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Purpose: To investigate IL-17 related mechanisms for developing dry eye disease in the

Pinkie mouse strain with a loss of function RXRα mutation.

Methods: Measures of dry eye disease were assessed in the cornea and conjunctiva.

Expression profiling was performed by single-cell RNA sequencing (scRNA-seq) to

compare gene expression in conjunctival immune cells. Conjunctival immune cells were

immunophenotyped by flow cytometry and confocal microscopy. The activity of RXRα

ligand 9-cis retinoic acid (RA) was evaluated in cultured monocytes and γδ T cells.

Results: Compared to wild type (WT) C57BL/6, Pinkie has increased signs of dry eye

disease, including decreased tear volume, corneal barrier disruption, corneal/conjunctival

cornification and goblet cell loss, and corneal vascularization, opacification, and

ulceration with aging. ScRNA-seq of conjunctival immune cells identified γδ T cells as the

predominant IL-17 expressing population in both strains and there is a 4-fold increased

percentage of γδ T cells in Pinkie. Compared to WT, IL-17a, and IL-17f significantly

increased in Pinkie with conventional T cells and γδ T cells as the major producers. Flow

cytometry revealed an increased number of IL-17+ γδ T cells in Pinkie. Tear concentration

of the IL-17 inducer IL-23 is significantly higher in Pinkie. 9-cis RA treatment suppresses

stimulated IL-17 production by γδ T and stimulatory activity of monocyte supernatant on

γδ T cell IL-17 production. Compared to WT bone marrow chimeras, Pinkie chimeras

have increased IL-17+ γδ T cells in the conjunctiva after desiccating stress and anti-

IL-17 treatment suppresses dry eye induced corneal MMP-9 production/activity and

conjunctival goblet cell loss.

Conclusion: These findings indicate that RXRα suppresses generation of dry eye

disease-inducing IL-17 producing lymphocytes s in the conjunctiva and identifies RXRα

as a potential therapeutic target in dry eye.
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FIGURE 2 | Single-cell RNA sequencing. Single-cell RNA sequencing (scRNA-seq) revealed differences in conjunctival immune cell populations between B6 and

Pinkie. (A) UMAP of 19 distinct immune cell clusters in the conjunctiva generated from single-cell transcriptomic profiles of CD45+ cells using Seurat package V4.1.0.

(Continued)
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FIGURE 2 | (B) UMAP comparing conjunctival immune cell clusters obtained by scRNA seq of CD45+ cells obtained from 8 mice female C57BL/6J and 8 Pinkie age

16 weeks. The percentage of the cells in each cluster is shown in parentheses and the cell count and percentage for clusters are provided in Table 1. (C) Heatmap of

the top 50 differentially expressed genes in C57BL/6 and Pinkie conjunctival immune cells. Color of the heatmap based on the natural log of the normalized RNA

expression; (D) Violin plots showing expression of IL-17a with expression in each cluster in the plots to the right. (E) Violin plots of γδT cell IL-17 signature genes Ltb,

Cxcr6, Rorc, and IL1rf that have significantly higher expression in Pinkie vs. C57BL/6 (B6). ****p < 0.0001.

TABLE 1 | Cluster identity.

C57BL_6 Pinkie CIPR cluster identification

Cluster Name Count (%) Count (%) Reference

cell_type

reference_id Percent_pos_

correlation

0 MΦMHCIIlow 3,239 (29.0) 181 (1.6) Macrophage MF.II-480hi.PC 60

1 Neutrophils-LCN2low 2,252 (20.2) 750 (6.7) Granulocyte GN.Thio.PC 100

2 γδ-T 434 (3.9) 1,820 (16.3) γδ-T cell Tgd.vg2+24alo.Th 93.33

3 Monocytes 1,180 (10.6) 782 (7.0) Macrophage MF.11c-11b+.Lu 90.47

4 MΦ 889 (8.0) 402 (3.6) DC DC.103-11b+24+.Lu 100

5 ILC2 349 (3.1) 492 (4.4) ILC-2 ILC2.SI 100

6 NK cells 481 (4.3) 291 (2.6) NK cell NK.CD127-.SI 100

7 CD4+ T cells 249 (2.2) 484 (4.3) T cell T.4Mem49d+11a+.Sp.d30.LCMV 100

8 Neutrophils-LCN2high 454 (4.1) 247 (2.2) Granulocyte GN.Thio.PC 100

9 cDC2-Retnlahigh 460 (4.1) 209 (1.9) DC DC.11b+.AT.v2 100

10 CD8+ T cells 209 (1.9) 301 (2.7) NK cell NK.CD127-.SI 100

11 B cells 121 (1.1) 275 (2.5) B cell B.T2.Sp 100

12 cDC1 212 (1.9) 168 (1.5) DC DC.8-.Th 100

13 Proliferating cell 148 (1.3) 185 (1.7) Pre-T cell T.DPbl.Th 92.30

14 Mast cells 202 (1.8) 113 (1.0) Mast cell MC.Tr 98.24

15 Treg cells 113 (1.0) 186 (1.7) Treg ABD.TR.14w.B6 100

16 Naive CD4+ 83 (0.7) 123 (1.1) T cell CD4.1h.LN 100

17 Migratory DC (mDC) 62 (0.6) 63 (0.6) DC DC.IIhilang-103-11b+.SLN 100

18 Plasma-cytoid DC (pDC) 28 (0.3) 21 (0.2) DC DC.pDC.8-.Sp 100

11,165 7,093

and heterodimerization resulting in a 90% decrease in ligand-
inducible transactivation, develops signs of dry eye with aging,
but the study did not evaluate the ocular surface disease and
immunopathology (12). Corneal epithelial barrier disruption,
loss of conjunctival goblet cells and increased expression of
cornified envelope precursors by the surface epithelium are well-
characterized pathological features of dry eye disease (23, 24).

Corneal staining after topically applied 70 kDa Oregon Green
Dextran (OGD) increases with corneal barrier disruption in
dry eye. There is no statistical difference in corneal OGD
permeability between younger (8W old) Pinkie and wild type
(WT) C57BL/6 (B6) but OGD staining is significantly increased
in 32-week-old Pinkie (Figure 1A). Reduction in conjunctival
goblet cell number is another marker of dry eye. Pinkie has a
significantly reduced number of PAS-positive conjunctival goblet
cells at 8 weeks of age, compared to the WT strain (Figure 1B).
Increased immunoreactivity to the cornified envelope precursor
SPRR2 in the conjunctival epithelium (Figure 1C, left) in
Pinkie is accompanied by increased expression of several
Sprr isoform genes in the conjunctiva [Sprr2g (>20 fold),
Sprr2f (>10 fold) and Sprr2a (>4 fold) compared to B6
(Figure 1C, right and below). Pinkie at 8–10 weeks of age has

a significantly increased number of CD45+ immune cells in the
conjunctiva by flow cytometry (Figure 1D) and decreased tear
volume (Figure 1E). These findings indicate Pinkie has dry eye-
associated pathological changes in the corneal and conjunctival
epithelia and the corneal epithelial disease worsens with age.

Pinkie Has Increased IL-17 Producing
Lymphocytes in the Conjunctiva
Inflammation has been found to cause ocular surface epithelial
disease in dry eye. We performed droplet-based single-cell
RNA sequencing (scRNA-seq) as an unbiased approach to
compare immune cell types in the conjunctiva of WT and
Pinkie strains. We constructed scRNA-seq libraries from
CD45+ immune cells sorted from conjunctivas of normal
WT and Pinkie (n=8 biological replicates/strain) and obtained
transcriptomic profiles of these cells using the 10× Genomics
platform. The scRNA-seq data analysis was performed using
Seurat V4.1.0. After quality assessment, filtering standard pre-
processing, and doublet exclusion, a total of 11,165 cells from
B6 and 7,096 cells from Pinkie with 2,000 variable features
were analyzed. Graph-based clustering using Seurat divided
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FIGURE 3 | Increased γδ T cells in the Pinkie conjunctiva. (A) Flow cytometry of γδ T cell receptor positive cells (γδ TCR) left, IL-17A+CD3+ γδ TCR- center and

IL-17A+CD3+γδTCR+ right [C57BL/6 (B6) strain top and Pinkie strain bottom] Bar graphs show the mean +/– SD of the percentage of cells in these groups (n =

6/group). (B) Confocal microscopy of whole-mount conjunctivas obtained from B6 and Pinkie (age 8–10 weeks) costained with antibodies specific for γδ TCR and

conjunctival specific cytokeratin 13 (CK-13) (top), IL-17A (middle), and γδ T cell transcription factor RORγt (bottom) (n = 3 per group). The number of γδ T cells

positive for IL-17A and RORγt are shown in the bar graphs to the right. Antibody details are provided in Supplementary Table 2. E, epithelium; S, stroma. (C)

Confocal microscopy of whole-mount conjunctivas obtained from B6 and Pinkie (age 8–10 weeks) stained with CXCL16 antibody (left, n = 3). Minimal staining was

observed in the B6 conjunctival. Comparison of CXCL16 expression level (fold change) in the conjunctiva measured by real-time PCR (right, n = 6). (D) Tear

concentrations of IL-17 signature cytokines IL-12A/IL-23A (top) and TNF-a (middle), and angiogenic factor VEGF-A (bottom) measured by Luminex multiplex assay (n

= 5–12/group, age 8–10 weeks).

Frontiers in Medicine | www.frontiersin.org 9 March 2022 | Volume 9 | Article 849990

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Alam et al. RXR Dry Eye

FIGURE 4 | Suppressive effects of 9-cis retinoic acid. (A) IL-17A/F concentration in supernatants of cultured γδ T cells isolated with magnetic beads from C57BL/6 or

Pinkie spleens. Cells are stimulated with anti-CD3/CD28 beads or beads plus recombinant IL-23 without or with addition of 100µM 9-cis retinoic acid (RA). IL-17A/F

(Continued)
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FIGURE 4 | is measured by ELISA. !p < 0.05 between treatment groups, *p < 0.05 between B6 and Pinkie strains. (B) Volcano plots showing the expression level of

genes in monocytes cultured in media alone, media plus LPS or media plus LPS and 100 nM 9-cis RA. A mouse myeloid Innate Immunity NanoString array was used

to evaluate gene expression. Dotted vertical lines indicate < or >1.5 log2 fold change and horizontal lines indicate genes with an adjusted p > 0.05. Red dots are

genes that are significantly increased by LPS (top) or by LPS + 9-cis RA (bottom). γδ T inducers (TNF-a, IL-1a, IL-1b, and IL-23a) are stimulated by LPS and reduced

by 9-cis RA. (C) ATAC seq: principal component analysis of peak sequences identified by ATAC seq in 3 experimental groups of cultured murine monocytes: control,

cells stimulated with LPS and cells stimulated with LPS and 100 nM 9-cis RA (n = 2/group). (D) Sequence logos of transcription factor binding motifs that are found to

be increased (up) or decreased (down) in the second group compared to the first group (top 4–5 motifs are shown for each group, except control vs. LPS where no

decrease in motifs are found). Motifs are identified by the HOMER peak caller from databases of known motif sequences (20).

the cells into 19 clusters (Figure 2A) that were identified
based on the expression of signature marker genes listed in
Table 1 and shown in Supplementary Figure 1. The top 20
differentially expressed genes in each cluster are listed in
Supplementary Table 2 (the entire list of differentially expressed
genes in Supplementary Table 3). Themajor differences between
the two strains are a decreased percentage of macrophages
in cluster 0 and an increased percentage of γδ T cells in
cluster 2 (Figure 2B, Table 1). A heatmap of the top 50
differentially expressed genes between the strains is shown in
Figure 2C and the complete list of differentially expressed genes
is provided in the Supplementary Table 3. Il17a is the top
differentially expressed gene. Violin plots in Figure 2D show
significantly higher IL17a in Pinkie conjunctiva as compared
to B6 predominantly produced by γδ T and conventional T
cells which comprise 16.3 and 3.9 percent of the total cell
population, respectively (Figure 2A). Pinkie also has increased
IL-17f, predominantly produced by γδ T and conventional
T cells (Supplemenatry Figure 2).

Significant between strain differences are also seen for
expression of IL17 signature genes Ltb (25), Cxcr6 (26), Rorc
(25, 27, 28), and Il1r1 (29) among all cells (Figure 2E), and
these are also significantly increased in Pinkie as compared to
B6(Supplementary Figure 2).

Flow cytometry confirmed that Pinkie has significantly high
IL-17 producing γδT cell receptor (TCR) negative (non- γδ

T) and γδT cell receptor (TCR) positive CD3+T (γδ T) cells
in the conjunctiva both in number and mean fluorescent
intensity (MFI) (Figure 3A). Immunostaining of whole-mount
conjunctivas shows an increased number of total, IL-17a+ and
RORγt+ γδ TCR+ cells in the conjunctiva (Figure 3B). Minimal
immunostaining for chemokine CXCL16, the ligand for CXCR6
that is expressed by γδT cells (26) is noted in the B6 corneal
epithelium, but strong staining is seen in the Pinkie conjunctival
epithelium and is accompanied by increased mRNA expression
in the conjunctival epithelium (Figure 3C).

Increased concentrations of the IL-17 inducers IL-23 (30) and
TNF-α (31, 32) as well as VEGF, a proangiogenic cytokine that
promotes corneal neovascularization (33, 34) are found in Pinkie
tears (Figure 3D).

9-cisRA Suppresses IL-17 Production by
γδT Cells and Production of IL-23 by
Monocytes
Based on our finding of increased γδT in the Pinkie conjunctiva,
we evaluated if 9-cisRA suppresses IL-17 production by

activated γδT cells in culture. γδT cells isolated from the
spleen were stimulated with anti-CD3/CD28 beads with or
without IL-23 and/or 9-cis RA. IL-17A/F was measured
in the supernatant by ELISA. IL-17 release was higher in
Pinkie γδT cells stimulated with beads or beads + IL-23
(Figure 4A). 9-cis RA significantly reduced the supernatant
IL-17 concentration in cells from both strains, although the
suppressive effect was greater in the B6 cells (74 vs. 46%
in bead+IL-23 stimulated cells). The majority of myeloid
cells in the conjunctiva express RXRα and when stimulated
with LPS they produce factors known to stimulate IL-17
production by γδ T cells (8). We compared the stimulatory
activity of conditioned media from LPS-treated monocytes
to recombinant IL-23 on IL-17 production by γδ T cells
and found they are equivalent (Figure 4A). Furthermore,
treatment of LPS-stimulated cultured monocytes with 9-cisRA
significantly reduced stimulatory activity of their conditioned
media (Figure 4). Consistent with these findings, we found that
both genes encoding the IL-23 heterodimer (Il23a and Il12b), as
well as other γδT inducing cytokines Il1α, Il1β, and Tnf-α are
significantly upregulated in LPS-stimulated cultured monocytes
measured in a Nanostring array (Figure 4B, top), and these
are suppressed by addition of 9-cis RA to the culture media
(Figure 4B bottom).

Retinoic acid is known to cause epigenetic changes that
can affect transcription factor binding and gene transcription

(35). We performed ATAC seq on cultured monocytes to

determine if 9-cis RA treatment changes the number of open

transcription factor (TF) binding motifs in LPs-stimulated

cultured monocytes. The PCA plot in Figure 4C shows
marked differences in peak region sequences in areas of
open chromatin between control, LPS-treated and LPS+9-cis
RA treated cells. LPS treatment significantly increased the
number of TF motifs regulating transcription of inflammatory
cytokines, including NFkB and Jun-AP-1 (Figure 4D, top
left), but did not reduce the number of any known motifs
(Figure 4D, bottom left). Compared to LPS treatment alone, 9-
cis RA+LPS increased the number of 5 known motifs, including
RAR:RXR Figure 4D (top right), and decreased the number
of 4 motifs, including AP-1 Figure 4D (bottom right). AP-1
is a key transcription factor for Il23a and other inflammatory
mediators (36).

Taken together, these findings indicate that RXRα suppresses
the production of IL-17 by activated γδT cells and the production
of monocyte cytokines known to stimulate IL-17 production by
γδT cells.
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FIGURE 5 | Pathway analysis. (A) Heatmap of canonical pathways showing significant differences between strains and cell clusters was generated by Qiagen

Ingenuity Pathway Analysis. This analysis identified the pathways from the Ingenuity Pathway Analysis library of canonical pathways that were most relevant to the

(Continued)
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FIGURE 5 | data set. Molecules from the data set that had an adjusted p < 0.05 and were associated with a canonical pathway in the Ingenuity Knowledge Base

were considered for the analysis. The significance of the association between the data set and the canonical pathway was measured in two ways: (1) A ratio of the

number of molecules from the data set that map to the pathway divided by the total number of molecules that map to the canonical pathway is displayed; and (2) A

right-tailed Fisher’s Exact Test was used to calculate a p-value determining the probability that the association between the genes in the dataset and the canonical

pathway is explained by chance alone. IL-17 signaling and PPARα/RXRα activation pathways are among the pathways identified with significant differences. (B) IL-17

signaling pathway network showing the relationship between molecules generated with Qiagen Ingenuity Pathway Analysis with modification. All connections are

supported by at least one reference from the literature, from a textbook, or from canonical information stored in the Ingenuity Knowledge Base. Lines and arrows

between nodes represent direct (solid) or indirect (dashed) interactions between gene products and are displayed by cellular localization (extracellular space, plasma

membrane, cytoplasm, or nucleus). Rectangles are cytokines and cytokine receptors, triangles are phosphatases, concentric circles are groups or complexes,

diamonds are enzymes and ovals are transcriptional regulators or modulators. P, phosphorylation; U, ubiquitination. (C) Heatmap of differentially expressed genes in

conjunctival bulk RNA seq between C57BL/6 (B6) and Pinkie strains that includes IL-17 pathway associated genes in red and other innate inflammatory mediators. All

the genes passed through the Benjamini-Hochberg procedure to exclude false discovery; the selected genes had an adjusted p > 0.05. Each row represents a

specific gene, the right column represents the Pinkie strain and left column represents B6.

Differential Pathway Analysis Reveals
Increased IL-17 Signaling in Pinkie
RXRα nuclear receptor regulates the expression of an array
of inflammatory mediators. We used QIAGEN Ingenuity
Pathway Analysis (IPA) tool to identify significant differences
(p < 0.05) between B6 and Pinkie in inflammatory signaling
pathways generated from the scRNAseq data. These pathways
grouped by strain and cell type are displayed in the heatmap
shown in Figure 5A. The greatest differences are seen in
neutrophils, myeloid (macrophage and monocyte) and cDC2
cells and include IL-6, LPS-stimulated MAPK, NFkB, IL-17,
and PPARα/RXRα signaling pathways that contain mediators
relevant to dry eye pathogenesis (8, 37–42). PPARα/RXRα

signaling was significantly reduced in MHCII low macrophages
and monocytes.Two other pathways, CDC42 and CDk5, have
been implicated in NLRP3 inflammasome activation (43, 44).
The annotated IL-17 signaling pathway generated with IPA
(Figure 5B) contains downstream signaling pathways (MAPK
and NFkB) that stimulate expression of cytokines that induce IL-
17 production by γδT cells, as well as IL-17 inducible mediators
(e.g., matrix metalloproteases, SPRR2) that are involved in the
development of the cornea and conjunctival epithelial disease of
dry eye.

The conjunctiva is a mucosal tissue composed of epithelial,
stromal and immune cells that express IL-17 receptors and
are potential IL-17 targets (45). To determine if IL-17 related
genes/pathways are increased in the whole conjunctiva in Pinkie,
we compared expression profiles generated from bulk RNA
seq performed on whole conjunctival lysates harvested from
B6 and Pinkie (Figure 5C). Similar to the scSeq performed
on immune cells, we found IL-17a and IL-17f together with
IL-17 receptor (IL-17rc) to be among of the top differentially
expressed genes (adj p < 0.02) with increased expression in
Pinkie (Figure 4C). There is also increased expression of other
IL-17 signaling pathway associated genes, including cornified

envelope precursor genes Sprr2g and Sprr2h (46, 47), p38 Mapks

[Mapk12 (p38 gamma), andMapk13 (P38 delta)], and chemokine

CCL6. Various other inflammatory mediators and signaling

molecules (e.g., Tlr3, Tlr5) are also increased. Taken together, this

data indicates that RXRα suppresses the production of IL-17 by

γδ T cells and that IL-17 can exert protean influence on epithelial

and immune cells on the ocular surface.

IL-17 Neutralization Suppresses the
Development of Ocular Surface Disease in
Pinkie Bone Marrow Chimeras Exposed to
Desiccating Stress
We previously reported IL-17 causes corneal barrier disruption
in mice subjected to experimental desiccating stress (DS) by
stimulating expression ofmetalloproteinases (MMP-3 andMMP-
9) that lyse tight junction proteins in the apical corneal
epithelium (39). In that study, mice treated with anti-IL-17
had significantly less barrier disruption and reduced MMP-
9 expression, MMP-9 immunostaining and gelatinase activity.
In a previously unpublished experiment, we also found IL-17
neutralization prevented DS-induced conjunctival goblet loss
(Figure 6A).

We hypothesized that bone marrow chimeras created with
Pinkie donor cells would produce greater ocular surface disease
than those created with B6 donor cells because reduced RXRα

signaling in Pinkie will lead to an increased infiltration of
the conjunctiva by donor γδT cells. Bone chimeras created
by a previously reported method (17) and summarized in
Supplementary Figure 3 were exposed to DS for 5 days (17).
Chimeric mice were treated with either anti-IL-17 or isotype
control antibodies every 2 days starting 2 days prior to initiating
DS. After 5 days of DS, the percentages of conventional T cells,
γδT cells, and IL-17+ cells in the conjunctiva were evaluated
by flow cytometry and measures of dry eye disease, including
corneal MMP-9 immunoreactivity and gelatinase activity (in situ
zymography), and conjunctival goblet cell number. Pinkie donor
chimeras were found to have a greater percentage of γδT cells and
a greater percentage and MFI of IL-17+γδT cells (Figures 6B,C).
In both chimeras, γδT cells are the major IL-17 producers.
Among IL-17+ cells, the ratio of γδT cells/conventional T cells
is 89% in B6 chimeras and 97% in Pinkie chimeras (p < 0.0001
for both). MMP-9 immunoreactivity is significantly lower in
anti-IL-17 treated than control-treated Pinkie chimeras, and in
situ gelatinase activity was lower in the anti-IL17 treated Pinkie
and B6 chimeras (Figure 6D). Anti-IL-17 treatment also reduced
MMP-9 and SPPR2 immunostaining in the Pinkie corneal
epithelium and gelatinase activity in the corneal epithelium
of both strains (Figure 6D). Conjunctival goblet cell density
was significantly higher in the anti-IL-17 treated chimeras
(Figure 6E).
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FIGURE 6 | Comparison of γδT and dry eye signs in bone marrow chimeras. (A) Conjunctival goblet cell number in C57BL/6 mice exposed to desiccating stress (DS)

for 5 days (DS5) with or without systemic treatment with anti-IL-17 neutralizing antibody or isotype control as described in the methods. (B) Representative flow

(Continued)
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FIGURE 6 | cytometry plots of the donor (CD45.2+) and the recipient (CD45.1+) bone-marrow derived cells (left) and γδ TCR high and low CD3+ T cells in the

conjunctivas of Pepc/BoyJ recipient (host) chimeric mice (age 8–10 weeks) reconstituted with B6 or Pinkie bone marrow after 5 days of desiccating stress. The

method of chimera creation is provided in Supplementary Figure 3. (C) Top left: bar graph shows the percentage of CD45.2+CD3+γδTCR+ in the recipient

conjunctiva (n = 11/group). Bottom left: histogram of percentage of IL-17+ cells from CD45.2+CD3+γδTCR+ gate in representative sample. Right: mean +/– SD

percentage (top) and mean fluorescent intensity (bottom) of IL-17A+CD3+γδ TCR+ cells in the conjunctiva of chimeras (n = 11/group). (D) Confocal microscopy of

whole-mount conjunctivas or cryosections obtained from B6 and Pinkie bone marrow chimeras created as shown in Supplementary Figure 3 with or without

systemic treatment with anti-IL-17 neutralizing antibody or isotype control as described in the methods and exposed to DS for 5 days stained with an antibody

specific for MMP-9 (top), evaluated for in situ gelatinase (zymography) activity in cryosections (middle), or stained with polyclonal antibody to cornified envelope

precursor SPRR2 (bottom) (n = 3 per group). Bar graphs to the right show mean ± SD fluorescent intensity of the fluorochrome/fluorescent gelatin measured by

Nikon Elements software (n = 3/group). (E) Conjunctival goblet cell number in Pinkie donor bone marrow chimeric mice exposed to desiccating stress (DS) for 5 days

(DS5) with or without systemic treatment with anti-IL-17 neutralizing antibody or isotype control as described in the methods. Representative photomicrographs of

periodic acid-stained sections for each treatment group (left) and graph of mean ± SD of goblet cells/mm (n = 5). Some goblet cells in the control group appear

entrapped in the epithelium as previously reported (24).

Taken together these data show that reduced RXRα signaling
enhances migration of γδT cells to the conjunctiva in dry eye and
that IL-17 produced by these cells causes corneal and conjunctival
epithelial disease.

Pinkie Develops Corneal
Neovascularization, Opacification, and
Ulceration With Aging
We observed the Pinkie strain develops corneal opacification,
neovascularization and ulceration with aging (Figure 7A).
Corneal opacity and vascularization were noted in 14% of 144
Pinkie eyes compared to only 2% of 100 B6 eyes. We compared
gene expression profiles in NanoString myeloid innate immunity
arrays performed on whole cornea lysates prepared from 45 to
60 week old B6 or Pinkie with normal-appearing corneas (NC)
or from Pinkie with ulcerated corneas (UC). A volcano plot
shows 4 genes with significantly elevated expression in Pinke NC
compared to B6 NC (Figure 7B, top left). Significantly increased
expression of numerous genes are noted when comparing normal
and ulcerated Pinkie corneas (Figure 7B, right). Included among
the significantly differentially expressed genes in the Pinkie
ulcerated cornea are the IL-17 signaling pathway genes displayed
in the heatmap (Figure 7C). These include γδT inducers (i.e., Ltb,
Tnf, Nfkb2, Relb) and Il17ra.

Expression levels of several factors that promote corneal
vascularization (Vegfa, Fgf7) and ulceration (Mmp9) measured
by PCR are significantly increased in the Pinkie UC (Figure 7D).
Interestingly, expression of Vegfb which has trophic activity on
corneal nerves was reduced in the Pinkie UC (48). Consistent
with these findings is increased immunoreactivity of blood
and lymphatic endothelial markers CD31/LYVE-1 and MMP-
9 in the corneal epithelium of older Pinkie compared to
similarly aged B6 (Figure 7E). These findings suggest that dry
eye combined with chronic elevation of pro-angiogenic and
proteolytic factors in Pinkie promotes corneal vascularization,
opacification and ulceration.

DISCUSSION

This study investigated the mechanism for developing dry eye
disease in the Pinkie strain with a loss of function RXRα

gene mutation. Using scRNA-seq as an unbiased approach
to investigate the conjunctival immune cell population, we

discovered a four-fold greater percentage of conjunctival γδ T
cells with higher expression of IL-17 and other γδ T cell signature
genes. The sequencing findings are confirmed by flow cytometry
and confocal microscopy that shows these cells are located in the
stroma beneath the conjunctival epithelium. The Pinkie strain
developed accelerated signs of dry eye disease in the cornea and
conjunctiva. To determine the pathogenicity of Pinkie γδ T cells
we created bone marrow chimeras using Pinkie donor cells and
found a significant reduction in corneal and conjunctival disease
in the group receiving IL-17 neutralizing antibody.

Our group and others have found that IL-17 is involved
in the pathogenesis of the corneal epithelial disease of dry
eye (37, 39). IL-17 stimulates MMP expression by the corneal
epithelium, as well as neutrophil recruitment and activation
(39, 49). MMP-9 disrupts the corneal epithelial barrier via lysis
of tight junction proteins in the apical epithelium that results in
accelerated desquamation (50). Conjunctival goblet cell loss in
dry eye can develop from cytokine-mediated apoptosis or altered
differentiation with entrapment of goblet cells by abnormally
differentiated epithelium with increased expression of cornified
envelope precursors such as SPRR2 which is induced by IL-17
(46, 47).

Our previously reported studies found antibody
neutralization of IL-17 significantly reduces corneal barrier
disruption measured by OGD permeability in the desiccating
stress model of dry eye (39). While performing those studies,
we also found anti-IL-17 prevented desiccation-induced
conjunctival goblet cell loss. Studies reported by others have
also found that IL-17 produced by Th17 cells causes cornea
and conjunctival disease (37, 51). IL-17 is primarily produced
by CD4+ T cells and γδ T cells. IL-17 was detected in CD4+

T cells by flow cytometry in previous studies using the DS
dry eye model, but most did not evaluate IL-17 production
by conjunctival γδ T cells. Increased expression of IL-17 was
noted in the conjunctival epithelium of patients with Sjögren

syndrome keratoconjunctivitis sicca, but the cellular source

was not determined (52). γδ T cells were the second most

prevalent population of intraepithelial lymphocytes in the mouse

conjunctiva (53), and Coursey et al. reported that IL-17 is

produced by γδ T cells in the conjunctiva of the NOD mouse
strain that develops KCS and is used as a model of SS (54). This
study suggests that conjunctival γδ T cells are another source of
IL-17 and that IL-17 expression in these cells is regulated by the
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FIGURE 7 | (A) Appearance nonulcerated (NC) C57BL/6 (B6) and NC and ulcerated (UC) Pinkie corneas in 40–50-week-old mice. (B) Volcano plots of differentially

expressed genes in corneas of NC B6 and Pinkie (left) and NC and UC Pinkie (right) detected by a mouse myeloid Innate Immunity Nanostring array. Dotted vertical

(Continued)
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FIGURE 7 | lines indicate < or >1.5 log2 fold change and horizontal lines indicate genes with an adjusted p > 0.05. Red dots are genes that are significantly increased

in Pinkie NC vs. B6 NC (left) or in Pinkie UC vs. Pinkie NC (left). Labeled genes in the left plot are found in the IL-17 signaling pathway. (C) Heat maps generated from

the NanoString array of IL-17 pathway genes. (D) Fold change of expression level of factors involved in the pathogenesis of corneal vascularization (Vegfa, Tnf, Fgf7)

or corneal ulceration (Mmp9) measured by RT-PCR. Values are mean ± SD (n = 4/sample). (E) Immunostaining of blood (CD31) and lymphatic (LyVE-1) endothelial

cell markers in 25- and 60-week-old B6 and Pinkie corneas. Arrows indicate corneal epithelium. (n = 4/sample). *p < 0.01; **p < 0.001; ****p < 0.0001.

FIGURE 8 | Summary of RXRα mediated suppression of IL-17 production by γδ T cells and IL-17 mediated dry eye disease. RXRα suppresses the production of IL-17

inducers (IL-23, IL-1β, and TNF-α) by myeloid cells and directly suppresses IL-17 production by activated γδ T cells. IL-17 promotes corneal barrier disruption,

increased expression of the cornified envelope precursor SPRR2 that decreases epithelial lubricity and seals goblet cell openings and reduction in mucin-filled

conjunctival goblet cells.

RXRα nuclear receptor. γδ T cells are found in many mucosal
surfaces and can be activated in a non-antigen-specific manner
by a variety of PAMPs and conceivably to desiccating stress that
activates the same signaling pathways as microbial products (55).

The RXR nuclear receptor family regulates the transcription
of numerous genes involved in immune function, cell
differentiation and homeostasis. RXRα may function as a
homodimer or a heterodimer with partner receptors (PPARγ

and the vitamin D receptor) that have been found on the
ocular surface (56, 57). The ocular surface is a retinoid-rich
environment (8). Besides the retinol form of vitamin A in tears
that is converted to the natural ligand 9-cis RA by aldehyde
dehydrogenases in myeloid and epithelial cells on the ocular
surface (6), nutritional ligands such as vitamin D, the omega-3
fatty acid DHA in fish oil and oleic acid in olive oil can bind
certain RXR dimeric partners (3).
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We previously reported that the majority of CD11b+myeloid
cells are RXRα positive and respond to retinoic acid (8). The
discovery of increased IL-17 producing γδ T cells in the Pinkie
strain indicates RXRα is also an important regulator of IL-17
production by γδ T cells. The synthetic retinoid AM80 was found
to suppress IL-17 production by γδ T cells stimulated with anti-
CD28 antibody and a cytokine cocktail of IL-23 and IL-1β (30).
We found 9-cisRA suppressed IL-17 production by > 70% in
cultured γδ T cells stimulated by CD28 beads or beads plus
IL-23. In addition to direct suppression of γδ T cells, was also
found 9-cisRA suppresses the expression of γδ T cell inducers
(IL-23, IL-1, TNF-α) by cultured monocytes and we previously
reported reduced levels of IL-1β and IL-23β in supernatants of
9-cis RA treated monocytes (8). Monocyte conditioned media
has stimulatory activity equivalent to recombinant IL-23, but
this was significantly reduced in monocytes cultured with 9-cis
RA. We also found that 9-cis RA decreases the number of open
AP-1 transcription factor binding motifs detected by ATAC seq.
Both AP-1 and NFkB pathways are involved in stimulated IL-
17 expression by γδ T cells (25, 58). Figure 8 summarizes the
primary and secondary suppressive activity of 9-cis RA on the
production of IL-17 by γδ T cells.

There are several weaknesses of this study. We performed
single-cell profiling on conjunctival immune cells because it is
difficult to obtain a sufficient number of donor cells from the
cornea. It is possible the corneal pathology results from IL-17
produced by conjunctival γδ T cells, but IL-17 producing γδ T
cells have been found to infiltrate the cornea following epithelial
trauma (34, 59). We performed ATAC seq on monocytes which
demonstrated the epigenetic effects of 9-cis RA has on these cells.
Our discovery that RXRα suppresses IL-17 production by γδ T
cells is rationale for evaluating epigenetic activity of 9-cis RA on
these cells in the future.

The findings of this study suggest that RXRα retinoid
signaling suppresses activation of dry eye disease-inducing
IL-17 producing conjunctival lymphocytes under homeostatic
conditions. Additional studies will be needed to determine if
this signaling pathway is relevant in human dry eye. This
signaling may be reduced in aqueous tear deficient dry eye due to
reduced secretion of retinol into tears by dysfunctional lacrimal
glands. Additionally, we have reported decreased aldehyde
dehydrogenase expression in the conjunctiva in dry eye that
could result in decreased RA synthesis (8). Strategies that
maintain the ocular surface retinoid axis in dry eye may prevent
IL-17 induced epithelial pathology.
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Supplementary Figure 3 | Generation of bone marrow chimeric mice. Bone

marrow ablation in Pepc/BoyJ recipient (host) mice was accomplished with 137Cs

irradiation with 1,300 cGy, followed by intraorbital injection of 2 × 10 ∧ 6 bone

marrow cells from wild type B6 or Pinkie donors. Two weeks after receiving donor

cells, chimeric mice were exposed to desiccating stress for 5 days to create dry

eye and the presence of donor bone marrow-derived cells was identified by flow
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cytometry performed on conjunctival samples. The representative scatter plot

shows the endogenous (CD45.1) or transplanted (CD45.2) immune cells in the

conjunctiva. The phenotype of CD45.2+ cells shown in the gate was

further characterized.

Supplementary Table 1 | Antibodies in this study.

Supplementary Table 2 | Top differentially expressed genes in cell clusters.

Supplementary Table 3 | Differentially expressed genes per cell cluster.
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