.4. The cells were then treated with a 1:200 dilution
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of a FITC labeled polyclonal rabbit anti-B. burgdorferi anti-
body (PA-1-73005, Thermo Scientific) to stain B. burgdorferi
and incubated at 37°C for 30 min. The cells were then washed
3x with 1X PBS pH 7.4 and a 1:1000 dilution of 4',6-dia-
midino-2-phenylindole (DAPI, ThermoFisher Scientific) in
1X PBS pH 7.4 was added to the cells to stain the nucleus of
the cells. The cells were incubated for 5min at room tem-
perature (RT), washed once with 1X PBS pH 7.4, and
mounted with VECTASHIELD Antifade Mounting Medium
(VECTOR Laboratories, Burlingame, CA). Images were
generated at a magnification of 630X using Leica SP8 confocal
microscope along with Leica Application Suite X software for
image processing (Yale University, West Campus Microscopy
Facility, West Haven CT).

RNA extraction, cDNA library prep and RNA-sequencing

Infected cells along with co-culture controls were trypsinized
and pelleted by centrifugation at 2,200 rpm for 10 min at
room temperature (RT). The medium was aspirated, and the
pellet was resuspended in phosphate-buffered saline (PBS,
Sigma Aldrich, St Louis, MO) followed by centrifugation at
2,200 rpm for 10 min at RT. RNA was extracted using the
RNeasy mini kit (Qiagen, Hilden, Germany) following
the manufacturer’s instruction and quantitated using the
Nanodrop Lite spectrophotometer (ThermoFisher Scientific,
Waltham, MA). The total RNA extracted from three inde-
pendent sets of infected and uninfected samples for each cell
line was sent for sequencing at the Yale Center for Genome
Analysis (Yale West Campus, Orange, CT).

The integrity of the RNA was determined by running an
Agilent Bioanalyzer gel (Agilent, Santa Clara, CA), to mea-
sure the ratios of the ribosomal peaks and to assign an RNA
integrity/RNA quality number (RIN/RQN) to the samples.
Total RNA was subjected to polyA selection using Roche
Kapa mRNA Hyper Prep Kit (Roche KAPA Biosystems,
Wilmington, MA). Samples with a yield of >0.5 ng pL ™" and
a size distribution of 150-300 bp were used for sequencing.
Samples were sequenced on Illumina NovaSeq600 according
to Illumina protocols at the Yale Center for Genome Anal-
ysis (Yale West Campus, Orange, CT).

Analysis of differentially expressed genes and gene
ontology analysis

The raw sequencing reads were trimmed and filtered to
remove low-quality bases using Trimmomatic (http://www.
usadellab.org/cms/?page=trimmomatic). The trimmed reads
were aligned against the human transcriptome using the
STAR aligner program (https://github.com/alexdobin/STAR).
Read counts for each gene were determined using HTSeq.
(https://htseq.readthedocs.io/). Differential expression anal-
ysis and visualization was performed using the R package
DESeq-2 (https://bioconductor.org/packages/release/bioc/
html/DESeq2.html).

Two cutoff criteria were used to select differentially
expressed genes, a P-value of <0.05 and the log, FC (fold
change) (>3-fold for MDA-MB-231 and > 2-fold for
MCF10A). The differentially expressed genes were run

through the Database for Annotation, Visualization, and
Integrated Discovery (DAVID, https://david.ncifcrf.gov/) to
determine cellular processes in which the (DEGs) were
enriched. Within DAVID, two different databases — Reac-
tome and KEGG, were used for the ontological analysis.
For this study, pathways that highlighted >10 genes (P-value
<0.05) for MDA-MB-231 and those >5 genes (P-value <0.05)
for MCF10A were further evaluated.

qRT-PCR validation

cDNA was made from 500 ng of RNA extracted from 1 X 10°
of MDA-MB-231 and MCF-10A cell lines that were
either uninfected or infected or infected with B. burgdorferi,
utilizing the Verso c¢cDNA Synthesis Kit (ThermoFisher
Scientific, Waltham, MA), using a T100 Thermal Cycler
(Bio-Rad, Hercules, CA) following the manufacturer’s
instruction. cDNA (1000 ng) was then subjected to quan-
titative real-time PCR using 2x iTaqTM Universal SYBR®
Green Supermix and 400nM of gene-specific primers.
Primer sequences and PCR conditions were obtained from
PrimerBank - MGH-PGA Harvard University webserver
(https://pga.mgh.harvard.edu/primerbank/). The presence
of B. burgdorferi was confirmed in infected cells by a pre-
viously published 16S rDNA-specific protocol [25]. The
quantitation of the obtained data was normalized against
GAPDH (housekeeping gene) and the expression fold-
change was calculated using the Livak method [26]. All
qRT-PCR experiments were performed at least 3 times
independently and each at least in four replicates (N = 12).
Statistical analysis was performed by the two-tailed Stu-
dent’s T-test of mean comparison using Microsoft Office
Excel program (Redmond, WA). Data was normalized to
uninfected cells control condition and presented as the
mean + standard error of the mean (SEM).

Ethics statement

Not applicable since only commercially available cell lines
were used in the study.

RESULTS

RNA-seq on B. burgdorferi-infected triple-negative
breast cancer and normal-like mammary epithelial
cells

MDA-MB-231 and MCF10A cells were plated in biological
triplicates for 6 h after which they were serum starved for
10 h and then infected with B. burgdorferi at a multiplicity
of infection (MOI) of 60 alongside uninfected controls. To
verify the successful infection in both cell lines, a B. burg-
dorferi-specific 16S rRNA qRT-PCR was performed on un-
infected and 24, 48, and 72 h B. burgdorferi infected cells
from MDA-MB-231 and MCF10A cells. The results showed
that as early as 24h, B. burgdorferi 16S rRNA was detected in
infected cells of both cell lines but not in uninfected cells. To
be able to quantify the data at different time points, the
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obtained results were normalized using the GAPDH
housekeeping gene and compared to 24h B. burgdorferi
infected cells to assess fold change in expression of 16S
rRNA for 48h and 72h. After quantification and statistical
analysis of the results from three independent experiments,
it was concluded that B. burgdorferi efficiently invaded the
cells and had active transcription for at least 3 days.

As seen in Fig. 1A, both MCF10A and MDA-MB-231
cells infected with B. burgdorferi showed the highest 16S
rRNA level at 48h time point. In MCF10A cells, 16S rRNA
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expression increase was approx. 8-fold for 48h and 4-fold for
72h post-B. burgdorferi infection, respectively (Fig. 1).
Similarly, MDA-MB-231 cells showed the highest increase of
~650-fold at 48h followed by approximately 50-fold increase
at 72h post-infection (Fig. 1A). Based on these experiments,
the 48h time point for B. burgdorferi infection was chosen
for all subsequent experiments. Figure 1B shows a repre-
sentative immunohistochemical image of the B. burgdorferi
infected MCF10A and MDA-MB-231 at 48h timepoint.
Invading spirochetes (yellow arrows), as well as some small
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Fig. 1. Evidence of successful infection of MCF10A and MDA-MB-231 cells by B. burgdorferi using QRT-PCR and immunohistochemistry
(IHC) methods. (A) Quantification and statistical analyses of three independent qRT-PCR experiments for the expression levels of 16S
rRNA in 48 and 72h B. burgdorferi infected MCF10A and MDA-MB-231 cells. The results were normalized using the GAPDH housekeeping
gene and compared to 24h B. burgdorferi-infected cells. The P-value of the data <0.05 (*) and <0.01 (**) is considered significant. (B)
Representative confocal microscopy images of (I) MCF-10A and (II) MDA-MB-231 mammalian epithelial cells infected with B. burgdorferi
for 48 h h and visualized by IHC and confocal microscopy methods. CM-Dil membrane stain was used to label the cells (red), DAPI was
used to stain the nucleus (blue), and polyclonal anti-B. burgdorferi was used to visualize B. burgdorferi (green), as described in the Material
and Methods. The representative images were taken at 630X with a scale bar of 20 pm. The yellow arrows represent invading spirochetes,
and the blue arrowhead shows some small B. burgdorferi aggregates inside the cells
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B. burgdorferi aggregates (blue arrowheads) visualized by
confocal microscopy as described in Methods. In summary,
successful infection of MCF10A and MDA-MB-231 cells by
B. burgdorferi was evidenced by both qRT-PCR and
immunohistochemistry (IHC) methods.

The RNA extracted from uninfected and B. burgdorferi-
infected cells were independently evaluated by the Yale Center
for Genome Analysis (YCGA) and found to be of excellent
quality as assessed by an RNA quality number or RNA
integrity number (RQN/RIN) value of 10 (RQN>7) and an
average 28S:18S ratio of 2:1. A principal component analysis
(PCA) was conducted using the R package DESeq2. The first
principle component (PC1) showed that there was 78%
variance between the transcriptomic profiles of control and B.
burgdorferi-infected samples for MDA-MB-231 cells and 71%
for MCF10A cells suggesting that there are significant dif-
ferences in gene expression in a large number of genes. The
obtained results showed that 142 DEGs between uninfected
and infected samples were identified in MDA-MB-231 cells
(P < 0.01) and 95 DEGs in MCF10A cells (P < 0.01)
(Supplemental Tables SIA and S1B respectively). Within
these DEGs, a subset of 40 genes for MDA-MB-231 cells were
differentially expressed by over 2-fold, out of which 12 genes
were overexpressed by over 3-fold (P < 0.01, Supplemental
Table SIA and Table S2). For MCF10A cells, 11 genes were
differentially expressed over 2-fold (P < 0.01, Supplemental
Table S1B and Table S2).

The volcano plot shows the statistically significant primary
transcripts identified in the comparisons of uninfected vs.
infected MDA-MB-231 and MCF10A cells respectively (Fig. 2,
Panels A and B). DEGs with a fold change (FC) > 3 for MDA-
MB-231 and FC > 2 for MCF10A cells were further analyzed
and validated using qRT-PCR. The general trend for both cell
lines was that most DEGs were upregulated (Supplemental
Tables S1A and S1B, respectively). As shown in the volcano
plots (Fig. 2), with an FC cutoft of 1.5, it was observed that 83%
of DEGs were upregulated in MDA-MB-231, whereas 58% of
DEGs were upregulated in MCF10A.

qRT-PCR validation for DEGs

To validate the RNA-seq data, 8 out of the 9 DEGs expressed
with FC > 3 in MDA-MB-231 and 9 out of the 11 DEGs that
expressed FC > 2 in MCF10A upon B. burgdorferi-infection
were analyzed using qRT-PCR analysis. All experiments were
conducted in biological and technical triplicates for each gene
and compared alongside uninfected controls to determine the
expression fold-change of the DEGs. The qRT-PCR analysis
demonstrated that all of the DEGs from infected MDA-MB-
231 and MCFIOA cells had significant upregulation
complying with the RNA-seq results (P-values <0.01, Fig. 3A
and B). Interestingly CXCL8 and CXCLI10 from infected
MDA-MB-231 and CXCL10 from infected MCFI0A cells
were more significantly upregulated in our qRT-PCR than in
our RNA-seq experiments. Results obtained in a previous
study demonstrated a similar very significant upregulation of
CXCL8 and CXCL10 in B. burgdorferi-infected MDA-MB-
231 cells using qRT-PCR analysis [23].

Gene ontology analysis

KEGG and REACTOME pathway enrichment analyses of
DEGs in triple-negative breast cancer and normal mam-
mary epithelial cells. To further explore the functional sig-
nificance of these commonly identified genes, additional
analysis was performed using the KEGG and REACTOME
pathway enrichment analyses in DAVID which revealed
pathways related to inflammation, infection, metabolism,
and cancer (Supplementary Table S3A and S3B). This anal-
ysis supports the notion that these genes may be involved in
critical biological processes implicated in B. burgdorferi-
infected TNBC cells.

In order to gain insights into the functional implications
of DEG genes in MDA-MB-231 cells, pathway analysis was
performed using the top 12 genes upregulated upon
B. burgdorferi infection (Fig. 4A). The heatmap represents
the expression patterns of these genes and their corre-
sponding fold changes in response to B. burgdorferi infection.
The color intensity in the heatmap reflects the magnitude of
gene expression changes, with red indicating higher expres-
sion levels and light yellow indicating lower expression levels.
Pathway analysis of these top 12 upregulated genes revealed
their involvement in approximately 15 KEGG pathways
associated with diverse inflammation processes. Notably,
several genes were significantly enriched in signaling path-
ways including the IL-17, TNF, NOD-like receptor, NF-kB,
Toll-like receptor, and chemokine-signaling pathways. From
the top 12 genes, the CCL and CXCL-family genes (CCL-20
and CXCLS, 3 & 1) as well as IL6 were the most commonly
enriched in all the KEGG inflammatory pathways. Addi-
tionally, several of the DEGs were also enriched in pathways
implicated in cancer such as PTGS2, IL6 and CXCL8. These
findings align with the emerging evidence of B. burgdorferi’s
influence on gene expression and pathways associated with
inflammation and tumorigenesis in MDA-MB-231 cells.

Figure 3B represents the expression patterns of the same
12 upregulated genes and their corresponding fold changes
in response to B. burgdorferi infection associated with
diverse infectious processes. Pathway analysis of these top 12
upregulated genes revealed their involvement in approxi-
mately 13 KEGG pathways. Notably, one signaling pathway
that is the RIG-I like receptor-signaling pathway was
significantly enriched. Additionally, pathways involved in
pathogenic infection and epithelial cell signaling in H. pylori
infection were also observed which shows a potential
connection to other pathways implicated in cancers with
infectious origins in MDA-MB-231 cells. From the top 12
genes, the CXCL-family genes (CXCL8, 3 and 1) and IL6
were enriched in the majority of the KEGG infection path-
ways. However, complement 3 (C3), which was involved in
a total of six out of the 13 pathways depicts a key role of the
complement system pathway in MDA-MB-231 cells infected
with B. burgdorferi (Fig. 4B).

To further explore the functional significance of the top
12 upregulated genes in MDA-MB-231 upon B. burgdorferi
infection, REACTOME pathway enrichment analysis was
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Fig. 2. Dispersion patterns of differentially expressed genes (DEGs): (A) Volcano plot of DEGs in MDA-MB 231 cell line. (B) Volcano plot
of DEGs in MCF10A cell line. The x-axis represents the log, fold change and the y-axis represents the negative log; of the adjusted P-value.
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Fig. 3. Confirmation of differentially expressed genes identified by RNAseq analyses in B. burgdorferi infected MDA-MB-231 and MCF10A
cell lines by qQRT-PCR. 1 X 10° cells of MDA-MB-231 and MCF10A cell lines were infected with B. burgdorferi for 48 h, RNA was extracted,
cDNA was synthesized, and subjected to qRT-PCR as discussed in Material and Methods. The expression fold change is normalized to
GAPDH, and the delta-delta Ct method is used for quantitative analyses. (A) qQRT-PCR and RNA-seq results for eight genes were
differentially expressed in MDA-MB-231 while (B) qRT-PCR and RNA-seq results for nine genes were differentially expressed in MCF10A
cells upon B. burgdorferi infection



70 European Journal of Microbiology and Immunology 13 (2023) 3, 63-76

A Inflammation PTGS2  EBI3  CCL20

IL-17 signaling pathway

TNF signaling pathway

Cytokine-cytokine receptor interaction

NOD-like receptor signaling pathway

Rheumatoid Arthiritis

Viral protein interaction with cytokine and receptor
NF-kappa B signaling pathway

Lipid and Atherosclerosis

Hematopoietic cell lineage

Alcoholic Liver Disease

Toll-like receptor signaling pathway

Chemokine signaling pathway

AGE-RAGE signaling pathway in diabetic complications
Pathways in cancer

B Infection PTGS2  EBI3  CCL20

Coronavirus disease - COVID-19
Influenza A

Legionellosis

Amoebiasis

Measles

Kaposi sarcoma-associated herpesvirus infection
Chagas Disease

Hepatitis-C

Pertussis

Compl and lation

Epithelial cell signaling in Helicob pylori infection
RIG-I-like receptor signaling pathway
Epstein-Barr virus infection

ca L6 CXCL3  CXCL1 CSF2 CXCL10  CXCL11 CXCL8 SAAl

Cc3 L6 CXCL3  CXcCL1 CSF2 CXCL10  CXCL11 CXCL8 SAA1

[

0

I'
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infection (B) pathways from B. burgdorferi-infected MDA-MB-231. Pathways with the Benjamini-Hochberg adjusted P-value <0.10 were
considered

conducted which highlighted 9 inflammation, 2 infection,
and 1 metabolic pathway. From Fig. 5A, out of the 9
inflammation-related pathways, 6 of which were involved in
important signaling processes such as cytokine, interleukin
(IL-10, 4 & 13), G alpha (I), and GPCR and downstream
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signaling pathways. Among the 12 top regulated genes,
CXCL8 was involved in all the pathways followed by
CXCL10 and 1 and CCL20 being the most common genes
expressed in the majority of the inflammatory pathways.
Surprisingly SAA1, which was not involved in any of the
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Fig. 5. Heatmap depicting the expression of top 12 upregulated genes and their fold changes associated with (A) REACTOME inflammation
pathways, (B) REACTOME infection pathways and (C) REACTOME metabolic pathways from B. burgdorferi-infected MDA-MB-231.
Pathways with the Benjamini-Hochberg adjusted P-value <0.10 were considered
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KEGG pathways, was found to be enriched in 7 out of the 9
inflammation-associated pathways in the REACTOME
analysis. Looking further into the infection pathways high-
lighted in the REACTOME server for MDA-MB-231
(Fig. 5B), only two significant pathways were observed
which include the immune system pathway depicting the
upregulation of most of the genes except CXCL3 and 11.
Also, for the IFIH1-mediated induction of interferon-alpha/
beta pathway, only SAA1 was involved indicating that it is
an important factor in B. burgdorferi-infected MDA-MB-
231 cells. Figure 5C shows the only involvement of PTGS2 in
the Nicotinate metabolism pathway which was shown to be
associated with inflammatory processes [27]. In summary,
REACTOME analyses confirmed that inflammation associ-
ated pathways are the most significant pathways induced by
B. burgdorferi.

The comparative analysis of the effects of B. burgdorferi
infection in both normal and cancerous cellular contexts was
perpetuated by using MCF10A cells, which serve as a rele-
vant control to discern pathway alterations that are specific
to B. burgdorferi-infected TNBC cells, as opposed to general
cellular responses to B. burgdorferi.

KEGG pathway analysis was performed using the top 12
genes upregulated in MCF10A RNA sequencing data upon
B. burgdorferi infection. Pathway analysis of these upregu-
lated genes revealed their involvement in approximately
7 KEGG pathways associated with diverse inflammation
processes. The heatmap (Fig. 6A) depicts that IL-17, cyto-
kine-cytokine & TNF signaling pathways which were already
indicated in the top 3 pathways from B. burgdorferi-infected
MDA-MB-231 cells, were also significantly involved in
infected MCF10A cells. From the top 12 genes, the CXCL-
family genes (CXCL2, 3, 8 & 10) and CCL20 were the most
commonly enriched in the majority of the KEGG

A Inflammation
IL-17 signaling pathway
Viral protein interaction with cytokine and cytokine receptor
Rheumatoid Arthiritis
Chemokine signaling pathway
TNF signaling pathway
Alcoholic Liver Disease
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inflammatory pathways similar to what was found for
MDA-MB-231 cells. Furthermore, Fig. 6B represents the
expression patterns of the same 12 upregulated genes and
their involvement in approximately 4 KEGG pathways
associated with diverse infectious processes. From the top 12
DEG genes for MCF10A, the CXCL-family genes (CXCL2, 3,
8 & 10) and interferon-inducible antiviral protein that be-
longs to the S-adenosyl-L-methionine superfamily of en-
zymes, RSAD2 were commonly enriched in the majority of
the KEGG infection pathways. Additionally, the KEGG
server in DAVID, highlighted fatty acid metabolism and
metabolic pathways in general, for MCF10A as shown in
Fig. 6C. Interestingly, several DEGs were enriched in path-
ways related to the biosynthesis of steroids, terpenoid
backbone, and unsaturated fatty acids, which could be
indicative of a cellular transformation in MCF10A. The most
common genes involved in at least 2 of these 5 pathways
related to metabolism and biosynthesis are methyl sterol
monooxygenase 1 (MSMO1), a member of the fatty acid
desaturase gene family-FADS1 & 2, an enzyme involved in
lipid metabolism as well as the Patatin-like phospholipase
domain-containing protein 3 which is a phospholipase that
mediates triacylglycerol hydrolysis in adipocytes.

To further explore the functional significance of the top
12 upregulated genes consistently upregulated in MCF10A
upon B. burgdorferi infection, REACTOME pathway
enrichment analysis was conducted. It surprisingly showed 4
inflammation and 4 metabolic pathways enriched. From
Fig. 7A, out of the 4 pathways highlighted for inflammation,
one of them is involved in the interleukin-10 signaling
pathway. The other important pathways indicate the re-
ceptors functioning such as the chemokine receptors and the
peptide ligand binding receptors. Among the 12 top-upre-
gulated genes, CXCL2, 8 and 10, and CCL20 were involved
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Fig. 6. Heatmap depicting the expression of top 12 upregulated genes and their fold changes associated with (A) KEGG inflammation
pathways, (B) KEGG infection pathways and (C) KEGG metabolic pathways from B. burgdorferi-infected MCF10A cells. Pathways with the
Benjamini-Hochberg adjusted P-value <0.10 were considered
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Fig. 7. Heatmap depicting the expression of top 12 upregulated genes and their fold changes associated with (A) REACTOME inflammation
pathways, (B) REACTOME metabolic pathways from B. burgdorferi-infected MCF10A cells. Pathways with the Benjamini-Hochberg
adjusted P-value <0.10 were considered

in all the pathways, similar to what we have seen in
B. burgdorferi-infected MDA-MB-231 cells. CXCL3 was
involved in the binding of the chemokine receptors pathway
and peptide ligand binding receptors pathway. Also, RSAD2,
the interferon-inducible antiviral protein, is involved in
cytokine signaling in the immune system. Looking further
into the metabolic pathways in the REACTOME server for
MCFI10A (Fig. 7B), several DEGs were significantly enriched
in pathways involved in the metabolism of steroids, lipids,
and metabolism in general. Interestingly, several DEGs were
involved in pathways related to the biosynthesis of choles-
terol which further confirms the chances of cellular trans-
formation in MCF10A. The most common genes include
MSMOI1, ACAT2 and FDPS in all the metabolic and
biosynthesis pathways. In summary, as seen in B. burgdor-
feri-infected MDA-MB-231 cells, several inflammatory
pathways were upregulated in infected MCF10A cells. In
addition, multiple metabolic pathways were also significantly
influenced by B. burgdorferi infection.

DISCUSSION

Our previous studies demonstrated that B. burgdorferi spi-
rochetes are capable of invading both triple-negative breast
cancer MDA-MB-231 and the normal mammary epithelial
MCF10A cells, increasing migration and invasion of the
cancer cells but not the normal mammary epithelial cells [8].
In this study, we found that infection of these cells with
B. burgdorferi resulted in the differential expression of 142
genes in MDA-MB-231 cells, out of which 12 genes were
overexpressed by over 3-fold. On the contrary, 95 genes were
found to be differentially expressed in B. burgdorferi-infec-
ted MCF10A cells, of which 11 genes were overexpressed by
over 2-fold. Based on the ontological analysis, B. burgdorferi
is not only capable of infecting these cells but can also elicit a
very significant physiological response from the infected
cells ranging from inflammation, infection-response, and
altered metabolic pathways.

In this study, a major trend observed in both MDA-MB-
231 and MCF10A cells upon B. burgdorferi infection was the

upregulation of C-X-C and C-C motif chemokine family
members (CXCLI, 2, 3, 8, and 10) and CCL20. Those che-
mokines have been widely demonstrated to be involved in
cancer development [28, 29]. For example, previous studies
have linked CXCL1, CXCL8, and CXCL10 to breast cancer
development and progression, and they have been associated
with tumor growth, metastasis, and angiogenesis [30-32].
In breast cancer cells, CXCL1 expression is lineage-depen-
dent, being highest in triple-negative MDA-MB-231 cells
[33]. CXCL1 induces cell proliferation, migration, and
epithelial-to-mesenchymal transition (EMT) [33]. It also
contributes to metastasis, particularly in bone, lungs, brain,
and lymph nodes [34]. CXCL1 is also said to be associated
with chemoresistance and radio-resistance, and its increased
expression is linked to a worse prognosis in breast cancer
patients [30]. In humans, Interleukin-8 (IL-8 or CXCLS)
is a granulocytic chemokine with multiple roles within
the tumor microenvironment (TME), such as recruiting
immunosuppressive cells to the tumor, increasing tumor
angiogenesis, and promoting EMT [35]. All these effects of
CXCL8 on individual cell types can result in cascading al-
terations to the TME [36]. It has been reported that CXCL10
also might be related to worse prognosis in TNBC, sug-
gesting that it might be an effective prognostic factor and a
potential therapeutic target for TNBC treatment [37].

The most significantly upregulated gene in MDA-MB-
231 cell was a C-C motif chemokine family member, CCL20.
Recent reports have shown that the CCL20 and its receptor
CCR6 are involved in several cancers, including breast
cancer, and function by enhancing the migration and
proliferation of cancer cells and remodeling the tumor
microenvironment [38]. CCL20 chemokine has also been
demonstrated to promote self-renewal and maintenance of
breast cancer stemness through protein kinase C or alter-
natively through p38 mitogen-activated protein kinase
(MAPK)-mediated activation of p65 nuclear factor kappa B
(NF-xB) pathway [38].

Several additional genes identified in this study have a
strong association with breast cancer. For example, upre-
gulated EBi3 (subunit of the composite cytokine IL27 and
IL35) was shown to correlate with poor outcomes and tumor
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progression in breast cancer through the increase of IL-
27p28 and IL-1235 [39]. Another upregulated gene, com-
plement protein 3 (C3) plays a role in triple-negative breast
cancer (TNBC) and infection by exerting diverse effects in
both contexts [38, 39]. In the context of infection, C3 is a key
component of the innate immune response. When patho-
gens invade the body, the complement system, including C3,
is activated to opsonize and eliminate the invaders [40]. In
TNBC, C3 has been implicated in promoting tumor growth,
invasion, and metastasis. Its expression is often elevated in
TNBC tissues, and studies have shown that C3 contributes
to tumor progression by interacting with complement re-
ceptors on cancer cells, leading to the activation of down-
stream signaling pathways that promote proliferation and
survival [41-43]. Moreover, C3 can interact with tumor-
associated macrophages and immune cells, fostering an
immunosuppressive microenvironment that hinders anti-
tumor immune responses [43].

Another significant DEG for the B. burgdorferi-infected
MDA-MB-231 was the Serum amyloid A (SAA) which is
known to be elevated in several malignancies with poor
prognosis [44]. Previous studies have reported that SAA is a
critical mediator of pro-inflammatory cytokine production
and recruitment of immune cells, and promotes tumor
development by facilitating angiogenesis, tumor invasion,
and immunosuppression [44, 45].

Triple-negative breast cancer (TNBC) cells have been
shown to exhibit dysregulation of various signaling path-
ways involved in immune responses and pathogen recog-
nition. One of the key pathways implicated in TNBC is the
toll-like receptor (TLR) pathway which was identified as an
important pathway in B. burgdorferi infection in MDA-MB-
231 cells. TLRs play a crucial role in recognizing pathogen-
associated molecular patterns (PAMPs) and initiating innate
immune responses against invading pathogens, including
bacteria like B. burgdorferi [46]. There is mounting evidence
associating the TLR pathway and development of breast
cancer suggesting that it can serve as a biomarker for breast
cancer pathogenesis and progression [47].

Additionally, the nuclear factor-kappa B (NF-kB)
pathway was also identified in B. burgdorferi-infected MDA -
MB-231 cells. NF-kB, a proinflammatory transcription fac-
tor plays a central role in regulating the expression of genes
involved in inflammation and cell survival [48]. The acti-
vation of (NFkB), is a commonly observed phenomenon in
breast cancer and it was suggested that it can serve as a
potential therapeutic target [49].

These pathways may collectively contribute to the host’s
response to B. burgdorferi infection in TNBC cells and
potentially affect the tumor microenvironment, influencing
cancer progression and immune evasion. Further pathway
analysis also identified several additional pathways involved
in inflammation and infection. The most common inflam-
matory pathways in TNBC cells identified by KEGG server
were the IL-17 signaling, TNF signaling, and chemokine
signaling pathways. The other signaling pathways high-
lighted by the REACTOME server include cytokine
signaling, IL-4, 10, and 13 signaling, G alpha, and GPCR

downstream signaling pathways. From the KEGG server, the
most common inflammatory pathways in MCF10A cells
included the IL-17 signaling, TNF signaling and chemokine
signaling pathways. The other signaling pathways depicted
by the REACTOME server include IL-10 signaling and
cytokine signaling pathways. Several common pathways
associated with inflaimmatory diseases are Rheumatoid
Arthritis and Alcoholic Liver disease. From the KEGG
server, the most common infectious disease-associated
pathways in TNBC cells included COVID-19, Legionellosis,
Prion disease, Influenza-A, Pertussis, Measles, Kaposi-sar-
coma-associated herpesvirus, and Chagas disease, among
others. Additionally, pathways involved in pathogenic E. coli
infection and epithelial cell signaling in H. Pylori infection
were also observed, showing a potential connection to other
infection-related pathways in TNBC cells- MDA-MB-231.
The other infection-associated pathways also common to
MCF10A include Hepatitis-C and Amoebiasis.

Ontological analysis also revealed the involvement of the
DEGs in metabolic pathways in both cell lines. PTGS2 or
COX2 which was significantly upregulated in MDA-MB-231
mediates the conversion of arachidonic acid to prostaglan-
dins and has been linked to mutagenesis, angiogenesis, and
enhanced cell migration when upregulated [50-52]. Equally
important, in MCF10A, several of the DEGs were found to
be involved in pathways related to steroid and fatty acid
biosynthesis and metabolism including RSAD2, MSMOI,
PNPLA3, FADS2, and HMGCS1. Alteration of metabolic
pathways is a hallmark of cancer and an early event in
tumorigenesis [53], which demands attention as MCF10A
cells are non-tumorigenic. The fact that B. burgdorferi can
alter these pathways, particularly the ones pertaining to
steroid metabolism, can have severe implications, especially
in the context of breast cancer as it can be a steroid hor-
mone-driven malignancy in many cases (ER-and PR-posi-
tive breast cancer). Alteration of metabolic pathways
including de novo synthesis of steroids, HDL remodeling,
cholesterol biosynthesis, and metabolism are critical mech-
anisms in breast cancer development vital for cell growth,
migration, and epithelial to mesenchymal transition (EMT),
a process vital for cell migration and metastasis [53]. While
previous research has yet to demonstrate any phenotypic
effects pertaining to MCF10A assuming a cancerous
phenotype upon infection with B. burgdorferi, the dysregu-
lation of genes associated with metabolic pathways could
serve as an important early diagnostic marker.

Our study relates to a similar transcriptomic analysis of
B. bavariensis infected human brain microvascular endo-
thelial cells (hBMECs). This study also revealed several of
the genes related to cytokines, chemokines, interferon, and
TNF signaling that may cause alteration in the blood-brain
barrier (BBB) integrity [24]. While our study focused on
investigating the gene expression changes in triple-negative
breast cancer (TNBC) cells upon B. burgdorferi infection, the
infected endothelial cells of the brain microvasculature
represent very similar findings. Some of the most common
upregulated genes between hBMECs and MDA-MB-231
include the abovementioned CXCL family genes - CXCL1,
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CXCL2, CXCL3, CXCLS8, and CXCLI10, playing significant
roles in signal transduction, innate immune response and in
the induction of the pattern recognition receptors and
downstream signaling cascades. CCL20 was also identified as
a common DEG as well as the interleukin family - IL1B and
IL6 which were discussed to be responsible for the remod-
eling of cell cytoskeleton and recruiting leukocytes during
the B. burgdorferi invasion. Interestingly C3 and SAA1 were
also common markers from the infected endothelial cells
and the breast cancer cells in our study suggesting that
common pathways are triggered by infection by Borrelia spp
in both cell types.

In summary, our whole genome transcriptomic analysis on
B. burgdorferi-infected breast cancer and normal mammary
epithelial cells revealed that several pathways associated with
infection, inflammation, cancer, and metabolism are altered by
B. burgdorferi infection of normal and neoplastic cancer cells.

CONCLUSION

Triple-negative breast cancer is one of the most aggressive
types of breast cancer, which has an extremely high treat-
ment burden with no definitive cause, and potentially a wide
array of dysregulated cellular and molecular mechanisms.
The high prevalence of Lyme disease combined with the
ability of B. burgdorferi to infect breast cancer cells prompts
the exploration of a potential cause-effect relationship.
High-throughput transcriptomic analysis tools such as those
used in our study can prove to be extremely effective for
preliminary screening to identify molecular markers that the
bacteria may be implementing to orchestrate more severe
breast cancer phenotypes, particularly in TNBC.
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