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Since CD4+ T cells are essential for regulating adaptive immune responses and
for long lasting mucosal protection, changes in CD4+ T cell numbers and
function are likely to affect protective immunity. What remains unclear is
whether CD4+ T cell composition and function in the female reproductive
tract (FRT) changes as women age. Here we investigated the changes in the
composition and function of CD4+ T cells in the endometrium (EM), endocervix
(CX), and ectocervix (ECX) with aging. We observed a significant decrease in both
the total number and percentage of CD4+ T cells in the EM with increasing age,
particularly in the years following menopause. CD4+ T cells within the FRT
predominantly expressed CD69. The proportion of CD69+CD4+ T cells
increased significantly with increasing age in the EM, CX and ECX. The
composition of T helper cell subsets within the EM CD4+ T cell population
also showed age-related changes. Specifically, there was a significant increase in
the proportion of Thl cells and a significant decrease in Th17 and Treg cells with
increasing age. Furthermore, the production of IFNy by CD4+ T cells in the EM,
CX, and ECX significantly decreased with increasing age upon activation. Our
findings highlight the complex changes occurring in CD4+ T cell frequency,
phenotype, and function within the FRT as women age. Understanding these
age-related immune changes in the FRT is crucial for enhancing our knowledge
of reproductive health and immune responses in women.
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Introduction

The elderly population, defined as individuals aged 60 years and
older, is experiencing a rapid and significant increase, projected to
reach 1.4 billion by 2030. Among this demographic, women
constitute approximately two-thirds of the population (1). Older
women encounter distinct health challenges, including increased
risk of urinary tract infections (UTIs), sexually transmitted
infections (STIs), and gynecological cancers increasing as well (2, 3).

As the first line of defense, the mucosal immune system of the
human female reproductive tract (FRT) protects against both
gynecological cancers and infections by a spectrum of sexually
transmitted pathogens, including Human Immunodeficiency Virus
(HIV) (4, 5). Both the innate and adaptive immune protection in
the FRT is known to be precisely controlled by hormonal changes
during the menstrual cycle and pregnancy (6). In contrast, little is
known about the alterations in mucosal immune protection in the
FRT as women age following menopause.

Since the average age at menopause is 52 years in the United
States (7), and the average life expectancy of women is 81 years (8),
this results in women having a uniquely long survival potential in a
post-menopausal environment characterized by low concentrations
of sex hormones (9). When reproductive function ends, two
overlapping processes contribute to changes in immune
protection in aging women: the low sex hormone environment
following the onset of menopause and age-related changes to the
immune system (10). A major gap in our knowledge is
understanding the extent to which innate and adaptive immunity
throughout the FRT are altered following menopause and with
increasing age.

Central to adaptive immune protection in the FRT are the T
cells which are a major constituent of leukocytes (30-60%) (11-13).
Within this population, CD4+ T cells represent 35-50% of total
CD3+ cells in the FRT. Following menopause, CD4+ T cell presence
is significantly reduced in the endometrium (EM) but not the
endocervix (CX) and ectocervix (ECX) (12). In addition, the
expression of CCR5 is increased on FRT CD4+ T cells following
menopause (12, 14). CCR5 is a chemokine receptor with important
roles in reproductive function and the primary coreceptor used by
HIV to infect genital tissues (15). Changes in FRT CD4+ T cells
composition and function with aging, and the potential
consequences for immune protection remain unknown.

Relevant to mucosal sites is the presence of tissue resident
memory T cells (TRMs), which remain in tissues without
recirculating, thereby providing first line local defense against
reinfection and reactivation (16). We and others have
demonstrated that a high proportion of human FRT T cells express
the tissue residency markers CD69 and CD103 (13, 17-20). TRMs
remain constant throughout the life span in multiple organs and
mucosal surfaces (21). However, in the FRT, we previously found that
CD103+ T cells presence significantly change with menopause and
aging in a site-specific manner (13). For example, EM CD103+ T cells
increase after menopause and remain constant with post-menopausal
aging. In contrast, in the CX, CD103+ T cells progressively declined
after menopause as women age. Age-related changes in the FRT were
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specific to CD103+CD8+ T cells, with no modifications on CD103
+CD4+ T cell expression, which represents less than 10% of the
CD103+ T cell population. The extent to which aging affects CD69
expression on CD4+ T cells is unknown.

Here, using hysterectomy surgery samples from women ranging
from 28 to 75 years of age, we investigated the changes in
composition and function that occur in FRT CD4+ T cells with
aging. We found that aging leads to profound changes in FRT CD4+
T cell numbers, frequency, phenotype, and the production of
cytokines. Understanding the underlying factors and mechanisms
involved in regulating cell-mediated protection by CD4+ T cells
from FRT will contribute to the foundation of information essential
for developing therapeutic tools to protect women against
gynecological cancers and sexually transmitted infections as they
age in the years following menopause.

Materials and methods
Study subjects

Human endometrium (EM), endocervix (CX) and ectocervix
(ECX) tissues were obtained following hysterectomy surgery at
Dartmouth-Hitchcock Medical Center (Lebanon, NH). Studies
were performed with approval from the Dartmouth College
Institutional Review Board (IRB), Committee for the Protection
of Human Subjects (CPHS), Dartmouth Health (DH), and with
written informed consent obtained from the patients before surgery.
All investigations were conducted according to the principles
expressed in the Declaration of Helsinki. Indications for surgery
were benign conditions such as fibroids and prolapse (age from 28-
75). Selected tissues were distal from the sites of pathology and were
without pathological lesions as determined by a pathologist from
DH. Tissues were only included from women not on oral
contraceptives or post-menopausal hormone therapy prior to
hysterectomy. Menopausal status was determined by a pathologist
based on the histological evaluation of sections of the EM
(endometrial dating). Post-menopausal status was defined as an
atrophic EM. Information regarding genital infections was
not available.

Tissue processing

Tissues were transferred to the laboratory immediately after
surgery and processed as previously described (13, 18, 22, 23). The
average tissue weight obtained was 4.0 + 2.9 grams. Tissues were
rinsed with HBSS (Hank’s balanced salt solution) supplemented
with phenol red, 100 U/ml penicillin, 100 pg/ml streptomycin, and
0.35 mg/ml NaCOs (all Thermo Fisher Scientific, Waltham, MA).
Tissues were then minced under sterile conditions into 1-2 mm
fragments and digested using an enzyme mixture containing 0.05%
collagenase type IV (Sigma-Aldrich, St. Louis, MO) and 0.01%
Deoxyribonuclease I (Worthington Biochemical, Lakewood, NJ) in
HBSS for 1h at 37°C in a humidified 5% CO2 incubator. Type IV
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collagenase was selected based on studies to ensure non-cleavage of
surface markers (12, 24). After digestion, cells were dispersed
through a 250 um nylon mesh filter (Small Parts, Miami Lakes,
FL) followed by sequential filtration of the flow-through through 40
and 20 um nylon mesh filters (Small Parts). Epithelial cell sheets
were retained on the filters, while stromal cells passed through.
Stromal cells were resuspended in culture medium X-VIVO 15 with
Phenol Red Media (Lonza, Walkersville, MD) supplemented with
10% human serum (BioIVT, Westbury, NY) and cultured overnight
at 37°C in a humidified 5% CO2 incubator. After overnight
recovery, cells were washed, erythrocytes were lysed, and dead
cells were removed using the Dead Cell Removal Kit (Miltenyi
Biotec, Auburn, CA) as previously described (23, 25). This process
achieved over 90% cell viability, as determined by flow cytometry
with the Live/Dead Fixable Yellow Dead Cell Stain Kit (Thermo
Fisher Scientific), as shown in Supplementary Figure 1. The
resulting mixed cell suspension, consisting of immune cells and
stromal fibroblasts, was used to continue CD4+ T cell purification
or perform flow cytometry staining for phenotyping and
functional analysis.

Isolation of FRT CD4+ T cells

Following removal of dead cells, CD4+ T cells were isolated
using negative magnetic bead selection with the CD4+ T cell
isolation kit (Miltenyi Biotec) following instructions with minor
modifications. This negative selection protocol delivers untouched
CD3+CD4+ T cells. Additionally, anti-fibroblast microbeads
(Miltenyi Biotec) were added in combination with the microbeads
supplied with the kit to ensure depletion of stromal fibroblasts
present in the mixed cell suspension as previously described (12).
After two rounds of negative selection, purity of the CD4+ T cell
population was higher than 90%. Following isolation, viable
purified CD4+ T cells were counted using trypan blue (Thermo
Fisher Scientific) by hemocytometer on a light microscope with 10X
objective and calculated the number of CD4+ T cells per gram of
tissue in each patient.

Flow cytometry

Following dead cell removal, mixed cell suspensions were
washed twice with PBS containing 10% of human serum
(BioIVT). For phenotyping analysis, cells were stained for surface
antibodies (Supplementary Table 1) for 30 min at 4°C in the dark.
For functional analysis, cells were stained with surface antibodies
for 30 min at 4°C in the dark, monoclonal antibodies for
intracellular staining (Supplementary Table 2) were added for 30
min at 4°C in the dark after fixation and permeabilization of the
cells using Cytofix/Cytoperm Reagent set (BD Biosciences, Franklin
Lakes, NJ) according to instructions to detect the production of
IFNy, IL-4, IL-17A, IL-22 or intracellular expression of CTLA-4.
Analysis was performed on Gallios flow cytometers (Beckman
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Coulter, Indianapolis, IN) using Kaluza software, and data
analyzed with FlowJo software (Tree Star, Inc. Ashland, OR).
Expression of surface and intracellular markers was measured by
the percentage of positive cells. Florescence minus one (FMO) was
used for gate setting.

Functional analysis

Mixed cell suspensions were stimulated with phorbol 12-
myristate 13-acetate (PMA) (100 ng/ml, Abcam), ionomycin (2
uM, Calbiochem). Medium alone was added as the unstimulated
negative control. All incubations were performed in the culture
medium in the presence of brefeldin A and monensin
(eBioscience protein transport inhibitor cocktail, Thermo
Fisher Scientific) according to instructions for 6h at 37°C in a
humidified 5% CO2 incubator. Functionality was determined by
measuring the intracellular production of IFN-v, IL-4, IL-17A, and
IL-22 by flow cytometry as described above.

Statistics

Data analysis was performed using the GraphPad Prism 9
(GraphPad Software, San Diego, CA). A two-sided P value <0.05
was considered statistically significant. Comparison of two groups
was performed with the nonparametric Mann-Whitney U-test.
Comparison of three or more groups was performed applying the
non-parametric Kruskal-Wallis test or the paired Friedman test
followed by Dunns post-test. Correlation analyses were performed
applying nonparametric Spearman test.

Results

EM CD4+ T cell numbers per gram of
tissue decline significantly with increasing
age following menopause

Previous studies from our laboratory have demonstrated that in
pre-menopausal women the total leucocyte population in the EM
remains either unchanged or increases slightly during the menstrual
cycle, followed by a decline after menopause (11). We have also
shown that dendritic cell and CD8+ T cell numbers in the EM
decline with increasing age in a combined population of pre- and
post-menopausal women (13, 20). To understand the dynamics of
cell-mediated immunity more fully in the years following
menopause, we measured the number of CD4+ T cells per gram
of FRT tissue in patients after negative magnetic bead selection. As
seen in Figure 1A, across all patients, we recovered an average of
4.79x10°, 1.41x10°, and 1.04x10° number of CD4+ T cells per gram
of tissue from the EM, CX, and ECX respectively. The density of
CD4+ T cells per gram of tissue was significantly higher in the EM
compared to the CX and ECX. To investigate if menstrual status
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and patient age affects CD4+ T cells number in FRT tissues, we
stratified tissues based on pre- or post-menopausal status, as
established by EM tissue histology. We found that EM CD4+ T
cells numbers from post-menopausal women were significantly
lower than those in pre-menopausal women (Supplementary
Figure 2A). In pre-menopausal EM tissue, we recovered
significantly more cells (5.88x10 cells/g) than in post-menopausal
tissue (3.54x10° cells/g). In contrast to the EM, there were no
significant effects of menopausal status observed on the number of
CD4+ T cells in the CX or ECX (Supplementary Figure 2A). We
then examined the correlation between age and CD4+ T cell
numbers across the entire study population, specifically within
both the pre- and post-menopausal populations. As seen in
Figure 1B, we observed a significant decrease in CD4+ T cell
density in the EM with increasing age across the entire
population, whereas no significant changes were found in the CX
and ECX. Within the post-menopausal population, EM CD4+ T cell
density showed a significant decrease with increasing age
(Figure 1C). In contrast, there was no significant age-related
change in the number of EM CD4+ T cells within the pre-
menopausal population. Furthermore, the number of CD4+ T
cells per gram of tissues in the CX and ECX did not show
significant changes with age in either pre- or post-menopausal
populations (Figure 1C).

10.3389/fimmu.2024.1465124

Aging beyond menopause decreases the
frequency of EM CD4+ T cells in the
CD3 population

Previous studies from our laboratory have demonstrated that
post-menopausal women had a reduced percentage of CD4+ T cells
in the CD3 population compared to pre-menopausal women
specifically in the EM (12). Since CD4+ T cells play a crucial role
in orchestrating adaptive immune responses, changes in their
frequency are likely to affect protective immunity in the FRT.
However, the extent to which aging affects the frequency of FRT
CD4+ T cells is unknown. FRT tissues were digested as described in
methods to obtain mixed cell suspension. We characterized the
frequency of CD4+ T cells within the CD3+ T cell population in the
EM, CX and ECX using flow cytometry; a representative example of
the gating strategy is shown in Figure 2A. Consistent with our
previous findings (12), we found that CD4+ T cells accounted for
approximately 37% of the total CD3+ cells present in EM, while in
CX and ECX, they constituted 46% and 52%, respectively, of the
total CD3+ cells (Figure 2B). The frequency of CD4+ T cells within
the CD3+ cell population was significantly lower in the EM
compared to the CX and ECX (Figure 2B). In addition, we found
that the percentage of CD4+ T cells was significantly higher in pre-
menopausal women compared to post-menopausal women in the
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FIGURE 1

EM CD4+ T cell numbers per gram of tissue decline significantly with increasing age following menopause. (A) Number of CD4+ T cells recovered
per gram of tissue from endometrium (EM; n=75), endocervix (CX; n=33) and ectocervix (ECX; n=30) after magnetic bead isolation. (B) Correlation
between age and number of CD4+ T cells recovered per gram of tissue in the EM (n=75), CX (n=33) and ECX (n=30) from the entire study
population. (C) Correlation between age and number of CD4+ T cells recovered per gram of tissue in the EM, CX and ECX from pre- (black circle;
EM: n=40, CX: n=17, ECX: n=15) or post-menopausal (white circle; EM: n=35, CX: n=16, ECX: n=15) women. Each dot represents a different patient.
Mean + SEM are shown. ****P<0.0001; Kruskal-Wallis test followed by Dunns post-test (A), Spearman test (B, C).
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FIGURE 2

Aging beyond menopause decreases the frequency of EM CD4+ T cells. (A) Representative plot of the gating strategy to select CD4+ T cells and
CD8+ T cells within the CD3+ T cell population. (B) Percentage of CD4+ T cells within CD3+ T cells in endometrium (EM; n=43), endocervix (CX;
n=37) and ectocervix (ECX; n=39). (C) Correlation between age and percentage of CD4+ T cells within CD3+ T cells in the EM (n=43), CX (n=37)
and ECX (n=39) from the entire study population. (D) Correlation between age and percentage of CD4+ T cells within CD3+ T cells in the EM, CX
and ECX from pre- (black circle; EM: n=18, CX: n=19, ECX: n=19) and post-menopausal (white circle; EM: n=25, CX: n=18, ECX: n=20) women.

(E) Percentage of CD8+ T cells within CD3+ T cells in in the EM (n=43), CX (n=37) and ECX (n=39). (F) Correlation between age and percentage of
CD8+ T cells within CD3+ T cells in the EM (n=43), CX (n=37) and ECX (n=39). Each dot represents a different patient. Mean + SEM are shown
*P<0.05, ***P<0.001, ****P<0.0001; Kruskal-Wallis test followed by Dunns post-test (B, E) Spearman test (C, D, F)
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EM (46% vs 31%), but not in the CX (45% vs 47%) and ECX (55% vs
50%) (Supplementary Figure 2B). To investigate if the patient age
impacted CD4+ T cell frequency in FRT tissues, we examined the
percentage of CD4+ T cells as a function of age across the entire
study population, as well as within pre- and post-menopausal
populations. As seen in Figure 2C, the percentage of CD4+
T cells among CD3+ T cells significantly decreased with
increasing age in the EM of the entire population, but not in the
CX and ECX. There was a significant decrease in the percentage of
CD4+ T cells with increasing age following menopause in the EM,
whereas no such correlation was observed prior menopause
(Figure 2D). In contrast, no age-related effects were observed on
the percentage of CD4+ T cells in CX and ECX, regardless of
menopausal status (Figure 2D).

We have reported a decline in the number of CD8+ T cells in
the EM as women age (20). It would be valuable to investigate how
the frequency of CD8+ T cells within the CD3+ T cell population
changes with age. As shown in Figure 2E, the frequency of CD8+ T
cells was significantly higher in the EM compared to the CX and
ECX, with approximately 52%, 42%, and 38% in EM, CX, and ECX,
respectively. Additionally, the percentage of CD8+ T cells among
CD3+ T cells significantly increased with age in the EM across the
entire population, whereas no such change was observed in the CX
and ECX (Figure 2F). This suggests that the number of CD8+ T cells
in the EM does not decrease as rapidly as the CD4+ T cells
with aging.

Aging enhances the frequency of tissue
resident CD69+CD4+ T cells from
FRT tissues

CD69 and CD103 are commonly used as biomarkers to identify
human resident memory T cells, each thought to have a unique
contribution towards establishing residency and displaying different
expression patterns in human non-lymphoid tissues (26, 27). We
have demonstrated previously that in the FRT, CD69 is broadly
expressed on CD4+ and CD8+ T cells, while CD103 is preferential
to CD8+ T cells and co-expressed with CD69, and the proportion of
CD103+CD4+ T cells is very low and does not change with age
(10, 13). Since the extent to which aging affects CD69 expression on
CD4+ T cells is unknown, expression of CD69 and CD103 on CD4+
T cells was analyzed using flow cytometry in different regions of the
FRT (EM, CX and ECX); a representative example is shown in
Figure 3A. Consistent with our previous findings (13), we found
that the majority of CD4+ T cells in the EM (64.3%), CX (56.4%),
and ECX (52.9%) were CD69 single positive with less than 10%
expressing CD103 (Figure 3B). Thus, tissue residency in the FRT
was defined solely by the expression of CD69, which is consistent
with the literature (27). The percentage of CD69+ (both CD103+
and CD103-) CD4+ T cells were abundant in the FRT and varied
among samples and across FRT tissue sites. The mean expression
frequency of CD69 on CD4+ T cells from EM, CX and ECX was
69.1%, 61.9% and 57.8% respectively, with a significantly higher
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proportion observed in EM relative to ECX (Figure 3C). We then
evaluated changes in the percentage of CD69+CD4+ T cells as a
function of age (28-75 years) and found that the percentage of
CD69+CD4+ T cells increased significantly with increasing age in
the EM, CX, and ECX (Figure 3D).

Aging decreases the frequency of
regulatory T cells from EM tissues

Human FRT regulatory T (Treg) cells are essential for
maintaining immune tolerance and homeostasis as well as
controlling local inflammation to prevent immunopathology (28).
The age-related changes of Treg cells are of particular interest (29,
30). Researchers have shown that the percentage and function of
Treg change in aged people with higher frequency of Tregs in the
skin of old people compared to their younger counterparts (31).
However, the extent to which aging affects the frequency of Treg in
the FRT is unknown. Tregs were defined as live, single CD3+CD4+
T cells expressing CD25 but low CD127 by flow cytometry (32);
representative examples are shown in Figure 4A. The percentage of
Treg within CD4+ T cells varied across individual samples from
EM, CX and ECX, with an average percentage of approximately 3-
5%. There were no significant differences in Treg percentages
between different sites (Figure 4B). We then determined the
percentage of Treg cells as a function of age across the entire
study populations and found that the percentage of Treg cells in the
EM decreased significantly with increasing age. However, there was
a trend towards a decrease in the percentage of Treg cells in the CX
(P=0.08) and ECX (P=0.06) as women aged, although this trend did
not reach statistical significance (Figure 4C).

An essential marker for Treg cells is cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4) which functions as an immune
checkpoint regulator to modulate immune responses (33). It is a
predominantly intracellular protein that is constitutively expressed
and plays a key role in Treg-mediated suppression (34).
Intracellular CTLA-4 expression was analyzed on CD4+ T cells
using flow cytometry; representative examples are shown in
Figure 4D. The percentage of CTLA-4+CD4+ T cells varied
significantly across sites in the FRT, with a higher proportion
observed in the EM compared to the CX and ECX, averaging
5.1%, 1.4%, and 1.1%, respectively (Figure 4E). When we
investigated if age of the patients affects the percentage of CTLA-
4+CD4+ T cells in FRT tissues, we found that the percentage of
CTLA-4+CD4+ T cells in the EM decreased significantly with
increasing age. In contrast, no significant changes with age were
observed in the CX and ECX (Figure 4F).

Aging selectively impacts the frequency of
CD4+ T helper cell subsets in the FRT

CD4+ T cells are key regulators of the adaptive immune system
and can be divided into T helper (Th) cell subsets, including Thl,
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Aging enhances the frequency of tissue resident CD69+CD4+ T cells from FRT tissues. (A) Representative plot of the expression of CD69 and
CD103 on CD4+ T cells from FRT. (B) Percentage of CD69+ and CD69- with or without CD103 cells found on CD4+ T cells in endometrium (EM;
n=43), endocervix (CX; n=37) and ectocervix (ECX; n=39). (C) Percentage of CD69+CD4+ T cells (combined CD69+CD103+ and CD69+CD103-
cells) from EM, CX and ECX. (D) Correlation between age and percentage of CD69+CD4+ T cells from EM, CX and ECX. Each dot represents a
different patient. Mean + SEM are shown. *P<0.05, **P<0.01, ****P<0.0001; Friedman test followed by Dunns post-test (B), Kruskal-Wallis test

followed by Dunns post-test (C), Spearman test (D).

Th2, Th17 and Thl-like Th17 (Th1Thl7) during an immune
response based on the expression of different chemokine receptors
on CD4+ T cells (35, 36). Since CD4+ T helper cell subsets are
fundamental to orchestrating adaptive immune, the frequencies of Th
cell subsets were evaluated using surface biomarker staining and
multi-color flow cytometry; a representative example is shown in
Figure 5A. Th cell populations were defined as Th1 (CCR6-CCR4-
CXCR3+), Th2 (CCR6-CCR4+CXCR3-), Th17 (CCR6+CCR4
+CXCR3-) and Th1Th17 (CCR6+CCR4-CXCR3+), based on their
chemokine receptor expression patterns (35). As seen in Figure 5B,
we found that Th1 cells were the most abundant subset, representing
approximately 35.6%, 24.5%, and 21.9% of total CD4+ cells in the
EM, CX, and ECX. Th2, Th17, and Th1Th17 cells made up smaller
proportions, ranging from 4-8%, 6-11% and 7-13%, respectively in
FRT. We next determined the relative frequencies of Th cell subsets
as a function of age and found that the frequency of Thl cells in the
EM increased significantly with increasing age, while the frequency of
Th17 cells decreased (Figures 5C, E). In contrast, there were no
significant age-related effects on the frequencies of Thl and Thl17
cells within the CD4+ T cell population from the CX or ECX
(Figures 5C, E). Additionally, no significant age-related changes
were observed in the frequencies of Th2 and Th1Thl17 cells
throughout the FRT (Figures 5D, F).
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Aging selectively decreases the production
of IFNy, IL-17A and IL-22 by CD4+ T cells
in the FRT

Cytokine production is key to CD4 T cells protective immunity
(37). Since the extent to which aging affects the functions of FRT
CD4+ T cells is unknown, we examined the production of cytokines
(IFNY, IL-4, IL-17A and IL-22) by CD4+ T cells through
intracellular staining using multi-color flow cytometry after
stimulation with PMA plus ionomycin for 6 hours; representative
examples are shown in Figure 6A. Medium alone was used as the
unstimulated negative control. We found that CD4+ T cells from
EM, CX, and ECX produced IFNY, IL-17A and IL-22 in response to
PMA stimulation. The percentages of CD4+ T cells producing
IFNy, IL-17A and IL-22 varied with site sampled in the FRT,
averaging 25.1%, 3.6%, and 2.1%, respectively, in the EM; 17.8%,
6.6%, and 2.6%, respectively, in the CX; and 15.0%, 4.9%, and 2.2%,
respectively, in the ECX (Figure 6B). The production of IL-4 by
CD4+ T cells was minimal to undetectable (data not shown). When
we investigated if patient age affects the production of IFNY, IL-17A
and IL-22 by CD4+ T cells in FRT tissues, we found that IFNy
production by CD4+ T cells from EM, CX and ECX decreased
significantly with increasing age (Figure 6C). Interestingly, the
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Aging decreases the frequencies of regulatory T (Treg) cells in the FRT. (A) Representative gating for CD25 and CD127 expression on CD4+ T cells to
phenotypically characterize Treg cells from FRT. The gating was established by a “spillover control” sample that lacked CD25 and CD127. Treg cells
were defined as CD25+CD127'°" cells. (B) Percentage of Treg cells found on CD4+ T cells in each EM, CX and ECX tissue and (C) Correlation
between age and percentage of Treg cells from EM, CX and ECX. EM (n=21), CX (n=16), ECX (n=18). (D) Representative plot showing intracellular
staining for CTLA-4 on CD4+ T cells from FRT. Negative control was established using fluorescence minus one (FMO). (E) Percentage of CTLA-4
expression found on CD4+ T cells in each EM, CX and ECX tissue and (F) Correlation between age and percentage of CTLA-4 expression cells from
EM, CX and ECX. EM (n=17), CX (n=13), ECX (n=13). Each dot represents a different patient. Mean + SEM are shown. **P<0.01, ***P<0.001; Kruskal-

Wallis test followed by Dunns post-test (B, E), Spearman test (C, F)

production of IL-17A or IL-22 by ECX CD4+ T cells, but not EM
and CX CD4+ T cells, also decreased significantly with increasing
age (Figures 6D, E). Taken together, aging selectively decreased the
production of IFNY, IL-17A and IL-22 by CD4+ T cells in the FRT
after activation. These findings suggest that aging impacts the ability
of CD4+ T cells in the FRT to mount certain types of immune
responses, which could have implications for reproductive health
and susceptibility to infections as women age.

Discussion

Our study demonstrates that changes in composition and
function of FRT CD4+ T cells occur with aging. Both the total
number of CD4+ T cells per gram of tissue and the percentage of
CD4+ T cells in the CD3+ T cell population from the EM
significantly decreased with increasing age in both our total
population (28-75 years) as well as in the post-menopausal
population. In contrast, there were no significant changes
observed in the number and percentage of CD4+ T cells in the
CX and ECX with age or menopausal status. The majority of CD4+
T cells in FRT expressed CD69, a marker of tissue residency. CD69
+CD4+ T cells increased significantly in the EM, CX and ECX with
increasing age. Moreover, we found that the composition of T
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helper cell subsets within the total EM CD4+ T cell population
changed with age. Specifically, with increasing age, there was a
significant increase in the proportion of Thl cells and a significant
decrease in Th17 and Treg cells. The production of IFNy by EM,
CX, and ECX CD4+ T cells after activation significantly decreased
with increasing age (Figure 7). Overall, our study provides valuable
insights into the complex changes occurring in CD4+ T cell
frequency, phenotype, and function within the FRT with aging
following menopause. This emphasizes the importance of
understanding age-related immune changes in the FRT for
reproductive health and immune responses in women.

To understand the dynamics of cell-mediated immunity more
fully in the years following menopause, we examined the number of
CD4+ T cells per gram of FRT tissue and the percentage of CD4+ T
cells in the CD3 population of cells as a function of age and showed,
for the first time, that both the number and the percentage of EM
CD4+ T cell significantly decreased with increasing age in the years
following menopause. This indicates a decline in CD4+ T cells
abundance and frequency in the EM with aging, suggesting a
potential impact on immune responses in the EM as women age.
Our results are consistent with our previous studies where we found
the total leucocyte population in the EM declines following
menopause (11) and that the frequency of EM CD4+ T cells
decreases in post- versus pre-menopausal women (12). We have

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1465124
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Shen et al.

CCRé6+

CCR6-

CCR6+

CCR6-

% of CD4+ T cells

% of CD4+ T cells

FIGURE 5

100

80

60

40

20+

0

100

80 -

40

20

0

10.3389/fimmu.2024.1465124

Gated on CD4+ T cells
HS:CR6+CD4+ T cells B EM cx ECX
CCR6 FMO o Tmr &k %k skkok ok
1009 ynnx T *% T
2 80 *¥kx A kkkk q kkk
8 . — -
‘ , Th1Th17  god _ -
_CCR6-CD4+ T cells S 404 3 o o, 4 e
Th2 5 ? : g: . . 3
° - @ - -
I Wit g [P
0 T T T -
N9 A A Nad QA NG A QA
Th1 AR\ «‘(\\ é’("\ Q™ ,(Q\ é‘(‘\ AP\ ,(0\ ’:((‘\
e e N NS &
‘CD4 " " CcXcR3" "
Th1 D Th2
EM CX ECX EM CX ECX
= T p= T,= 100 _ - _ 5
r=0.46 r=-0.13 r=0.35 r=-0.26 r=-0.30 r=-0.27
P =0.04 |P=063 [P=0.5 o golP=027 lp=025 lp=028
T 40T T T
. o
. - - -
.o . g
. ° = L
.. 2 ol :. .00 e o o 8 20+ 7] L 7 o
.O. * o . ¢ .o' o o .
. T e e T2 ES P, S0
S AR £ Vi |fee |TuE
T T 1 — T 1 04— = | I T 1
20 40 60 80 20 40 60 80 20 40 60 80 20 40 60 80 20 40 60 80 20 40 60 80
Age (years) Age (years) Age (years) Age (years) Age (years) Age (years)
Th17 F Th1Th17
EM CX ECX EM CX ECX
- = T, = 100  _ — -
=-0.61 r=0.26 r=0.20 r=0.07 r=-0.02 r=0.32
|P=0.004 [P=0.31 lp=043 w gglP=078 lp=094 lp=020
T T T T 407 . -
o
-
. g .
i i i . O 20 * °* 4° . A
-’ e’ s o o o
L] L)
o.. ¢ o . .o...o < ..o:. :.‘ .:oo
°* 382 - i o o° ° P . o o ee®
L] LY oo o* 0 hd s, °° P O
T T 1 T T 1 I I 1 1 1 1 T T 1 T T 1
20 40 60 80 20 40 60 80 20 40 60 80 20 40 60 80 20 40 60 80 20 40 60 80

Age (years)

Age (years)

Age (years)

Age (years)

Age (years)

Age (years)

Aging selectively impacts the frequency of CD4+ T helper cell subsets in the FRT. (A) Representative gating for CCR6, CXCR3 and CCR4 on CD4+ T
cells to phenotypically characterize T helper cell subsets from FRT. Negative control was established using fluorescence minus one (FMO). Populations
were defined as Thl (CCR6-CCR4-CXCR3+), Th2 (CCR6-CCR4+CXCR3-), Th17 (CCR6+CCR4+CXCR3-) and Th1Th17 (CCR6+CCR4-CXCR3+)

(B) Percentage of Thl, Th2, Th17 and Th1Th17 cell subsets found on CD4+ T cells in each EM, CX and ECX tissue. Correlation between age and
percentage of Thl (C), Th2 (D), Th17 (E) and Th1Th17 (F) cell subsets from EM, CX and ECX. Each dot represents a different patient. Mean + SEM are
shown. EM (n=20), CX (n=17), ECX (n=18). **P<0.01, ***P<0.001; ****P<0.0001; Friedman test followed by Dunns post-test (B), Spearman test (C—F)

also previously shown that dendritic cell (DC) and CD8+ T cell
numbers in the EM decline with increasing age in a population of
pre- and post-menopausal women (13, 20). Our studies extend
these observations by demonstrating that CD4+ T cells numbers in
EM decline with increasing age following menopause. Whether this
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decline is due to altered CD4+ T cells recruitment into the EM
mucosa or the decrease in ovarian hormones following menopause
remains to be determined. In other studies, we found that EM
epithelial cells secrete cytokines and chemokines that are essential
for regulating the recruitment of immune cells to the FRT (38-40).
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FIGURE 6

Aging selectively decreases the production of IFNy, IL-17A, IL-22 by CD4+ T cells in the FRT. (A) Representative plot showing intracellular staining for
IFNy, IL-17A, and IL-22 on CD4+ T cells from FRT under 6h unstimulated or PMA+ionomycin stimulated conditions. Medium alone was used as the
unstimulated negative control. (B) Percentage of IFNy, IL-17A, and IL-22 expressions found on CD4+ T cells in each EM, CX and ECX tissue.
Correlation between age and percentage of IFNy (C), IL-17A (D), and IL-22 (F) expression on CD4+ T cells from EM, CX and ECX. Each dot
represents a different patient. Mean + SEM are shown. EM (n=16), CX (n=14), ECX (n=14). Kruskal-Wallis test followed by Dunns post-test (B),
Spearman test (C—E).

Furthermore, exposure to epithelial cell secretions can increase the
expression of chemotaxis receptors on the surface of immune cells
(41). Whether changes in baseline secretion of T cell chemokines
such as CCL2, CCL21, RANTES, and SDF-1a by EM cells occur
with increasing age remains to be determined but could partly
explain why CD4+ T cells decline in the aging EM.

Young

Women'’s age (rang 28-75 years)

Total CD4+ T cells (number and frequency)
Tissue resident (CD69+) CD4+ T cells
Regulatory (CD25+CD127'°%) CD4+ T cells
Th1 cells

Th17 cells

IFNy production by CD4+ T cells
IL-17A/IL-22 production by CD4+ T cells

FIGURE 7

Within the FRT, tissue-resident memory cells (TRMs) play a
critical role in providing local protection against recurrent infection
and in maintaining tissue homeostasis (17, 27, 42-44). CD69 and
CD103 are widely used as biomarkers to identify TRMs (26, 44, 45).
Consistent with previous studies (13, 17, 27), we found that the
majority of CD4+ T cells in the FRT were single positive for CD69,

Young

Frontiers in Immunology

Summary of regulation of CD4+ T cells number, phenotype, and function in the FRT by aging. This diagram indicates FRT CD4+ T cells distribution,
phenotype and function that are impacted by women'’s age. As indicated by the shape of each triangle, some decline while others increase as
women aged. Rectangles indicate no change. Effects are shown for the endometrium (EM), endocervix (CX) and ectocervix (ECX).
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with fewer than 10% expressing CD103. Therefore, we defined
tissue residency based on CD69 expression, a marker of early
activation, tissue residency and cell retention (46). Notably, the
frequency of CD69+CD4+ T cells increased significantly with
increasing age. However, defining TRMs primarily by CD69
expression has limitations. CD69 can be induced by sub-clinical
levels of inflammation in the absence of antigen (47). An increase in
inflammation with age could in part explain an increase in CD69
expression by CD4+ T cells in the FRT. Additionally, there are likely
TRMs that do not express either CD69 or CD103 (48, 49).
Furthermore, the observed increase in tissue resident memory
CD4+ T cells with age could be influenced by several other
factors. For example, with increasing age, women are likely to
encounter a wider range of pathogens, leading to increased
activation, recruitment and accumulation of memory T cells.
Alternatively, in the low sex hormone environment following
menopause, the FRT may undergo changes with age, potentially
leading to increased retention of activated T cells. Understanding
whether inflammation, recruitment, and/or retention contributes to
the selective increase in TRMs with age in FRT tissue remains an
area for further investigation.

Treg cells are crucial for maintaining immune tolerance and
controlling inflammation in the FRT (42, 50, 51). We investigated
how aging affects Treg cells frequency throughout the FRT and
found that aging selectively decreased the frequency of Treg cells
and the constitutive expression of CTLA-4, which helps keep the
body’s immune responses in check (34) on resting CD4+ T cells in
the EM. Unexpectedly, aging following menopause had no
significant effect on the frequency of these cells in the CX and
ECX. In pre-menopausal women, the EM immune system must
accommodate the reproductive function of the EM and sustain a
semi-allogeneic fetus by dampening aspects of adaptive immunity
while also maintaining immune protection against pathogens that
enter the upper FRT (52, 53). Part of this reproductive function is
mediated by Treg cells which exert a strong immunosuppressive
effect to maintain an anti-inflammatory environment and protect
the fetus from maternal immunological rejection (54). In contrast,
the lower tract confers protection against viral and bacterial
pathogens, which otherwise might compromise reproductive
success (55). Previous studies have demonstrated that
endocervical Treg are associated with decreased genital
inflammation and low HIV target cell abundance (56). With the
transition to menopause and beyond, the reproductive function of
the EM ceases, and the balance shifts towards immune protection.
The diminished numbers of EM Treg cells and lower expression of
CTLA-4 in older women could contribute to an inflammatory
mucosal environment. Further studies are needed to identify the
mechanisms involved in the transition to an inflammatory EM
environment in post-menopausal women.

CD4+ T cells can be divided into T helper (Th) subsets that are
involved in humoral and cell-mediated immune responses (36). We
investigated the frequency of Th cell subsets based on the expression
pattern of chemokine receptors on CD4+ T cells in the FRT and
explored how these subsets change with age. The frequency of Th
cell subsets in the FRT varied, with Th1 cells being the predominant
subset. This is consistent with the finding of others (57). The
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frequency of EM Thl cells significantly increased and Th17 cells
decreased with increasing age. Interestingly, a consistent proportion
of Th1-like Th17 cells was maintained in the FRT as women aged.
However, in a previous study (12), we demonstrated an increase in
Th17 cells among EM post-menopausal women. This discrepancy
may be attributed to our previous focus on CCR6 alone, without
analysis of additional chemokine receptors such as CCR4 and
CXCR3, which can distinguish Th17 and Thl-like Th17 subsets.
Recent studies highlight the plasticity of Th17 cells transforming
into Thl-like TH17 cells, a phenomenon recognized in the
development of autoimmune and inflammatory conditions (58).
These findings suggest that age-related changes in the frequency of
Th cell subsets could impact immune function in the FRT,
particularly in the EM. Further exploration of these subsets and
their functional implications may provide insights into reproductive
health and age-related immune dynamics.

An unexpected finding of this study was that CD4+ T cells from
older women displayed a reduced capacity to produce cytokines in
response in vitro activation. Within the FRT, CD4+ T cells can
produce IFNY, IL-17A and IL-22 after activation. In the present
study, we found that IFNy production by CD4+ T cells from EM,
CX, and ECX significantly declined as women age. Furthermore, IL-
17A and IL-22 production by CD4+ T cells from ECX also
significantly decreased with advancing age. Others have shown
that IFNY plays critical roles in tissue homeostasis, immune and
inflammatory responses, offering protection against diseases by
acting directly on target cells or through host immune system
activation (59). Similarly, IL-17A functions as a key
proinflammatory cytokine essential for defensing against bacterial
and fungal infections, while IL-22 plays diverse roles in
inflammation, mucous production, pathogen defense, wound
healing, and tissue regeneration (60, 61). The decline in IFNy, IL-
17A and IL-22 production by CD4+ T cells throughout the FRT as
women age suggests that CD4+ T cells ability to detect and
eliminate pathogens is compromised. Although proinflammatory
responses are crucial for combating infections, their dysregulation
can lead to tissue damage (62). Our findings suggest that aging
impacts CD4+ T cells” ability within the FRT to provide essential
immune protection, thereby influencing reproductive health and
susceptibility to infections in aging women. Further investigation is
warranted to analyze additional cytokines, including those involved
in both proinflammatory and regulatory functions produced by
CD4+ T cells in the FRT. It is also crucial to examine how age
influences the secretion profiles of these cytokines by CD4+ T cells.
Understanding these dynamics will provide deeper insights into the
role of age in cytokine production and immune regulation.

Our findings demonstrate a previously unrecognized
compartmentalization of FRT CD4+ T cell frequency and
function with aging in the years following menopause. Aging
following menopause leads to significant changes in FRT CD4+ T
cell numbers, frequency, and phenotype. Our findings of enhanced
CD69 expression with reduced capacity to produce cytokines by
CD4+ T cells as women age following menopause suggests that FRT
tissue resident memory CD4+ T cells contribute to the increased
incidence of infections in the urogenital tract of post-menopausal
women. Understanding the underlying factors and mechanisms
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involved in regulating immune protection by CD4+ T cells from
FRT will provide a foundation of information essential for
developing therapeutic tools to protect women against
gynecological cancers and sexually transmitted infections as
women age in the years following menopause.
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U-test.
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