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Abstract 36 
 37 
Polycystic ovary syndrome (PCOS) is a complex condition with clear genetic susceptibilities that 38 
impact the heterogeneous clinical presentation of symptoms and severity through unknown 39 
mechanisms. Chronic inflammation is linked to PCOS, but a clear cause-and-effect relationship 40 
has yet to be established. This study used an in depth systems immunology approach and a 41 
letrozole-induced PCOS mouse model to identify changes in inflammatory factors associated with 42 
PCOS symptoms. By analyzing immune cells and secreted cytokines from 22 different mouse 43 
strains, we identified TNF-β as a key T cell-derived cytokine associated with PCOS, regardless of 44 
genetic background. We confirmed elevated TNF-β transcripts in immune cells from women with 45 
PCOS. Importantly, we used a knockout of TCRα to show that functional T cells are a necessary 46 
component of driving PCOS features in letrozole-treated female mice. These findings implicate T 47 
cells and specifically TNF-β production in the development of PCOS impairments. T cells are 48 
therefore an attractive target for the future development of anti-inflammatory therapeutics to 49 
improve PCOS symptoms. 50 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 13, 2025. ; https://doi.org/10.1101/2025.01.08.631835doi: bioRxiv preprint 

mailto:mseldin@uci.edu
https://doi.org/10.1101/2025.01.08.631835
http://creativecommons.org/licenses/by-nc/4.0/


Page 2 of 30 
 

 51 
 52 
 53 
Teaser 54 

TNF-β links T cell inflammation to reproductive dysfunction in PCOS, highlighting new 55 
therapeutic targets for this disorder. 56 
 57 

MAIN TEXT 58 
 59 
Introduction 60 
 61 
Polycystic Ovary Syndrome (PCOS) is the most common reproductive disorder in women of 62 
childbearing age, affecting as many as 10-15% of women (1). PCOS is characterized by 63 
polycystic ovaries, oligo- or anovulation, and clinical or biochemical hyperandrogenism, which 64 
ultimately results in infertility (2). Clinically, women with PCOS present heterogeneously and 65 
PCOS is categorized as types A-D based on three primary features: hyperandrogenism, irregular 66 
cycles (an- or oligo-ovulation), and polycystic ovaries (2,3). Type A or Classic PCOS is 67 
characterized by presentation of all three primary features and is often accompanied with 68 
symptoms like hirsutism, acne, infertility, and metabolic syndrome. Type A is the most prevalent 69 
and most studied subtype of PCOS and the LET-induced mouse model of PCOS in C57BL6  mice 70 
recapitulates symptoms observed in this subtype (4). Women with Type B or non-PCOM PCOS 71 
have hyperandrogenism and irregular cycles but no polycystic ovaries. Type C or Ovulatory 72 
PCOS presents with hyperandrogenism and polycystic ovaries but regular ovulation. Finally, 73 
Type D or non-androgenic PCOS is characterized by ovulatory dysfunction and polycystic 74 
ovaries without elevated levels of androgen.  75 
 76 
PCOS patients also exhibit chronic low grade inflammation. In particular, C reactive protein 77 
(CRP), a broad indicator of inflammation, is 96% higher in women with PCOS than those without 78 
(5). Currently, CRP is the most reliable marker of chronic inflammation in PCOS (5,6). Across 79 
studies, CRP is consistently upregulated in women with PCOS (5–7). However, the literature is 80 
filled with conflicting results on mediators of this chronic inflammation. Despite consistency in 81 
elevated CRP, no differences in circulating cytokines, such as IL-6, were detected in women with 82 
and without PCOS in several cohorts, though this was likely a consequence of small sample size 83 
(8–10). However, a meta-analysis of BMI-matched cohorts revealed significantly increased IL-6 84 
in women with PCOS that correlated with insulin resistance (11). The latter outcome is supported 85 
by a report demonstrating that administration of exogenous androgen to healthy women to an 86 
elevated level observed in PCOS increases circulating IL-6 (12).  Clinical studies have begun to 87 
define inflammation in PCOS by identifying increased circulating levels of IL-1α, IL-1β, TSP-1 88 
and TGF-β1 in PCOS (13,14). Additionally, circulating neopterin (a protein made by 89 
macrophages) is elevated in PCOS independent of BMI (15). TNF-β, a T cell derived cytokine, 90 
was found to be increased in serum of women with PCOS no matter their BMI status (16). 91 
Collectively, the clinical literature provides emerging evidence of exacerbated chronic 92 
inflammation in PCOS but fails to inform on the source of that inflammation, whether the 93 
inflammation drives any PCOS symptomology, and what are the specific factors involved, 94 
questions better addressed using a pre-clinical animal model.  95 
 96 
Kauffman et al. developed a mouse model that utilizes chronic treatment with letrozole (LET), a 97 
nonsteroidal aromatase inhibitor, initiated in peri-pubertal life to induce the reproductive and 98 
metabolic hallmarks of PCOS in C57BL6 mice (4). The LET mouse model recapitulates the Type 99 
A subtype of PCOS. Aromatase inhibition prevents the conversion of androgens to estrogens, 100 
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thereby resulting in elevated circulating androgen levels that mimic the hyperandrogenism 101 
observed in PCOS patients. In addition to eliciting high androgen levels, the LET PCOS-like 102 
mouse model is particularly effective in inducing other critical features of the disorder, including 103 
irregular estrous cycles, polycystic ovaries, anovulation, and metabolic dysfunction such as 104 
insulin resistance and body weight gain (4,17). Generally accepted relevant for PCOS research, 105 
the LET model exhibits at least two characteristics that are comparable to the Rotterdam criteria 106 
used to diagnose PCOS in women (18). This model also successfully recapitulates underlying 107 
endocrine mechanisms observed in women with PCOS, such as abnormally increased, 108 
hyperactive luteinizing hormone (LH) pulse (19)(20).  109 
 110 
Recent studies have highlighted the complex interplay between genetic predisposition and 111 
environmental factors in shaping the diversity of PCOS phenotypes. For instance, a genome-wide 112 
association study by Day et al. identified 14 novel loci associated with PCOS, suggesting a strong 113 
genetic component to the syndrome (21). However, the expression of these genetic variants can 114 
be significantly influenced by environmental factors. Lifestyle factors such as diet and exercise 115 
have been shown to modulate PCOS symptoms. For example, weight loss through lifestyle 116 
intervention can improve metabolic and reproductive outcomes in women with PCOS, regardless 117 
of their genetic predisposition, implicating conserve mechanisms (22). Furthermore, epigenetic 118 
modifications, which can be influenced by both genetic and environmental factors, have been 119 
implicated in PCOS pathogenesis. Kokosar et al. identified altered DNA methylation patterns in 120 
adipose tissue of women with PCOS, suggesting that epigenetic changes may contribute to the 121 
metabolic dysfunction often observed in the syndrome (23). These findings underscore the 122 
importance of considering both genetic and environmental factors when studying PCOS 123 
phenotypes to decipher mechanism specific to disease development. 124 
 125 
The high variability and severity of PCOS phenotypes across women with the disorder poses 126 
challenges in identifying inflammation-related mechanisms specific to PCOS. Using the LET-127 
induced model of PCOS and a genetic screen, we aimed to address the challenge of identifying 128 
immune mediators specific to PCOS and the relationship of those immune mediators 129 
diverse PCOS phenotypes. Here, we perform a comprehensive and robust analysis of immune 130 
cells and cytokines associated with PCOS symptoms. Using a systems genetics approach by 131 
analyzing placebo and LET treated female mice across 22 distinct inbred mouse strains, we 1) are 132 
able to recapitulate the diversity of phenotypic outcomes observed in women with PCOS, 2) 133 
identify T cell associated cytokines, specifically TNF-β, as candidate immune drivers of 134 
reproductive dysfunction in PCOS-like conditions, and 3) identify a novel requirement for 135 
functional T cell action in the induction of PCOS-like impairments. 136 
 137 
Results  138 
 139 
Confirmation of PCOS-like symptoms in LET-induced mouse model in multiple genetic strains 140 
 141 
To determine the inflammatory response characteristics in a PCOS-like condition, we implanted 142 
LET or placebo (control) pellets in 130 young adult female mice across 22 diverse inbred strains. 143 
Pellets were implanted at ~10 weeks of age and replaced with a fresh pellet after 3 weeks to 144 
ensure continuous delivery through the entire 6 week paradigm (Figure 1A). First, we analyzed 145 
the entire cohort to confirm the global induction of PCOS-like symptoms by LET treatment in 146 
these strains. As expected, compared to placebo control, LET significantly increased body weight 147 
(BW) gain over time, with a slight temporary plateau due to recovery from the week 3 re-148 
implantation surgery (Figure 1B). LET mice gained on average 2-fold more BW than placebo 149 
control females and had significantly increased total fat (Figure 1C and D), confirming prior 150 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 13, 2025. ; https://doi.org/10.1101/2025.01.08.631835doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.08.631835
http://creativecommons.org/licenses/by-nc/4.0/


Page 4 of 30 
 

reports (4,17,24). This increase in BW was accompanied by impaired glucose tolerance, a 151 
common metabolic symptom of PCOS (Figure 1E and 1F).  Blood serum testosterone, of which 152 
elevated levels are often a primary diagnostic criterion for PCOS, were also significantly 153 
increased in LET mice compared to controls, mimicking hyperandrogenism in PCOS women 154 
(Figure 1G).  LH was significantly increased as previously reported (4)(Figure 1H). The LH to 155 
FSH ratio, though not statistically significant, displayed a trend towards an increase in LET mice, 156 
as occurs in many women with PCOS (Figure 1I). Finally, the ovaries of LET mice had a 157 
significant increase in follicular cysts and fewer corpus luteum (an indicator of ovulation), 158 
consistent with PCOS ovarian morphology in women (Figure 1J, 1K). These data indicate that 159 
we effectively induced PCOS-like symptoms in a genetically diverse mouse cohort.  160 
 161 
LET-induced PCOS impacts immune cell cytokine secretion but causes minimal shifts in immune 162 
cell populations 163 
 164 
With the induction of PCOS-like phenotypes confirmed, we performed a comprehensive 165 
immunophenotyping of mouse spleen and inguinal lymph nodes in LET and control mice. We 166 
cultured dissociated spleen in the presence of anti CD3/CD28 (T cell stimuli) or 167 
Lipopolysaccharide (LPS, myeloid cell stimuli which targets Toll Like Receptor 4, TLR4) and the 168 
conditioned media was analyzed for 40 secreted cytokines (Figure 2A). Cells from both spleen 169 
and lymph nodes were stained with an 18 color antibody panel and analyzed by flow cytometry 170 
(Supplemental Figure 1). We analyzed the spleen derived cytokine profiles from adult C57BL6 171 
mice treated with chronic LET initiated prepubertally (4), which have the classic Type A PCOS 172 
reproductive and metabolic phenotypes, and found that LET-induced PCOS females could be 173 
differentiated from control females by their cytokine profiles (Figure 2B). Using partial least 174 
squares discriminant analysis, a supervised clustering approach (25), we analyzed the cytokines 175 
that contributed to distinguishing these two groups. Irrespective of immune stimulation, the 176 
control group was characterized by the chemokines IP-10 and MIP1 (Supplemental Figure 2A 177 
and B). Overall, immune cells from the spleen of LET females were hyporesponsive to 178 
stimulation, consistent with the literature of testosterone being inhibitory to immune function 179 
(26). To determine whether the ability for cytokine profiles to discriminate placebo from LET-180 
induced PCOS was due to broad changes in immune cell populations, we used flow cytometry to 181 
enumerate cell populations. We found virtually no significant changes in immune cell distribution 182 
in the spleen in LET mice (Supplemental Figure 2C). Together, these data indicate that, at least 183 
on the commonly-used C57BL6 background, changes in cytokine profiles in the LET model of 184 
PCOS are driven by functional changes rather than broad changes in immune cell distribution. 185 
 186 
Genetic background dictates LET induced cytokine secretion in stimulate immune cells  187 
 188 
After confirming above that LET PCOS-like mice can be distinguished from control mice by their 189 
splenic-derived cytokine profile in the C57BL6 strain (Figure 2B and C), we extended this 190 
analysis to a larger cohort of 22 genetic mouse strains. Unexpectedly, we were unable to construct 191 
a PLSDA model with a classification error rate above 70% from secreted cytokines, indicating 192 
that the cytokine profile could not be used to categorize disease state when analyzing the entire 193 
genetically diverse cohort (Figure 2D and E). Similar to the C57BL6, the distribution of immune 194 
cell populations in inguinal lymph nodes or spleen did not shift with LET-induction of PCOS 195 
symptoms (Figure 2F and Supplemental Figure 2D). However, after performing principle 196 
component analysis (PCA) on immune frequencies and recoloring by sample source, it was clear 197 
that variability within the dataset was driven by tissue type (Supplemental Figure 2D), 198 
consistent with different strains and tissues having defined frequencies of immune cell types. 199 
 200 
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These findings prompted us to desegregate the data by genetic strain and to ask whether the initial 201 
immune landscape dictated by genetic background impacted our ability to distinguish between 202 
placebo and LET mice by cytokine profiles. We therefore analyzed cytokine profiles by strain 203 
after 40 hrs of either anti-CD3/CD28 or LPS (Figure 3A and B). Using PLSDA, we found that 204 
within many strains, the control and LET mice clustered together. In contrast, several strains 205 
displayed divergent cytokine profiles upon LET treatment. For example, in LPS stimulated 206 
splenocytes, BxD73 and NOD strains had cytokine profiles that result in their placebo data point 207 
being located far from the centrality of the cluster for controls (Figure 3A). Further, cytokine 208 
profiles did not shift for BALBc/j in response to LET. However, LPS-induced cytokine profiles 209 
from DBA mice displayed a clear shift (Figure 3B). These data show that genetic background is 210 
important for the magnitude of the inflammatory response to LET treatment. 211 
 212 
Memory CD4 T cell frequencies are associated with LET treatment  213 
 214 
Genetic strain alone substantially impacts the basal immune cell distribution of immune cells in 215 
the spleen (27). When we compared the DBA strain (common strain with large immune shift with 216 
LET treatment) to the BABLc/j strain (common strain with negligible immune shift with LET 217 
treatment), we found that their basal immune cell composition was completely different (Figure 218 
3C and D). Immune frequencies of these two strains were easily separated on PC1. To determine 219 
what features were responsible for this separation, we performed K means clustering projected 220 
onto a PCA plot (Figure 3D). The DBA strain was B cell skewed while BALBc/j mice were 221 
skewed toward CD4+ and CD8+ T cells, with both strains sharing features of naive CD4+ T cells. 222 
LET-treatment in either of these strains had no impact on the baseline immune cell composition 223 
(Supplemental Figure 3). Given that genetic strain appeared to dictate immune cell composition, 224 
we performed a formal heritability estimate analysis using a linear mixed effects model across all 225 
of the strains and two treatment groups to determine which cell populations are explained by 226 
genetics, LET treatment, or both (Figure 3E and F). In the inguinal lymph nodes, we found that 227 
~50% of immune cell composition is explained by genetic strain (Figure 3E). In the spleen, 228 
which is representative of systemic immune function, we see that LET treatment alone explains 229 
~20% of the variance in memory CD4+ T cells. These memory CD4+ T cells are the immune 230 
subset with the largest proportion of significance explained by LET treatment alone. Collectively, 231 
these data indicate that the immune variability introduced by the genetic diversity supersedes the 232 
immune variability induced by LET treatment. Despite the high variation in baseline immune 233 
composition and cytokine secretion, heritability estimates identified memory CD4+ T cells in 234 
spleen, along with myeloid cells and dendritic cells, as modulated by LET treatment. 235 
 236 
T cell derived cytokines correlate with metabolic and reproductive measures of PCOS 237 
 238 
The large genetic diversity of this study provides variation and robust statistical power to identify 239 
novel relationships between immune variables and phenotypic outcomes. Given that cytokine 240 
profiles show modulation by LET treatment by strain, we performed multiple correlation analysis 241 
using reproductive and metabolic outcomes associated with PCOS and cytokines measured from 242 
T cell or LPS stimulated immune cells from these mice (Figure 4). To identify strong cytokine 243 
signatures associated with reproductive or metabolic PCOS outcomes, we focused on correlation 244 
patterns that were conserved within treatment groups regardless of immune stimuli. In control 245 
mice, MCP-1 and other inflammatory cytokines known to be associated with ovarian tissue 246 
remodeling were positively correlated with follicular cysts. This relationship, likely indicative of 247 
homeostatic mechanisms, was not present in PCOS-like mice. Interestingly, we observed that a 248 
subset of T cell cytokines (IL-33, IL-17E, CD40LG, IL-27, and TNF-β) were positively correlated 249 
with lean/fat ratio in either T cell or myeloid stimulation conditions. Of note, TNF-β, recently 250 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 13, 2025. ; https://doi.org/10.1101/2025.01.08.631835doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.08.631835
http://creativecommons.org/licenses/by-nc/4.0/


Page 6 of 30 
 

discovered to be elevated in women with PCOS (16), was not detectable from T cell stimulated 251 
control cells. We also performed correlative analysis of immune cell frequencies to reproductive 252 
and metabolic outcomes in our cohort and identified significant correlations including CD4 T 253 
cells with insulin, B cells with glucose tolerance, and CD8 T cells with lean fat ratio 254 
(Supplemental Figure 4). Together, these data suggest that immune function in LET mice is 255 
correlated to PCOS phenotypes. 256 
 257 
T cell derived cytokines, especially TNF-β, are potential immune targets in PCOS 258 
 259 

Given the large genetic variability across our 22 strain cohort, we asked whether LET-260 
induced phenotypes in some strains  might represent additional clinical subtypes of PCOS. For 261 
every strain, we compared LET to their matched control and determined whether exhibited 262 
hyperandrogenism (elevated serum T), impaired estrous cyclicity, an- or oligo-ovulation (reduced 263 
corpora lutea), and polycystic ovarian morphology as determined by number of cysts per ovary 264 
(Table 1). We next asked the question of whether cytokine profiles could discriminate between 265 
PCOS that presented with or without a metabolic phenotype using PLSDA (Figure 5 and 266 
Supplemental Figure 5). We compared strains with high metabolic dysfunction to strains with 267 
low metabolic dysfunction to mirror the approach of comparing genetic signatures of women that 268 
do or no not develop metabolic dysfunction with PCOS (28). With T cell stimulation 269 
(Supplemental Figure 5A), we were able to clearly differentiate high metabolic dysfunction 270 
phenotypes from low metabolic dysfunction.  When we analyzed the loadings for the these 271 
PLSDA plots (Figure 5A and B),  a consistent group of cytokines was implicated in metabolic 272 
dysfunction. Heritability estimates for cytokines across all strains determined that some cytokines 273 
were strain independent, with variability only explained by LET treatment or the interaction of 274 
LET with the genetic background (Figure 5C and D). Several of these cytokines, including TNF-275 
β, IL-17F, and IL-25, were also discriminators for metabolic dysfunction (Figure 5A and B) or 276 
correlated with PCOS phenotypic measurements (Figure 4).  277 
 278 
We next tested whether these identified T cell derived cytokines were increased in human PCOS. 279 
Peripheral blood mononuclear cells (PBMCs) from a cohort of adult women with (n=15) and 280 
without (n=5) PCOS were analyzed (Table 2, Figure 6A). As expected, women with PCOS had 281 
elevated testosterone (Table 2, Supplemental Figure 6), fewer menses per year , more acne, and 282 
larger ovarian volume compared to controls (Table 2). This cohort of women with PCOS did not 283 
have a strong metabolic phenotype, and there were no significant group differences in insulin 284 
response or GTT (Table 2, Figure 6B-D), though the lipid profiles of these women with PCOS 285 
were characterized by higher triglyceride levels and lower HDL cholesterol (Figure 6E-H). From 286 
the PBMCs of this cohort, we extracted mRNA and performed qPCR for IL-25, IL-9, IL-27, 287 
CD40LG, IL-33, TNF-β, and IL-1A. Of the  3 cytokine transcripts that were detectable, only 288 
TNF-β mRNA (LTA) was significantly increased in women with PCOS (Figure 6I), indicating 289 
that T cell-derived cytokines, specifically TNF-β, are associated with PCOS in women.. 290 
 291 
TNF-β expression in human spleen is correlated with adipose expression of LPS inducible genes 292 
 293 
Given that spleen was the source of TNF-β from which we discovered the correlations with PCOS 294 
like symptoms in mice, we determined whether similar correlations existed within human 295 
datasets. To bridge the gap between measuring LTA (the gene for TNF-β) in PBMCs and not from 296 
spleen, we analyzed and integrated data from the Genotype-Tissue Expression (GTEx) project 297 
(29). GTEx is a well-powered bulk transcriptomic research initiative aimed at understanding the 298 
relationship between genetic variation and gene expression across different human tissues. From 299 
GTEx, we sampled bulk transcriptomic data from premenopausal women (n=31, age <50), and 300 
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determined the co-correlation of spleen LTA expression with gene expression in other tissues 301 
(Figure 7A).  We found that adipose had the most genes which correlated with spleen LTA. We 302 
next performed pathway analysis on LTA-correlated adipose genes and discovered strong 303 
signatures for leukocyte chemotaxis and an LPS response. We conclude that splenic expression of 304 
LTA correlates with adipose expression of inflammatory genes. 305 
 306 
The reproductive phenotype of PCOS is dependent on T cells 307 
 308 
LTA is expressed and highly inducible in both B and T cells. However, given our T cell data and a 309 
prior report that knockout of B cells in a PCOS-like model did not alter disease (30), we tested 310 
whether T cells are necessary for development of PCOS phenotypes by utilizing the LET 311 
paradigm in young adult TCRα KO mice and several WT controls. TCRα KO mice generate T 312 
cells but do not have a functional αβ T cell receptor, and therefore their T cells do not become 313 
activated.  Outcomes from the present TCRαKO cohort were compared to our previously 314 
published cohort of adult C5BL6 mice (31). When LET is introduced in C57BL6 mice in 315 
adulthood as opposed to peri-pubertally, WT mice have a weak metabolic phenotype but a strong 316 
reproductive phenotype (24). As expected, the control WT mice treated with LET had a strong 317 
reproductive phenotype which matched our published cohort including extended time spent in 318 
diestrus and elevated LH (Figure 8A and B, Supplemental Figure 7), similar to our human 319 
cohort (Table 2, Figure 6). Like WT C7BL6 mice, TCRα KO mice treated with LET did not 320 
have a metabolic phenotype compared to placebo (Supplemental Figure 7A-C). In contrast to 321 
LET WT, TCRα KO mice treated with LET were protected from the development of PCOS-like 322 
reproductive impairments (Figure 8A and B, Supplemental Figure 7D, G and H). LET TCRα 323 
KO mice  were not arrested in diestrus in contrast to LET WT mice that were acyclic and in 324 
diestrus (Supplemental Figure 7D, G and H). Lack of functional T cells had no impact on LET-325 
induced elevation of testosterone (Figure 8A), but was protective for the PCOS associated 326 
increase in LH (Figure 8B). When we analyzed the cytokine profiles derived from the spleens of 327 
these mice, we confirmed, as in Figure 2, that the immune cells are generally hyporesponsive in 328 
the control LET-treated C57BL6 mouse compared to Placebo (Figure 8F and G). Unlike in 329 
Figure 2 which demonstrated that Placebo vs LET mice could be clearly identified by their LPS 330 
induced cytokine profiles, we were unable to distinguish between Placebo and LET LPS-induced 331 
cytokine profiles in the TCRα KO mice. These data suggest that T cells and T cell-derived 332 
cytokines are necessary for the induction of some PCOS-like reproductive symptoms (cycles, LH 333 
levels), at least in the LET model. 334 
 335 
Discussion  336 
 337 
In this study, we demonstrate using a systems genetics screen that variation in T cell derived 338 
cytokines, specifically TNF-β, is LET treatment specific. By knocking out functional T cells, a 339 
major source of TNF-β, we provide evidence for T cells being necessary for the development of 340 
PCOS reproductive symptoms. The major findings of this study have broad implications for the 341 
treatment of PCOS. 342 
 343 
First, we demonstrate that by varying genetic background, we can recapitulate broader 344 
presentations of PCOS phenotypes. Several BxD strains including 124,129, and 60 in addition to 345 
the CH3/Hej, DBA, and NOD strains developed symptoms similar to PCOS type A, the most 346 
common amongst the mouse strains (32). A/j and BxD125 responded to LET treatment with 347 
symptoms similar to type B PCOS while two BxD strains (48 and79) responded to LET treatment 348 
similar to symptoms of PCOS type C. BxD77 was the only strain that resembled a type D 349 
phenotypic presentation of PCOS in response to LET treatment. The ability to generate this 350 
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diversity of phenotypes in response to LET treatment increases the ability to discover genetic 351 
based mechanisms for PCOS phenotypes. There are several animal models of PCOS including the 352 
pre-pubertal and adult LET paradigms used in this study. Other models include the administration 353 
of dihydrotestosterone (DHT, a non-aromatizable androgen), perinatal and prepubetal exposure to 354 
anti-Mullerian Hormone (AMH) among others (reviewed in (33)). These models have varied 355 
presentation of PCOS phenotypes and now by using a genetic diversity panel, we can capture this 356 
same type of diversity using a single paradigm.  357 
 358 
Our analysis of PCOS phenotypes with or without metabolic dysregulation suggests that the 359 
underlying immune function amongst these phenotypes may be different and thus may require 360 
developing separate approaches to anti-inflammatory treatments. The same was not true for LPS-361 
induced cytokine profiles indicating that T cell derived cytokines are equally important for 362 
reproductive outcomes but a subset of specific cytokines likely play a role in driving metabolic 363 
dysfunction.  364 
 365 
The finding that TNF-β was altered in PCOS suggests that it could be a potential target for 366 
treatment in PCOS. We found that gene expression of TNF-β correlated with changes in gene 367 
signatures in the adipose. Specifically, LTA expression in the spleen correlated with adipose gene 368 
signatures for leukocyte chemotaxis and an LPS response. Taken together with published data 369 
demonstrating increased circulating TNF-β in women with PCOS (16), our findings implicate 370 
TNFβ as a potential regulator of LPS-induced adipose inflammation and metabolic dysfunction in 371 
PCOS. There is strong precedent that targeting immune dysfunction is beneficial for PCOS. For 372 
example, women with PCOS who take metformin, known to have anti-inflammatory properties in 373 
addition to reducing hepatic gluconeogenesis, experience improvement of ovulatory function (34–374 
36). This effect of metformin implies that blocking chronic inflammation ameliorates the 375 
reproductive phenotypes of PCOS. Given there has been no explicit target for inflammation in 376 
PCOS, clinical trials directly testing immune therapy for improvement of PCOS symptoms has 377 
not been justified. Our study provides a foundation for targeting T cells in PCOS and more 378 
specifically TNF-β, which we demonstrated correlates with adipose inflammatory gene 379 
expression in humans.  380 
 381 
The most striking finding in our study was that increased LH and downstream reproductive 382 
function in the LET mouse model was not observed in TCRα KO mice despite increased 383 
testosterone. This data indicates that T cells may be necessary for development of PCOS and 384 
highlights the potential of T cells to drive reproductive phenotypes in the absence of 385 
hyperandrogenism, a hypothesis which needs to be empirically tested. In the absence of high LH, 386 
it is likely that local mechanisms in the ovaries are supporting high testosterone. It is possible that 387 
in PCOS, testosterone feedback to reduce LH production is nonfunctional. T cells may be the 388 
disruptors of this feedback mechanism. If T cells do indeed disrupt testosterone feedback, then 389 
our data demonstrate that a lack of T cells keeps negative feedback inhibition intact, thereby 390 
resulting in high testosterone through the inhibition aromatase and low LH because of negative 391 
feedback. Adoptive transfer of memory T cells from LET female mice to control mice would 392 
answer whether T cells break testosterone negative feedback. 393 
 394 
Despite the clear findings of our study, limitations remain. The study is underpowered to dissect 395 
strain specific outcomes. We opted for increased genetic diversity with the goal to use the 396 
variation to identify inflammatory mediators that are specific to PCOS as opposed to what may be 397 
different on a strain-by-strain basis. Additionally, we derive cytokine profiles from stimulation of 398 
splenic immune cells rather than assessing circulating cytokines in serum. This approach results 399 
in reproducible and controlled cytokine profiles with reduced variability compared to serum 400 
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cytokine profiles. Further, the concentration of cytokines in mouse serum is considerably lower 401 
than that in human and difficult to detect by Luminex, thereby limiting how many targets were 402 
profiled. This being said, spleen-derived cytokine profiles may not be directly comparable to 403 
human PMBC- or serum-derived cytokine profiles, making translation of these signatures 404 
difficult. In future studies, it will be important to perform comprehensive cytokine profiles from 405 
PBMCs and serum of women with and without PCOS across all subtypes. This will confirm 406 
which cytokines, specifically TNF-β, are PCOS specific to bolster the support for developing it as 407 
a therapeutic target. 408 
 409 
A caveat of this study is our use of the adult LET-induced model of PCOS symptoms as opposed 410 
to the pre-pubertal model. The age at which we receive mice to perform genetic screens was 411 
constrained by the breeding of enough matched cohorts for surgeries. As described, the C57BL6 412 
mouse does not develop a strong metabolic phenotype when LET is introduced in adulthood (24). 413 
For this reason, we were unable to determine the impact of TCRαKO on the metabolic phenotype 414 
of PCOS. We hypothesize that TCRαKO mice may also be protected from metabolic dysfunction 415 
if subjected to the peri-pubertal LET paradigm. 416 
 417 
Before this work can be translated into a feasible treatment for PCOS, there are several questions 418 
that remain to be answered. First, we must determine which T cells are mediating the PCOS 419 
phenotypes. We removed the function of all αβT cells. Therefore, it would be important to 420 
determine if the LET-induced symptoms were dependent on CD4 or CD8, and if CD4 then what 421 
type. If a particular subset of CD4 T cells, such as Th1, Th2, Th17 or Treg are driving disease, 422 
then targeting T cells as an intervention could be more specific. Our cytokine profiling across 423 
several figures of our study implicates a potential Th17 mechanism that would need to be 424 
confirmed, consistent with Th17 inflammation driving metabolic dysfunction (37–39). Finally, to 425 
truly translate this work to the clinic, intervention studies need to be performed across different 426 
strains representing all four subtypes of PCOS. These pre-clinical studies would include depleting 427 
T cells or neutralizing TNF-β after development of symptoms in the LET model. These 428 
approaches would confirm the feasibility of targeting T cells and their cytokines for 429 
immunotherapy. 430 
 431 
Materials and Methods 432 
Animals  433 
All experiments adhered to the Institutional Animal Care and Use Committee (IACUC) 434 
guidelines at the University of California, Irvine and the University of California, San Diego. 435 
Female inbred and TCR alpha KO strains were acquired from Jackson Laboratories, and BxD 436 
strains were provided by Robert W. Williams and David G. Ashbrook (Supplemental Table 1). 437 
Mice were maintained under a 12-hour light/dark cycle with ad libitum access to food. Our PCOS 438 
model was established using a protocol adapted from prior studies (Kauffman et al., 2015; Torres 439 
et al., 2019). Female mice, aged 8-12 weeks, received subcutaneous implants of letrozole (PCOS) 440 
or placebo pellets (3mm diameter; Innovative Research of America) at the start and after 3 weeks, 441 
ensuring a continuous release of 50 μg/day of letrozole over 6 weeks. Letrozole-treated and 442 
control mice were housed separately, with no more than four mice per cage. For TCR alpha KO 443 
mice, Placebo and LET pellets were inserted at 9 weeks of age as illustrated in Figure 1. Two 444 
wildtype sentinel mice were included with the cohort to ensure the current batch of LET pellets 445 
were inducing PCOS-like symptoms. The mice underwent routine body composition analysis, 446 
echocardiography, glucose tolerance tests, estrous cycle assessments, and weekly weight 447 
measurements. At the study's conclusion, mice were euthanized using 2.5% isoflurane delivered 448 
via a precision vaporizer, followed by physical euthanasia methods. Metabolic and reproductive 449 
tissues were collected, immediately frozen in dry ice, and stored at −80°C. One ovary per mouse 450 
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was fixed in 4% paraformaldehyde at 4°C overnight, preserved in 70% ethanol, and processed for 451 
histology. Serum was collected after coagulation at room temperature for 1 h (2,000 x g for 10 452 
min at 4°C) and stored at -80°C for subsequent analyses. 453 
 454 
Human peripheral blood mononuclear cells 455 
Human peripheral blood was collected from Dr. Beata Banaszewska’s patient list of women with 456 
PCOS (n=15) or without PCOS (n=5). Dr. Beata Banaszewska carried out all clinical diagnostics 457 
and measurements of her patients. Peripheral blood mononuclear cells were isolated using a 458 
density gradient media and cryopreserved and shipped overnight in dry ice from Poznan 459 
University of Medical Sciences, Poland to the University of California, Irvine- where they were 460 
stored in liquid nitrogen for downstream application.  461 
 462 
Body weight, body composition, and glucose tolerance test 463 
Body weights were measured at the beginning of each week, and body composition 464 
measurements were taken using the EchoMRI™ Whole Body Composition Analyzer on the 5th 465 
week of the protocol. Intraperitoneal (ip) glucose tolerance tests (GTT) were performed on the 5th 466 
week in a conscious state. Briefly, mice fasted for 6 h were ip injected with 1 g of glucose/kg 467 
body mass, and glucose levels were determined from the tail-tip using a hand-held glucometer 468 
(Accu-Check Guide) in the basal state and 15, 30-, 45-, 60-, and 90-min following glucose 469 
administration. 470 
 471 
Estrous Cycle Assessment 472 
Owing to the number of in vivo assessments carried out on the mice, and to reduce stress on the 473 
animals, only one estrous cycle (up to 5 days) was assessed during the final week of the protocol 474 
(6th week), which allowed us to determine if the last cycle was normal (normal progression 475 
diestrus-proestrus-estrus-meta estrus) or not (arrested cycle). The estrous cycle stage was 476 
determined by light microscopic analysis of smears from the vaginal lavage. Proestrus was 477 
defined by the presence of mostly nucleated and some cornified endothelial cells, estrus as mostly 478 
cornified cells, metestrus as some cornified endothelial cells and mostly leukocytes, and diestrus 479 
as primarily leukocytes. 480 
 481 
Ovarian morphology  482 
To roughly estimate ovarian follicular populations, partial follicular counting and classification 483 
were performed (approximately ¼ per ovary per mouse) in ovarian serial sections (5 um/section). 484 
In brief, fixed ovarian tissue was consecutively cut, placed on gelatin-coated slides (Biobond, 485 
British Biocell International, Cardiff, UK), air dried for 2 h, and fixed for 5 min in acetone at 4 C. 486 
Subsequently, consecutive sections from each ovary were washed in PBS (137 mmol/l NaCl, 2.7 487 
mmol/l KCl, 4.3 mmol/l Na2 HPO4.7H2O, 1.4 mmol/l KH2PO4, and pH 7.3) and stained with 488 
hematoxylin and eosin (DAKO Corporation, Carpinteria, CA, USA) for histological analysis. 489 
Histological serial sections were independently analyzed by three of the authors, and ovarian 490 
follicles were classified and quantified. The number of follicles was counted at a regular interval, 491 
and the total number of follicles per ovary was estimated using a multiplication factor based on 492 
follicle class and sampling fraction (https://doi.org/10.1186%2F1477-7827-1-11). Primordial, 493 
primary, secondary, and antral follicles were counted and classified as described previously (40). 494 
Then, follicles were grouped into primordial, small follicles (grouping primary, secondary, and 495 
small antral follicles), and large follicles (Graafian/preovulatory follicles). Follicular atresia was 496 
also quantified, and atretic follicles were defined as follicles with >5% of the granulosa cells 497 
having pyknotic nuclei.  498 
 499 
Serum terminal assays of hormonal levels 500 
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Serum hormonal levels of luteinizing hormone (LH) (UVA in house protocol, sensitivity 0.016 501 
ng/mL, range 0.016-4 ng/mL), follicle-stimulating hormone (FSH) (UVA in house protocol, 502 
sensitivity 0.016 ng/mL, range 0.016-8 ng/mL), estradiol (E) (Alpco, 55-ESTRT-E01, sensitivity 503 
2.5pg/mL, range 5-1280 pg/mL), and testosterone (T) (ILB, IB79174, sensitivity 0.006 ng/mL, 504 
range 0.1-25 ng/mL) (Figure 1) were assessed by The University of Virginia (UVA) Center for 505 
Research in Reproduction Ligand Assay and Analysis Core. Insulin levels in serum were 506 
measured with the Mouse Insulin ELISA (Alpco, catalog 80-INSMS-E01). Alternatively, serum 507 
testosterone (Figure 8) was measured via the Multi-Species Hormone kit (MSHMAG-21K) and 508 
testosterone flexing pack (SPRCA1825). The Testosterone capture antibody has 100% reactivity 509 
to Testosterone and 16% cross-reactivity to 5-alpha-DHT. Briefly, 100 µL of serum was vortexed 510 
with 150 µL acetonitrile and incubated for 10 minutes at room temperature. The sample was then 511 
vortexed again for 5 seconds, then centrifuged at 17,000 x g for 5 minutes. 200 µL of supernatant 512 
was transferred into new Eppendorf tubes. The samples were dried by Speed Vac, followed by 513 
reconstitution with 80 µL Luminex Assay Buffer before being analyzed by multiplex assay. Per 514 
manufacturer’s instructions, data is analyzed and presented as Mean Fluorescence Intensity 515 
(MFI).  516 
 517 
Variance partitioning analyses (heritability) 518 
Mixed effect models were used to estimate genetic and PCOS contributions to traits, as shown 519 
previously (41). In brief, variances were partitioned using a linear random slope model (nlme R 520 
Package) with treatment and strain as random effects. The proportion of the total variance 521 
explained by strain was scaled to explain a portion of the residual variance from the previous 522 
model as a strain-by-diet interaction. Linear modeling was performed using lme functions from 523 
the R package lme4 version 1.1-25. Variance plots were generated using the R package ggplot2 524 
version 3.3.2. 525 
 526 
Splenocyte stimulation and cytokine multiplex immunoassay 527 
At the end of the 6-week treatment, the spleen of the mice was collected. The spleen cells were 528 
mechanically dissociated and stimulated (200,000 cells/200 mL) with either mouse T-activator 529 
CD3/CD28 dynabeads (1 bead per cell; ThermoFisher) or lipopolysaccharide O111:B4 (conc.; 530 
Ebioscience) for 40 hours at 37°C. The conditioned media from the stimulated splenocytes for 531 
each mouse were collected and stored at -20°C. A total of 40 cytokines and chemokines were 532 
quantified using the Milliplex MAP mouse Th17 magnetic bead panel and the Milliplex MAP 533 
mouse cytokine/chemokine magnetic bead panel (Millipore Sigma) according to the protocol 534 
from each respective kit. The analyte concentrations were measured using an Intelliflex 535 
instrument (Luminex) and the Belysa software (1.2). Two separate datasets of cytokine 536 
quantifications were generated based on whether the supernatant originated from splenocytes 537 
activated with either CD3/28 dynabeads or LPS. 538 
 539 
Staining and Flow Cytometry 540 
All mice inguinal lymph nodes were enzymatically dissociated using 0.25% collagenase for 30 541 
minutes, inhibited with 0.5M EDTA and then mechanically dissociated using a 50μM strainer 542 
washed with FACS buffer. While mice spleens were mechanically dissociated using a 50uM 543 
strainer and incubated with red blood cell lysis for 5 minutes before being washed with FACS 544 
buffer. Cells were aliquoted into 96-well plates for the staining of the 18 markers (Supplemental 545 
Table 2) and flow cytometry was performed on Cytek Northern Lights Spectral Cytometer. 546 
 547 
 548 
RNA isolation, reverse transcription and quantitative polymerase chain reaction 549 
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Cryopreserved peripheral blood mononuclear cells from women with PCOS (n = 15) or without 550 
PCOS (n = 5) were thawed in a 37°C water bath and washed with 10mL of RPMI 1640 media 551 
supplemented with 10% FBS. Cells underwent RNA isolation via Invitrogen’s TRIzol Reagent 552 
protocol (CAT #15596018). Complementary DNA was made by reverse transcription of 2 μg 553 
total RNA using Applied Biosystems’s High-Capacity cDNA Reverse Transcription Kit and 554 
protocol (CAT #4368814). Complementary DNA products were detected using iQ SYBR Green 555 
Supermix (Bio-Rad Laboratories) on a CFX Opus 384 Real-Time PCR System. Data were 556 
analyzed by the 2ΔΔCt method by normalizing genes of interest (shown below) to Gapdh. 557 
Primers for genes of interest were designed using NCBI’s BLAST and Primer Designing Tool. 558 

Gene symbol Primer (5’- 3’) Reverse Primer (5’- 3’) 
Cd40lg AAACCTTGCGGGCAACAATC TGACAAACACCGAAGCACCT 

Il27 CAGGCGACCTTGGCTGG GCTGACTGTGAACTCCCTCC 
Lta CATCCCCCACCTAGTCCTCA TGGTGACGACCCCTGAAATG 

 559 
 560 
Partial least squares modeling and principal component analysis 561 
Partial least squares discriminate analysis (PLS-DA) and principal component analysis (PCA) was 562 
done for the two datasets of cytokine and flow cytometry quantifications separately using Solo 563 
(Eigenvector Research, Inc.). Measurements were assigned as the independent variable, while the 564 
discrete regression variable was the treatment classification (LET or control), subphenotyping (A, 565 
B, C or D), or metabolic dysfunction (high or low). Two primary latent variables, LV1 and LV2, 566 
were used in leave-one-out cross-validation (n=<20) or venetian blinds (n>20). The model was 567 
deemed significant in ability to classify with an error rate greater than 70%. 568 
 569 
Statistical analysis 570 
All the statistical tests were performed in R (4.2.3) and PRISM GraphPad (9.5.1). In comparisons 571 
between the LET and control mice groups, Student t-tests were performed. To compare 572 
population percentages, z-tests were performed. All statistical analysis results with a p-value≤0.05 573 
were determined as significant. 574 
 575 
Data and Code Availability 576 
A detailed walk-through, all scripts used for analysis, and all processed data have been made 577 
freely available at: https://github.com/Leandromvelez/Systems_genetics_PCOS 578 
 579 
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Figures and Tables 737 
 738 

 739 
Fig. 1. Global Confirmation of PCOS-like symptoms in the LET-induced mouse model. 740 
(A) Timeline of letrozole or placebo pellet implantation at week 9 and 12. In vivo analyses 741 
(glucose tolerance testing, body composition, and estrous cycling) were measured between 13 to 742 
15 weeks, and sac at 15 weeks included collection of spleen, inguinal lymph nodes and serum. (B) 743 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 13, 2025. ; https://doi.org/10.1101/2025.01.08.631835doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.08.631835
http://creativecommons.org/licenses/by-nc/4.0/


Page 18 of 30 
 

Total body weight during the 6 weeks of treatment. (CTRL=63, LET=67). (C)  Overall weight 744 
gain over a 6-week period (CTRL=63, LET=67). (D) Fat to total body weight ratio (CTRL=63, 745 
LET=67). (E) Blood glucose (mg/dL) in response to a glucose tolerance test (CTRL=61, 746 
LET=65). (F) Area of the curve derived from GTT measurements in (E) (CTRL=61, LET=65), 747 
(G-I) Serum hormone measurements: (G) Testosterone (ng/dL) (CTRL=32, LET=31), (H) 748 
luteinizing hormone, (I) ratio of luteinizing hormone to follicular-stimulating hormone (ng/mL) 749 
(CTRL=33, LET=30). (J)  Count of cystic follicles per ovary (CTRL=27, LET=29). (K) Count of 750 
corpora lutea per ovary (CTRL=28, LET=29). Data are presented as mean ± SEM and analyzed 751 
with t-test for parametric data or Mann-Whitney test for nonparametric data. Significance was 752 
accepted at p<0.05 and is indicated with an *.  753 
 754 
 755 
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757 
Fig. 2. LET-induced inflammation differences are overshadowed by genetic diversity. 758 
(A) Splenocytes from mice were dissociated into single cell suspensions and either activated for 759 
multiplexing of conditioned media or stained for flow cytometry, whereas lymph nodes were only 760 
dissociated and stained for flow cytometry. (B-C) PLSDA of 40 cytokines measured from the 761 
conditioned media of C57BL6 CTRL and LET splenocytes stimulated with anti-CD3/28 (cross 762 
validation class error average: 0.167) (B) or LPS (cross validation class error average: 0.278) (C). 763 
(D-E) PLSDA of 40 cytokines measured from the conditioned media of genetically diverse CTRL 764 
and LET splenocytes stimulated with anti-CD3/28 (cross validation class error average: 0.309) 765 
(D) or LPS (cross validation class error average: 0.225) (E). (F) PCA plot of genetically diverse 766 
CTRL and LET cohorts’ immune frequencies by flow cytometry. 767 
 768 
 769 
 770 
 771 
 772 
 773 
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775 
Fig. 3. Genetic diversity imposes shift in host immune profile, superseding LET-induction of 776 
PCOS symptoms. 777 
(A-B) Splenocytes from the genetically diverse cohort of mice were dissociated into single cell 778 
suspensions and either stimulated with anti-CD3/28 (cross validation class error average: 0.351) 779 
(A) or LPS (cross validation class error average: 0.323) (B). PLSDA analysis was performed and 780 
annotated by strain. (C) PCA plot of immune frequencies via flow cytometry from BALBc/j and 781 
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DBA strains. (D) PCA plot with K means clustering projection of immune frequencies via flow 782 
cytometry from BALBc/j and DBA strains. (E-F) Heritability estimates of lymph node (E) or 783 
splenocyte (F) immune frequencies from genetically diverse cohorts via flow cytometry.  784 
 785 
 786 
 787 
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789 
Fig. 4. T cell derived cytokines correlate with LET induced PCOS like symptoms. 790 
Heatmap depicting correlative relationships between cytokine concentration and PCOS-like 791 
phenotypes. Splenocytes from the genetically diverse CTRL and LET cohorts were stimulated 792 
with anti-CD3/28 or LPS. Conditioned media was assayed for cytokines by multiplex analysis. 793 
Red denotes strong, positive correlation. White denotes no correlation. Blue denotes strong, 794 
negative correlation. Asterisk (*) denotes statistically significant correlations.  795 
 796 
 797 
 798 
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Table 1. Strains of mice subclassified by PCOS phenotypes. 800 
Genetically diverse strains of LET cohort were categorized as similar to subtype A, B, C or D 801 
based on hyperandrogenism status, presence of oligo-anovulation and polycystic ovarian 802 
morphology. Strains were classified as hyperandrogenic if a strain’s LET cohort had an average 803 
testosterone that was 1.5-fold change or higher compared to the strain’s CTRL cohort’s average. 804 
Oligo-anovulation was classified if the strain’s LET cohort average cycling was less than the 805 
strain’s CTRL cohort average cycling. A positive polycystic ovarian morphology status was 806 
deemed if the strain’s LET cohort had a statistically higher average count of cysts and a negative 807 
1.5 fold change or higher of corpus luteum compared to the strain’s CTRL cohort. For missing 808 
values or underpowered strains, the strains were deemed uncategorized. Genetically diverse 809 
strains of the LET cohort were then categorized as high metabolic dysfunction if previously 810 
categorized as A or B subtype, and low metabolic dysfunction if previously categorized as C or D 811 
subtype.  812 
 813 

  Hyperandrogenism Estrous cyclicity PCOM  
Subtype Metabolic 

Dysfunction Strain >=1.5FC LET < CTRL LET > CTRL = high cysts 
and 1.5FC CL 

A/J ✓ ✓ x B High 

BALBc/j x ✓ x Uncategorized Uncategorized 

BxD 124 ✓ ✓ ✓ A High 

BxD 125 ✓ ✓ x B High 

BxD 128 x ✓ x Uncategorized Uncategorized 

BxD 129 ✓ ✓ ✓ A High 

BxD 44 --- --- --- Uncategorized Uncategorized 

BxD 48 ✓ x ✓ C Low 

BxD 51 x x x Uncategorized Uncategorized 

BxD 60 ✓ ✓ ✓ A High 

BxD 70 --- --- --- Uncategorized Uncategorized 

BxD 71 --- --- --- Uncategorized Uncategorized 

BxD 73 x ✓ x Uncategorized Uncategorized 

BxD 75 x ✓ --- Uncategorized Uncategorized 

BxD 77 x ✓ ✓ D Low 

BxD 78 --- --- --- Uncategorized Uncategorized 

BxD 79 ✓ x ✓ C Low 

BxD 89 --- --- --- Uncategorized Uncategorized 

CH3/Hej ✓ ✓ ✓ A High 

DBA ✓ ✓ ✓ A High 

NOD ✓ ✓ ✓ A High 
 814 
 815 
 816 
 817 
  818 
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819 
Fig. 5. T cell derived cytokines differentiate metabolic status and are LET specific. 820 
(A-B) LV1 loadings of 40 cytokines measured from the conditioned media of C57BL6 CTRL and 821 
LET splenocytes stimulated with anti-CD3/28 (A) or LPS (B). Cytokines with negative values are 822 
important for differentiating high metabolic dysfunction, while cytokines with positive values 823 
differentiate low metabolic dysfunction. (C-D) Heritability estimates across the genetically 824 
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diverse cohort of cytokine concentrations from the conditioned media of splenocytes stimulated 825 
with anti-CD3/28 (C) or LPS (D).  826 
 827 
 828 
 829 
  830 
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Table 2. PCOS associated clinical parameters of women with no PCOS diagnosis (n = 5), or 831 
with PCOS diagnosis (n = 15).  832 
 833 

  No PCOS Dx PCOS P-value Significance 

Age 30.4 ± 3.91 25.93 ± 3.69 0.0604 NS 

BMI 25.64 ± 6.64 27.25 ± 4.91 0.4973 NS 

Menses/year 12 ± 0 7.07 ±  2.52 <0.0001 **** 

R ovarian volume 6.88 ± 3.12 14.19 ± 4.48 0.0035 ** 

L ovarian volume 7.96 ± 3.15 13.66 ± 6.37 0.0328 * 

Testosterone 0.32 ± 0.10 0.75 ± 0.26 0.0003 *** 

SHBG 66.16 ± 30.30 43.55 ± 25.89 0.1186 NS 

DHEAS 4.59 ± 1.68 9.70 ± 4.91 0.0025 ** 

LH 7.44 ± 2.54 11.46 ± 6.78 0.3486 NS 

FSH 6.72 ± 2.18 5.84 ± 1.99 0.5531 NS 

E2 57.84 ± 15.45 60.75 ± 24.22 0.866 NS 

PRL 21.01 ± 4.81 20.99 ± 5.59 0.9466 NS 

Cholesterol 139.86 ± 39.86 160.94 ± 29.53 0.3486 NS 

Triglycerides 83.60 ± 36.91 97.95 ± 45.53 0.0178 * 

HDL 50.70 ± 12.50 54.75 ± 10.95 0.0093 ** 

LDL 72.46 ± 35.33 86.64 ± 25.81 0.2504 NS 

TSH 1.79 ± 0.45 1.23 ± 0.60 0.0003 *** 
 834 
  835 
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 836 
 837 
Fig. 6. TNF-β mRNA expression is higher in PBMCs of women with PCOS. 838 
(A-H) Clinical parameters of the PCOS cohort. (A) Body mass index, BMI, (B) Insulin response, 839 
(C) Area under the curve of insulin response from (B), (D) Glucose tolerance test, (E) total 840 
triglycerides, (F) total high density lipoproteins, (G) total cholesterol, and (H) total low density 841 
lipoproteins measured in women with no PCOS diagnosis (n = 5) and with PCOS diagnosis (n = 842 
16). (I) qPCR of mRNA expression of pro-inflammatory cytokines (IL-27, CD40LG, TNF-β) 843 
measured in PBMCs of women with no PCOS diagnosis (n = 4) and with PCOS diagnosis (n = 844 
12). Data are presented as mean +/= SEM and analyzed by student’s t-Test with significance 845 
accepted at p<0.05. 846 
 847 
 848 
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 850 
 851 
Figure 7. Human Genetic variation implicates TNF-β in cross tissue regulation of adipose 852 
inflammation. 853 
(A) The number of genes per organ that is significantly correlated with LTA expression in pre-854 
menopausal human female spleen. (B) A cnet graph showing the LTA-correlated adipose genes 855 
from the top significantly correlated pathways “myeloid leukocyte migration” and “response to 856 
LPS”.  857 
  858 
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 859 
 860 
Fig. 8. The PCOS reproductive phenotype and cytokine profile is dependent on T cells. (A) 861 
Mean Fluorescence Intensity (MFI) of pre-extracted serum testosterone from C57BL6 TCRαKO 862 
serum after  weeks of Placebo or LET exposure. Testosterone was measured via Luminex 863 
Multiplex. (B-E) Serum LH (B-C) and FSH (D-E) in control (Placebo) and LET-treated C57BL6 864 
mice after 5 weeks of LET exposure starting at 9 weeks of age. (A and C) C57BL6 wildtype 865 
mice. Filled circles are data from Torres et al. 2019 and open circles are data from sentinel mice. 866 
(B and D) C57BL6 TCRαKO. Data are presented as mean +/= SEM and analyzed by student’s t-867 
Test with significance accepted at p<0.05. (F) Heatmap depicting z-scored cytokine 868 
concentration. Splenocytes from the C57BL6 TCRαKO CTRL and LET cohort along with control 869 
and LET-treated sentinel mice were stimulated with LPS. Conditioned media was assayed for 870 
cytokines by multiplex analysis. (G) Principal component analysis of cytokine data from (F). 871 
 872 
 873 
 874 
 875 

 876 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 13, 2025. ; https://doi.org/10.1101/2025.01.08.631835doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.08.631835
http://creativecommons.org/licenses/by-nc/4.0/


Page 30 of 30 
 

Supplementary Materials 877 
 878 

Figs. S1 to S7 879 

Tables S1 to S2 880 
 881 
 882 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 13, 2025. ; https://doi.org/10.1101/2025.01.08.631835doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.08.631835
http://creativecommons.org/licenses/by-nc/4.0/


.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 13, 2025. ; https://doi.org/10.1101/2025.01.08.631835doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.08.631835
http://creativecommons.org/licenses/by-nc/4.0/

