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Abstract 37 

The study investigates a mechanistic link if bacterial biofilm mediated host-pathogen interaction 38 

leads to immunological complications associated with breast implant illness (BII).   Over 10 39 

million women worldwide have breast implants. In recent years, women have described a 40 

constellation of immunological symptoms believed to be related to their breast implants. The 41 

study included 178 subjects divided in three cohorts. Eighty-six patients reported symptoms 42 

consistent with BII. Control group I (non-BII, N=55) included patients with breast implants 43 

without BII symptoms but went through explantation of the breast implant. Control group II 44 

(normal tissue, N=37) was comprised of women without an implant, whose breast tissue was 45 

removed as an unrelated clinically indicated surgical procedures. We report that periprosthetic 46 

breast tissue of BII had increased abundance of biofilm and biofilm-derived oxylipin, 10-HOME.  47 

S. epidermidis biofilm was observed to be higher in the BII group (73.33%) compared to non-BII 48 

group (16.67%, p=0.018) and the normal group (10%, p=0.036). The oxylipin was found to be 49 

immunogenic capable of polarizing naïve CD4+ T cells with a resulting Th1 subtype in vitro and 50 

in vivo. Consistently, an abundance of CD4+Th1 subtype was observed in the periprosthetic 51 

breast tissue and blood of BII subjects. Mice injected with 10-HOME also had increased Th1 52 

subtype in blood akin to BII patients and demonstrated fatigue-like symptoms. The identification 53 

of an oxylipin-mediated mechanism of immune activation induced by local bacterial biofilm 54 

associated with BII provides insight into the possible pathogenesis of implant-associated 55 

immune symptoms of BII. 56 

Keywords 57 
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Introduction 60 

Breast implants were first introduced in 1962. Nearly 60 years later, their safety has continued 61 

to be controversial in the medical field, including a period of FDA-mandated restrictions on the 62 

use of silicone gel breast implants in the U.S. in the 1990s(1, 2). There are 3.3 million breast 63 

cancer survivors in the US(3) , many of whom have had breast reconstruction. Nearly 300,000 64 

women have breast implant surgeries every year in the US(4). A subset of women with breast 65 

implants have reported a myriad of nonspecific systemic symptoms(5, 6). The symptoms 66 

described include fever, myalgias, chronic fatigue, arthralgias and other manifestations often 67 

associated with autoimmune illnesses(7-15). This constellation of symptoms related to implants 68 

has been named Breast Implant Illness (BII) or systemic symptoms associated with breast 69 

implants (SSBI).  70 

The number of patients who opt for breast implant explantation due to complications including 71 

breast implant illness is over 30,000 annually(4). Thus, BII is a growing concern to both patients 72 

and surgeons alike with more than 10 million women worldwide currently having breast 73 

implants(7). Despite the increased concern regarding BII, existing scientific literature does not  74 

show a definite link between breast implants and autoimmune or connective tissue diseases. 75 

Several studies have reported an association of autoimmune symptoms with breast implants(8, 76 

10-14). Symptoms have been documented to begin after placement of the implant and are often 77 

relieved by explantation (14, 16, 17). This has led patients and physicians to suspect that  78 

breast implants are the likely cause of the observed symptoms (14, 16, 17). However, studies 79 

have found silicone gel breast implants to be safe(18). Relevant to this apparent contradiction is 80 

the fact that these symptoms have been reported in subjects with other types of implants as in 81 

orthopedic arthroplasty which is typically comprised of titanium(14, 19-23). This suggests that 82 

the underlying cause of these conditions may be associated with factors other than the implant 83 



       
   

material. Due to the rising concerns with breast implants for breast implant associated- 84 

anaplastic large cell lymphoma (BIA-ALCL) and BII, the US Food and Drug Administration 85 

(FDA) placed a black box warning on breast implants(24). Therefore, it is important to decipher 86 

the underlying molecular mechanism(s) associated with BII for a better understanding of all 87 

implant-related illnesses with systemic immunological manifestations.  88 

Immune cells have been studied to evaluate the biocompatibility of breast implant surfaces(25-89 

27). Earlier studies showed the presence of activated CD4+ T-cells in the periprosthetic tissue of 90 

capsule/silicone implant from the biopsies recovered(28-30). T lymphocytes that were found at 91 

the implant site, had been suggested to be due to the prolonged action of Staphylococcus 92 

antigens which resulted in stimulation of lymphocytes leading to clonal expansion of activated T-93 

cell(31-33). Most reports on infection and T-cell axis focused on antigen-specific T-cell 94 

responses (34, 35). Bystander activation of CD4+ T cells, and the role of antigen unrelated CD4+ 95 

T cells in various infections might lead to the development of autoimmune diseases  but the 96 

mechanisms involved have not been identified (36, 37).  Bacterial products, such as oxidized 97 

lipids or lipopolysaccharide (LPS), bind to the surface of naïve T cells and resulted in IFN-α/β 98 

secretion, which further contributed to the proliferation and expansion of heterologous polyclonal 99 

T cells(38-40).    100 

This is the first study to investigate in depth the possible role of bacterial biofilm as one of the 101 

factors in the pathogenesis of BII through a patient-based study with a mechanistic pathway. 102 

The biofilm-derived molecule 10-HOME could be a potential therapeutic target to intervene in 103 

implant-association immunological complications. 104 

Results 105 

Bacterial Biofilm in Implant-Associated with BII  106 



       
   

The study included 178 subjects divided in three cohorts. Eighty-six patients with BII 107 

manifestations were analyzed. Subjects were diagnosed with BII using clinical parameters 108 

outlined in previous studies (7-13) (Fig. 1A). As a part of the diagnosis, the patients were 109 

required to complete a questionnaire (Supplementary Table 1). The questionnaire screened for 110 

the commonly reported symptoms associated with BII (7-13). Implants, associated capsules, 111 

periprosthetic breast tissue and peripheral blood were collected from these subjects (Fig. 1B-C) 112 

as described in the Methods section. The mean age of BII patients was 48.2 years with mean 113 

duration of implant insertion of 12.89 years.  Two groups were considered as controls. Control 114 

group I (non-BII, N=55) included patients with breast implants without BII symptoms but who 115 

underwent explantation of the breast implant. The mean age of non-BII patients was 53.3 years, 116 

with mean duration of implant insertion of 13.2 years.  Control group II (normal tissue, N=37) 117 

was comprised of women without an implant, whose breast tissue was removed as a clinically 118 

indicated surgical procedures such as mastopexy or breast reduction. The mean age of control 119 

group II subjects was 42.17 years. The demographics of the subjects have been provided in 120 

Supplementary Table 2.   121 

Bacterial biofilm was detected in implant-associated capsules through scanning electron 122 

microscopy (Fig. 1D, Supplementary Fig. S1A). Though biofilm was detected in the capsules 123 

of implants from both BII and non-BII subjects, the abundance of biofilm was significantly more 124 

in the capsules of BII subjects as observed through wheat germ agglutin (WGA) 125 

assay(p=0.0036) (Fig 1E-F). The microbiological culture analyses resulted in limited or no 126 

growth of bacterial colonies (Supplementary Table 3). It has been reported that bacterial 127 

biofilms are difficult to detect through colony-forming assays due to their subdued metabolism 128 

(41, 42). Hence, in cases of bacterial biofilm, next generation sequencing (NGS) using the 129 

variable region of bacterial 16S rRNA gene is employed to type bacteria and determine their 130 

abundance(43).  Diverse types of biofilm-forming bacteria were observed associated with 131 



       
   

normal tissues, non-BII and BII tissues (Fig. 1G-I) through NGS of the 16S rRNA variable 132 

region. Most of the species identified were opportunistic bacteria associated with normal skin 133 

flora capable of forming biofilms (Fig. 1G-I). Comparative ranked analyses with the normal, non-134 

BII and BII groups revealed an increased abundance of Staphylococcus epidermidis in BII (Fig. 135 

1J, K). The other bacteria found in increased abundance in breast tissues of three cohorts was 136 

Cutibacterium acnes (previously known as Propionibacterium acnes). Bivariate analysis using 137 

cross-tabulation was performed between presence of biofilm and the study groups. Using the 138 

two-sample test of proportions with z-tests, S. epidermidis colonization was observed to be 139 

higher in the BII group (73.33%) compared to non-BII group (16.67%, p=0.018) and the normal 140 

group (10%, p=0.036). The BII group was 2.4 times more likely to have S. epidermidis 141 

colonization compared to the non-BII group (Odds Ratio=2.4). Similarly, when comparing with 142 

normal group, the BII group was 3.4 times more likely to have S. epidermidis. Both the spider 143 

and the bubble plot indicate that S. epidermidis was found in increased abundance in the BII 144 

group compared to normal or non-BII groups (Fig. 1J, K).  Within the BII group, we ranked the 145 

bacterial types using its proportion and obtained the top 5 colonizations (C. acnes, S. 146 

epidermidis, Corynebacterium tuberculostearicum, Pseudomonas fluorescens, and 147 

Acinetobacter sp.) (Fig. 1I). We used these bacteria to examine their ranking across the groups 148 

(Supplementary Fig. S1B). Compared to BII, the proportion of each of these 5 bacteria 149 

colonizations were about 46% to 86% lower in the other two groups. It is to be noted that C. 150 

acnes was consistently the highest ranked bacterial type across groups, though the same was 151 

not true for S. epidermidis which was more predominant in the BII cohort (Fig. 1J).  Increased 152 

abundance of C. tuberculostearicum was also found in peri-prosthetic tissue of BII samples 153 

compared to normal tissue (Supplementary Fig. S1B). However, the study did not observe a 154 

significant difference in abundance of C. tuberculostearicum between BII and non-BII cohort.  155 

Increased Abundance of Biofilm Derived 10-HOME in BII Subjects 156 



       
   

Previous reports identified oxylipins as molecules mediating the interaction between host and 157 

bacteria(44-46). The oxylipin (E)-10-hydroxy-8-octadecenoic acid (10-HOME) is formed by the 158 

bacterial oxidation of oleic acid (47)(Fig. 2A). Oxylipin 10-HOME has been reported to inhibit 159 

flagellum-driven swimming and swarming motilities and stimulate the formation of bacterial 160 

biofilms in vitro(48). The oxylipin 10-HOME was synthesized in the laboratory in natural isotopic 161 

abundance (light) isotope and deuterated (heavy) isotope forms. The synthesized 10-HOME 162 

was validated through high-resolution mass spectrometry, thin-layer chromatography, LCMS 163 

and NMR spectroscopy (Supplementary Fig. S2-9). We explored the role of 10-HOME in the 164 

association between BII-related symptoms and bacterial biofilm. 165 

By liquid chromatography-mass spectrometry (LC-MS/MS), we observed elevated levels of 10-166 

HOME in implant-associated periprosthetic tissue of BII compared to non-BII samples, 167 

p<0.0001  (Fig. 2B-D, Supplementary Fig. S10-11). In the age-adjusted bootstrapped analysis, 168 

BII periprosthetic tissue had 28.13 units higher levels of 10-HOME relative to non-BII subjects. A 169 

positive correlation was observed between bacterial abundance and 10-HOME concentration in 170 

periprosthetic tissue of BII subjects (Fig. 2E). For every unit increase in 10-HOME levels, the 171 

percent bacterial abundance increased by 0.34 units (p=0.022). Similar correlation was 172 

observed in BII subjects with Staphylococcus epidermidis (Fig. 2F). To determine if S. 173 

epidermidis was capable of synthesizing 10-HOME, it was cultured in vitro in basic M9 salt 174 

media with oleic acid as a source of carbon.  Formation of 10-HOME was detected using gas 175 

chromatography-mass spectrometry and LC-MS/MS (Fig. 2G, Supplementary Fig. S1C-E). In 176 

addition to S. epidermidis, we tested 7 bacterial species (from three cohorts, Fig 1G-I), 4 didn’t 177 

produce 10-HOME (at very low or undetectable levels) through LC-MS/MS. Three (including S. 178 

epidermidis) produced 10-HOME (Supplementary Fig. S1F). The other two Pseudomonas 179 

fluorescens and Acinetobacter sp. were also present in non BII and normal breast microflora 180 

and had a lower abundance (Fig. 1G-I). Oxylipins have been reported to cause immune 181 



       
   

activation via alteration in expression of transcripts in immunological pathways(49). We 182 

subsequently explored the global transcriptome in the BII cohort.  183 

Comparative Transcriptomic and Molecular Pathway Analyses of BII Subjects 184 

To explore the mechanisms underlying BII, we performed bulk RNA-Seq with a depth of 30 185 

million reads on periprosthetic tissue from BII and non-BII subjects (GSE178425) and compared 186 

it to the RNA-Seq database (GSE164641) of normal breast tissue (anatomical similar location to 187 

periprosthetic breast tissues). Findings from normal breast tissue (N=34), non-BII (N=16) and 188 

BII (N=24) revealed differential expression of 16428 transcripts between normal breast tissue vs 189 

periprosthetic tissue (non-BII and BII) (Fig. 3A). This implied that placement of the implant had 190 

a profound effect on the alteration of the local (periprosthetic breast tissue) transcriptome (Fig. 191 

3A). Upon comparison between BII vs non-BII cohorts, 2878 genes were differentially 192 

expressed (Fig 3A, Supplementary Fig. S12). We observed altered gene expression related to 193 

adaptive T cell response in BII subjects compared to non-BII and normal subjects (Fig. 3B-E, 194 

Supplementary Fig. S12). Molecular network analysis also suggested the involvement of T cell 195 

pathway (Fig. 3B). Canonical pathways identified through Ingenuity Pathway Analysis (IPA)™ 196 

revealed that the majority of the differentially expressed genes associated with transcripts 197 

belong to Th1 pathway (Supplementary Fig. S12). Increased CD36 (fatty acyl translocase) 198 

(Fig. 3C) and Th1 responsive genes including the Th1 specific transcription factor, TBET 199 

(TBX21) were observed in the BII cohort (Fig. 3D-E). Th1 cells are associated with an auto-200 

immune response in multiple illnesses including rheumatoid arthritis. CD36 is a fatty acyl 201 

translocase; its level is upregulated when uptake of fatty acids (normal or oxidized) is required.  202 

Abundance of CD4+ Th1 Cells in Implant-Associated Tissue of BII Subjects 203 

In agreement with the RNA-Seq data, periprosthetic breast tissue associated with the implant of 204 

BII subjects showed an increase of CD4+CD36+ cells (Fig. 4A). The CD4+ T cells associated 205 



       
   

with BII subjects were T-BET+ compared to that of non-BII and normal breast tissues as 206 

observed through immunohistochemistry (Fig. 4B). The T-BET transcription factor is critical in 207 

Th1 subtype determination.  Because BII is reported as a systemic immune manifestation, 208 

peripheral blood of BII and non-BII subjects was analyzed for CD4+ T cells (Th1, Th2, Th9 and 209 

Th22) using flow cytometry and (Th1, Th2, Th9, Th17, Th22, and Treg) using mass cytometry 210 

time of flight (CyTOF). An increase of Th1 cells was observed in BII subjects as measured 211 

through flow cytometry using T-BET (Fig. 4C, Supplementary Figure S13) and CD183/CXCR3 212 

(Th1 cell markers) (Fig. 4D, Supplementary Figure S13), compared to non BII and normal 213 

subjects. No significant difference was observed in other Th subtypes including Th2 (CD194, 214 

GATA3), Th9 or Th22 (CD196) between BII subjects and non-BII subjects (Supplementary 215 

Figure S13, Supplementary Fig. S15A-C). The following human cell lines were used as 216 

positive control for validation of surface antigens: Mac2A for CD183 (50), Mac2B for CD194(50) 217 

and TLBR1 for CD196(51) (Supplementary Fig. S14A-C). The increase of the Th1 cytokine 218 

IFN-γ (Supplementary Fig. S13D, F) in breast tissue and serum of BII subjects and relatively 219 

unchanged levels of Th2 cytokine IL-10 (Supplementary Fig. S13E, G) further supports 220 

specific Th1 activation.  221 

Assessment through mass cytometry (CyToF) showed that the T cells isolated from the 222 

peripheral blood of BII subjects exhibited an increase of Th1 phenotype (Fig. 4E-F, 223 

Supplementary Fig. S15A-C, Supplementary Figure S16). Mass cytometry by time of flight 224 

(CyTOF) analyses did not reveal any significant difference in Th2, Th9, Th22, Th17 and Treg 225 

populations between the three cohorts (Supplementary Figure S16). 226 

However, these results do not definitively establish that 10-HOME led to CD4+Th1 cell induction 227 

or that 10-HOME can lead to CD36 upregulation. Thus, we studied the effect of 10-HOME on 228 

human primary naïve CD4+ T cells.  229 



       
   

 230 

Oxylipin 10-HOME Polarizes Naïve CD4+ T Cells to Th1 Subtype in vitro 231 

In order to study the effect of 10-HOME on T cells, naïve CD4+ T cells (isolated from healthy 232 

human peripheral blood mononuclear cells) were treated with 100 µM 10-HOME for 48h. Naïve 233 

CD4+ T cells are not antigen challenged and thus are not committed to any specific subtype. 234 

Increased CD36 expression was observed in the 10-HOME-treated CD4+ T cells through 235 

immunocytochemistry (Fig. 5A), flow cytometry (Fig. 5B) and quantitative real time PCR (Fig. 236 

5H) indicative of the 10-HOME-mediated induction of CD36. Polarization to Th1 subtype 237 

occurred in the presence of 10-HOME as observed through immunocytochemistry (Fig. 5C), 238 

flow cytometry (Fig. 5D), and quantitative real time PCR (Fig. 5I). The CD4+ cells exhibited 239 

increased expression of T-BET (a transcription factor activated during the polarization of naïve T 240 

cells to Th1 subtype) (Fig. 5C, 5I, Supplementary Fig. S17A), CD183/ CXCR3 (CD4+ Th1 cell 241 

marker) (Fig. 5D), and Th1 secreted pro-inflammatory cytokine IFN-γ through ELISA (Fig. 5E). 242 

The CD183+ Th1 cells exhibited increased abundance of CD36 marker (Supplementary Fig. 243 

S17B). The other subtypes of CD4+ T cells (Th2, Th9 and Th22) assayed did not exhibit any 244 

statistically significant increase in post 10-HOME treatment on naïve CD4+ T cells.  Th2 cells 245 

were assayed using surface marker CD194/CCR4 (Supplementary Fig. S17C), transcription 246 

factor GATA3 (Supplementary Fig. S17D) and anti-inflammatory cytokines IL 4 and IL10 (Fig. 247 

5F-G). Th9 and Th22 cells were assayed using surface marker CD196/CCR6 (Supplementary 248 

Fig. S17E). CD4 T cells were exposed to the media obtained from S. epidermidis treated cells. 249 

Upon analyzing the supernatant collected from the co-culture, we observed polarization to the 250 

Th1 subset (increased abundance of CD183+ cells). However, using the bacterial supernatant 251 

increased CD194+ cells, corresponding to Th2 subtype was also observed. No change in 252 

CD196 (Th9, Th22 marker) was observed. Bacterial supernatant is heterogenous (unlike 10-253 



       
   

HOME only). The other factors present in the supernatant may be triggering the polarization of 254 

CD194 expressing along with CD183 expressing T cells (Supplementary Fig. S18). 255 

Elevated CD4+ Th1 and Fatigue-like Symptoms in Mice Administered with 10-HOME  256 

To evaluate if 10-HOME can induce Th1 cells in vivo, we administered 10-HOME into the 257 

abdominal mammary fat pad of C57BL/6 mice (Fig. 6A). The timeline of in vivo murine model 258 

has been provided (Fig. 6B). Two concentrations, a higher (6.5 mg/kg body weight for 10 days, 259 

based on existing oxylipin reports (52) and a lower concentration (0.5 mg/kg for 30 days) of 10-260 

HOME was administered at times specified into the abdominal mammary fat pad of C57BL/6 261 

mice. An increased abundance of CD4+ Th1 (CD183+) cells was found in the murine blood in 262 

both protocols following administration of 10-HOME (Fig. 6C, Supplementary Figure S19-20). 263 

In line with the observation, an increase of Tbet+ CD4+ cells were observed in the murine cohort 264 

administered with 10-HOME (Fig. 6D, Supplementary Figure S19-20). Other subtypes of CD4+ 265 

T cells (Th2) (Fig. 6E, Supplementary Fig. S19A, Supplementary Figure S20) and Th9 and 266 

Th22 (Supplementary Fig. S19B, Supplementary Figure S20) were not statistically different. 267 

Similar administration of 10-HOME in ZsGreen mice with Tbet/Tbx21 promoter (Tbet-ZsGreen 268 

reporter) led to increase of ZsGreen+ cells (Supplementary Fig. S19C-D). This implied 269 

activation of Th1 responsive Tbet/Tbx21 promoter in presence of 10-HOME.   To simulate the 270 

fatigue-like symptoms of women with BII, we assessed exercise tolerance of mice through 271 

endurance test using murine treadmill. Fatigue was quantified by two parameters (a) the 272 

number of times stopped and (b) the number of instances that aversive stimulation (contact with 273 

shock grid) was required. Animals with 10-HOME exhibited increased stops (Fig. 6F-G, 274 

Supplementary video SV1) and contact with shock grid (Fig. 6H).  275 

 276 

CD4+ T Cells in Reaction with 10-HOME Polarizes Macrophages to M1 Phenotype 277 



       
   

There is a dynamic interaction of macrophages and T cells during antigen presentation(53, 54). 278 

Through an assessment of peri-prosthetic tissue by bulk RNA-Seq analyses, there was an 279 

increase of genes associated with M1 macrophage phenotype in the BII cohort compared to 280 

non-BII and normal tissues (Fig. 7A, Supplementary Fig. S21A). Assessment of the abdominal 281 

mammary fat pad from mice administered with 10-HOME showed an increased abundance of 282 

resident macrophages of M1 phenotype (Fig. 7B-D, Supplementary Fig. S22, Supplementary 283 

Fig. S23). In adipose tissue, adipose cells filled with lipid occupy most of the tissue. Other cells 284 

are present in borders of adipose cells. Cells co-stained with DAB (antibody) and hematoxylin 285 

(nucleus) were used for analyses of macrophage phenotype (Supplementary Methods).  Other 286 

than macrophages, the 10-HOME treated animal’s adipose tissue exhibited increased infiltration 287 

of cells as observed through presence of more hematoxylin positive nuclei those that were not 288 

antibody stained. This was expected and in line with data presented for infiltration of T cells in 289 

the adipose tissue. To determine if the observation of M1 macrophage polarization is epi-290 

phenomenon or influenced by T cells in reaction to 10-HOME, we performed trans-well assay. 291 

T-cells pre-treated with 10-HOME polarized PBMC derived M0 macrophages to the M1 292 

phenotype suggested a direct effect of T-cells (Fig. 7E-G, Supplementary Fig. S21B).  293 

 294 

Discussion 295 

Bacterial biofilms have been implicated to cause gastric cancer by Helicobacter pylori(55), colon 296 

cancer(56), breast implant-associated anaplastic large cell lymphoma (BIA-ALCL) and chronic 297 

inflammation(57, 58). The factors that involve interplay between host and pathogen are 298 

influenced by the micro-environmental niche where the bacteria reside(42, 59-61). Breast 299 

implants provided a conducive surface for the adherence and growth of bacterial biofilms(62).  300 

Many bacteria belonging to the normal microflora of the body have been reported to form 301 



       
   

bacterial biofilms(63). The observation in this study of increased abundance of bacterial biofilm 302 

comprised of Staphylococcus epidermidis through NGS, in implant-associated tissue of BII 303 

patients relative to controls was thus critical in understanding of a potential etiology of BII. It is to 304 

be noted that while this study was being performed, anecdotal evidence of S. epidermidis with 305 

BII was reported by Lee et al (64). S. epidermidis has been reported to be one of the main 306 

reasons for post-surgical implant failure and infection(31).  307 

Implant material bioengineering including that of breast implants have substantially improved 308 

over time(65). There is a general perception of breast implant-associated complications like 309 

BIA-ALCL to be linked with textured implants(66). However, this study and others have 310 

recognized that BII related immunological complications manifest irrespective of implant 311 

type(11, 64). This may be linked to the collagen capsule around the implant, which serves as 312 

the substratum for biofilm adherence and growth. Both smooth and textured implants form this 313 

capsule. The current study was not able to conclude any bias towards a specific type of implant. 314 

The practice of capsulectomy for subjects diagnosed with BII in addition to implant removal 315 

further lends credence to the biofilm hypothesis(67).  A recent report of 248 subjects described 316 

better outcomes post-capsulectomy in BII patients and reported an abundance of 317 

Staphylococcus sp. in their breast tissue(68).   318 

Studies by us and others have reported the ability of bacteria to co-opt host lipids to form 319 

pathogenic biofilm(61, 69).  The oxidation of fatty acids is one of the main biochemical reactions 320 

in the synthesis of lipid mediators. The oxygenation of unsaturated fatty acids leads to the 321 

formation of oxylipins. Although fatty acids are mostly found as triglycerides, the action of 322 

bacterial lipases result in the availability of free fatty acids.  These fatty acids can then be 323 

oxidized by bacterial dioxygenases (DOX) and lipoxygenases (LOX) to form oxylipins. When 324 

oleic acid is used as a bacterial substrate, it is oxidized to (E)-10-hydroxyoctadecenoic acid (10-325 



       
   

HOME). Notably, the adipose tissue found in breast is rich in oleic acid containing lipids(70). 326 

The oxylipin 10-HOME has been reported to promote establishment of bacterial biofilms in 327 

vitro(48). The increased abundance of 10-HOME detected in our study associated with breast 328 

tissues of BII subjects thus suggests that breast microflora may interact with breast lipids 329 

promoting the formation of bacterial biofilms. Oxylipins are also known to be immuno-330 

modulatory. It has been reported that 12,13-DiHOME derived from oxidation of linoleic acid led 331 

to the reduction of regulatory T cells (Tregs), impeded immune tolerance and promoted 332 

childhood atopy and asthma(49). This study reports that elevated levels of 10-HOME produced 333 

by bacterial biofilms led to immune cell activation as observed through in vitro and in vivo 334 

murine studies.  335 

Immunological manifestations of BII are systemic. Implant-associated periprosthetic breast 336 

tissue from BII subjects revealed an increase of Th1 pathway activation-related transcripts via 337 

RNA-Seq. In support of our findings, a similar pathological activation of CD4+ Th 1 cells by 338 

microbial biofilm has been previously reported(71). CD4+ T cells play an important role in the 339 

pathogenesis of chronic systemic inflammatory autoimmune diseases such as multiple 340 

sclerosis, diabetes and rheumatoid arthritis(72). Previous studies have shown S. epidermidis 341 

skewed T-cell response toward a balance that allowed a stalemate between the host and the 342 

pathogen, in which the infection can become chronic (73-75). Oxylipins, such as prostaglandins 343 

and leukotrienes, had been extensively studied for their immunomodulatory effects (76). 344 

Prostaglandin E2 (PGE2) had been shown to promote the differentiation of naive CD4 T cells 345 

into regulatory T cells (Tregs) and skew the immune response towards immunosuppression 346 

(77). On the other hand, leukotrienes have been associated with promoting inflammation and 347 

Th2-type responses (78, 79). Other oxylipins, such as lipoxins and resolvins, have been found 348 

to exert anti-inflammatory and pro-resolving effects (80, 81). The effects of oxylipins on T cell 349 



       
   

skewing can be complex and context dependent. The presence of other cytokines, cell types, 350 

and the specific microenvironment could influence the outcome of T cell responses to oxylipin. 351 

Oxidized lipids have been associated with pain and inflammatory conditions(82). Pain reported 352 

as arthralgia and myalgia is common in BII.  We identified an increased presence of CD4+ Th1 353 

cells in the breast tissue and peripheral blood of BII subjects. Findings of this study demonstrate 354 

that 10-HOME could polarize naïve CD4+ T cells towards Th1 subtype in vitro and in vivo. An 355 

increased abundance of the transcription factor Tbet, which is required for Th1 polarization, was 356 

identified post 10-HOME treatment. The polarization to Th1 subtype was also supported by the 357 

observation of increased expression of pro-inflammatory cytokine IFN-γ, secreted by Th1 cells. 358 

Systematic analyses using mass cytometry revealed an increased abundance of Th1 subtype. 359 

The study did not show significant polarization towards Th2, Th9, Th17, Th22, and T-reg cell 360 

subtypes.  361 

To correlate the association of 10-HOME with activation of CD4+ T cells in vivo, mice were 362 

administered with two different concentrations of 10-HOME in their mammary fat pad. An 363 

increase of CD4+ Th1 cells in peripheral circulation in 10-HOME administered mice was 364 

observed in both cases.  These observations help to explain the increased abundance of CD4+ 365 

Th1 cells in the BII subjects.  Animals administered with 10-HOME exhibited fatigue-like 366 

symptoms as assessed using endurance test. 367 

Taken together, we investigated the biofilm hypothesis of breast implant illness through a host-368 

pathogen interaction. Implant-associated complications are poorly understood. These may be 369 

multifactorial. This work may be viewed as a first step in laying fundamental molecular 370 

mechanistic groundwork, towards an understanding of a possible etiology for BII mediated via 371 

host-biofilm interaction. The breast microenvironment led to formation of the biofilm-derived lipid 372 

metabolite 10-HOME from host oleic acid. The 10-HOME thus formed led to preferential 373 



       
   

activation of CD4+ Th1 cells in vitro and in vivo.  The study provides the first evidence of a 374 

possible role of biofilm-derived 10-HOME inducing an immunological response in patients with 375 

BII. Intervention to formation of biofilm-induced 10-HOME molecule could serve as possible 376 

therapeutic strategy  to relieve patient symptoms in BII. Additionally, in light of the reports of 377 

biofilm association with metal implants such as orthopedic arthroplasty, this study provides a 378 

possible explanation of similar immunological  responses reported in subjects with those 379 

implants(19-23). The findings of this study suggest that management of biofilm can help to 380 

increase the safety and long-term use of surgical implants. Further research needs to be 381 

conducted to elucidate if other biofilm-forming bacterial species are involved in the pathogenesis 382 

of BII. Also, the role of oxidized lipid products needs to be researched in a similar context.  This 383 

study is an important step towards a mechanistic explanation of a multifactorial problem of BII 384 

which is at present limited primarily to epidemiological studies with little research on molecular 385 

mechanism which could open paths to therapeutic interventions.   386 

Materials and Methods 387 

(Methods and Statistical analyses are detailed in Supplementary Information) 388 

ELISA. Cell-free supernatants were collected and stored at −80°C. ELISAs for IFN-γ, IL4 and 389 

IL10 were performed using DuoSet kits (R&D Systems) as per manufacturer’s protocol.  390 

Bacterial strains. Staphylococcus epidermidis (Winslow and Winslow) Evans (ATCC® 35984) 391 

Pseudomonas fluorescens (ATCC® 135925), Acinetobacter sp (ATCC® 49139), Sphingomonas 392 

sp (ATCC® 31461), Enterobacter cloacae (ATCC® 13047), Cutibacterium acnes 393 

(ATCC® 6919), Cornyebacterium tuberculostearicum (ATCC® 35692), were grown on tryptic 394 

soy agar plate at 37°C and thereafter were sub-cultured in M9 media supplemented with oleic 395 

acid 1% v/v for LC-MS/MS analyses. 396 



       
   

10-HOME administration in mice.  At 9 to 10 weeks of age, female mice were anesthetized 397 

with isoflurane. Two protocols (high and low dose) were followed. In high dose, five injections of 398 

10-HOME (6.5 mg/kg body weight) were performed with a 27 G needle for 5 days to the 399 

abdominal mammary fat pad of mice. In low dose, 0.5 mg of 10-HOME/kg body weight was 400 

injected for 30 days to the abdominal mammary fat pad of mice.  Blood was harvested for 401 

subsequent analyses. 402 

RNA-Seq: The RNA-Seq data have been deposited in the NCBI Gene Expression Omnibus 403 

(accession# GSE178425 for periprosthetic breast tissue BII and non-BII subjects and 404 

GSE164641 for normal breast tissue). 405 

 406 

Quantification and statistical analysis. The distribution of the increased abundance of Th 407 

subtypes were evaluated for normality using Shapiro-Wilk test and Q-Q plot. Descriptive 408 

statistics by groups (BII, non-BII, and normal) were calculated using mean (standard deviation) 409 

for normally distributed data and median (inter-quartile range) for those deviating from normality. 410 

Two-sample test of proportions with two-tailed z-tests were used to analyze the hypothesis that 411 

the proportion of different type of bacteria in the BII group was significantly different than the 412 

proportion of the biofilm infection in the non-BII and normal group.  Non-parametric bivariate 413 

analyses were performed using the Kruskal-Wallis test followed by Dunn’s test for pairwise 414 

comparisons with Benjamini-Hochberg multiple testing adjusted p-values to minimize the false 415 

discovery rate. A p-value less than 0.05 was considered statistically significant. 416 

 417 

Human subjects. Subjects participating in the study included three cohorts. The first group 418 

consisted of patients diagnosed with symptoms of BII. Two additional groups of subjects were 419 

evaluated as controls, implanted patients without symptoms of BII (non-BII) and non-implanted 420 

breast tissue (normal). Subjects were diagnosed for BII using a clinical evaluation process that 421 



       
   

included a detailed medical history interview, a review of a comprehensive symptom inventory 422 

(Supplementary Table 1) and a physical examination as outlined in previous BII studies (7-13). 423 

Demographic characteristics of the patients are presented in Supplementary Table 2. All 424 

human studies and subject questionnaire were approved by the Indiana University School of 425 

Medicine Institutional Review Board IRB# 2003674175. Declaration of Helsinki protocols was 426 

followed, and patients gave their written informed consent.  427 

Animals. All animal (mice) experiments were approved by the Indiana University School of 428 

Medicine Institutional Animal Care and Use Committee (SoM-IACUC) under protocol 19102 and 429 

22029 - Murine model of breast implant diseases. Animals were housed under a 12 h light–dark 430 

cycle with food and water ad libitum. 431 

 432 

Data availability 433 

Supporting data values for bar and line graphs have been exhibited as supplementary 434 
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Figure 1. Bacterial Biofilm in Implant-Associated with BII 

(A) Schematic presentation of the bacterial biofilm association with breast implant illness (BII)  

(B) Breast implant isolated from a subject. 

(C) Capsule associated with breast implant of the subject shown in panel (B). 

(D) Increased abundance of bacterial biofilm from the implant-associated capsule of BII compared 
to non-BII subjects as determined through scanning electron microscopy. Zoomed insets of region 
of interest (ROI) dotted yellow square shown. n=10 (non-BII), n=25 (BII) subjects. 

(E-F) E, Increased abundance of bacterial biofilm as measured through wheat germ agglutinin 
(WGA) assay in the capsules of BII subjects compared to the non-BII capsules. F, Quantification 
of biofilm aggregates using WGA staining. Data presented as mean ± SEM, n=7 (non-BII), n=7 
(BII) subjects. t test BII vs non-BII (p=0.0036). 

(G-I) 16S rRNA NGS-based bacterial typing from the breast tissues of G, normal; H, non-BII, and 
I, BII subjects. Top five bacterial species in each group represented. Fraction of subject samples 
associated with a bacterial species is provided in parenthesis n=16 (normal), n=20 (non-BII), n=50 
(BII). 

(J) Spider-plot depicting the ranking of the top 5 bacterial infection types in the BII group compared 
to their ranking in the non-BII and normal groups. The intersection of the group lines with the 
spikes of the spider-plot indicates the proportion of these infections by groups. The call out 
numbers are the ranks for each of these infections within each group. n=16 (normal), n=20 (non-
BII), n=50 (BII). 

(K) Increased abundance of biofilm forming Staphylococcus epidermidis in implant-associated 
breast tissues of BII subjects. Bubble plot indicating the percentage of patients with 
Staphylococcus epidermidis provided above the individual bars. The bubble percentage indicate 
the likelihood of a subject with S. epidermidis biofilm in each of the three groups. n=16 (normal), 
n=20 (non-BII), n=50 (BII) subjects. 

 

 

 

 

 

 





     
  

Figure 2. Increased Abundance of Biofilm-Derived 10-HOME in BII Subjects 

(A) Schematic of formation of (E)-10-hydroxy-8-octadecenoic acid (10-HOME) from oleic acid. 

(B-D) Increased abundance of 10-HOME in implant-associated tissue of BII subjects. B. 

Chromatograms of 10-HOME from non-BII and BII using LC-MS/MS targeted analyses. C. Data 

presented as mean ± SEM, n=6 (non-BII), n=17 (BII), t test BII vs non-BII (p<0.0001).. D. Receiver 
operating characteristic (ROC) curve analysis to determine specificity and sensitivity of 10-HOME 
detection. 

(E) Increased abundance of bacteria associated with 10-HOME detected from the implant-
associated tissue of BII subjects. 

(F) Increased abundance of Staphylococcus epidermidis associated with 10-HOME detected from 
the implant-associated tissue of BII subjects. 

(G) Synthesis of 10-HOME by S. epidermidis in vitro upon using oleic acid as carbon source. Gas 
chromatography-mass spectrometry analyses for detection of 10-HOME derivatized both as 
trimethylsilyl ethers and methyl estersoleic acid standard, 10-HOME standard, S. epidermidis with 
glucose as carbon source, S. epidermidis with oleic acid as carbon source, quantification of 10-
HOME abundance. n=4. t test glucose vs oleic acid (p<0.0001). 

 

 

 

 

 

 

 

 

 

 





     
  

Figure 3. Comparative Transcriptomic and Molecular Pathway Analyses of BII Subjects 

(A) Hierarchical clustering of genes with at least 2-fold change and controlled by false discovery 
rate (FDR) of 0.05 breast tissue from normal (n=34), non-BII (n=16) and BII (n=24) subjects. 

(B) Gene interaction networks for functions related to differentiation of T-lymphocytes, 
differentiation of Th1 cells, cell proliferation of T-lymphocytes, maturation of T-lymphocytes, 
generation of T-helper lymphocytes, differentiation of helper T-lymphocytes, T-cell response, T-
cell development, quantity of T-lymphocytes in BII specimens. Represented functional networks 
relevant to the set of imported genes generated by Canonical Pathway function relevant to Th1 
pathway. The list was selected from the hierarchical cluster of Th1 genes, that were upregulated 
are shown in red and downregulated in green. The intensity of red and green corresponds to an 
increase and decrease, respectively, in log2 fold change. 

(C) Comparison of normalized RNA-Seq counts for CD36 between normal, non-BII and BII 
samples. In an age-adjusted nonparametric regression model, compared to normal subjects, 
normalized number of CD36 counts was approximately 1116 units higher in the BII group 
(p<0.0001) and 650 units higher in the non-BII group (p<0.0001). 

(D) Comparison of normalized RNA-Seq counts for Th1 gene T-BET (TXB21) between normal, 
non-BII and BII samples. In an age-adjusted nonparametric regression model, compared to 
normal subjects, the normalized number of T-BET counts was approximately 18 units higher in 
the BII group (p=0.005) and 11 units higher in the non-BII group (p=0.011). 

(E) Comparison of normalized RNA-Seq counts forTh1 gene IL12RB2 between normal, non-BII 
and BII samples. In an age-adjusted nonparametric regression model, compared to normal 
subjects, the normalized number of IL12RB2 counts was approximately 84 units higher in the BII 
group (p<0.0001) and 45 units higher in the non-BII group (p<0.0001). 

 

 

 

 

 

 

 





     
  

Figure 4. Abundance of CD4+ Th1 Cells in Implant Associated Tissue of BII Subjects 

(A) Increased expression of CD36  in breast tissue associated with BII subjects, immunostained 
with anti-CD4(red), anti-CD36(green) and DAPI(blue). Data presented as mean ± SEM, (n=7). 
Scale bar = 20 μm. t test BII vs non-BII Intensity (p=0.0006), co-localization (p=0.0002). 

(B) Increased expression of T-BET in breast tissue associated with BII subjects, immunostained 
with anti-CD4(red), anti-T-BET(green) and DAPI(blue). Data presented as mean ± SEM, (n=7). 
Scale bar = 20 μm. t test BII vs non-BII Intensity(p<0.0001), co-localization(p<0.0001). 

(C) Flow cytometry with anti-CD4 (FITC) and anti-TBET (PE). Representative plots: normal, BII, 
histogram with isotype control for T-BET. Data presented as mean ± SEM, n= 4 (normal), n=11 
(non-BII), n=12(BII). Bivariate Kruskal-Wallis with post-hoc Benjamini-Hochberg adjusted 
pairwise comparison analysis BII vs normal(p=0.01); BII vs non-BII(p=0.006). 

(D) Elevated Th1 subtype in the peripheral blood of BII subjects. Flow cytometry analyses  

peripheral blood of subjects stained with anti-CD4(FITC) and anti-CD183(PE). Representative 
flow plots: normal, non-BII, BII, histogram with isotype control for CD183. Data presented as mean 
± SEM, n=13 (normal), n=14 (non-BII), n=20 (BII). Bivariate Kruskal- Wallis with post-hoc 
Benjamini-Hochberg adjusted pairwise comparison analysis BII vs normal (p=0.027); BII vs non-
BII (p=0.039). 

(E) Representative viSNE plots for CD3+ CD4+ T cells. Color depicts the intensity of the marker 
labeled on arcsinh scales from blue (low) to red (high). The analyses indicated elevated Th1 
subtype in the peripheral blood of BII subjects.  

(F) Quantification of median marker expression using CytoBank software for panel E, CD183 and 
T-BET, n=6 (normal), n=5 (non-BII), n=9 (BII). Bivariate Kruskal-Wallis with post-hoc Benjamini-
Hochberg adjusted pairwise comparison analysis. For CD183, BII vs normal (p=0.0002); BII vs 
non-BII (p=0.0136). For T-BET, BII vs normal (p=0.002); BII vs non-BII (p=0.0018). The 
quantification of remainder viSNE plots in Supplementary Fig S15. 

 

 

 

 

 

 





     
  

Figure 5. Oxylipin 10-HOME Polarizes Naïve CD4+ T Cells to Th1 Subtype in vitro 

(A) Increased expression of CD36 in naïve CD4+ T cells treated with 10-HOME immunostained 
with anti-CD4 (red), anti-CD36 (green) and DAPI (blue). Intensity of CD36. Colocalization of CD4 
and CD36 depicted increased abundance of CD4+ CD36+ cells. Data presented as mean ± SD, 
(n=6). Scale bar = 10 μm. t test vehicle vs 10-HOME, intensity(p<0.0001), co-
localization(p<0.0001). 

(B) Elevated CD36 in the 10-HOME treated naïve T cells. Flow cytometry analyses of treated 
cells stained with anti-CD4(FITC) and anti-CD36(APC). Representative plots: vehicle,10-HOME-
treated cells,histograms of with isotype control for CD36. Data presented as mean ± SD, (n=7). t 
test vehicle vs 10-HOME(p=0.0044). 

(C) Increased expression of T-BET in the 10-HOME treated naïve CD4+ T cells immunostained 
with anti-CD4(red), anti-TBET(green) and DAPI(blue). Intensity of TBET quantified. Colocalization 
of CD4 and TBET depicted increased abundance of CD4+ TBET+ cells. Data presented as mean 
± SD, (n=6). Scale bar = 10 μm. t test vehicle vs 10-HOME Intensity(p=0.0094), co-
localization(p=0.0012). 

(D) Elevated Th1 subtype (CD183+) in the 10-HOME treated naïve CD4+ T cells. Flow cytometry 
analyses with anti-CD4(FITC) and anti-CD183(PE). Representative plots: vehicle-treated,10-
HOME-treated cells,histograms of cells with isotype control for CD183. Data presented as mean 
± SD, (n=7). t test vehicle vs 10-HOME Intensity(p=0.0094), co-localization(p=0.0003). 

(E) Increased expression of IFN-γ in the 10-HOME treated naïve CD4+ T cells as measured 
through ELISA. Data presented as mean ± SD (n=7). t test vehicle vs 10-HOME 
Intensity(p=0.0094), co-localization(p<0.0001). 

(F-G) No significant change in IL4 and IL10 following 10-HOME treatment of naïve CD4+ T cells.  
Data presented as mean ± SD, (n=8). t test vehicle vs 10-HOME, 1L4(p=0.1564), IL10(p=0.1085). 

(H-I) Increased expression of (H) CD36 (I) T-BET in 10-HOME-treated naïve T cells. Data 
presented as mean ± SD, (n=6). t test vehicle vs 10-HOME CD36(p=0.0027), T-BET(p=0.0004). 

 

 

 

 

 

 

 





     
  

Figure 6. Elevated CD4+ Th1 and Fatigue-like Symptoms in Mice Administered with  

10-HOME  

(A) Schematic representation of injection of 10-HOME in the abdominal mammary fat pad of mice. 

(B) Timeline of 10-HOME administration in mice. 

(C) Elevated CD4+ Th1 subtype in the blood of mice injected with 10-HOME. Flow cytometry 
analyses of blood of mice stained with anti-CD4 (FITC) and anti-CD183 (PE). Representative flow 
plots. Vehicle-treated, 10-HOME-treated, histograms with isotype control for CD183 . Data 
presented as mean ± SEM, vehicle (n=9) and 10-HOME (n=9) mice.  Wilcoxon-Rank test analysis 
vehicle vs 10-HOME (p<0.001). 

(D) Elevated CD4+ Th1 subtype in the blood of mice injected with 10-HOME. Flow cytometry 
analyses of blood of mice stained with anti-CD4 (FITC) and anti-Tbet (PE). Representative flow 
plots. Vehicle-treated 10-HOME-treated histograms with isotype control for T-bet. Data presented 
as mean ± SEM, vehicle (n=6) and 10-HOME (n=6) mice. t test vehicle vs 10-HOME(p = 0.0459) 

(E) Unaltered CD4+ Th2 subtype in the blood of mice injected with 10-HOME. Flow cytometry 
analyses of blood of mice stained with anti-CD4 (FITC) and anti-CD194 (PE). Representative flow 
plots. Vehicle-treated  10-HOME-treated histograms with isotype control for CD194. Data 
presented as mean ± SEM, vehicle (n=6) and 10-HOME (n=8) mice. t test vehicle vs 10-HOME(p 
= 0.6999) 

(F) Representative image of murine endurance test post 10-HOME administration. Video provided 
as Supplementary Video 1.  
 
(G) Increased stops exhibited by 10-HOME administered mice compared to those treated with 
vehicle. Data presented as mean ± SEM, vehicle (n=6) and 10-HOME (n=5) mice. Mann-Whitney 
U-test with a Bonferroni correction was performed (p=0.0087). 
 
(H) Increased aversive stimulation (shock grid touching) exhibited by mice administered 10-
HOME compared to those treated with vehicle. Data presented as mean ± SEM, vehicle (n=6) 
and 10-HOME (n=5) mice. Mann-Whitney U-test with a Bonferroni correction was performed 
(p=0.0065). 
 
 

 

 

 

 

 





     
  

 

Figure 7. CD4+ T Cells in Reaction with 10-HOME Polarizes Macrophages to M1 Phenotype. 
 
(A) Gene interaction networks from human bulk RNA-Sequpregulated genes in red and 
downregulated are in green, in log2 fold change. Table exhibited in Supplementary Figure S21A. 
 
(B) Increased expression of CD38 (M1 macrophage marker) in 10-HOME-treated mice compared 
to vehicle. Murine mammary fat pads stained with anti-CD38 antibody antibody(DAB) and 
nucleus(hematoxylin). The cells in adipose tissues are bordered by adipose cells. Cells co-
expressing DAB and hematoxylin were considered (arrows). Data presented as mean ± SEM, 
vehicle (n=7) and 10-HOME (n=7) mice. Scale bar = 100µm. Enlarged image in Supplementary 
Figure S22.  
 
(C) No significant difference of CD163 (M2 macrophage marker) in 10-HOME treated mice. 
Murine mammary fat pads stained with anti-CD38 antibody (DAB). Cells co-expressing DAB and 
hematoxylin were considered (arrows). Data presented as mean ± SEM, vehicle (n=7) and 10-
HOME (n=7) mice. Scale bar = 100µm. Enlarged image in Supplementary Figure S23.  
 
(D) Quantification of B-C. Total number of CD38+, CD163+ cells were calculated. Data presented 
as mean ± SEM, (n=7). Mann Whitney test vehicle vs 10-HOME CD38 (p=0.0006), CD163 
(p=0.558). 
 
(E) Schematic representation of macrophage- T cell trans-well assay. PBMC-derived naïve T cells 
treated with 10-HOME (blue), PBMC-derived M0 macrophages (green).  
 
(F) Increased polarization to M1 phenotype (CD86-human M1 marker) in the trans-well co-culture 
of PBMC derived M0 macrophages incubated with10-HOME-treated naïve CD4+ T cells. Flow 
cytometry analyses with anti-CD86(FITC) and anti-CD14(PE). Representative plots, vehicle 
treated,10-HOME treated, histograms of cells with isotype control for CD86. Data presented as 
mean ± SD, (n=8). Mann Whitney test comparison vehicle vs 10-HOME(p=0.0152). 
 
(G) Unaltered M2 phenotype(CD163). Flow cytometry analyses with anti-CD163(APC) and anti-
CD14(PE). Representative plots, vehicle treated,10-HOME-treated, histograms with isotype 
control for CD163. Data presented as mean ± SD, (n=8). Mann Whitney test vehicle vs 10-HOME 
(p=0.0749). 
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