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Abstract Aging is associated with a massive infil-
tration of T lymphocytes in the lacrimal gland. Here,
we aimed to characterize the immune phenotype of
aged CD4* T cells in this tissue as compared with
lymphoid organs. To perform this, we sorted regula-
tory T cells (Tregs, CD4*CD25"GITR") and non-
Tregs (CD4TCD25"¢GITR"®) in lymphoid organs
from female C57BL/6J mice and subjected these cells
to an immunology NanoString® panel. These results
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were confirmed by flow cytometry, live imaging, and
tissue immunostaining in the lacrimal gland. Impor-
tantly, effector T helper 1 (Thl) genes were highly
upregulated on aged Tregs, including the master regu-
lator Thx21. Among the non-Tregs, we also found a
significant increase in the levels of EOMES™ed/high
Tbet"8IFN-y", and CD62L*YCD44"¢CD4* T cells
with aging, which are associated with cell exhaus-
tion, immunopathology, and the generation of tertiary
lymphoid tissue. At the functional level, aged Tregs
from lymphoid organs are less able to decrease pro-
liferation and IFN-y production of T responders at
any age. More importantly, human lacrimal glands
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(age range 55-81 years) also showed the presence
of CD4*Foxp3* cells. Further studies are needed to
propose potential molecular targets to avoid immune-
mediated lacrimal gland dysfunction with aging.

Keywords Aging - Lymphoid organs - Lacrimal
gland - Dry eye disease - Sjogren’s syndrome - CD4*
T cells - Regulatory T cells - Conventional T cells -
Transcriptome

Introduction

Over the last century, aging has become a topic of the
utmost importance for humans due to the accelerated
increase in life expectancy. Thus, elucidation of new
biological mechanisms for cell renewal, rejuvena-
tion, and improving quality of life in the elderly is the
modern alchemy in science.

Aging changes are not unfamiliar for the immune
system; evidence has demonstrated structural altera-
tions in lymphoid organs, redistribution in the dif-
ferent cell subpopulation, and adjustments in the
primary and secondary responses to antigens [1, 2].
Overall, this process is called immunosenescence.
One of the most intriguing events of immunosenes-
cence is the lymphocyte invasion to non-lymphoid
tissues with chronic inflammation and the formation
of tertiary lymphoid tissue (TLT) [3-5]. At the ocular
surface, aging has been associated with an increased
prevalence of keratoconjunctivitis sicca (KCS), also
called dry eye disease, especially in women [6]. Inter-
estingly, this condition is more frequent in patients
with autoimmune conditions such as Sjogren’s syn-
drome (SS), systemic lupus erythematosus, rheuma-
toid arthritis, and diabetes mellitus, among others
[6]. As early as 1973, Williamson et al. [7] described
that KCS and SS were highly associated with infil-
tration of lymphocytes, acinar atrophy, and fibrosis
of the lacrimal gland [7]. Several groups including
ours have studied lymphocyte infiltration of the lac-
rimal gland in the aged mice [8—10]. One of the most
remarkable inquiries in the process of lymphocyte
invasion during aging is the phenotypic signature and
role of CD4* T cells as helper players, in the recruit-
ment of the other subpopulations of immune cells
throughout the tissues. During the process of TLT
formation in the thyroid, it is known that the develop-
ment of dendritic cell-activated mature CD4" T cells,
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together with the formation of highly differentiated
high endothelial venules, rather than the presence of
CD3"¢CD4* lymphoid tissue inducer cells, recreates
a chemokine environment suitable for the attraction
and organization of other immune cells [11]. Together
with the change in the phenotype and function of con-
ventional CD4% T cells, CD4*Foxp3* regulatory T
cells (Tregs) mobilize and infiltrate the tissues with
aging, especially in lymphoid organs [12, 13]. Tregs
in elderly spleen exhibit an activated phenotype with
increased expression of CD103, CD69, interleukin
(IL)-10, and PD-1; hypomethylation of the Foxp3
enhancer; differential usage of some V beta genes;
and decreased susceptibility to apoptosis [13—15].

Despite all the information about T conventional
and Treg interplay in the lymphoid organs in elderly
mice, scarce findings exist in human tissues. Most of
the studies are focused on the phenotyping of circulat-
ing T cell subpopulations [13, 16]. Interestingly, Der-
hovanessian et al. [17] found that increased circulat-
ing CCR4" Tregs were correlated with better 8-year
survival in elderly individuals. In human salivary
gland biopsies, the frequency of Foxp3* cells corre-
lates with the systemic severity score in SS patients
[18, 19].

We have investigated the connection between lac-
rimal gland lymphocyte infiltration and autoimmune-
like changes in aged mice. By using the non-obese
diabetic mouse model, which has great similarity to
the SS in humans, we demonstrated that the lacrimal
glands of these animals have augmented infiltration
of Tregs with aging and these Tregs have adopted
for the expression of IFN-y or IL-17 [20], which has
been shown to improve their suppressive capabilities
against the conventional T cells in the tissue micro-
environment [21]. The same was observed in aged
C57BL/6J mice with accumulation of conventional T
helper 1 (Thl) cells [22].

Here, we further characterize the phenotype
of Tregs and non-Tregs in the aged murine lacri-
mal gland as compared to the lymphoid organs. We
used a combination of cell sorting and NanoString®
technology to define the immune-related differen-
tially expressed genes (DEGs) in both subpopula-
tions in mixtures of eye-draining cervical lymph
nodes (CLNs) and spleens of young and aged mice.
Based on these findings, we investigated the Treg and
non-Treg phenotype in the lacrimal gland with flow
cytometry and live imaging. The function of Tregs
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from lymphoid organs was evaluated by using the
Treg suppression assay. More importantly, we charac-
terized the lymphocyte immunophenotype in several
human lacrimal glands by using immunofluorescence.
Our results indicate that aged murine Tregs share fea-
tures of activated memory effector cells. However, the
Treg immune-related transcriptome arsenal seems
insufficient to regulate the exhausted non-Tregs.
These results were confirmed in lymphoid organs by
the Treg suppression assay. More importantly, aged
murine lacrimal glands also exhibited greater per-
centages of naive T cells as compared to their young
counterparts. We also detected CD4Foxp3™* cells in
aged human lacrimal glands. The molecular charac-
terization of the immune landscape in the lacrimal
gland will provide novel molecular targets either to
delay the aging process or, better, to rejuvenate the
ocular surface.

Results

T regulatory cells are increased in the lacrimal glands
and lymphoid organs of aged mice

Our group has demonstrated an increase in the num-
bers of Tregs in the lacrimal gland of aged non-obese
diabetic mice [20]. In patients with SS, increased

Foxp3™ cell infiltration in minor salivary gland
biopsies correlates with increased systemic sever-
ity [18, 19]. Therefore, we investigated the levels of
CD4*Foxp3* T regulatory lymphocytes (Tregs) in
cell suspensions of the lacrimal gland, draining CLN
and spleens from young and aged C57BL/6J mice by
flow cytometry. We found a significant increase in
the percentage of Tregs in these tissues with aging
(Fig. 1A). In inflammatory conditions, it has been
shown that Tregs downregulate its Foxp3 expression,
becoming ‘“ex-Foxp3” and, potentially, inflamma-
tory cells [23]. In this study, the Foxp3 mean fluores-
cence intensity (MFI) did not vary among age groups
(Fig. 1B).

We then aimed to characterize the transcrip-
tome of these cells from both groups of mice using
a NanoString® Immunology Panel. Because of the
difficulty to use the intracellular marker Foxp3 for
sorting of living Tregs, we evaluated the expression
of the glucocorticoid-induced TNFR-related (GITR)
protein as a potential extracellular surrogate marker
for Foxp3. GITR is highly expressed in Tregs [24]
and either equally expressed or slightly increased in
young as compared to aged splenocytes in mice [13,
25]. We obtained similar results in our experiments,
in which we only found a slight decrease in the GITR
MFI in the surface of aged Tregs in mouse lymphoid
tissues (Fig. 1C). Therefore, we used this strategy in
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Fig. 1 CD4" Foxp3®™ T cells accumulate in aged lacrimal
gland as well as in lymphoid tissues. Single cell suspensions
were obtained from the lacrimal gland (LG), ocular, and LG
draining cervical lymph nodes (CLNs) and spleen of young
and aged mice (n=5 per group), to quantify A the percent-
ages and B median fluorescence intensity (MFI) of alive
CD457CD3*CD4* cells expressing Foxp3 intracellularly

(Tregs). C The extracellular expression of GITR was also
evaluated in Tregs from CLN and spleen cell suspensions by
flow cytometry. Numbers at the right side of the histogram
indicate the MFI of GITR. Values in the bars expressed as
mean +standard deviation. Statistical significance based on
Mann—Whitney U test. The significant p value is indicated
above the bars
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the sorting of Tregs (CD4*CD25*GITR*) and com-
pared them to non-Tregs (CD4"CD25"¢GITR"™?®).
To do this, we pooled a mixture of CLN and spleen
cell suspensions from three mice as one sample from
young and aged mice and examined their transcrip-
tome. We obtained a total of 5-7 biological replicates
per age group. Supplementary Fig. 1 shows a repre-
sentative example of the sorting strategy.

Highly activated effector memory Tregs are found in
the lacrimal glands and lymphoid organs from aged
mice

An overall look at the transcriptional expression of the
547 genes from the mouse immunology NanoString®
panel suggested that 128 DEGs were upregulated in
aged Tregs as compared to their young counterparts
and only 43 genes were downregulated (Fig. 2A and
Supplementary Table 1). Supplementary Fig. 2 clas-
sified all the genes from the NanoString® Immunol-
ogy panel according to their nSolver® immunology
descriptors, specifying if they are upregulated, down-
regulated, or unaffected in aged as compared to young
Tregs. Most of the upregulated genes were classified
as associated with lymphocyte activation, host—path-
ogen interaction, and cytokine signaling, although
some genes were assigned to more than one pathway
in the panel (Supplementary Fig. 1).

The most significantly modulated transcripts
encode molecules involved in activation (H2-related
genes, Sell, Ccr7, and IL6ra), Thl responses (Thx21,
encoding Tbet; Cxcll0), or suppressive activity
(Cd81) (Fig. 2B). The expression of the Treg mark-
ers was equally expressed in young and aged Tregs,
including Foxp3, Ctla4, 1110, and Tgfb. Icos was
upregulated in Tregs from lymphoid tissues in aged
mice (Fig. 2C), which agrees with previously pub-
lished evidence [26]. The same pattern was observed
for Pdcdl encoding the programmed cell death pro-
tein 1 (PD-1), an important immune checkpoint inhib-
itor. Among the transcripts related to Treg activation,
MHC-related genes such as H2-Ebl, H2-Abl, H2-Aa,
Cd74, H2-DMb2, H2-Q10, and H2-DMa were signifi-
cantly upregulated in aged Tregs. MHC expression
in Tregs increases immune suppression [27]; how-
ever, the impact of the different MHC haplotypes on
the function of these cells has not been investigated.
Tnfsf13b encodes the cytokine B cell activation factor
of the TNF family, BAFF, a co-stimulatory receptor
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for B cell-mediated responses. BAFF transgenic mice
have expanded CD25"Foxp3* Tregs with a cell sur-
face phenotype consistent with an increased activa-
tion status and enhanced ability to home to inflamed
sites [28]. Ccr2, Cd81, and Tnfrsf4 are involved in the
trafficking of Tregs to tumors [29, 30]. 11172, encod-
ing a decoy receptor for IL-1, was highly expressed in
activated aged Tregs. Pdgfb, Gzmb, Maf, Batf, Ccr2,
Ahr, Cerl2, 111711, Icos, Icaml, and Tnfrsf4 are genes
involved in the control of inflammation by effector
Tregs in different tissues [31-36]. We also observed
loss of the transcripts for CD62 ligand (CD62L,
encoded by Sell), Ccr7, Lefl, and Cd?7.

Figure 2D shows the normalized counts for two of
the activation-related genes upregulated in the aged
Tregs: Il1r2 and CD8I1, whose expression was vali-
dated by flow cytometry in the lacrimal glands, CLN,
and spleen of young and aged animals. The three tis-
sues upregulated these markers in Tregs at the pro-
tein level, an effect that was more pronounced in the
spleen (Fig. 2E). We also selected another character-
istic activation marker, the adhesion molecule CD44
for the flow cytometry analysis, as CD44% Tregs are
more potent in suppressing effector T cell prolifera-
tion [37]. The expression of this molecule was also
augmented in aged as compared with young Tregs in
the three tissues evaluated (Fig. 2F).

This Treg signature is compatible with a highly
activated, effector memory phenotype and shortened
telomeres in chronic inflammatory lesions [38].

Aged Tregs highly expressed the transcript for the
master regulator of T helper 1 responses, Tbet, and
other related genes in the lymphoid tissues and
lacrimal gland

A common immune-mediated disorder of the ocular
surface, especially in the elderly, is dry eye disease
[6]. This condition is mediated by cytokine-producing
Th1 and Th17 effector cells that cause ocular surface
inflammation and epithelial disease [39-41]. Our
research has discovered increased numbers of T regs
in autoimmune mice, with rather impaired suppres-
sive function, and accompanying age-related inflam-
mation in the lacrimal gland [20].

Next, we classified and characterized the DEGs
related to effector Th cell responses in the two
groups of Tregs from the lymphoid tissue. It has
been demonstrated that Tregs utilize the transcription
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Fig. 2 Comparative analysis of expressed immune-related
genes in aged versus young Tregs. RNA from sorted cells
(n=>5-7 biological replicates/group; each replicate include the
CLN and spleens from three mice) was isolated and subjected
to NanoString® analysis. A The overall gene expression profile
for the 547 molecular targets included in the panel is shown. B
The volcano plot shows the magnitude of change of the lym-
phoid organ genes modulated by aging (log2 fold change) ver-
sus the adjusted p value (—logl0). Some of the most signifi-
cantly upregulated and downregulated genes are highlighted.
The dotted line indicates a significance of 0.05. C Detailed
analysis of significantly differentially expressed genes (DEGs)

factor program of the population they are suppress-
ing [42], which allows them to control the effector

greater than twofold change associated with Treg function and
activation. D Normalized counts of two upregulated DEGs
(Il1r2, Cd81) from NanoString® analysis. p value indicates
FDR from ROSALIND® software, calculated as described
in the “Methods.” E, F Flow cytometry analysis of protein
expression of 11112 and CD81 E and CD44 F in the lacrimal
gland (LG), draining cervical lymph nodes (CLNs) and spleen
in young (2-3 months) and aged (22-25 months) mice (n=4
mice per group). Values in the bars expressed as mean + stand-
ard deviation. Statistical significance based on the Mann—
Whitney U test. The significant p value is indicated above the
bars

T cell population and adapt to environmental cues.
In our NanoString® analysis, many transcripts
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related to Thl-Tregs were differentially expressed;
Fig. 3A depicts them in a numerical order of the dif-
ferential expression. 7hx2] was highly upregulated
in aged lymphoid tissues (Fig. 3A). Interestingly,

B

1112rb2 was not differentially expressed with aging,
suggesting that these cells might be unresponsive to
IL-12 ex vivo as it has been previously reported [43].
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Fig. 3 Effector Tregs accumulate in the aged lacrimal glands
as compared with lymphoid tissues. A Heatmap of the expres-
sion of Thl- and Thl7-related genes was compared in young
and aged lymphoid tissues. B Normalized counts of Ccr5
and Thx21 in the analyzed samples together with C the flow
cytometry analysis of the corresponding protein expression in
the lacrimal gland (LG), draining cervical lymph node (CLN)
and spleen (n=4 animals per group). D Representative contour
plots of cytokine-producing CD4*Foxp3* lymphocytes in the
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Similar heatmaps for the Thl7-related markers
are presented in Fig. 3A. Few Th17-associated genes
were upregulated with aging (1121, 1123r, Rorc). Next,
we singled out the normalized counts for two of the
Thl-associated upregulated genes in aged lymphoid
tissues, Ccr5 and Thx21, in young and aged Tregs
(Fig. 3B). The upregulation of these molecules, at the
protein level, was also investigated by flow cytometry
in young and aged Tregs from lacrimal glands, CLN,
and spleen (Fig. 3C). Interestingly, we did not observe
an increase in the protein expression of CCRS5 in aged
lymphoid organ Tregs, although it was significantly
upregulated in aged Tregs from the lacrimal glands.
Intracellular Tbet expression was significantly upreg-
ulated in all tissues, especially in the spleen.

We also evaluated if Foxp3 and either IFN-y or
IL-17A were co-expressed in CD4" cells from the
aged lacrimal gland as compared with young and
middle-aged mice (Fig. 3D). In young mice, we
observed the presence of CD4"Foxp3™ cells in the
murine lacrimal glands; however, the great major-
ity of them were either IFN-y or IL-17A negative.
This expression pattern shifted as early as mid-
dle age (12-13 months of age in mice), when we
observed that 60-80% of the CD4*'Foxp3* cells
were also expressing IFN-y or IL-17A intracel-
lularly. These subpopulations of cells notoriously
increased in the aged murine lacrimal glands. Fig-
ure 3E also shows the increase in percentages of the
CD4"Foxp3*IFN-y* and CD4*Foxp3*IL-17A" cells
in the lacrimal gland, normalized to total CD45%
cells. These cytokine-producing CD4*Foxp3* cells
that were hardly detected in young lacrimal glands
represent about 2% of the leukocytes in middle-aged
mice and duplicate in the aged mice. The presence of
these CD4"Foxp3*IFN-y" and CD4*Foxp3*IL-17A"
cells was also confirmed by live imaging cytometry
comparing young and aged lacrimal glands (Fig. 3F).

Our next experimental approach investigated if
the aged lacrimal gland IFN-y* Tregs concomitantly
expressed Tbet, since T-bett Treg cells do not typi-
cally produce IFN-y [44]. Our analysis demonstrated
that most of the Tregs infiltrating the aged lacri-
mal gland express simultaneously Tbet and IFN-y
(Fig. 3G). Interestingly, IFN-y*Tbet™ Tregs have
been associated to infection-induced immunopathol-
ogy [45, 46]. These results confirmed that the Tregs
in the lacrimal gland are enriched in Thl-Tregs that
concomitantly expressed Tbet and IFN-y.

Aged T conventional cells are highly exhausted and
associated to immunopathology

Previous work has demonstrated remarkable changes
in the microarchitecture of the spleen and lymph
nodes with age, with disorganized compartmentali-
zation and altered density of different cell subpopu-
lations, which may impact the mucosal immune
responses [47]. Interestingly, the age-related changes
in the T cells are more prominent in CD8™ T cells than
in CD4" T cells [48]. However, there is still incom-
plete information about the singularities of the CD4*
T cell immunophenotype in the lymphoid organs and
lacrimal gland with aging and the triggers that induce
their distinctive reorganization, migration, and acti-
vation. Therefore, we also aimed to characterize the
immune-related transcriptome of the conventional
CD4* T cells (non-Tregs, CD4*CD25"¢GITR"®)
in the CLN +spleen suspensions of young and aged
CS57BL/6 J mice and investigate if the phenotype is
recapitulated in the lacrimal gland. There were many
DEGs in the aged CD4% non-Tregs from lymphoid
organ genes, compared to young counterparts (vol-
cano plot in Fig. 4A and Supplementary Table 2). In
elderly lymphoid organs, we found that the conven-
tional CD4" T cell transcriptome mainly consisted
of DEGs related to activation, effector memory, and
susceptibility to apoptosis such as Cybb, Csfl, Ccr2,
Nfil3, Ccrl2, Tnfrsf4, and Casp3. This also corre-
lated with the decreased expression of the chemokine
receptor Ccr7 and the membrane complement inhibi-
tor Cd55 (Fig. 4B). The most highly expressed gene
in the CD4% compartment of aged lymphoid organs,
Ccl3, is associated with the active recruitment of
CD8* T cells [49], one of the hallmarks of the aging
[50]. In our analysis, Entpdl and Tnfrsfl1, encoding
CD39 and the TNF family cytokine RANKL, respec-
tively, were also significantly upregulated in aged
CD4* non-Tregs. Other upregulated transcripts, such
as Cd80, Ccr6, and Cd74 , have been associated with
lymphocyte tissue infiltration [51-53] (Fig. 4B).
Aging has been associated with the predominance
of inhibitory receptors in memory T cells which
make them hyporesponsive [54]. Among the inhibi-
tory markers, the most highly upregulated transcript
in aged non-Tregs was ILIr2. Transcripts for 1110,
Pdcdl, Ctla4, and Icos were greatly upregulated in
aged CD4" non-Tregs (Fig. 4B). Of note, among the
inhibitory genes upregulated in aged CD4" T cells,
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«Fig. 4 Aged non-Tregs exhibited an aberrant phenotype asso-
ciated with activation, exhaustion, and signs of immunopathol-
ogy. RNA from sorted non-Tregs (n=5-7 biological replicates/
group; each replicate includes the CLN and spleens from three
mice) was isolated from the lymphoid organs of young and
aged mice and subjected to NanoString® analysis. A Volcano
plot denotes the distribution of the expressed genes according
to the significance and the fold change expression, as com-
pared to young and aged Tregs. Some of the most significant
upregulated and downregulated genes are highlighted. The dot-
ted line indicates a significance of 0.05. B, C Heatmaps of the
differentially expressed genes (DEGs) associated with activa-
tion, inhibition, T follicular help and Th1/Th17 differentiation,
and function. D Bar graphs depicting the normalized counts of
Ccr5, Eomes , and Tbx21 DEGs. p value indicates FDR from
ROSALIND® software, calculated as described in the “Meth-
ods.” E Flow cytometry analysis of the corresponding protein
expression in the lacrimal gland (LG), draining cervical lymph
node (CLN) and spleen (n=4 animals/group). F Histograms
showing the EOMES expression pattern in young and aged
non-Tregs in the lacrimal glands together with the flow cytom-
etry analysis of the EOMESY™ and EOMES"e" cells in the
lacrimal gland by flow cytometry. G Histogram showing the
expression of Tbet in non-Tregs. H Flow cytometry analysis
showing Tbet"#/IFN-y* cells (n=35 animals/group). Values in
the bars expressed as mean +standard deviation. Statistical sig-
nificance based on the Mann—Whitney U test. The significant p
value is indicated above the bars

Ahr has been shown to modulate effector T cell func-
tion [55].

Follicular helper T (Ty,) cells, characterized by the
expression of the chemokine receptor CXCRS5, IL-21,
and the transcription factor BCL-6, are essential to
provide B cell help in the germinal centers. We found
a great increase in the Cxcr5 and II2] transcripts in
the aged lymphoid organs (Fig. 4B). A similar pattern
was observed for Maf, which activates the promoter
and enhancer of [I2] [56]. Interestingly, we also
observed an increased expression of Ikzf2 and Prdml
(encoding Helios and the B lymphocyte—induced
maturation protein 1 (Blimp-1), respectively) in aged
lymphoid organs. Although these genes participate
in the differentiation of Ty, cells, they have a broader
role in the regulation of function of effector T lym-
phocytes [57].

Taking into account the predominance of tran-
scripts related to activation and effector memory
among the CD4% non-Tregs in elderly mice, we
then sorted out the genes related to Thl and Th17
immune responses. Aged lymphoid organs were
enriched in genes associated with highly differenti-
ated Thl cells (Fig. 4C), remarkably the upregula-
tion of Thx21 and the downregulation of the second

chain of the IFN-y receptor (Ifngr2). Downregula-
tion of the IFN-y receptor is a hallmark of Th1 cells
[58]. Some genes implicated in the development
and maintenance of Thl7 cells, such as Rorc, were
also upregulated (Fig. 4C). Card9, an adaptor mol-
ecule that has shown to be required to mount adap-
tive Th1/Th17 responses, was greatly downregu-
lated [59].

Then, we selected three DEGs (Ccr5, Eomes, and
Tbx21) to validate our NanoString® results in lym-
phoid tissues and lacrimal glands with aging using
flow cytometry. Cells expressing CCRS are expanded
in frail individuals [60]. Among other markers, high
expression of Eomes and Thx21 is involved in CD4"
T cell exhaustion [61]. Interestingly, opposite to the
NanoString® results (Fig. 4D), flow cytometry anal-
ysis showed that CCR5 was not upregulated in the
surface of conventional CD4" T cells in the aged
spleen and it was significantly decreased in the aged
CLN (Fig. 4E). We hypothesized that this discrep-
ancy between the NanoString® and flow cytometry
results is related to the shedding of the molecule in
microvesicles as it has been previously demonstrated
[62]. However, CCR5 was significantly increased
in the aged compared to the young lacrimal glands
(Fig. 4E). Intracellular expression of EOMES was
highly increased in aged lymphoid organs and lacri-
mal glands while intracellular Tbet expression was
increased in the aged lacrimal gland and spleen.
We observed an increase in EOMESY™ as well as
EOMES"&" CD4* T cell subpopulations in the aged
compared to the young lacrimal gland (Fig. 4F). High
expression of EOMES is associated with exhaustion,
mainly in CD8" T cells [61]. Although the frequency
of Tbet* cells was higher in the aged lacrimal gland
(Fig. 4E), we also observed a decrease in the Tbet
MFI expression in CD4% T cells in the elderly lac-
rimal gland (Fig. 4G), a phenotype associated with
poor proliferative capacity and preferential accu-
mulation in the tissues [63]. Interestingly, we also
observed increasing amounts of CD4IFN-y* Tbet"®®
cells in the aged lacrimal gland (Fig. 4H), a pheno-
type related to immunopathology [64].

In conclusion, we found conventional T cells (non-
Tregs) in aged lymphoid organs with an aberrant phe-
notype, characterized by activation, follicular helper
markers, increased expression of inhibitory mol-
ecules, and transcription factors suggesting exhaus-
tion and Thl-skewed effector memory cells. This
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phenotype seems to be recapitulated in the aged lac-
rimal gland.

Naive T cells accumulate in the aged lacrimal gland
as compared to lymphoid organs

In elderly mice and also in humans, there is a shift in
the T cells that populate the lymphoid organs compared
to the young counterparts, from a predominant naive to
a more effector memory phenotype [2]. Our results in
Fig. 4 demonstrated enrichment in DEGs related to an
effector memory and highly differentiated phenotype in
CD4* T conventional cells. We corroborated these find-
ings by flow cytometry by staining CD4* T cells with
CD62L and CD44 to identify naive (CD62LFCD44"°¢),

A B

> CD44

» CD62L

Fig. 5 Changes in the CD4* T cell signature in the lacrimal
gland as compared to those from lymphoid tissues. A Repre-
sentative contour plot from the different populations of CD4*
T cells in the lacrimal gland (LG), draining cervical lymph
nodes (CLNs) and spleen as measured by the expression of
CD62 ligand (CD62L) and CD44. Numbers in the quad-
rants indicate the percentages of the different populations
in alive CD457CD3*CD4" cells in young and aged mice. B
Pie charts depicting the average of the different CD4" T cell
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CLN

Spleen

central memory (CM, CD62LTCD44™"), effector mem-
ory (EM, CD62L™2CD44%), and effector-activated
(EA, CD62L"™8CD44"#) cells, analyzing lacrimal
glands, CLN, and spleen separately (Fig. 5A, 5B). In
aged spleen, we observed a shift in the distribution of
the CD4" T cell subpopulations, from naive towards
effector memory T cell predominance. In this organ,
central memory cell compartment also shrank in the
aged group whereas effector-activated subpopulations
appeared. The shift from naive towards the effector
memory phenotype was more pronounced in the CLN.
Interestingly, we found a different CD4* T cell distri-
bution in the lacrimal gland, with high proportions of
effector memory cells in young and aged animals, but a
remarkable increase in cells with the naive phenotype.
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9.3+4.7
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populations (naive: CD62L*CD44"™¢, central memory (CM):
CD62L*CD44*, effector memory (EM): CD62L"™8CD44",
effector activated (EA): CD62L™2CD44'°%) from the differ-
ent tissues (n=35 animals/group) in young and aged mice.
Numbers indicate the means +standard deviation of the dif-
ferent populations. *p<0.05, **p<0.01, ***p<0.001;
##4%p <0.0001. Values expressed as mean =+ standard devia-
tion. Statistical significance based on the Mann—Whitney U
test
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These findings demonstrate differential distribution of
the CD4* T cells in the aged lacrimal gland as com-
pared with that in the aged lymphoid tissues.

A highly activated and effector memory Treg
phenotype in aged lymphoid organs may not be
sufficient to control the highly experienced
and exhausted CD4" T conventional cells

The effect of aging on the ability of Tregs to sup-
press or not suppress has been investigated previ-
ously, although no final consensus exists. Harpaz
et al. [65] have shown that Tregs isolated from spleen,
either from young and aged mice, are able to sup-
press T effector cells from young mice but they fail
to do so when they are confronted to aged T effec-
tor cells, likely due to an intrinsically dysregulated
expression of genes related to T cell activation and
regulation in the later cells. Our results demonstrated
that Tregs from aged lymphoid organs are highly
activated effector memory Tregs that express IFN-y

Fig. 6 Comparative multi- A Aged Tregs
plex analysis of the mRNA aged non-Tre952

for immune-related genes in
Tregs versus non-Tregs with
aging. RNA was isolated
from sorted Tregs and
non-Tregs from a mixture
of draining cervical lymph
nodes (CLNs) and spleen
of young and aged mice
(n=5-7 biological repli-
cates/group) and subjected
to NanoString® analysis
using the immunology
panel v2. A The number

of differentially expressed
genes (DEGs) in aged Tregs B
versus aged non-Tregs as
compared to aged Tregs
versus young non-Tregs is
shown in a Venn diagram,
depicting in the heatmap
those that were only present
in the aged pair. B DEGs
either related to activation
or inhibitory function are
shown in the left and right
heatmaps, respectively.
White boxes indicate no
statistical significance in
that pair

2
4

Activation markers
lir111

Aged Tregs
non-Tregs: young aged

and IL-17A, a phenotype that affect their suppres-
sive function against effector cells [42]. Likewise,
our NanoString® and flow cytometry analysis sug-
gested that conventional (non-Tregs) cells are highly
exhausted and possess a phenotype related to immu-
nopathology. In order to characterize the functional
potential of Tregs in relation to those non-Tregs in
aged lymphoid organs, we calculated the ratio of
DEGs in aged Tregs versus aged non-Tregs and then
compared this list with the one when we confronted
in silico aged Tregs versus young non-Tregs (Supple-
mentary Table 3).

Approximately 23% (22/96 genes) of the DEGs
from the aged Tregs versus aged non-Tregs were
exclusively expressed in this pair as compared with
aged Tregs versus young non-Tregs (Fig. 6A). From
them, only three genes were upregulated in aged
Tregs and among them was /tga5, encoding the inte-
grin alpha 5. Interestingly, loss of integrin activation
in Tregs leads to systemic autoimmunity [66]. The
remaining 20/23 genes were downregulated in aged

Aged Tregs/
young non-Tregs

Aged Tregs/
aged non-Tregs

Inhibitory markers

Ao o

Xcl1

Aged Tregs

non-Tregs: young aged
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Tregs as compared to aged non-Tregs, and among
them were several associated with cytotoxic T cell
responses (Xcll, Slamf7, Ccl3) [49, 67, 68].

Among the shared DEGs between aged Tregs and
aged non-Tregs as compared with aged Tregs ver-
sus young non-Tregs, many were activation mark-
ers. Interestingly, most of those activation markers
(except for 111111, Tirap, and I118rI) exhibited greater
fold expression in aged Tregs versus young non-Tregs
(Fig. 6B). The same pattern was observed for sev-
eral inhibitory markers but Ccr8 that was similarly
expressed in both pairs (Fig. 6B).

These observations suggest that aged Tregs from
lymphoid organs are licensed to exert their suppres-
sive function, but they might be insufficient to control
the activation and exhaustion phenotype of aged non-
Tregs with increased expression of inhibitory tran-
scripts. Whether this is recapitulated in the lacrimal
gland is not clear yet.

Aged Tregs are less responsive while aged
Tresponders are overly active

After identifying such profound changes in the tran-
scriptome of aged Tregs and non-Tregs as compared
with their young counterparts, we performed two dif-
ferent functional assays to investigate their function in
lymphoid organs. In the first, we performed a Treg sup-
pression assay in which either young or aged non-Tregs
(Tresponders) were stimulated to proliferate in vitro in
the presence of either young or aged Tregs. For this
assay, we isolated Tresponders (CD4+tCD25~ cells)
and Tregs (CD4*CD25% cells) from lymphoid organs
using magnetic beads and co-cultured them for 72 h
in anti-CD3-coated plates. Proliferation as meas-
ured by WST assay demonstrated that young and
aged Tresponders had similar proliferative capacity,
while aged Tregs proliferated more than young Tregs
(Fig. 7A). As expected, young Tregs decreased young
Tresponder proliferation, but this effect was consider-
ably weaker on aged Tresponders. Crossover studies
showed that while aged Tregs could partially suppress
the proliferation of young Tresponders, this effect was
lost on aged Tresponders.

We also measured the production of IFN-y and
IL-17 in the supernatants of the same cultures using
the immunobead assay. Aged Tresponders produced
greater amounts of IFN-y and IL-17 than young
Tresponders, in agreement with our NanoString®

@ Springer

results and the findings by Harpaz et al. [65]. Also, in
agreement with our NanoString® and flow cytometry
results, a significant increase in IFN-y levels in the
culture supernatants was also observed in aged Tregs,
albeit in a lesser extent than the amount produced by
Tresponders (Fig. 7B). Young Tregs could suppress
IFN-y production by Tresponders, while aged Tregs
failed to do so, irrespective of the responder cell age
(Fig. 7B). Interestingly, there was an additive effect
on IL-17 production when aged Tresponders were co-
cultured with aged Tregs that reached statistical sig-
nificance (Fig. 7A).

Activated conventional T cells might also tran-
siently upregulate CD25. This might represent a con-
fusing factor for the Treg suppression assay, when try-
ing to isolate Tregs based only on the expression of
this marker (Fig. 7A) [69]. Therefore, we evaluated the
capacity of young and aged Tregs to suppress CD4+ T
cell proliferation, isolating Tregs based on the expres-
sion of CD25 and GITR as shown in Supplemental
Fig. 1. To this purpose, Tregs (CD4*CD25*GITR™)
and non-Tregs (CD4TCD25"¢GITR™®) were first
sorted from lymphoid organs of young and aged mice
and then mixed at different ratios with CellTrace™
Violet-labeled CD4% T splenocytes isolated from
young mice (Tresponders). Tresponders were cultured
in CD3 antibody—coated plates for 3 days to induce
T cell activation, and then, their proliferation was
evaluated using dye dilution by flow cytometry. As
depicted in Fig. 7C, the addition of increasing num-
bers of young Tregs led to reduced proliferation of
the Tresponders in the presence of a strong activation
stimulus, whereas the addition of the same numbers of
aged Tregs did not have such effect.

Overall, these results demonstrate that aged Tregs
from lymphoid organs have markedly impaired sup-
pressive capacity, whereas aged Tresponders have
dysregulated proliferative and cytokine-producing
properties. Experiments are ongoing in our laboratory
to evaluate the functionality of CD4* T cells from the
mouse aged lacrimal gland.

Aged human lacrimal glands are infiltrated
with CD3*%, CD20", and CD4" Foxp3* cells

Animal models are very helpful to characterize the
different players of the immune system in the pro-
cess of immunosenescence. However, a plethora of
factors, either genetic, environmental, or infectious,
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Fig. 7 Aged regulatory T cells do not suppress well in vitro,
and aged T responders are overly active. A Cell proliferation
was measured for young and aged CD47CD25"¢ Trespond-
ers (Tresps) and young and aged CD4TCD25% Tregs using
the colorimetric WST-1 Cell Proliferation Reagent. Tregs and
Tresps were cultured at a 1:1 ratio for 72 h in a plate previ-
ously coated with CD3/CD28 as described in the “Methods.”
Bar graphs show means+SD of data combined from two
independent experiments (four to five mice were pooled/age/
experiment). One-way ANOVA followed by Dunnett’s multi-
ple comparison test. B The production of IFN-y and IL-17A
was determined in culture supernatants by the Luminex assay.
Co-culture supernatants were collected in triplicate from two
independent experiments. Bar graphs show means+SD of

influence human aging, particularly in the ocular sur-
face, that might be very different to mice. To address
this gap in knowledge, we examine human lacrimal
glands that were obtained from cadavers. In aged
human lacrimal glands, several authors have demon-
strated lymphocytic infiltration that correlates with
gland pathology and acinar atrophy together with dif-
ferential expression of mucins [70-73] but it remains
unclear if CD4*Foxp3™ cells are also present. In this
study, human lacrimal glands from five cadavers (age
range 55-81 years, 3 females, 2 males) were exam-
ined by hematoxylin and eosin staining to verify their
normal structure. Unlike the murine lacrimal gland,

data combined from two independent experiments (four to five
mice were pooled/age/experiment). The Mann—Whitney U
test was used to compare specific pairs. NS =non-significant.
C Cell proliferation was measured for CD4" Tresponders in
the presence of young and aged CD4tCD25"GITR" Tregs or
CD4*CD25"¢GITR"*® non-Tregs using Violet Tracer staining
followed by flow cytometry. Tregs/non-Tregs and Tresponders
were cultured at different ratios for 72 h in a plate previously
coated with anti-CD3 antibody as described in the “Methods.”
The percentage of cell division was calculated based on the
Tresponder proliferation. Data are shown both as suppression
curves and bar graphs. Two-way ANOVA followed by Sidak’s
multiple comparison test

the acini were loosely arranged and surrounded by
loose connective tissue (not shown). To character-
ize the B and T lymphocytes, immunohistochemical
antibody reactions were performed using anti-CD20
and anti-CD3 antibodies. B cells were detected in
the lacrimal gland as single cells and as cell clusters,
mostly compactly arranged (Fig. 8A). The number
and size of the B cell clusters differed between the
lacrimal glands examined, but they were associ-
ated with a T cell zone in all cases (Fig. 8B, C). In
some cases, the structure of a follicle with a typi-
cal B cell and T cell zone could be seen; however,
such accumulations were rarely arranged in a typical
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Lacrimal gland

Fig. 8 Aged human lacrimal glands have infiltration with
CD3*, CD20%, and CD4'Foxp3* cells. A Representative
merged image of human lacrimal gland (a) and lymph node
(b) immunostained with anti-CD3 (T cells, red) and anti-CD20
(B cells, green) antibodies with DAPI nuclear counterstaining
(blue). B Spearman’s correlation of T and B cell infiltration
scores. r coefficient of correlation, > coefficient of determi-

manner nor could we detect high endothelial venules.
CD3* T cell groups gave a more scattered impres-
sion. There were also T cell assemblies that were
not associated with B cells. In addition to clusters,
T and B lymphocytes were also detectable as single
cells in between acini, as described in previous stud-
ies [74-77]. Overall, there were more T cells than B
cells. A significant positive Spearman’s correlation
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Lacrimal gland

Lymph node

nation. C Demographics of lacrimal glands used and the cor-
responding infiltration scores, as described in the “Methods.”
D Representative merged images of human lacrimal gland (a,
b) and lymph node (c) immunostained with anti-CD4 (green)
and Foxp3 (red) antibodies with DAPI nuclear counterstaining
(blue). Magnification 400-fold and in the small squares, mag-
nification 600-fold; scale bar=50 pm

between the proportion of T cells and B cells was
also observed (Fig. 8B).

Next, we further characterize the CD3* T cells by
performing double immunofluorescence using anti-
CD4 and anti-Foxp3 antibodies in these aged lacrimal
glands. Lymph nodes were used as positive controls
(Fig. 8C, D). As observed for CD3" T cells, CD4" T
cells were detected as single cells between acini and



GeroScience (2022) 44:2105-2128

2119

as cell clusters (Fig. 8D). The quantification of CD4"
T cells revealed a similar portion as for CD3" T cells,
suggesting that mainly CD4" T cells were infiltrat-
ing the aged human lacrimal glands (Fig. 8C). Fur-
thermore, our analysis showed that many of the CD4*
T cells located as single cells between the acini were
also Foxp3 positive. In contrast, few CD4" T cells
located in a cell cluster were Foxp3™.

Our results agree with the literature about the
presence of CD3 and B cells in aged human lacrimal
glands. However, for the first time, the presence of
CD4*Foxp3™* cells was also observed.

Methods
Animals

The Institutional Animal Care and Use Committees at
Baylor College of Medicine and the Jackson Labora-
tory approved all animal experiments (approval num-
ber AN-7342). All studies adhered to the Association
for Research in Vision and Ophthalmology for the
Use of Animals in Ophthalmic and Vision Research
and to the National Institutes of Health Guide for the
Care and Use of Laboratory Animals (NIH Publica-
tions No. 8023, revised 1978). The experiments were
performed at the Ocular Surface Center, Department
of Ophthalmology, Baylor College of Medicine (Hou-
ston, TX, USA), and at the Jackson Laboratory (Bar
Harbor, ME, USA).

Breeder pairs of 6-8-week-old C57BL/6J mice
were purchased from the Jackson Laboratory (Bar
Harbor, ME, USA) for establishing breeder colo-
nies. Naturally, aged female C57BL/6J mice were
maintained in specific pathogen-free vivarium and
were used at 22-26 months (n=43). Young mice
(n=46) and middle-aged mice (n=5) were used at
2-3 months and 12—-13 months, respectively. Because
dry eye disease is more frequent in women [6] and
aged male mice do not develop corneal barrier dis-
ruption (a hallmark of dry eye disease) [78], only
female mice were used in our experiments.

Mice were housed in specific pathogen-free facili-
ties of Baylor College of Medicine and Jackson Labo-
ratory and were kept on diurnal cycles of 12-h light
and 12-h dark with ad libitum access to food and
water and environmental enrichment. No intervention
was made to the mice, and therefore, our experiments

did not induce pain, suffering, or distress to the ani-
mals. Criteria for early euthanasia included loss of
20% or more of body weight, extensive ulcerative
dermatitis, or corneal opacification. Mice subjected to
early euthanasia were not included in the study.

Flow cytometry analysis

Extraorbital lacrimal glands were excised and pro-
cessed into single cell suspension as previously
described [20]. Single cell suspensions from eye-
and-lacrimal gland draining CLN and spleens from
the different groups of mice were prepared by teas-
ing the tissues previously resuspended in complete
RPMI (RPMI [Thermo Fisher Scientific, Waltham,
MA]+10% fetal bovine serum [HyClone, Logan
UT]+ 1% penicillin/streptomycin [HyClone]) through
a nylon mesh (Tisch Scientific, North Bend, OH,
USA) in petri dishes and discarding the cell debris.
Red blood cells were lysed by using the ammonium
chloride Tris buffer, and leukocytes were counted
using a hemocytometer under a dissection microscope
and resuspended at 1x 107 cells/mL. For intracellular
cytokine staining, 1x 10° cells/well was incubated in
round-bottom 96-well plates with PMA (100 ng/mL,
Sigma, Saint Louis, MO, USA) and ionomycin (1 pg/
mL, Sigma) in 100 pL complete RPMI 1640 for 6 h
at 37 °C, with 5% CO,. In the last 2 h of incubation,
1 uL GolgiStop™ (BD Biosciences, Franklin Lakes,
NJ, USA) in 50 L. complete RPMI was added to the
wells. Fc receptors were then blocked with the anti-
mouse CD16/32 antibody (BioLegend, San Diego,
CA, USA) followed by surface staining with the
antibodies anti-CD45_Bv510 (Clone 30-F11, Bio-
Legend), anti-CD3e_BB700 (Clone 145-2C11, BD),
anti-CD4_FITC (Clone RM4-5, Thermo Fisher), anti-
CD25_PE (Clone HT-2, BD), anti-CD121b_BV421
(Clone 4E2, BD), anti-CD81_BV421 (Clone Eat2,
BD), anti-CD44_APC (Clone IM7, BioLegend), anti-
CCRS5_BV421 or anti-CCR5_PE (Clone C34-3448,
BD), and anti-CD62L_BV421 (Clone MEL-14, Bio-
Legend) for 20 min. Afterwards, cells were incubated
with an infrared fluorescent reactive dye diluted 1:32
(Thermo Fisher) for 10 min, washed, and resuspended
in the fixation/permeabilization buffer from the Tran-
scription Factor Buffer Set (BD) for 18 h. Cells were
then washed with 1Xxof the perm/wash buffer from
the same set and stained with anti-Foxp3_PE-Cy7
(Clone FJK-16 s, Thermo Fisher), anti-Tbet_PE-Cy7
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or anti-Tbet_ APC (Clone 4B10, BioLegend), anti-
EOMES_PE (Clone X4-83, BD), anti-IL-17_PE
(Clone eBiol7B7, eBioscience), and anti-IFN-y_
Pacific Blue (Clone XMG1.2, BioLegend), accord-
ing to the panel design. The following gating strat-
egy was used in this study: cells were identified by
forward scatter area versus side scatter area; doublets
were discriminated by forward scatter height versus
forward scatter area (singlet 1) followed by side scat-
ter height versus side scatter area (singlet 2); there-
after, dead cells were excluded by gating live fixable
infrared dye versus side scatter; subsequently, CD45*
cells were gated and then either CD37CD4% or CD4"
cells were selected to calculate the frequency of the
extracellular or intracellular markers in the different
combinations. Frequency of cells is shown as a per-
centage of CD45" cells.

Negative controls consisted of fluorescence minus
one (FMO) splenocytes. Cells were acquired with the
BD Canto II Benchtop cytometer with BD Diva soft-
ware version 6.7 (BD Biosciences). Final data were
analyzed using FlowJo software version 10 (Tree
Star, Inc., Ashland, OR, USA).

Flow cytometry sorting and NanoString® analysis

CD4* T cells were enriched from CLN and spleen
suspensions by using the CD4% T cell isolation
kit (Miltenyi Biotec, Auburn, CA, USA) follow-
ing the manufacturer’s instructions. Either young or
aged lymphoid tissues from three mice per age were
pooled as one sample. After blocking Fc receptors
(BioLegend), enriched cells were stained with the
antibodies anti-CD4_FITC (Clone RM4-5, Thermo
Fisher), anti-CD25_PE (Clone HT-2, BD), and anti-
GITR_APC (Clone DTA-1, BioLegend). Dead cells
were stained prior to cell sorting by using fixed cell
ready DAPI (Thermo Fisher) following the manu-
facturer’s instructions. CD4*CD25*GITR* (Tregs)
and CD4"CD25"8GITR™¢ (non-Tregs) cells were
sorted on a FACSAria II cytometer (BD), and then,
pellet was obtained to resuspend it in the Buffer RLT
Plus (Qiagen, Hilden, Germany) + p-mercaptoethanol
1:100 (Bio-Rad, Hercules, CA, USA) and frozen
immediately at—80 °C. Post-sorting analysis indi-
cated between 85 and 99% purity (Supplemental
Fig. 1 ). These experiments were performed either
at Baylor College of Medicine (3 young and 3 aged
samples) or Jackson Laboratory (4 young and 3 aged
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samples), yielding a sample size of 7 young and 6
aged independent samples from Treg and non-Treg
populations, respectively. Total RNA was isolated
using a RNeasy Mini Kit (Qiagen) following the
manufacturer’s protocol. The RNA concentration
was measured by its absorption at 260 nm using a
spectrophotometer (NanoDrop 2000, Thermo Fisher
Scientific) and Agilent Bioanalyzer. Biological rep-
licates containing at least 70 ng RNA were used to
run NanoString® at the Genomic and RNA Profil-
ing Core from Baylor College of Medicine. Data
was then analyzed using nSolver® (version 4.0) and
ROSALIND® software.

NanoString® data analysis using ROSALIND®

Five hundred forty-three transcripts were quantified
with the NanoString® nCounter multiplexed target
platform using the Mouse Immunology V2 panel
(www.nanostring.com). nCounts of mRNA tran-
scripts were normalized using the geometric means
of 14 housekeeping genes (Gapdh, Gusb, Ppia, Hprt,
Tbp, Tubb5, Go6pdx, Alasl, Sdha, Oazl, Polrlb,
Polr2a, Rpll9, Eeflg). Data was analyzed with a
HyperScale architecture developed by ROSALIND®,
Inc. (https://rosalind.onramp.bio/) (San Diego, CA,
USA). Read distribution percentages, violin plots,
identity heatmaps, and sample MDS plots were gen-
erated as part of the QC step. Normalization, fold
changes, and p values were calculated using criteria
provided by NanoString®. ROSALIND® follows
the nCounter Advanced Analysis protocol of divid-
ing counts within a lane using the same lane’s geo-
metric mean of the normalizer probes. Housekeep-
ing probes to be used for normalization are selected
based on the geNorm algorithm as implemented in
the NormgPCR R library [79]. The abundance of var-
ious cell populations is calculated on ROSALIND®
using the NanoString® Cell Type Profiling Module.
ROSALIND® performs filtering of cell type profil-
ing results to include results that have scores with a
p value smaller than or equal to 0.05. Fold changes
and p values are calculated using the fast method
described in the nSolver® Advanced Analysis 2.0
User Manual. p value adjustment is performed using
the Benjamini—-Hochberg method of estimating false
discovery rates (FDRs). Clustering of genes for the
final heatmap of differentially expressed genes was
done using the partitioning around medoids (PAM)
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method using the FPC R library [80] that considers
the direction and type of all signals on a pathway,
the position, role, and type of every gene. Hyperge-
ometric distribution was used to analyze the enrich-
ment of pathways, gene ontology, domain structure,
and other ontologies. The topGO R library [81] was
used to determine local similarities and dependen-
cies between GO terms to perform Elim pruning cor-
rection. Several database sources were referenced
for enrichment analysis, including Interpro [82],
NCBIS5 [83], MSigDB [84, 85], REACTOME [86],
and WikiPathways [87]. Enrichment was calculated
relative to a set of background genes relevant for
the experiment. Data analyzed in ROSALIND® was
downloaded, and volcano plots of differential expres-
sion data were plotted using the —log'® (p value) and
log® fold change using GraphPad Prism. Heatmaps
were also constructed using GraphPad Prism. Venn
diagrams were made using Venny 2.1 [88].

Imaging cytometry

Imaging cytometry was completed using an ASSIST-
calibrated ImageStreamX Mark II (EMD Millipore-
Amnis Corp., Seattle, WA, USA) equipped with blue
(200 mW, 488 nm), yellow—green (200 mW, 561 nm),
red (150 mW, 642 nm), and violet (120 mW, 405 nm)
lasers and a side scatter far red (70 mW, 785 nm). The
same antibodies described above were used. Images
were acquired using the Inspire acquisition software
(Ver. 200.1.388.0) and utilizing the 40Xobjective
(Multimag option, 60x, 40X, and 20X objectives).
Raw image files (.rif) were acquired and adjusted for
spectral overlap post-acquisition using the IDEAS
analysis software (Ver. 6.2.64.0). Prior to the assay, sin-
gle-color control tubes were collected with no bright-
field illumination and no SSC laser and were used to
create a compensation matrix in IDEAS. The matrix
was applied to.rif files to generate a compensated
image file (.cif) for each sample. Single cells were
selected using the shape change wizard—guided analy-
sis tool creating a focus (Gradient RMS of the Bright
field), cells (Aspect Ratio_MO1 versus Area_MOI),
live (Intensity_Chl12), and single circular (Circular-
ity_Object [MO1,1-BFE.Tight]). Cellular populations
of interest were then selected through gating CD45%,
CD4"*, Foxp3*, IL17*, and IFN-y* cells, followed by
visual inspection of the images to further refine gates.

Treg suppression assay using isolation based on CD4
and CD25 expression

CD4+CD25"¢ cells (“Tresponders™) and
CD4*CD25" cells (“Regulatory T cells,” Tregs) were
isolated from pooled CLN and spleens from young or
aged mice using a T regulatory isolation Kit (Milte-
nyi), according to the manufacturer’s instructions.
Cells were co-cultured at Tresponders:Tregs 1:1 ratio
(1x10%:1x10° cells) or alone in an anti-CD3 anti-
body-coated 96-well plate for 72 h. The assay was set
up with four wells per experimental group. A colori-
metric WST-1-based (Abcam) proliferation assay was
performed by adding 10 pL of this reagent per 100 pL.
of culture media and incubated for at least 8 h of the
co-culture period, as previously reported. Superna-
tants were collected and stored at— 80 °C until ready
to use. Results presented are the combined results of
two independent experiments.

Multiplex cytokine immunobead assay (Luminex)

Culture supernatants were collected from the WST-1-
based assay, and cytokine production was determined
by Luminex assay. Samples were added to wells
containing the appropriate cytokine bead mixture
that included mouse monoclonal antibodies specific
for IFN-y or IL-17A (Upstate-Millipore, Billerica,
MA, USA) as previously reported. The reactions
were detected with streptavidin—phycoerythrin using
a Luminex 100 IS 2.3 system (Austin, TX, USA).
Results presented are the combined results of two
independent experiments.

In vitro Treg suppression assay using isolation based
on CD4, CD25, and GITR

CD4* T cells were isolated from murine spleno-
cytes with CD4" T Cell Isolation Kit (Miltenyi),
then labeled with CellTrace Violet Cell Prolifera-
tion Kit following the manufacturer’s instructions
and finally used as responder T cells. Consecutively,
splenocyte-depleted cell suspensions were prepared
with the aid of a CD3 depletion kit (Miltenyi) fol-
lowing the manufacturer’s instructions and used as
antigen-presenting cells. In parallel, CD4% T cells
were isolated from pooled splenocytes and cervical
lymph node cells and then labeled with anti-CD25
and anti-GITR as described above and sorted into
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two fractions: Tregs (CD4"CD25*GITR") and non-
Tregs (CD4*CD25™2GITR™¢). At least 2% 10° cells
were sorted for each experiment from 5 young mice
per group and 2-3 aged mice per group. Finally,
Tresponder cells and either sorted non-Tregs or Tregs
were co-cultured at a final concentration of up to
1% 10° cells/mL in the presence of previously CD3
plate—bound (1 pg/mL). After 72 h in culture, cells
were labeled with anti-CD4 and viability dye and
analyzed by flow cytometry. The percentage of cell
division was calculated in relation to non-Tregs of the
same age.

Human samples and immunohistochemistry

Human lacrimal glands were obtained from 5 cadav-
ers (aged 65-89 years, 3 females, 2 males) donated
to the Institute of Anatomy, FAU Erlangen Niirnberg,
Germany, by will and free of recent trauma, ocular
or nasal infections, or diseases affecting or interfer-
ing with lacrimal gland function and were used in
accordance with the Declaration of Helsinki. A his-
tory of dry eye disease cannot be excluded in these
cases. Lacrimal glands were carefully dissected to
clearly exclude contamination with conjunctival tis-
sue. Hematoxylin and eosin staining was used to
verify structure, and immunofluorescence staining
was used to characterize lymphocyte populations in
aged human lacrimal gland in paraffin-embedded sec-
tions. (5 pym). Briefly, deparaffinized and rehydrated
sections were subjected to antigen retrieval in 1 mM
ethylenediaminetetraacetic acid (EDTA) buffer (pH
9.0) for 10 min at 80 °C and then treated with trypsin
(1 mg/mL; Sigma-Aldrich, Germany) for 10 min at
37 °C in a humidity chamber. Non-specific binding
was blocked with Blotto (10 mg/mL skimmed milk
powder in PBS-T). According to the staining panel,
the following primary antibodies were applied over-
night at 4 °C: rabbit polyclonal anti-CD3 (1:50; Dako,
Santa Clara, CA, USA), mouse anti-CD20 (undi-
luted, clone .26, Dako), rabbit monoclonal anti-CD4
(1:100, Abcam, Cambridge, UK), and mouse anti-
Foxp3 (1:50, clone 2A11G9; Santa Cruz, Dallas, TX,
USA). Sections were then incubated with the Alexa
Fluor 555 or Alexa Fluor 488—conjugated secondary
antibodies at a 1:500 dilution (Thermo Fisher), fol-
lowed by counterstaining with DAPI for 3 min. To
verify the staining procedure, human lymph nodes
were used as positive controls. Positively stained
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cells were detected at 400-fold magnification with
a microscope (DM4000 B; Leica, Germany) and
quantified as follows:+, few individual cells;+ +,
few individual cells and additional one/few cell clus-
ters;+ + +, few individual cells and several cell
clusters; and+ + + +, few individual cells and many
cell clusters. Within the subset of CD4" T cells, the
amount of Foxp3* T cells was analyzed in seven ran-
domly selected field-of-views (242.73 X 182.05 pm)
in 600-fold magnification using a Keyence BZX800E
microscope (Osaka, Japan).

Statistics

Statistical analyses were performed with GraphPad
Prism (GraphPad, Inc., version 9). Non-parametric
Mann—Whitney U tests were used to make compari-
sons between two age groups. All experiments were
repeated at least once, and representative experiments
are shown. Spearman’s non-parametric correlation
was used to evaluate the correlation between CD3
and CD20 quantification scores. No experimental
units were excluded during the analysis. Since this
was an exploratory study, no sample size calculation
was performed. No randomization or blinding was
used to allocate experimental units. Co-founders were
not controlled in these experiments.

Discussion

Immunosenescence in the different tissues of the body
is a very intricate process, involving several branches
of the immune and inflammatory responses, at the
molecular and cellular levels [3]. Aged CD4* T cells
as helper mediators of immunity are at the epicenter
of this process, responsible for perpetuating damage
and organ dysfunction [89]. This landscape is particu-
larly important for the lacrimal gland, on which age-
related dysfunction alters the lacrimal functional unit,
adding complexity to conditions such as KCS and
SS [6]. In the present study, we aimed to character-
ize the immune phenotype of aged CD4" T cells, with
a special focus on the lacrimal gland as compared to
the lymphoid organs. We confirmed that percentages
of Tregs increased with aging not only in CLN and
spleen but also in the lacrimal gland of C57BL/6J
mice. In humans, we observed the formation of lym-
phocyte clusters resembling TLT structures in the



GeroScience (2022) 44:2105-2128

2123

lacrimal gland of adults and we detected the presence
of CD4"Foxp3™ cells in this tissue. Intriguing puz-
zles remain to be the mechanisms that induce the aug-
mented percentages of Tregs and other lymphocytes
to the glands and the formation of these TLT-like
structures. Persistent oxidative stress and compro-
mised autophagy may contribute to the induction of
inflammation and immune cell activation with aging
[3]. Our work has shown that dietary modulation of
the antioxidant machinery in aged mice decreases
inflammatory transcripts and levels of CD45*CD4"
cells in the lacrimal gland [9]. Once T cells have been
recruited to the lacrimal gland, homeostatic prolifera-
tion might contribute to the invasion process [11]. In
elderly individuals, thymic involution with the conse-
quent loss of thymic-derived naive T cells is partially
compensated by homeostatic proliferation of naive T
cells generated in the periphery [90]. In agreement
with this evidence, we found increased percentages
of naive CD4* T cells in the lacrimal gland of aged
mice, as opposed to the lymphoid organs. At a slow
rate, this process might occur in the absence of exog-
enous antigen and, instead, might be induced by self-
antigen:MHC complexes on antigen-presenting cells
[91]. However, exogenous antigens from pathogens
such as cytomegalovirus have been shown to enhance
the development of immunosenescence in humans
[92], and increased Epstein—Barr virus infection is
observed in patients with KCS [93].

According to our transcriptome analysis in lym-
phoid organs and the flow cytometry and live imag-
ing in the lacrimal glands, several types of CD4* T
cells might co-exist and expand in these tissues and
the highly differentiated Tregs co-opt for the expres-
sion of the cytokines from the corresponding effector
T cells that they target for suppression. Interestingly,
Thl-like Tregs have also been observed in autoim-
mune-mediated pathologies such as multiple scle-
rosis and type 1 diabetes [42]. This also agrees with
the results from Elyahu et al. [89] that used single-
cell transcriptomic and flow cytometry investigation
of aged splenocytes. They described a heterogene-
ous landscape in the T conventional and Treg pool in
mouse spleen where cytotoxic, exhausted, and highly
activated cells prevailed with aging [89]. However, It
would be important to consider here that, as opposed
to activated and effector T cells, naive T cells are
transcriptionally quiescent cells, so other methods
beyond the measurement of the cell transcripts need

to be employed in order to have a better picture of the
immune populations that prevail with aging [94].

Our evidence suggested that non-Tregs also
showed signs of immunopathology in the lacrimal
gland; for example, we also observed increasing
amounts of CD4*IFN-y™Tbet"® cells. In the model
of the Toxoplasma gondii infection, Lopez-Yglesias
et al. [64] showed T-bet-deficient Thl cells mediate
IFN-y*-dependent intestinal inflammation and para-
site-driven loss of paneth cells. It would be interest-
ing to ascertain if Tbet is dispensable for the devel-
opment of T cell infiltration and dysfunction in the
lacrimal gland with aging. The information of this
analysis might shed light into the potential molecu-
lar targets to manipulate aged CD4% T cells. Some
advances have been made in this regard. For exam-
ple, pharmacological inhibition of Entpdl, encoding
CD39, one of the DEGs in aged CD4" non-Tregs in
our analyses, induced better responses to vaccination
in the elderly [95]. Also, inhibition of RANKL pre-
vents autoimmune inflammation in the central nerv-
ous system [96].

Another puzzling question in the process of lym-
phocyte invasion of the lacrimal gland is the function-
ality of highly mature aged CD4" T cells and their role
in the modulation of inflammation in this organ. With
regard to tissue Tregs, their presence in several tis-
sues has been proven beneficial for the modulation of
inflammation, although these studies did not focus on
aged cells [34]. Of note, several studies have tried to
evaluate the suppressive function of splenic Tregs con-
fronted to conventional T cells from elderly mice by
using the ex vivo Treg suppression assay; however, this
method has technical caveats [97]. Moreover, we and
other authors have used CD4tCD25"¢" cells to evalu-
ate Treg function. However, mouse aged Tregs are het-
erogeneous in the expression of CD25 and, therefore,
the results are still not conclusive, with some studies
showing a decrease while others report an increase
in suppressive capacity or no change [12, 14, 20, 98].
In the present study, we evaluated the suppressive
capacity of CD4*CD25" Tregs from aged lymphoid
organs with a colorimetric assay and observed less
ability to suppress proliferation and IFN-y secretion
of CD47CD25"¢ Tresponders as compared to their
young counterparts. These results were confirmed by
a flow cytometry—based Treg suppression assay using
CD4*CD25*GITR™ Tregs and CD4"CD25"¢GITR"®
T responders.

@ Springer



2124

GeroScience (2022) 44:2105-2128

Interestingly, aged Treg function seems insuffi-
cient to suppress the effects of highly activated effec-
tor CD4" T cells and preferentially suppress IFN-y
compared to IL-17-producing T cells [65, 98]. As we
compare the magnitude of the DEGs of aged Tregs
versus aged non-Tregs and aged Tregs versus young
non-Tregs, greater differences were observed in the
fold increase of cytotoxic, activated, and inhibitory
DEGs in the first pair. In this study, we also showed
that aged T responders escape suppression from young
Tregs, suggesting that an accumulation of responder
cells with aging may lead to greater pathogenicity on
a per cell basis, in agreement with the study by Harpaz
et al. [65]. These results also support the inability of
Tregs to control the function of non-Tregs with aging.
However, aged Tregs might also possess some degree
of defective function, as demonstrated by Morales-
Nebreda et al. [99] in the mouse model of influenza.
They observed that adoptive transfer of young Tregs
into aged hosts improved survival while the opposite
effect was observed when they switched the donor/
recipient pairs [99]. The same dichotomy was obtained
after adoptive transfer of either young or aged Tregs
into Treg-depleted mice. They conclude that Tregs lose
their pro-repair function with aging, influencing the
result of the influenza infection in the lung microenvi-
ronment [99].

Lacrimal gland lymphocyte invasion and TLT
formation also gradually increase with aging [71,
100], even in individuals with non-immune diseases
[70]. Evidence indicates that changes in the type of
mucins in the glands of elderly women who receive
treatment for dry eyes also occur [72]. Also, TLT in
humans have been found in proximity to c-kit+ mast
cells [101], suggesting that lymphocytes are involved
in perpetuating rather than initiating the gland
destruction with age [102]. Our results show for the
first time that CD4*Foxp3* cells are also present in
aged human lacrimal glands. We are aimed now at
proposing new molecular targets that could poten-
tially delay the immune infiltration in the lacrimal
gland with aging. A limitation of our study was the
small sample size and a young comparator group.
Further studies using a larger sample size are needed
to validate our findings. Future studies should focus
on further characterizing the kinetics of the different
Treg and non-Treg subpopulations that infiltrate the
lacrimal gland with aging in different human popula-
tions. The better definition of the antigens involved in
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this process, the TCR repertoire of the lymphocytes
and the mediators, either from the innate immune,
endocrine, or nervous system, that participate might
also help to elucidate potential therapeutic candidates
to prolong youth or improve tear film function in the
aged ocular surface.
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