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Abstract

Objectives: T helper 17 (Th17) cells are involved in the inflammatory response of atherosclerosis. However, their
heterogeneity in the atherosclerotic aorta remains elusive. This study was designed to identify aortic Thl7 subsets.
Methods: The surface markers and transcription factors of aortic interleukin-17A (IL-17A)-expressing T cells were
determined by flow cytometry in an ApoE-deficient mouse atherosclerotic model. Viable aortic IL-17A-expressing T cell
subsets were isolated by flow cytometry on the basis of surface markers, followed by characterizing their transcription
factors by either flow cytometry or real-time RT-PCR. The effect of aortic IL-17A-expressing T cell subsets on aortic
endothelial cells was determined in vitro. Results: C-X-C Motif Chemokine Receptor 3 (CXCR3), interleukin-17 receptor
E (IL-17RE), CD200, and C-C Motif Chemokine Receptor 4 (CCR4) marked three subsets of aortic IL-|17A-expressing T
cells: CXCR3"IL-17RE°"CD200"CCR4" T cells expressing T-box protein expressed in T cells (T-bet) and interferon-
gamma (IFN-y), CXCR3*IL-17RE°"YCD200"CCR4" T cells expressing T-bet but fewer IFN-y, and CXCR3IL-
I 7RE"8"CD200*CCR4" T cells expressing very low T-bet and no IFN-y. Based on these markers, viable aortic Th17 cells,
Th17.1 cells, and transitional Th17.1 cells were identified. Both Th17.1 cells and transitional Th17.1 cells were more
proliferative than Th17 cells. Compared with Th17 cells, Thl7.1 cells plus transitional Th17.1 cells induced higher ex-
pression of C-X-C motif chemokine ligand | (CXCLI), C-C motif chemokine ligand 2 (CCL2), C-X-C motif chemokine 5
(CXCLY5), and granulocyte-macrophage colony-stimulating factor (GM-CSF) in aortic endothelial cells. Conclusion: IL-17A-
expressing CD4" T cells were heterogeneous in atherosclerotic aortas.
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T cells differentiate into various effector subsets, including
T helper 1 (Thl), T helper 2 (Th2), regulatory T cells
(Tregs), and T helper 17 (Th17) cells. Th17 cells are
particularly deeply involved in atherogenesis by producing
interleukin-17A  (IL-17A), interleukin-17F  (IL-17F),
interleukin-22 (IL-22), and other cytokines.® However,
the role of Th17 cells in atherogenesis is under debate.
Th17 cells have been shown to boost inflammatory re-
sponse and foster atherosclerosis progression, although
controversies remain,*® whereas other reports suggest a
plaque-stabilizing effect of IL-17A via collagen synthesis.’
However, accumulative evidence suggests that Th17 cells
are heterogeneous, comprising subpopulations with phe-
notypic and functional discrepancies.® Besides, Th17 cells
undergo polarization toward Thl, Th2, Th9, Th22, and
Tregs.” To our knowledge, the heterogeneity of Th17 cells
in the atherosclerotic aorta remains elusive.

Most Th17 studies rely on detecting intracellular IL-
17A by flow cytometry, making isolating viable Th17 cells
impractical because cells need to be fixed and per-
meabilized. Recent progress in identifying Th subsets
according to surface markers such as CXCR3, CCR4, and
CCR6 has made enrichment of viable Th17 cells from
organs and tissues possible.'®'* Moreover, IL-17 receptor
E (IL-17RE) is highly expressed on the surface of Th17
cells under different circumstances.!>~!7 CD200, which is
an inhibitory immune checkpoint, is also found to be a
novel Th17 surface marker.'® Therefore, Th17 cells could
be recognized and enriched by discerning the expression
profiles of these surface markers.

In the current study, we revealed Th17 heterogeneity by
recognizing viable Th17 cells and Thl-like Th17 cells
(Th17.1 cells) in the aortas of atherosclerotic ApoE”™ mice.
Based on the expression of IL-17RE, CD200, CXCR3, and
CCR4, aortic IFN-y-expressing Th17.1 cells were sepa-
rated from aortic Th17 cells. These Th17.1 cells were more
potent than Th17 cells in inducing the expression of pro-
inflammatory chemokines and cytokines in aortic endo-
thelial cells. Therefore, for the first time, the presence of
pathogenic aortic Th17.1 cells in atherosclerosis was
confirmed.

Materials and methods

Murine atherosclerosis model

This confirmatory animal study was approved by the
Wuhan University Animal Care and Use Committee. The
experimental procedures were conducted according to the
Wuhan University Guidelines for the Use of Animals and
lasted for 8 months. Eight-week-old male apolipoprotein E-
deficient mice (ApoE”", C57BL/6] background) were
purchased from Beijing Biocytogen Co., Ltd. The mice
were fed a high-fat chow with 0.2% cholesterol and 21% fat

by weight for 12—18 weeks. Three age- and sex-matched
wild-type C57BL/6J mice were fed with a normal chow
diet for 16 weeks.

Oil red O staining

The mice were euthanized by CO, inhalation. The aortas
were taken, fixed in 4% formaldehyde, and then immersed
in 5% oil red O (Beyotime Biotech) for half an hour. After
three washes in deionized water, atherosclerotic lesions,
that is, oil red O-positive areas along the aorta, were
recorded on a Leica DMS500 fluorescence microscope
(Leica).

Aorta processing and aortic cell collection

Isolation of aortic cells was achieved according to pub-
lished methods with minor modifications.'>*° Briefly, mice
were anesthetized with 2% halothane-oxygen, followed by
perfusion with 3 mL of phosphate-buffered saline (PBS)
via cardiac puncture to remove circulating blood cells.
Each aorta with branches was carefully harvested and
minced into fragments of about 1 mm in length. The tissue
fragments were then incubated in 100 pL of digestion
buffer (RPMI1640 medium containing 10% fetal calf se-
rum [FCS], 200 U/ml collagenase XI, 500 U/ml collage-
nase I, 50 U/ml hyaluronidase I-s, and 100 U/ml DNase I)
for half an hour in a 37°C water bath with gentle pipetting
every 5 min. The digested tissues and the digestion buffer
were filtered through a 40-um cell strainer, followed by
centrifugation at 250xg for 5 min. The cell pellet was
suspended in 0.5 mL of ice-cold PBS for the following
experiments. In some experiments, 15 aortas were pooled
and digested with proportionally increased reagents. The
reagents were purchased from Sigma-Aldrich. In some
experiments, the cells were stimulated with 20 ng/mL
phorbol ester (PMA), 1 pg/ml ionomycin, and 10 pg/mL
brefeldin A (all from Beyotime Biotech) for 4 h at 37°C
before further analysis.

Blood leukocyte collection

Peripheral blood was collected from the tail vein and mixed
with 1 mL of 2 mM ethylenediaminetetraacetic acid-PBS.
After centrifugation at 200xg for 5 min, red blood cells
were lysed by suspending the cell pellet in 0.5 mL of RBC
lysis buffer (Beyotime Biotech) for 5 min at room tem-
perature. Cells were washed with 1 mL of PBS once and
subjected to the same staining procedures as for aortic cells.

Flow cytometry analysis

The antibodies are listed in Table 1. For surface protein
analysis, cells were incubated with PBS containing each
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Table 1. Flow cytometry antibodies.

Antibody Cat # Clone # Company
APC/Cyanine7 anti-mouse CD3 100221 17A2 BioLegend
Pacific blue anti-mouse CD4 100427 GKI.5 BioLegend
PE/Cyanine7 anti-mouse CD4 100421 GKI.5 BioLegend
PE anti-mouse CD8a 100707 53-6.7 BioLegend
Pacific blue anti-mouse IL-17A 506917 TCI1-18H10.1 BioLegend
PE/Cyanine7 anti-mouse CD200 123817 0OX-90 BioLegend
PE anti-mouse IL-17RE 141403 TW7-16B4 BioLegend
PerCP/Cyanine5.5 anti-mouse CXCR3 126513 CXCR3-173 BioLegend
PE anti-mouse CCR4 131203 2G12 BioLegend
Alexa Fluor® 647 anti-mouse IL-17RE FAB7997R-025UG 944904 R&D Systems
FITC anti-mouse IFN-y 505805 XMGI.2 BioLegend
FITC anti-mouse TNF-a 506303 MP6-XT22 BioLegend
FITC anti-mouse/human Ki-67 151211 I1F6 BioLegend
FITC anti-mouse/human T-bet 64481 | 4B10 BioLegend
Alexa Fluor™ 488 anti-mouse RORyt 53-6981-82 B2D eBioscience
FITC anti-mouse CD31 160211 Wi8222 B BioLegend
APC anti-mouse CD45 157605 QAI7A26 BioLegend
Biotin anti-mouse CD 144 138008 BVI3 BioLegend
FITC Streptavidin 405201 — BioLegend

Table 2. Primer sequences.

Target Forward (5’ to 3’) Reverse (5’ to 3’)
Gata3 cctctggaggaggaacgctaat gtttcgggtctggatgecttct
Foxp3 cctggttgtgagaaggtcttcg tgctccagagactgeaccactt
Rorc gtggagtttgccaageggcttt cctgcacattctgactaggacg
Tbx21 ccacctgttgtggtccaagttc ccacaaacatcctgtaatggettg
Cxcll tccagagcttgaaggtgttgee aaccaagggagcttcagggtca
Ccl2 gctacaagaggatcaccagcag gtctggacccattecttcttgg
Cxcl5 ccgctggeatttctgttgetgt cagggatcacctccaaattageg
Cxcl8 gagagtgattgagagtggaccac gagagtgattgagagtggaccac
Cdkn2b (pl5 INK4B) atcccaacgecctgaaccget agttgggttctgctecgtggag
Cdkn2a (P16 INK4A) tgttgaggctagagaggatcttg cgaatctgcaccgtagttgage
Cdkn2c (p18 INK4C) gtcaacgctcaaaatggatttggg ggattagcacctctgaggagaag
Cdkn2d (pl9 INK4D) ggagctggtgeatcctgacgc tggcaccttgcettcaggagete
Cdknla (p21 WAFI/Cipl) tcgetgtettgeactetggtgt ccaatctgcgcttggagtgatag
Cdknlb (p27 KIPI) agcagtgtccagggatgaggaa ttcttgggegtetgetecacag
Cdknlc (p57 KIP2) agctgaaggaccagectctcte acgtcgttcgacgecttgttct
Actinb gatggtgaaggtcggtgtga tgaacttgccgtgggtagag

antibody (5 pg/ml) for 20 min on ice. To detect intracellular
proteins, cells were fixed with 200 pul 3%
paraformaldehyde—PBS for 10 min at room temperature,
followed by incubation with 1 mL of 90% methanol-PBS
for 30 min on ice. Cells were then washed with PBS and
stained with 200 pl of PBS containing 5 pg/ml of each
antibody for 1 h at room temperature. A BD LSRII flow
cytometer was used for analysis and a BD FACSAria cell
sorter was used for cell sorting (both from BD
Biosciences).

Real-time reverse transcription and polymerase
chain reaction (RT-PCR)

RNAs were prepared using the Arcturus PicoPure RNA
Isolation Kit (Thermo Fisher) by following the supplier’s
manual. cDNAs were made using the RevertAid First
Strand cDNA Synthesis Kit (NovoBiotechnology). The TB
Green Premix Ex Taq II (Takara Bio) was used for
quantitative PCR on a LightCycler® 480 platform (Roche).
The primers are shown in Table 2. The transcript levels of
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genes of interest were first normalized to the transcript level
of B-actin and then quantified by the 2-**“* formula.

Isolation of aortic endothelial cells

Aortic cells were collected as described above. These cells
were then incubated with 200 ul of PBS containing 2 pg/ml
FITC-conjugated anti-mouse CD31 antibody (BioLegend)
for 20 min on ice. After three washes with PBS, CD31"
AECs were sorted by the BD FACSAria cell sorter.

In vitro culture

Sorted T cells and aortic endothelial cells were suspended
at the cell density of 5x10%/ml in the culture medium
(RPMI1640 medium containing 10% FCS). For intracel-
lular cytokine staining, T cells were treated with 20 ng/mL
phorbol ester (PMA), 1 pg/ml ionomycin, and 10 pg/mL
brefeldin A for 4 h at 37°C.

To evaluate the effect of T cells on AECs, T cells were
stimulated with 20 ng/mL PMA and 1 pg/ml ionomycin for
4 h and washed with PBS once. After that, 3000 T cells and
1000 AECs were mixed in 50 pl of culture medium and
seeded in each well of a 96-well V-shaped-bottom micro-
plate. The cells were centrifuged at 200xg for 5 min and
incubated for 24 h at 37°C in an incubator. At the end of the
co-culture, cells were stained with 2 ng/ml APC anti-mouse
CD45 antibody and biotinylated anti-mouse CD144 anti-
body for 20 min on ice. Cells were washed with 0.5 mL of
PBS once and incubated with 2 pg/ml FITC Streptavidin for
20 min on ice. Cells were suspended in PBS and loaded onto
the BD FACSAria cell sorter to sort CD144" AECs.

Statistical analysis

Every experiment was independently carried out 2 or 3
times. The data were shown as mean =+ standard deviation.
The Student’s t-test or one-way ANOVA with post-hoc
Tukey HSD test was used to compare the differences. A
p-value < .05 was considered significant. For each experi-
ment, the minimum mouse number necessary for attaining
the statistic power of 0.8 and type I error rate of 0.05 was
determined by the Animal Sample Size Calculator, which is
an open tool offered by the U.S. Department of Agriculture
(www.aphis.usda.gov/aphis/ourfocus/animalhealth/ceah-
toolbox/animal-sample-size-calculator), based on the mean values
and standard deviations acquired in preliminary tests.

Results

The phenotypes of aortic IL-17A-expressing T cell
subsets based on surface and intracellular markers

We fed ApoE”" mice with a high-fat diet for 16 weeks and
observed atherosclerotic lesions in their aortas

(Supplementary Figure 1). To characterize the phenotype
of IL-17A-expressing T cells, mouse aortas were collected
and dissociated with enzymes. The resultant single cells
were stimulated with PMA plus ionomycin in the presence
of brefeldin A for 4 h. The cells were then stained with
fluorochrome-conjugated antibodies against CD3, IL-
17RE, CXCR3, CD200, and CCR4, followed by intra-
cellular staining with fluorochrome-conjugated antibodies
against IL-17A, RORyt, T-bet, or [FN-y, respectively. The
whole workflow is demonstrated in Supplementary Figure
2(A). As indicated in Figure 1(A), single cells were first
gated according to the forward scatter-A and forward
scatter-H. Within these single cells, a CD3'IL-17A"
population was observed, suggesting the presence of IL-
17A-expressing T cells. These IL-17A-expressing T cells
were CD4" T cells (Supplementary Figure 3). According to
the surface staining of CXCR3 and IL-17RE, IL-17A-
expressing T cells were divided into two subsets:
CXCR3'IL-17RE"™™ T cells and CXCR3 IL-17RE"€" T
cells. The former constituted about 15% of IL-17A-
expressing T cells while the latter accounted for over
80% of IL-17A-expressing T cells (Figure 1(B)). Further
analysis revealed that CXCR3'IL-17RE™" T cells con-
tained two subsets: CD200'CCR4™ cells and
CD200 'CCR4" T cells, as shown in Figure 1(C) and 1D.
CXCR37IL-17REME" T cells were predominantly
CD200°CCR4" (Figure 1(C)). Therefore, three subsets
were present in aortic IL-17A-expressing T cells:
CXCR3'IL-17RE"™CD200"CCR4™ T cells (hereinafter
R3'RE'“¥200'R4), CXCR3'IL-17RE'°“CD200"CCR4"
T cells (R3'RE°“200'R4"), and CXCR3 IL-
17RE™E"CD200"CCR4" T cells (hereinafter R3“REME"),

Evaluation of T-bet and RORyt revealed equivalent
RORyt expression in the three subsets (Figure 1(E)).
However, R3"RE"200"R4" T cells and
R3'RE'®™200"R4" T cells expressed higher T-bet than
R3REME" T cells (Figures 1(F) and (G)). Furthermore,
substantial IFN-y  expression was found in
R3"RE“200"R4" T cells, while R3'RE'"200 R4 ™ T cells
expressed fewer [IFN-y and R3"RE"" did not express IFN-
y (Figures 1(H) and (i)). Therefore, R3"RE°*200"R4™ T
cells were Th17.1 cells. R3"RE'“¥200"R4" T cells seemed
to be transitional Th17.1 cells between the Th17 stage and
Th17.1 stage. R3 RE™E" T cells were Th17 cells.

To explore the presence of these subsets in the blood, we
stained circulating leukocytes with the same antibodies
against relevant surface and intracellular markers. As
shown in Supplementary Figure 4(A), about 2% of
CD3"IL-17A" T cells were found in circulating leukocytes.
Interestingly, these cells were all R3“REME"
(Supplementary Figure 4(B)) with uniform RORyt ex-
pression (Supplementary Figure 4(C)). No substantial IFN-
y expression was detected in circulating IL-17A-expressing
T cells (Supplementary Figure 4(D)). Therefore, these cells
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Figure I. Phenotype of aortic IL-17A-expressing T cells. (A) Representative dot plots showing the gating strategy for aortic IL-17A-
expressing T cell subsets based on CXCR3 and IL-17RE. (B) The proportions of R3*RE'™ T cells and R3~RE"" T cells in total aortic
IL-17A-expressing T cells. (C) Representative dot plots showing the expression of CD200 and CCR4 in R3"RE™" T cells and R3~RE"&"
T cells, respectively. (D) The proportions of 200"R4” and 200R4” cells in R3*RE'" T cells, respectively. (E) Representative histograms
showing RORyt expression in indicated subsets. (F) Representative histograms showing T-bet protein in indicated subsets. (G) The
mean fluorescence intensities (MFl) of T-bet in indicated subsets. (H) Representative dot plots showing intracellular staining of IFN-y in
indicated subsets. (l) The proportions of IFN-y-expressing cells in indicated subsets. N = 3 or 5. **: p < .001.

were all Th17 cells. Th17.1 and transitional Th17.1 cells
were absent in the blood and were likely generated only in
the atherosclerotic aorta.

Temporal changes in the frequencies of
IL-17A-expressing T cell subsets

To investigate the persistence of the above-mentioned T
cell subsets in the atherosclerotic aorta, we enriched aortic
cells 12 weeks, 16 weeks, and 18 weeks after the high-fat
diet treatment. The same staining as described above was
performed to characterize the phenotype of aortic IL-17A-
expressing T cells at different time points. As indicated in

Figures 2(A) and (C), at week 12, the frequency of aortic
IL-17A-expressing T cells was around 3.5%, and this
frequency increased to over 6% at week 16 and week 18. At
week 12, aortic IL-17A-expressing T cells were all
R3“RE"®" (Figures 2(A) and (D)). At week 16 and week
18, R3"RE™Y cells emerged in aortic IL-17A-expressing T
cells and increased over time (Figures 2(A) and (D)).
Furthermore, at week 12, almost all aortic IL-17A-
expressing T cells were 200" R4". At week 16 and week
18, R3"RE"®™ T cells contained the 200"R4™ subset and
200"R4" subset. The frequency of the 200"R4™ subset
increased from week 16 to week 18, while the frequency of
the 200 R4 " subset decreased in the same period (Figures
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Figure 2. Temporal changes of IL-17A-expressing T cell subsets. (A) Representative dot plots showing the gating strategy for aortic IL-
17A-expressing T cell subsets based on CXCR3 and IL-17RE from week 12 to week 18. (B) Representative dot plots showing the
expression of CD200 and CCR4 in R3"RE'™" T cells and R37RE"" T cells. (C) The proportions of aortic IL-17A-expressing T cells in
total aortic cells. (D) The proportions of R3*RE'Y T cells and R3“RE"&" T cells in aortic IL- 1 7A-expressing T cells. (E) The proportions of
200*R4™ and 200*R4" cells in R3*RE'™™ T cells at each time point. N = 5. % p < .05. ¥k p < 001,

2(B) and (E)). R3 " RE"#" T cells were constantly 200"R4*
through the period tested (Figures 2(B) and (E)).

Identification of viable aortic Th17 and Th17.1 cells
based on surface markers

Although the above data uncovered aortic IL-17A-
expressing T cell subsets, these cells were fixed and per-
meabilized for intracellular IL-17A staining, making en-
richment of viable Th17 and Th17.1 cells impossible. Next,
we tried to identify viable Th17 and Th17.1 cells based on
surface marker expression. The whole workflow is illus-
trated in Supplementary Figure 2(B). As indicated in Figure
3(A), CD3"CD4" T cells were first recognized in aortic
cells, and an IL-17RE'CD200" population (hereinafter
RE"200%) was found in CD3°CD4" T cells. The rest
CD3'CD4" T cells were IL-17RE™ (hereinafter RE").
Real-time RT-PCR revealed that compared with total CD4 "
T cells, RE"200" cells expressed higher Rorc mRNA and

lower Tbx21 mRNA (Figure 3(B)). No Gata3 and Foxp3
mRNAs were found in RE"200" cells (Figure 3(B)). RE™ T
cells and total CD4" T cells expressed equivalent Rorc,
Tbx21, Gata3, and Foxp3 mRNAs (Figure 3(B)). There-
fore, RE"200" cells likely contained Th17 and Th17.1
cells. Analysis of CXCR3 and CCR4 expression demon-
strated three subsets in RE'200" T cells: CXCR3"CCR4
cells (hereinafter R3'R47), CXCR3"CCR4" cells (herein-
after R3'R4"), and CXCR3“CCR4" cells (hereinafter R3
R4") (Figure 3(C)). To identify the three subsets, they were
sorted and stimulated with PMA and ionomycin for 4 h,
followed by detection of intracellular RORyt, T-bet, IL-
17A, TFN-y, and TNF-a, respectively. All three subsets
expressed equivalent RORyt, while R3'R4 and R3'R4"
cells expressed higher T-bet than R3'R4" cells (Figures
3(D) and (E)). All three subsets expressed abundant IL-17A
(Figures 4(A) and (B)). Interestingly, R3'R4™ cells ex-
pressed high IFN-y and R3"R4" cells expressed lower IFN-
v, whereas R3'R4" cells expressed little IFN-y (Figures


https://journals.sagepub.com/doi/suppl/10.1177/03946320221117933

Lin et al.

- — 0CD4

nE: e oRE*+200*
£2 i ®RE"

% - LLs

e

o

z 0 Un Un

o T T T T

e Rorc Thx21 Gata3 Foxp3

RE*200* *
(c) . (d)= Dashed: isotype Dashed. isclype {9)10 — ==, oR3*R4"
R3*R4™ R3*R4 Blue: R3*R4" | %01 Blue: R3*R4" S eR3*Re*
1 8.14% 6.74% . :-gl'w R%‘Rl‘.' od Gree ;Q F?';'F::' 8 - ? sR3'R4™
- ed: R¥’R4* Red. R3'R4”
A ER g go{¥® &
. i 8.1 o = .§.
© Ly . ) H J 107 2
% wo? R3'R4781.5% ol AN E—— A S 0 . .
>L<) w0 w0t e w6t N w0t sl e RORyt T-bet
CCR4 RORyt T-bet
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RE™ T cells. Un: under detection threshold. (C) Representative dot plots showing the gating strategy for R3"R4" cells, R3"R4" cells, and
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4(C) and (D)). The pattern of TNF-a expression was similar
to IFN-y (Figures 4(E) and (F)). Therefore, R3'R4™ cells
were Th17.1 cells. R3"R4" cells were transitional Th17.1
cells. R3'R4" cells were Th17 cells.

Distinct proliferation status of aortic Th17 and
Thi7.1 cells

Ki67 staining of the above R3'R4™ T cells (Th17.1),
R3"R4" T cells (transitional Th17.1), and R3R4" T cells
(Th17) indicated that the former two subsets had equivalent
Ki67 expression, whereas Th17 cells expressed fewer Ki67
(Figures 5(A) and (B)). We then assessed mRNA levels of
genes encoding cyclin-dependent kinase inhibitors which
control cell proliferation. As indicated in Figure 5(C), the
three subsets expressed comparable levels of Cdkn2b (p15
INK4B), Cdkn2c (p18 INK4C), Cdkn2d (p19 INK4D), and
Cdknlc (p57 KIP2). However, aortic Th17 cells expressed
more Cdkn2a (P16 INK4A), Cdinla (p21 WAF1/Cipl),
and Cdknlb (p27 KIP1) than the other two subsets.
Therefore, aortic Th17.1 cells and transitional Th17.1 cells
were more proliferative than aortic Th17 cells.

The effects of aortic Th17 and Th17.1 cells on AECs

Th17 cells modulate chemokine expression in endothelial
cells to facilitate leukocyte recruitment.”’** To check the
effects of aortic Thl7 and Thl7.1 cells on AECs,
RE"CD200'R3R4" cells (Th17 cells) and
RE'CD200"R3" cells (i.e., combined Th17.1 and transi-
tional Th17.1 cells, termed cTh17.1 cells hereinafter) were

sorted from 15 aortas and stimulated with PMA and ion-
omycin. Due to their low numbers, functionally related
Th17.1 cells and transitional Th17.1 cells were sorted
together to prepare enough cells for the following co-
culture assay. Meanwhile, mouse CD31" AECs were en-
riched by flow cytometry (Figure 6(A)). Stimulated Th17
cells and cTh17.1 cells were then co-cultured with AECs
for 24 h at the ratio of 3:1, respectively. After that, cells
were stained with a fluorochrome-conjugated anti-CD45
antibody and an anti-CD144 (VE-Cadherin) antibody.
CD144" AECs were sorted from the cell mixture (Figure
6(B)) and subjected to real-time RT-PCR to analyze che-
mokine and cytokine mRNAs. As indicated in Figures 6(C)
to (G), Th17 cells increased the mRNAs of Cxcll, Ccl2,
Cxcl5, and Csf2 (GM-CSF) in AECs. Compared with Th17
cells, cTh17.1 cells induced higher expression of Cxcll,
Ccl2, Cxcl5, and Csf2 in AECs. Neither Th17 cells nor
cTh17.1 cells changed Cxc/8§ mRNA in AECs (Figure
6(F)). Therefore, Th17.1 and transitional Th17.1 cells
might be more pro-inflammatory than Th17 cells.

Discussion

The present study characterized the phenotype of IL-
17A"CD4" T cells in the aortas of atherosclerotic mice. The
logic of this study is to reveal the significant expression of
CD200, IL-17RE, CXCR3, and CCR4 on the surface of
aortic IL-17A"CD4" T cells in the first place, and then
distinguish viable Th17 cells according to the unique ex-
pression pattern of these surface markers. We found that
aortic IL-17A"CD4" T cells were RE"200". However, the
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Figure 6. Effects of Thl7 and combined Th17.1 cells on AECs. (A) Representative dot plots showing CD3 1" AECs before sorting. (B)
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Th17 cells. cThl7.1: AECs co-cultured with combined Thl7.l cells. N = 5. * p < .05. ¥ p < .0l. ¥ p < .001.

expression of CXCR3 and CCR4 was differential on aortic
IL-17A"CD4" T cells and indicated different subsets.
CXCR3 is expressed by Th1 cells but not by Th17 cells.”
However, Th17.1 cells, which might be derived from Th17
cells, up-regulate CXCR3 on their surface and acquire
other Th1 features such as the expression of T-bet and IFN-
y.2*** CCR4 is considered to be expressed by Th17 cells
but not by Thl cells.”> Th17.1 cells lose CCR4 on their
surface, demonstrating another Thl feature.?® Therefore,
our findings are consistent with previous studies, implying
that Th17.1 cells in atherosclerotic aortas might possess a
similar phenotype to Th17.1 cells found in other patho-
logical conditions.

Notably, aortic IL-17A"CD4 " RE200"R3"R4™ T cells,
that is, Th17.1 cells, expressed higher T-bet and IFN-y than
IL-17A"CD4"RE200'R3R4" T cells (Th17 cells), further
confirming the identity of Th17.1 cells. However, the
factors responsible for the generation of aortic Th17.1 cells
remain unknown. Several cytokines or inflammatory me-
diators, including IL-1, IL-23, prostaglandin E2 (PGE2),
and TNF-a, may induce the polarization of Th17 cells
toward Th17.1 cells.”® Interestingly, these factors are
present in atherosclerotic lesions,”’ ! perhaps constituting
a microenvironment favorable for Th17.1 differentiation.

Based on the phenotype of aortic IL-17A"CD4" T cells,
we tried to discriminate viable aortic Th17 and Th17.1 cells
by detecting the above-mentioned surface markers and
avoiding intracellular cytokine staining. We successfully
discerned three CD4" T subpopulations featuring Th17 and
Th17.1 cells, respectively. Of  note, both
CD4"RE"200"R3"R4" T cells and CD4"RE™200'R3"R4"

T cells expressed relatively high T-bet, suggesting their
Th17.1 identity. However, the former produced more IFN-y
and TNF-a than the latter, implying that the former subset
might be mature Th17.1 cells, whereas the latter subset was
transitional Th17.1 cells. In the future, the two subsets
should be subjected to transcriptomic profiling to unveil the
molecular mechanisms underlying their functions. Mean-
while, CD4"RE200'R3R4" cells were likely classical
Th17 cells.

Another interesting finding is that Th17.1 cells seemed
to be more proliferative than Th17 cells. This is consistent
with previous research showing faster proliferation of Thl
cells and Th17.1 cells relative to Th17 cells.*? However,
Th17.1 cells were still a minor subset in IL-17A-expressing
T cells regardless of their faster expansion. This raises the
possibility that Th17.1 cells might completely lose IL-17A
expression and become Thl cells. Indeed, the transition
from Th17 cells to IL-17 IFN-y" Thl-like cells (some-
times termed ex-Thl17 or nonclassical Thl) has been
reported.**~** In the future, the lineage tracing study using
IL-17A-EGFP and IFN-y-RFP transgenic mice could re-
veal the fate of Th17 and Th17.1 cells in atherosclerosis.

Aortic Th17 cells expressed more pl6 INK4A (en-
coded by Cdkn2a), p21 WAFI1/Cipl (encoded by
Cdknla), and p27 KIP1 (encoded by Cdknlb) than aortic
Th17.1 cells. P16 INK4a inhibits CDK4 and CDK6 to
block cell cycle progression from phase G1 to phase S.*
p21 WAF1/Cipl inhibits CDKI1, 2, 4, and 6 to cause cell
cycle arrest during G1 and S phases.>® p27 KIP1 primarily
suppresses CDK2 to stop the cell cycle at phase G1 3T Asa
result, p16 INK4A blocks G1 to S transition in stimulated
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T cells.*® p21 WAF1/Cipl inhibits activated/memory T
cell expansion.®® p27 KIP1 prevents T cell proliferation.*’
Therefore, these proteins might slow down Th17 ex-
pansion and contribute to the decrease of Th17 cells (i.e.,
the R3RE™E" subset) in total IL-17A-expressing T cells
as shown in Figure 2(D).

Th17 cells can boost inflammatory response and foster
atherosclerosis progression.” Th17.1 cells play crucial roles
in the pathogenesis of inflammatory bowel disease, mul-
tiple sclerosis, and rheumatoid arthritis.*’ According to our
data, aortic Th17.1 cells and transitional Th17.1 cells pro-
duce IFN-y and TNF-a. IFN-y is localized in atherosclerotic
lesions to recruit inflammatory cells by inducing the ex-
pression of adhesion molecules in ECs during the early
stages of atherosclerosis.*** IFN-y also induces CCL2
expression in atherosclerotic lesions.***> Moreover, IFN-y
contributes to foam cell formation and reduces plaque sta-
bility.** TNF-o. promotes inflammatory cell recruitment
through up-regulating adhesion molecules, CXCL1, CCL2,
and GM-CSF in endothelium.***° Therefore, aortic Th17.1
cells could up-regulate chemokines and adhesion molecules
to exacerbate aortic inflammation. Our research indicated
that aortic Th17.1 cells plus transitional Th17.1 cells were
more capable of inducing CXCL1, CCL2, CXCLS5, and
GM-CSF expression in AECs than Th17 cells, implying that
Th17.1 cells and transitional Th17.1 cells could be more
pathogenic than Th17 cells in recruiting inflammatory cells.
At the early stage of atherosclerosis, Th17.1 cells are absent
or minor in the atherosclerotic aorta (as evidenced in Figure
2), so Thl7 cells play a significant role in atherosclerosis
progression. However, over time, Th17.1 cells accumulate in
the aorta and possibly co-exist with Th17 cells in athero-
sclerotic lesions. At the late stage, aortic Th17.1 cells might
work together with Th17 cells to exacerbate aortic inflam-
mation and promote the formation of atherosclerotic lesions.

The limitations of this study include the following: (1)
The origin and the fate of aortic Th17, Th17.1, and tran-
sitional Th17.1 cells remain unclear. Future lineage tracing
studies using genetically modified mouse strains might
answer these questions. (2) The locations of the three
subsets are not determined. Whether they are in athero-
sclerotic lesions and their potential interactions with other
cell types should be investigated in aorta sections in the
future. (3) Due to the limited numbers of these subsets, their
pathogenicity has not been evaluated in vivo. In vitro
expansion and adoptive transfer of aortic Th17 and Th17.1
cells could be conducted to determine their pathogenicity in
the future.

Conclusion

According to the present findings, our study reveals the
presence of aortic Th17.1 cells and tested their effect on the
AECs. The data exhibit the presence of Th17, Th17.1, and

transitional Th17.1 cells in the atherosclerotic aorta.
Th17.1 cells and transitional Th17.1 cells were more
proliferative than Th17 cells. Compared with Th17 cells,
Th17.1 and transitional Th17.1 cells induced higher ex-
pression of pro-inflammatory chemokines and GM-CSF in
AECs. Our study sheds light on the heterogeneity of aortic
Th17 subsets in atherosclerosis.
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