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Abstract

Lymphangioleiomyomatosis (LAM), is a rare disease charac-

terized by the abnormal prolieration o smooth muscle-like

cells containing tuberous sclerosis complex (TSC) gene muta-

tions. This prolieration leads to tumor ormation and cyst de-

velopment in the lung parenchyma, resulting in declining res-

piratory unction. Notably, LAM primarily aects biological

emales and appears to be estrogen-sensitive. Recent work

rom our laboratory suggests that estradiol not only stimulates

TSC-null smooth muscle cells but also promotes neutrophil

production via estrogen receptor-alpha (ERα) signaling in the

bone marrow, which in turn stimulates TSC-null tumor pro-

gression. While prior studies have showed that estradiol infu-

ences tumor-induced production o leukocytes, the direct e-

ects o ERα signaling in neutrophils are not well understood.

In concert with tumor-derived actors, we hypothesized that

estradiol may augment pro-tumorigenic and immunosuppres-

sive unctions o neutrophils. To address this, we employed

real-time quantitative PCR to assess or ERα-mediated tran-

scription-level expression changes in several genes associated

with alternative neutrophil activation in other tumor microen-

vironments. Our results show that neutrophils cultured in tu-

mor-conditioned media (TCM) require ERα or ull expres-

sion o neutrophil elastase (Elane) and nitric oxide synthase 2

(Nos2) mRNA, while programmed death-ligand 1 (Cd274)

mRNA expression is mediated byTMC) alone. These ndings

indicate that, in addition to stimulating neutrophil production

in bone marrow, estradiol signaling through ERα receptors on

neutrophils and tumor-derived actors signicantly infuences

the quality o tumor-exposed neutrophil activation, promoting

a pro-tumorigenic immunosuppressive phenotype.

Introduction

Lymphangioleiomyomatosis (LAM) is a rare multisystem

disease that predominantly maniests in the lungs. [1]. It is

characterized by the abnormal growth o smooth muscle tu-

mors, which leads to cyst ormation in the lungs and the

progressive loss o respiratory unction [1].

Common symptoms include shortness o breath, coughing,

and chest pain, with impacted individuals also being suscepti-

ble to recurrent lung collapse. Diagnosis is typically con-

rmed through a biopsy o lung tissue or lymph nodes, as pul-

monary unction tests may appear normal in earlier stages o

the disease [2, 3]. Computed tomography (CT) scans are also

helpul when diagnosing LAM, as they visualize cystic

changes in the lungs [2]. Extrapulmonary maniestations o

LAM include the presence o benign smooth muscle tumors in

the kidney or uterus, lymphadenopathy, and large cystic lym-

phatic masses (lymphangioleiomyomas) [2]. There are a ew

notable eatures o LAM that inorm ongoing investigations

into its mechanisms. First, genetically, LAM is caused by mu-

tations in the tuberous sclerosis complex (TSC) genes, TSC1

and TSC2, with most cases linked to inactivating mutations in

TSC2 [4]. These mutations may occur sporadically or as in-

herited germline mutations in tuberous sclerosis. Regardless

o origin, deective TSC signaling leads to hyperactivation o

the mammalian target o rapamycin complex 1 (mTORC1)

promoting excessive cell growth and prolieration. The main

treatment or this disease includes rapamycin-like drugs

which target the hyperactivity o mTORC1 to attenuate dis-

ease progression and provide symptom relie [2]. In severe

cases o respiratory decline secondary to disease progression,

lung transplantation may be required. Some patients experi-

ence adverse eects rom rapalogs or recurrence o LAM ol-

lowing lung transplantation, highlighting the need or urther

investigations into the disease mechanism to identiy potential

therapeutic targets [2].

Second, LAM is considered to be a metastatic disease, as

LAM cells have been ound in the blood and lymph vascula-

ture o patients. Recurrence in transplanted lungs is also com-

mon [1]. Third, LAM exhibits a marked emale sexual dimor-

phism in disease presentation, as it predominantly occurs in

biological emales and rarely aects males (less than 10 cases

o signicant disease reported). When it does present in males,

it generally has no to mild symptoms [3]. Finally, LAM is an

estrogen-sensitive disease, causing it to worsen during repro-

ductive years, with pregnancy, and with oral contraception

use, though improving ater menopause [1].

The estrogen responsiveness o LAM has been the subject o

studies aiming to elucidate the potential benets o hormone-

targeting therapies to combat this disease. For instance, prior

preclinical studies have shown that estrogen enhances lung

transplantation, highlighting the need or urther investiga-

tions into the disease mechanism to identiy potential thera-

peutic targets [2].
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Second, LAM is considered to be a metastatic disease, as

LAM cells have been ound in the blood and lymph vascula-

ture o patients. Recurrence in transplanted lungs is also com-

mon [1]. Third, LAM exhibits a marked emale sexual dimor-

phism in disease presentation, as it predominantly occurs in

biological emales and rarely aects males (less than 10 cases

o signicant disease reported).When it does present in males,

it generally has no to mild symptoms [3]. Finally, LAM is an

estrogen-sensitive disease, causing it to worsen during repro-

ductive years, with pregnancy, and with oral contraception

use, though improving ater menopause [1].

The estrogen responsiveness o LAM has been the subject o

studies aiming to elucidate the potential benets o hormone-

targeting therapies to combat this disease. For instance, prior

preclinical studies have shown that estrogen enhances lung

colonization o TSC2-null tumor cells, derived rom Eker rat

leiomyomas (ELT3), in a SCID.NOD metastasis model [3, 5].

Using the (Progesterone Receptor) PRCre/+ TSC2f/f uterine-

specic TSC2-null mouse model, which develops LAM-like

tumors in the myometrium, our previous work has demon-

strated that estrogen removal causes tumor regression [6].

These in vivo data, along with others, highlights that LAM-

like tumors are not just estrogen-responsive, but estrogen-de-

pendent [5-8]. Interestingly, while in vivo response to estra-

diol is signicant, recent studies show mild responsiveness o

TSC2-null tumor cells to estradiol stimulation in vitro. Using

a novel in vitro model o TSC2-null cells derived rom the

uterine tumors o the TSC2f/f PRCre/+ mouse (LTM3 cells),

we previously ound that these LAM-like tumor cells were

transcriptionally reactive to estradiol stimulation, but did not

augment pro-tumorigenic unctions such as migration, inva-

sion, or prolieration in response to estradiol treatment [3].

With these results in mind, recent studies have shited to

investigating the estrogen sensitivity o other cellular compo-

nents o the tumor microenvironment to elucidate the mecha-

nisms o estrogen-mediated LAM progression.

LAM tumors have a diverse microenvironment consisting o

broblasts, adaptive immune cells (B and T lymphocytes),

and innate immune cells (monocytes, macrophages, dendritic

cells, mast cells, and neutrophils) [1, 9]. Similar to other ma-

lignancies, crosstalk within the LAM microenvironment en-

ables these non-tumor cells to support tumor growth through

immunosuppressive and direct pro-tumorigenic mechanisms

[1, 3].Interestingly, recent single-cell RNA characterization o

LAM-diseased lungs revealed that CD45-expressing immune

cells expressed a high level o ESR1 (the gene encoding ERα)

much like the LAM tumor cells [10]. These data substantiated

previously reported modulations in immune cell-related mR-

NAs in the preclinical TSC2f/f PRCre/+ murine model [3, 6].

Specically, estradiol stimulation in uterine tissues led to in-

creased expression o neutrophil elastase (NE), a serine pro-

tease reported to be associated with tumor progression or

other malignancies [6, 11, 12]. Further immunophenotyping

o myometrial tumors in TSC2f/fPRCre/+ mice revealed sig-

nicant increases in CD11b+Ly6CloLy6G+ (neutrophil) cell

inltration into uteri burdened with LAM-like tumors com-

pared to tumor-naïve uteri [11]. These neutrophils were also

identied as potent regulators o TSC2-null tumor growth in

the myometrium, as evidenced by marked tumor growth re-

duction ollowing the depletion o myeloid cells, inhibition o

their recruitment, and inhibition o neutrophil-derived neu-

trophil elastase (NE) [11]. It is well-established that neu-

trophils play a crucial role in ghting inections [13, 14].

However, research suggests that environmental stimuli can

modulate neutrophil unctions, allowing them to utilize a

diverse repertoire o unctions that, in some instances, can

support disease progression [15]. In cancer, neutrophils have

been shown to promote tumor growth by releasing a variety o

dierent actors that stimulate tumor cells directly, such as

Mmp9 and ELANE, or by supporting evasion o cytotoxic

immune cells via immunosuppressive means through Nos2,

Cd274, and S100a9 [12, 15-18]. Given the evidence implicat-

ing both estrogen and neutrophils as drivers o LAM-like tu-

mor progression, understanding how estrogens infuence neu-

trophil accumulation and unction in the LAM tumor microen-

vironment is critical. Our lab has previously demonstrated that

estradiol increases neutrophil levels, acilitating greater colo-

nization o LAM-like tumors in the lungs o SCID.NOD mice

[3]. Neutrophil plasticity, which allows or the versatility o

neutrophil unctions and phenotypes,likely supports neu-

trophil and tumor cell clusters [19]. Since neutrophils play a

role in estrogen-mediated lung colonization, the infuence o

estrogen on neutrophil plasticity is an important eature o

neutrophils that must be explored when looking at the LAM-

microenvironment. Based on the all the data mentioned, we

hypothesize that estradiol signaling through estrogen recep-

tor-alpha on neutrophils is promoting a pro-tumorigenic im-

munosuppressive phenotype, which in turn supports the pro-

Figure 1. The model o crosstalk between Neutrophils and LAM

cells is modulated by estrogen.

We hypothesize that estrogen supports the crosstalk between LAM

tumor cells and neutrophils in the tumor microenvironment, which in

turn supports the progression o LAM. LAM tumor cells secrete

tumor-derived actors that alter the neutrophil phenotype, making the

neutrophils express pro-tumorigenic and immunosuppressive

markers that support the tumor cells.
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gression o LAM. Supporting this, our results indicate that

ERα positively infuences the expression o neutrophil elas-

tase (Elane) and nitric oxide synthase 2 (Nos2), markers o

neutrophil activation, to support tumor progression.

Materials and Methods

Mouse Studies

Mouse studies were perormed ollowing AALAC guidelines

and approved by the University o Rochester Committee on

Animal Resources (UCAR).

Tumor Cell Culture and Reagents

The LAM-like TSC2-null Myometrial (LTM3) cells are de-

rived rom TSC2-null myometrial tumors o TSC2f/f

PRCre/+ mice [4]. LTM3 cells were maintained in DF8 media

with 10% FBS and were incubated in incubators at 37ºC in air

humidied with 5% CO2 and passaged every 4-5 days. Tu-

mor-conditioned media (TCM) was collected ater culturing

the LTM3 cells to confuency in regular DF8 with 10% FBS.

Neutrophil Isolation

Bone marrow was harvested rom both the tibia and emur o

three 18-week-old C57BL/6J (#000664, Jackson Laboratory)

or B6N(Cg)-ESR1tm4.2Ksk/J ERα-null (#026176, Jackson

Laboratory) mice and pooled or neutrophil isolation. The

bone marrow was then placed intoACK lysis buer to remove

blood cells, neutralized, passed through a 40mm lter, and

resuspended in FACs buer. Single-cell suspensions o l-

tered bone marrow were stained with anti-Ly6G microbeads

(#130120337, Miltenyi), and neutrophils were isolated ac-

cording to the protocol or MS column MACS positive-selec-

tion separation (#130042201, Miltenyi). Once separated, neu-

trophils were counted and resuspended in the appropriate me-

dia at 1x106 neutrophils per mL.

Neutrophil Stimulation Cultures

1x106 neutrophils per mL were seeded into 6-well plates with

either DF8 media supplemented with 10% FBS or TCM.

Stock Fulvestrant (#ICI182780, MedChemExpress), an estro-

gen receptor antagonist, was diluted to a working concentra-

tion o 1 mM using DMSO and stored in 10 mL aliquots at

-80°C. Neutrophils were stimulated with 100 nM Fulvestrant

or vehicle (DMSO). Cultures were incubated or 24 hours at

37°C in air humidied with 5% CO2.

Western Blot

In preparation or Western Blot, samples were homogenized

in RIPA buer (#89900, Thermo Fisher Scientic, Waltham,

MA) supplemented with 1×Halt™ protease and phosphatase-

inhibitor cocktail (7843036, Thermo Fisher Scientic) and

mixed with 4x-sample buer. Samples were mixed with 4x

sample buer, boiled or ve minutes, and were then loaded

into gradient polyacrylamide gels to separate protein

(4561084, Bio-Rad, Hercules, CA). Samples were then trans-

erred to PVDF membranes (#1620177, Bio-Rad), and blots

were blocked using 5% milk in TBST. The primary antibody

was 1:1000 Erα (8644S, Cell Signaling). Secondary antibod-

ies included 1:4000 Goat anti-rabbit (#1706515, Bio-Rad).

Clarity Western ECL Substrate (1705062, Bio-Rad) was used

to detect the blot.

Figure 2. Transorming Growth Factor Beta 1 (Tgβ1),

S100 Calcium Binding Protein A9 (S100a9), and Inter-

eron Regulatory Factor 8 (Ir8) mRNA expression does

not change in both WT and KO mouse models cultured

in DF8 or TCM.

Transorming Growth Factor Beta 1 (Tgβ1) (a), S100

Calcium Binding Protein A9 (S100a9) (b), and Intereron

Regulatory Factor 8 (Ir8) (c) mRNA expression was

measured or all cultured neutrophils taken rom the bone

marrow rom either wild-type (C57BL/6J) or Erα null mice.

Neutrophils were cultured in either DF8 media or tumor-

conditioned media (TCM). For wild-type mice, n = 6, while

or Erα null mice, n = 3. For each point, three biological

replicates were used and two technical replicates were run.

The data plotted is represented as means ± SEM. Unpaired

t-test determined the signicance between conditions with

and without the presence o estrogen receptor α. ns p > 0.05,

*p < 0.05, ** p < 0.01, *** p < 0.001.
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Real-Time Quantitative PCR

Total RNA was extracted using the RNeasy Plus Mini Kit

(74134, QIAGEN, Hilden, Germany). RT-qPCR reactions

used qScript RT-qPCR Tough Mix (89236-672, Quantabio,

Beverly, MA) and TaqMan primers (Applied Biosystems,

Waltham, MA). The StepOne plus Real-Time PCR system

(Applied Biosystems) was used. The Taqman Primers used

were mouse GAPDH (loading control, Mm99999915_g1),

mouse ELANE (Mm00469310_m1), mouse CXCR2

(Mm00438258_m1), mouse Nos2 (Mm00440502_m1),

mouse IRF8 (Mm00492567_m1), mouse Cd274

(Mm03048248_m1), mouse S100a9 (Mm00656925_m1), and

mouse Tgb1 (Mm01178820_m1). Samples were tested in

duplicates or the target gene expression.Ater, mRNA thresh-

old cycle (ΔΔCT) values were normalized to GAPDH levels

and represented the relative mRNA.

Statistical Analysis

GraphPad PRISM 10 sotware was then used to express these

results. Each probe was normalized to GAPDH levels or the

specic day it was run, and then relative values were graphed.

Unpaired t-tests were perormed to determine the signicance

between the mean CT values, and dierences in the means

were compared using Tukey’s multiple comparisons test.

Signicance was denoted by ns (p > 0.05), * (p < 0.05), ** (p

< 0.01), *** (p < 0.001).

Results

Neutrophil Elastase (Elane) and Nitric Oxide Synthase 2

(Nos2) expression in neutrophils rom the bone marrow

are enhanced by ERα signaling.

Prior work has shown that estradiol stimulation in uterine

tissues increased the expression o Neutrophil Elastase

(Elane), which has pro-tumorigenic properties [6, 11, 12]. Ad-

ditionally, Nitric Oxide Synthase 2 (Nos2) expression in can-

cer cells predicts poor outcomes, as it increases chemoresis-

tance, metastasis and has immunosuppressive unctions [17].

Both markers are predicted to be expressed by neutrophils in

the presence o estrogen signaling in LAM. In this study, we

used real-time quantitative polymerase chain reaction (RT-

qPCR) to measure the mRNA expression o the genes Elane

and Nos2 in both wild-type and ERα knockout mice in two

conditions: DF8 media and tumor-conditioned media (TCM).

Our results indicate that the expression o both Elane (Figure

3a) and Nos2 (Figure 3b) was dependent on ERα signaling in

neutrophils. For Elane expression (Figure 3a), signicant di-

erence was observed between the WT and KO mice in DF8

conditions (*p < 0.05), while the dierence in TCM was

trending towards signicance (p = 0.0807). For Nos2 expres-

sion (Figure 3b), there were signicant dierences between

the baseline expression in WT and KO mice in both the DF8

and TCM conditions (*p < 0.05). These baseline dierences

in Elane and Nos2 indicate that ERα signaling increases the

expression o these genes, potentially promoting a pro-tumori-

genic neutrophil phenotype.

Programmed Cell Death Ligand 1 (PD-L1, Cd274)

expression is mediated by the presence o tumor-

conditioned media, rather than ERα signaling.

Programmed Cell Death Ligand 1 (PD-L1), also known as

Cd274, is a checkpoint inhibitor that binds to PD-1 receptors

on T cells, preventing T cells rom carrying out anti-tumor

unctions [18, 20]. Prior studies have shown that Cd274 is

expressed by immune cells, including neutrophils in tumor

microenvironments, and inhibits anti-tumor T cell unctions to

promote tumor progression [18]. In this study, our results

demonstrate that Cd274 mRNA expression (Figure 2a) in-

creased in the presence o TCM, regardless o whether the

cells were isolated romWT or ERα-null mice. The dierence

in expression between DF8 and TCM conditions or the WT

mice was trending towards signicance (p = 0.0787).In ERa-

null mice, Cd274 expression was signicantly elevated in the

presence o TCM (*p < 0.05). There was also a slight but

signicant increase in the expression o Cd274 mRNA in the

Figure 3. Neutrophil Elastase (Elane) and Nitric Oxide

Synthase 2 (Nos2) mRNA expression are inluenced by

estrogen signaling in both DF8 media and tumor-

conditioned media (TCM).

Neutrophil Elastase (Elane) mRNA expression (a) and

Nitric Oxide Synthase 2 (Nos2) mRNA expression (b)

were measured in cultured neutrophils taken rom the bone

marrow o either either wild-type (C57BL/6J) or Erα null

mice. Neutrophils were cultured in either DF8 media or

tumor-conditioned media (TCM). For wild-type mice, n =

6, and or Erα null mice, n = 3. Each data point represents

the mean o three biological replicates, with two technical

replicates run or each. Data are represented as means ±

SEM. Unpaired t-tests determined the signiicance

between conditions. ns p > 0.05, *p < 0.05.



Journal o Undergraduate Research 49

b
i
o
l
o
g
y

KO mice in DF8 media, indicating that estrogen signaling

may decrease the expression o Cd274. However, there was no

signicant dierence in the TCM condition between both

mice. (p > 0.05).

Figure 4. Increases in Programmed Cell Death Ligand 1 (PD-

L1), also known as Cd274 mRNA expression is tumor-

conditioned media mediated in both wild-type and ERα-null

(KO) mice.

PD-L1 mRNA expression (a), was measured or all cultured

neutrophils taken rom the bone marrow rom either wild-type

(C57BL/6J) (n = 6) or Erα null mice (n = 3). Neutrophils were

cultured in either DF8 media or tumor-conditioned media (TCM).

Each data point represents the mean o three biological replicates,

with two technical replicates perormed or each.The data plotted is

represented as mean ± SEM. Unpaired t-test determined the

signicance between conditions with and without the presence o

estrogen receptor α. ns p > 0.05, *p < 0.05, ** p < 0.01, *** p <

0.001.

C-X-C Moti Chemokine Receptor 2 (Cxcr2) mRNA

expression is decreased in the presence o ERα signaling.

Previous studies have shown that C-X-C Moti Chemokine

Receptor 2 (Cxcr2) is upregulated in various cancers and is

associated with poorer prognosis, indicating some pro-tumori-

genic eects such as promoting tumor cell prolieration [21].

Cxcr2 aects neutrophil maturation and unction and is ex-

pressed by neutrophils in both mice and humans [22]. In addi-

tion, previous work rom our lab has shown that Cxcr2 inhibi-

tion decreases uterine weight in the uterine-specic TSC2-null

mouse model [11]. In this study, our results indicated that

Cxcr2 expression is greatly decreased in the presence o ERα

signaling in both DF8 and TCM conditions. There was a sig-

nicant decrease in expression between the neutrophils cul-

tured in DF8 media (***p < 0.001), as well as between the

neutrophils cultured in TCM (*p < 0.05) in the wild-type

mice. There was no signicant dierence in Cxcr2 expression

between the DF8 and TCM conditions in either mouse model,

suggesting that mRNA expression is not aected by TCM but

is inhibited by ERα signaling possibly.

Figure 5. C-X-C Moti Chemokine Receptor 2 (Cxcr2) mRNA

expression is not decreased in the presence o ERα signaling in

both wild-type and knockout mice.

C-X-C Moti Chemokine Receptor 2 (Cxcr2) mRNA expression (a)

was measured or all cultured neutrophils taken rom the bone

marrow rom either wild-type (C57BL/6J) or Erα null mice.

Neutrophils were cultured in either DF8 media or tumor-conditioned

media (TCM). For wild-type mice, n = 6, while or Erα null mice, n

= 3. For each point, three biological replicates were used and two

technical replicates were run. The data plotted is represented as

means ± SEM. Unpaired t-test determined the signicance between

conditions with and without the presence o estrogen receptor α. ns p

> 0.05, *p < 0.05, ** p < 0.01, *** p < 0.001

Transorming Growth Factor Beta 1 (Tgb1), S100

Calcium Binding Protein A9 (S100a9), and Intereron

Regulatory Factor 8 (Ir8) mRNA expression are not

aected by the presence o ERα or tumor-conditioned

media (TCM).

PAll o these markers: Tgb1, S100a9, and Ir8, are known to

be pro-tumorigenic or immunosuppressive markers. Tgb1 is

highly expressed in the setting o some cancers and supports

the growth and metastasis o tumor cells [23]. S100a9 is in-

volved in the infammatory pathways and migration in multi-

ple types o myeloid cells [24]. Finally, Ir8 is a transcription

actor that contributes to the development o myeloid cells and

is involved in the infammatory response [25]. Our results in-

dicated that ERα signaling does not aect the mRNA expres-

sion o any o these genes. There were no signicant increases

or decreases between the mouse models or culture conditions

or Tgb1 (Figure 6a), S100a9 (Figure 6b), or Ir8 (Figure 6c).
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Figure 7. mRNA expression is not aected by Estradiol

Antagonist Fulvestrant in Elane, Cd274, Tgb1, and S100a9.

Neutrophils in DF8 were cultured or 24 hours with either DMSO or

Fulvestrant. RNA was collected and qPCR was run. For each

experiment, 3 biological replicates were done and 2 technical

replicates were run or qPCR. The data plotted is represented as ±

SEM or Elane (a), Cd274 (b), Tgb1 (c), and S100a9 (d). Unpaired

t-test determined the signiicance between conditions with and

without the presence o estrogen receptor α. A western blot was also

run to see whether the expression o ERα decreased in the presence

o Fulvestrant (e).

Treating neutrophils with Fulvestrant does not

signicantly alter mRNA expression in Neutrophil

Elastase (Elane), in Programmed Cell Death Ligand 1

(PD-L1), also known as Cd274, Transorming Growth

Factor Beta 1 (Tgβ1), S100 Calcium Binding Protein A9

(S100a9).

All o the markers mentioned above possess either pro-tu-

morigenic or immunosuppressive properties. Neutrophils

were cultured in either Veh (DMSO) or Ful (Fulvestrant) or

24 hours and RNA was harvested. Our results showed that

there was no signicant dierence in mRNA expression o

Elane (Figure 7a), Cd274 (Figure 7b), Tgb1 (Figure 7c), and

S100a9 (Figure 7d) (p > 0.05 or all). Some o the mRNAs

showed a non-signicant downward trend in the presence o

Fulvestrant, an estradiol antagonist. Western blot showed a

slight decrease in expression o ERα in the the presence o

Fulvestrant, an estradiol antagonist. Western blot showed a

slight decrease in expression o ERα in the presence o

Fulvestrant, however, these results lack a loading control

(Figure 7e).

Discussion

Estrogen is a well-known stimulatory signal or some cancers.

Prior studies have shown that estrogen is involved in the pro-

gression o multiple types o cancers including prostate,

breast, and endometrial cancer in vivo and in vitro [26-30].

For example, cervical cancer patients with elevated estradiol

levels were shown to have shorter progression-ree survival

rates and lower overall survival rates [26]. As mentioned ear-

lier, LAM is an established estrogen-sensitive disease as

demonstrated through multiple in vivo and in vitro studies.

Figure 6. Transorming Growth Factor Beta 1 (Tgβ1), S100 Calcium Binding ProteinA9 (S100a9), and Intereron Regulatory Factor

8 (Ir8) mRNA expression does not change in both WT and KO mouse models cultured in DF8 or TCM.

Transorming Growth Factor Beta 1 (Tgβ1) (a), S100 Calcium Binding Protein A9 (S100a9) (b), and Intereron Regulatory Factor 8 (Ir8)

(c) mRNA expression was measured or all cultured neutrophils taken rom the bone marrow rom either wild-type (C57BL/6J) or Erα null

mice. Neutrophils were cultured in either DF8 media or tumor-conditioned media (TCM). For wild-type mice, n = 6, while or Erα null mice,

n = 3. For each point, three biological replicates were used and two technical replicates were run. The data plotted is represented as means ±

SEM. Unpaired t-test determined the signicance between conditions with and without the presence o estrogen receptor α. ns p > 0.05, *p <

0.05, ** p < 0.01, *** p < 0.001.
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Estrogen has been shown to enhance lung colonization o

TSC2-null ELT3 cells when mice were injected with tumor

cells through the tail vein [5]. Furthermore, estrogen removal

in a uterine-specic TSC2-null mouse model caused LAM-

like tumors to shrink [6].

While in vivo studies involving TSC2-null cell lines have

shown some transcriptional changes with estrogen, estrogen

had minimal eects on cell prolieration, migration, and inva-

sion, indicating that estrogen does not have as much o an

eect in vitro as in the in vivo studies mentioned above [3, 6,

31]. To explain these observations, it is hypothesized that es-

trogen supports LAM disease progression by changing the

unction o immune cells in the disease setting. Our previous

work showed that estrogen treatment in C57BL/6J mice in-

creased both the presence o neutrophils and neutrophil elas-

tase, a serine protease that promotes tumor growth and pro-

infammatory activities [32]. Furthermore, immunotyping o

WT and uterine-specic TSC2-null mice revealed increased

neutrophil accumulation in blood, bone marrow, lungs,

spleen, and uteri, suggesting the LAM microenvironment is

lled with neutrophils [3, 11]. Finally, our lab showed that

estrogen alters the neutrophil phenotype and changes gene

expression to promote tumor progression in LAM. [3]. These

ndings emphasize the importance o studying how estrogen

signaling can infuence the LAM microenvironment, and as a

result, tumor growth and metastasis.

In this study, we proposed ERα signaling and tumor-derived

actors promote a pro-tumorigenic, immunosuppressive neu-

trophil phenotype in the setting o LAM.We chose to measure

specic mRNA markers because the proteins they encode

have both immunosuppressive and pro-tumorigenic proper-

ties, and their expression in neutrophils would support our

hypothesisUltimately, we ound that Elane (Neutrophil Elas-

tase), and Nos2 (Nitric Oxide Synthase 2) expression could

depend on signaling through ERα. Since Elane and Nos2 are

pro-infammatory enzymes, this study shows that estradiol

through ERα signaling could promote neutrophils to express

infammatory enzymes. Tumor-derived actors may have an

eect as well, but this eect was not as prominent as ERα

signaling or these two markers.

Cd274/PD-L1 (Programmed Cell Death Ligand 1) was ound

to be dependent on the tumor-derived actors in TCM. This

dependence was urther observed when we compared the val-

ues between tumor-conditioned media in the wild type and

ERα-null mice. There was a clear dierence in the levels o

expression with and without estrogen receptors. Since PD-L1

is an immunosuppressive marker, immunosuppression could

be better regulated by tumor-derived actors rather than ERα

signaling.

Interestingly, the marker Cxcr2 indicates that estrogen signal-

ing suppresses the ull expression o these markers in both

DF8 and TCM conditions. Estradiol may suppress neutrophil

migration in response to chemokines as an activated neu-

trophil does not need to migrate since it is dierentiated.
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