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Figure 20. Estrogen Signaling through ER Increases the Percent Frequency of CD8
+
 Female Ag-specific T Cells Expressing 

CD107a
+
IFN

+
TNF

+
 and IFN

+
IL-4

+
TNF

+
 and Decreases the Percent Frequency of T Cells Expressing IFN

+
TNF

+
, 

IFN
+
, and TNF

+
. Female HCV Ag-specific T cells from 15 donors were treated with 0, 0.5, or 50 nM estrogen in combination 

with an ER inhibitor, and ER inhibitor, or both inhibitors simultaneously for 2 hours. After treatment, Ag-specific T cells were co-

cultured for 5 hours with T2 cells pulsed with HCV cognate antigen or a tyrosinase irrelevant peptide in the presence of protein 

transport inhibitors. Cells were then stained for flow cytometric analysis of CD3, CD34, CD8, and CD4 and functional markers 

CD107a, IFN, TNF, IL-4, IL-2, IL-17a, and IL-22. Using Boolean gates in FlowJoX, and the software SPICE the frequency of 

CD8
+
 T cells expressing each combination of these 7 markers was generated. The frequencies of CD8

+
 female Ag-specific T cells 

expressing each of these marker combinations after treatment with A) estrogen, B) estrogen in combination with an ER inhibitor, 

C) estrogen in combination with an ER inhibitor, D) estrogen in combination of both ER and ER inhibitors were plotted. Data 

represents the mean of n=15 donors. Data was analyzed using MANOVA and Tukey’s post-hoc. p<0.0001=****, p< 0.01=**. 
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Figure 21. Estrogen Signaling Through ER Increases the Percent Frequency of CD8
+
 Male Ag-Specific T Cells Expressing 

CD107a
+
IFN

+
TNF

+
 and Decreases the Percent Frequency of T Cells Expressing IFN

+
TNF

+
, IFN

+
, and TNF

+
. Male 

HCV Ag-specific T cells from 15 donors were treated with 0, 0.5, or 50 nM estrogen in combination with an ER inhibitor, and ER 

inhibitor, or both inhibitors simultaneously for 2 hours. After treatment, Ag-specific T cells were co-cultured for 5 hours with T2 cells 

pulsed with HCV cognate antigen or a tyrosinase irrelevant peptide in the presence of protein transport inhibitors. Cells were then 

stained for flow cytometric analysis of CD3, CD34, CD8, and CD4 and functional markers CD107a, IFN, TNF, IL-4, IL-2, IL-

17a, and IL-22. Using Boolean gates in FlowJoX, and the software SPICE the frequency of CD8
+
 T cells expressing each combination 

of these 7 markers was generated. The frequencies of CD8
+
 male Ag-specific T cells expressing each of these markers combinations 

after treatment with A) estrogen, B) estrogen in combination with an ER inhibitor, C) estrogen in combination with an ER inhibitor, 

D) estrogen in combination of both ER and ER inhibitors were plotted. Data represents the mean of n=15 donors. Data was 

analyzed using MANOVA and Tukey’s post-hoc. P<0.0001=****, p< 0.001=***, p<0.01=**, p<0.05=*. 
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Estrogen Signaling through ER Enhances Female and Male CD4+ Ag-specific T cell 

Polyfunctionality 

 

Estrogen signaling had similar effects on CD4+ T cell polyfunctionality to those observed 

in CD8+ Ag-specific T cells. Estrogen stimulation at super-physiological concentrations 

significantly decreased the percent frequency of monofunctional CD4+ T cells, and significantly 

increased the percent frequency of polyfunctional cells expressing three markers simultaneously 

(Figure 22 & 23 A). Super-physiological estrogen also significantly decreased the percentage of 

bifunctional female CD4+ T cells (Figure 22 A). ER signaling blockade had no effect of the 

estrogen-dependent enhancement of polyfunctionality of male CD4+ T cells, but it increased 

CD4+ T cell polyfunctionality at physiological estrogen concentration in female CD4+ T cells 

(Figure 22 & 23 B). Indicating that ER signaling inhibits female CD4+ T cell polyfunctionality. 

Blockade of ER or ER and ER simultaneously completely abrogated the estrogen-mediated 

increase in polyfunctionality of CD4+ male and female Ag-specific T cells (Figure 22 & 23 C, 

D). Overall these data indicate that estrogen signaling through ER increases polyfunctionality 

of male and female CD4+ T cells, and estrogen signaling through ER inhibits female CD4+ T 

cell polyfunctionality at physiological estrogen concentration.  

The percent frequencies of male and female CD4+ Ag-specific T cells expressing 

IFN+TNF+, and IFN+ or TNF+ were significantly decreased by physiological and super-

physiological estrogen treatment (Figure 24 & 25 A). The percent frequency of male CD4+ T 

cells expressing IFN+IL-4+TNF+ was also significantly increased by super-physiological 

estrogen treatment (Figure 25 A). A trending increase on the frequencies of CD4+ T cells 
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expressing IFN+ IL2+IL4+TNF+, and IFN+IL-2+TNF+ were observed upon estrogen 

treatment even if significance was not achieved. Female CD4+ Ag-specific T cells also showed a 

trending increase on expression of IFN+IFN+TNF+ upon estrogen treatment (Figure 24 A). 

Blockade of ER showed no effect on the estrogen-mediated changes on expression of 

functional phenotypes indicating that ER signaling does not affect CD4+ T cell 

polyfunctionality (Figure 24 & 25 B). On the other hand, ER blockade or ER and ER 

simultaneous blockade during estrogen treatment abrogated the estrogen-mediated decrease of 

monofunctional (IFN or TNF alone) and bifunctional (IFN+TNF+) T cell phenotypes, and 

increase in polyfunctional phenotypes such as IFN+IL-4+TNF+ (Figure 24 & 25 C, D). Overall, 

taking these data together with the results obtained in Figures 22 & 23, it can be concluded that 

estrogen signaling through ER enhances CD4+ Ag-specific T cell polyfunctionality by 

increasing expression of polyfunctional phenotypes such as IFN+IL-4+TNF+ and decreasing 

expression of monofunctional and bifunctional phenotypes including TNF+IFN+ TNF+, and 

IFN+ 

Ideally, in order to conclude that the effects of estrogen signaling on polyfunctionality are 

fully mediated by ER signaling another set of experiments need to be performed using ER 

agonists to stimulate human Ag-specific T cells instead of estrogen. The ER-specific agonist 

diarylpropionitrile (DPN) which has a 70-fold selectivity over ER (EC50 values are 0.85 nM 

and 66 nM for ER and ER respectively) [150] can be used to determine if estrogen signaling 

through ER is directly upregulating T cell polyfunctionality upon Ag stimulation. In order to 

test this, male and female Ag-specific T cells need to be treated with DPN alone, DPN in 



119 
 

 
 

combination with PHTPP (ER antagonist), and DPN in combination with PHTPP and estrogen. 

If after DPN treatment alone the polyfunctionality of T cells is enhanced to levels similar to 

those observed in estrogen treated T cells, then estrogen signaling through ER alone enhances T 

cell polyfunctionality. These data can be confirmed if T cells treated with DNP and PHTPP 

simultaneously show no increase in polyfunctionality. If treating T cells with DPN shows no 

increase on T cell polyfunctionality but treating T cells with estrogen, DNP and PHTPP do show 

an increase, then estrogen signaling through other receptor is causing the estrogen-mediated 

enhancement of polyfunctionality. Inhibition of ER during estrogen stimulation was shown to 

enhance polyfunctionality, even to higher extent than estrogen alone in some cases, indicating 

that ER has an inhibiting effect. Estrogen signaling through its other receptor, GPER, may be 

enhancing T cell polyfunctionality. In order to rule out that polyfunctionality is enhanced 

through GPER signaling, male and female Ag-specific T cells need to be treated with estrogen in 

combination of a GPER antagonist. If T cell polyfunctionality is decreased in T cells treated with 

estrogen in combination with a GPER antagonist compared to estrogen treated T cells, then 

estrogen signaling through GPER enhances T cell polyfunctionality. GPER signaling was shown 

to rapidly activate the PI3K and the MAPK pathways which are known to contribute to T cell 

cytokine secretion downstream from the TCR [177] indicating that GPER signaling could have 

an enhancing effect on TCR signaling leading to polyfunctionality. Unfortunately, these 

experiments could not be performed due to lack of time and support but these results would 

indicate that estrogen signaling through ER and GPER enhance T cell polyfunctionality 

downstream from the TCR. 
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Figure 22. Estrogen Signaling Through ER Enhances the Percentage of Polyfunctional 

Female CD4
+
 Ag-specific T Cells and Decreases the Percentage of Monofunctional and 

Bifunctional T Cells after Ag Stimulation. Female HCV Ag-specific T cells from 15 donors 

were treated with 0, 0.5, or 50 nM estrogen in combination with an ER inhibitor, and ER 

inhibitor, or both inhibitors simultaneously for 2 hours. After treatment, Ag-specific T cells 

were co-cultured for 5 hours with T2 cells pulsed with HCV cognate antigen or a tyrosinase 

irrelevant peptide in the presence of protein transport inhibitors. Cells were then stained for 

flow cytometric analysis of CD3, CD34, CD8, and CD4 and functional markers CD107a, IFN, 

TNF, IL-4, IL-2, IL-17a, and IL-22. Using Boolean gates in FlowJoX, the frequency of CD4
+
 

T cells expressing each combination of these 7 markers was generated and added into 7 

functional categories. The frequencies of CD4
+
 female Ag-specific T cells expressing one 

through seven markers simultaneously after treatment with A) estrogen, B) estrogen in 

combination with an ER inhibitor, C) estrogen in combination with an ER inhibitor, D) 

estrogen in combination of both ER and ER inhibitors were plotted. Data for T cells 

expressing 6 or 7 markers simultaneously is not shown since the percent frequency was very 

low. Data represents n=15 donors, each donor plotted and SEM represented. Data was analyzed 

using MANOVA and Tukey’s post-hoc. p<0.0001=****, p< 0.001=***, p<0.01=**, p<0.05=*. 


