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Abstract

Double-positive CD4*CD8af* (DP) cells are thought to reside as T cell progenitors exclusively
within the thymus. We recently discovered an unexpected CD4* and CD8a* immune cell
population in healthy and atherosclerotic mice by single cell RNA-sequencing. Transcriptomically,
these cells resemble thymic DPs. Flow cytometry and 3D-whole-mount imaging confirmed DPs

in thymus, mediastinal adipose tissue (MAT), and aortic adventitia, but nowhere else. Deep
transcriptional profiling revealed differences between DP cells isolated from the three locations.
All DPs were dependent on RAG-2 expression and the presence of the thymus. MAT DPs

resided in close vicinity to iINKT cells, which they could activate 7 vitro. Thymus transplantation
failed to reconstitute extrathymic DPs and frequencies of extraythymic DPs were unaltered by
pharmacologic inhibition of S1P1, suggesting that their migration may be locally confined. Our
results define two new, transcriptionally distinct subsets of extrathymic DPs that may play a role in
aortic vascular homeostasis.

Introduction:

Pro- and anti-inflammatory immune cells modulate the progression of atherosclerosis locally
and systemically (1). We and others have recently utilized high-parametric methodologies,
10x Genomics based single cell RNA sequencing (SCRNA-Seq) and mass cytometry
(CyTOF) to define aortic leukocytes in non-atherosclerotic and atherosclerotic mice (2, 3).
With both approaches, we identified the unexpected presence of a cell population, which did
not express surface TCR but were CD4* and CD8a* and CD8B*.
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The only known cell population in the murine and human body harboring these features are
CD4*CD8*TCR™ (DPs), a progenitor stage of T cells found exclusively in the thymus,
where the development of T cells takes place. In this process, bone-marrow derived
progenitors migrate into the thymus and a portion of them differentiate into naive single
CD4* or CD8* TCRap expressing T cells (4). Recombinase activating gene (RAG)

1 and 2 catalyze the rearrangement of the V, D, and J TCRp gene segments into a

unigue combination of a TCRp chain. This chain will pair with an invariant preliminary
alpha chain (p73) to form a pre-TCR in conjunction with the CD3 complex. Pre-TCR
signaling is necessary for thymocyte survival, proliferation, and blocks further 8 chain loci
rearrangement. Simultaneously, the TCR co-receptors CD4 and CD8a 3 co-emerge on the
thymocyte surface to form double positive DP thymocytes. DPs start TCR alpha chain
rearrangement and subsequently undergo positive selection, based on affinity for unknown
self-peptides presented by major histocompatibility complexes (MHC). Following successful
selection, one of the co-receptors (CD4 or CD8) will be downregulated based on the MHC-
restriction of the TCR and naive, mature MHC class Il-restricted CD4" or MHC class
I-restricted CD8a* T cells will emigrate into the blood, from where they reach secondary
lymphoid organs like lymph nodes and spleen.

The present study was undertaken to test whether extrathymic DPs were specifically induced
in atherosclerosis. We further aimed to fully characterize their transcriptomes, identify their
relationship with immature DP thymocytes, assess their functionality, and their mode of
migration.

Material and Methods

Mice

All experiments followed guidelines of the La Jolla Institute for Immunology (LJI) Animal
Care and Use Committee. Approval for use of rodents was obtained from LJI according

to criteria outlined in the Guide for the Care and Use of Laboratory Animals from

the National Institutes of Health. All mice were maintained in-house on a 12-hour light/
dark cycle and had excess to chow diet ad /ibitum. Female C57BL/6J (cat.# 000664),
CD45.1" (B6.SJL-PiprcaPep3b/BoyJ, cat.# 002014), BALB/cJmice (cat.# 000651), Cdala'~
(C57BL/6-Cd1d1tm1.1Aben/d, cat.# 016929) and RagZ™'~ (B6(Cyg)-Rag2™L-1Ca1/) cat.#
008449) were purchased from The Jackson Laboratory. If indicated, sham-operated or
thymectomized C57BL/6Jmice were also commercially obtained from The Jackson
Laboratory. Rag2°F” and Cd1d™'~ mice were kindly provided by Dr. Kronenberg. C57BL/6J
and CD45.17 were crossed to obtain CD45.1/2 mice.

Mice at indicated ages were euthanized by CO» inhalation followed by blood withdrawal
via cardiac puncture and perfusion with 10ml ice-cold PBS containing 100U/ml Heparin
(Fresenius) before further organ and tissue dissection.

Aortic arch and mediastinal adipose tissue collection and processing

After perfusion, the chest of the mouse was opened and the thymus removed without
damaging the capsule. Aortic arches and mediastinal adipose tissue were microsurgically
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dissected and digested as previously described (5). Briefly, aortic arches and mediastinal
adipose tissue pads were collected in 1ml RPMI medium (Thermo Scientific) containing
10% fetal bovine serum (FBS, Gemini) on ice. The collected tissue was cut into small pieces
and individually digested for 1 hour at 37°C in HBSS containing 450U/ml Collagenase

I (Milipore Sigma), 250U/ml Collagenase XI (Milipore Sigma), 120U/ml Hyaluronidase
(Milipore Sigma), and 120U/ml DNase I (Milipore Sigma).

The digested tissue suspensions were subsequently filtered through a 50um cell strainer
(Partec) and washed with 37°C pre-warmed RPMI with 10% FBS at room temperature for
5min at 400xg. Cells were resuspended in pre-warmed RPMI with 10% FBS and incubated
for 30min at 37°C to allow recovery of cell surface molecule expression affected during
digestion. Cells were then washed and kept on ice either in PBS (Thermo Scientific) with
2% FBS for staining with fluorochrome-conjugated antibodies and flow cytometric analysis
or in RPMI with 10% FBS for downstream processes.

Cell isolation from lungs

Both lobes of a lung were excised after perfusion and cut into small pieces, followed by
the same digestion procedure applied to aortic arches and mediastinal adipose tissue. After
digestion and rescue incubation, lung cells were kept on ice in PBS with 2% FBS for
staining with fluorochrome-conjugated antibodies and flow cytometric analysis

Splenocyte isolation

Spleens were homogenized through a 70um cell strainer (BD Biosciences), followed by
washing with PBS and red blood cell lysis for 3min at room temperature using 1x RBC
lysis buffer (Biolegend). Splenocytes were washed with PBS and kept in PBS with 2% FCS,
and kept on ice for staining with fluorochrome-conjugated antibodies and flow cytometric
analysis.

Thymocyte and lymphocyte isolation

Single cells suspension of thymocytes and lymph node residing cells were obtained by
homogenizing the tissue through a 70um cell strainer. The cell suspension was washed
with ice-cold PBS and kept in PBS with 2% FBS on ice for staining with fluorochrome-
conjugated antibodies and flow cytometric analysis.

Cell isolation from blood

Blood was withdrawn via cardiac puncture and collected in EDTA-coated tubes (Sarstedt).
The plasma was removed after centrifugation for 5min at 400xg and 4°C. Erythrocytes were
lysed using 1x RBC lysis buffer (Biolegend) for 10min at room temperature and the cell
suspension was washed twice with PBS. Cells were kept in PBS with 2% FBS on ice for
staining with fluorochrome-conjugated antibodies and flow cytometric analysis.

Cell isolation from small and large intestine

The intestine was dissected and surrounding fat pads and peyer’s patches were surgically
removed. Small and large intestine were separated and both pieces were opened
longitudinally and washed in RPMI containing 10% FBS and HEPES (2X, Thermo
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Scientific). The intestinal compartments were cut into small pieces and collected in 30ml
RPMI with 10% FBS and HEPES (2X, Thermo Scientific). Subsequently, EDTA (Milipore
Sigma) and DTT (Milipore Sigma) were added to a final concentration of 5mM and 1mM,
respectively. The suspension was incubated for 25min at 37°C while shaking at 250rpm

and subsequently filtered through a 70um strainer. After washing in PBS, the intestinal cell
pellet was resuspended in 4ml of a 40% percoll gradient (GE Healthcare). The 40% percoll
suspension was layered on top of 5 ml of a 60% percoll gradient (GE Healthcare) and
centrifuged at room temperature at 900xg for 25min without acceleration and brake. The cell
layer at the interphase was collected, washed with PBS, and kept on ice for staining with
fluorochrome-conjugated antibodies and flow cytometric analysis.

Cell isolation from liver

The liver was dissected and homogenized through a 100um cell strainer (BD Biosciences).
After washing in PBS, the liver cell pellet was resuspended in 4ml of 40% percoll. The liver
percoll suspension was carefully layered on top of 5ml 60% percoll solution and centrifuged
at 900xg for 25min without acceleration and brake. The cell layer at the interphase was
collected, washed with PBS, and kept on ice for staining with fluorochrome-conjugated
antibodies and flow cytometric analysis.

Flow cytometry

Single cell suspensions were incubated with 50ul PBS containing 2% FBS, 10% rat

serum (Milipore Sigma) and 10pg/ml anti-CD16/CD32 antibody (FC shield, clone 2.4G2,
Tonbo Biosciences, cat. # 70-0161-M001) and live/dead staining (1:1000, either Thermo
Scientific or Tonbo Biosciences) for 5min. Subsequently, 50ul PBS containing 2% FBS,
10% rat serum, 10pg/ml FC shield, live/dead staining (1:1000) and fluorochrome-conjugated
antibodies (2x) were added for 20min on ice in the dark. Clones and final concentrations
used are listed in Table S1. After incubation, cells were washed with ice-cold PBS
containing 2% FBS. For determining cell proliferation, cells were fixed and permeabilized
using the FoxP3 Transcription Factor Staining Buffer Set (Thermo Scientific) and stained
with anti-Ki67-AF700 for 30min on ice and washed. If needed, samples were fixed with

2% Paraformaldehyde (PFA, Electron Microscopy Sciences) for 10min at room temperature.
Cells were washed, resuspended in PBS containing 2% FBS, and acquired with a LSRI|I
flow cytometer (BD Biosciences), LSRFortessa (BD Biosciences) or Amnis Imagestream
(Milipore).

Fluorescence activated cell sorting (FACS sorting)

For FACS sorting, cells were stained as previously described. Before sorting, cells were
kept in PBS containing 2% FBS and 2mM EDTA. Viable CD4*CD8*TCR™DUMP™ (DP)
cells were sorted with a 70pum nozzle using the BD FACSAria Fusion and the FACSAria

Il cell sorter (both BD Biosciences). For imaging analysis, cells were sorted directly on
Poly-L-Lysine glass (Milipore Sigma). For low-input sequencing, 400 DPs were sorted

into low absorbent micro-centrifuge tubes (0.2ml, Eppendorf) containing 8ul low input
lysis buffer containing recombinant RNAse inhibitor (40U/ul, CloneTech), dNTPs (Thermo
Scientific), and 0.1% Triton X-100 (Thermo Scientific). For fetal thymic organ cultures,
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cells were sorted into low absorbent micro-centrifuge tubes (1.5ml, Eppendorf) containing
RPMI supplemented with 10% FCS.

Clearing and staining of whole mount tissue

Whole mount aortic arch, mediastinal adipose tissue, and thymus were fixed in Cytofix (BD
Biosciences) 1:3 diluted in PBS overnight. The tissue block was washed in PBS for a day
and blocked with 1% mouse serum (Milipore Sigma), 1% BSA (Milipore SIGMA), 0.3%
TritonX-100 in PBS for 24h at room temperature while agitating. Subsequently, primary
fluorescently conjugated antibodies were added 1:100 for 72h at 37°C in the dark while
agitating. Hoechst (Thermo Scientific) was added at a concentration of 1:1000 for the final
2h. After staining, the whole mount tissue block was washed in PBS with 0.2% Triton
X-100 and 0.5% 1-Thioglycerol (Milipore Sigma) overnight at room temperature. The buffer
was replaced twice. C.3D clearing solution (6) was freshly prepared as follows:

1ml contained 400pl (40%) N-methylacetamide, 1ul of Triton X-100 (0.1%), 5ul 1-
Thioglycerol (0.5%) (all obtained from Milipore Sigma). For optimal solvation of all
reagents, the buffer was shaken at 37°C for several hours. The whole mount tissue was
removed from the washing buffer, carefully dried, and transferred into the clearing solution
overnight at room temperature in the dark. The following day, the cleared whole mount
tissue was mounted between two 1.5 borosilicate glass coverslips in clearing medium.

Staining of MAT for DPs and iNKT cells

Two pads of mediastinal adipose tissue were kept in 500ul PBS with 2% FCS and 1:100

of 10ug/ml anti-CD16/CD32 antibody (FC shield, clone 2.4G2, Tonbo Biosciences) at
room temperature. The tissues were washed twice for 5min in PBS with 2% FCS. The
mediastinal adipose tissue pads were incubated in 500ul PBS with 2% FCS and 1:100

CD4 A488 (clone RM4-5), 1:100 CD8a. PE-Dazzle594 (clone 53-6.7) and either 10pl
alpha-GalCer:CD1d-tetramer conjugated with A647 (40683, PBS-57, 1.6 mg/ml) or empty
control CD1d tetramer conjugated with A647 (40684, 1.5 mg/ml). Samples were kept
shaking overnight at 4°C and washed twice in PBS with 2% FCS. Nuclei were stained with
1:1000 Hoechst PBS with 2% FCS for 1h at room temperature. Samples were washed twice
for 5 min in PBS with 2% FCS and fixed with 4% PFA for 1h. Samples were washed twice,
mounted in Prolong Gold Mounting Medium (Thermo Scientific) and cured overnight with
clamps and sealed with nail polish.

Imaging of whole mount tissue

Images were acquired at room temperature with a Zeiss LSM880 confocal microscope
equipped with a 20x air objective (numerical aperture, 0.8) and Zen browser black v. 2019.
Images used for 3D reconstructions were acquired at 405nm, 488nm, 561nm, and 633nm
excitation wavelengths to visualize CD31* stained vessels single CD4*, single CD8", and
CD4*CD8* cells. Spectrally tuned detectors were used to detect fluorescent signals and to
minimize the overlap of fluorescent signals (greater than 660nm; 600-650nm; 499-553nm;
412-475nm). Main beam splitters were set at 405/488/561/633nm and a secondary beam
splitter at 660nm. Signal from AF647 was directed to the AiryScan detector operated in
confocal mode, and the signals from the other fluorochromes were read out using internal
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detectors (405nm — Ch1l — bialkali PMT (725V); 488nm — ChS1 — GaAsP (800V); 561nm

— far red detector Ch2 (720V); 633nm — ChA (700V)). The pinhole width was set at
24.6pm for all channels (= 0.49, 0.52, 0.61, 0.73 Airy Units, respectively.). Images were
acquired at 5um Z-step size and a pixel size of 0.42um. 36 tiles were stitched together for

a total image size of 5.13x5.53mm and a depth of 100um (total pixel size: 12365x13320).
Acquisition was performed in line-switching mode and unidirectional at a pixel dwell time
of 0.77us. Image analysis was performed in Imaris v.9.6 (Bitplane). Contrast stretching was
used to increase visibility of image features (gamma = 1.0). Isosurfaces were generated
based of nuclear signal. Fluorescence signal thresholds were obtained from control tissue to
determine a filtering cutoff. This particularly was used to filter out autofluorescence from
collagen fibers in the aortic arch. Cells were further filtered for sphericity with a cutoff of
0.7. A fluorescent image and an image generated after isosurface generation and filtering are
displayed to demonstrate extrathymic occurrence of CD4CD8 double-positive cells.

Imaging of mediastinal adipose tissue and image reconstruction

Mediastinal adipose tissue Images for this tissue were acquired using a C-Apo 40w (1.2na)
objective using as described a Zeiss LSM880 confocal microscope equipped with Gallium
Arsenide Phosphide (GaAsP) detectors and Zen browser black v. 2019. Here on average 45
stacks of images per sample area were acquired at 0.5um Z-step size and a pixel size of
0.129um.

Imaging of sorted DPs

Viable DPs cells were isolated by FACS sorting from the thymus or mediastinal adipose
tissue with aortic arch. Cells were directly sorted on a Poly-L-Lysine slide (Milipore Sigma).
Up to 10000 cells were sorted in a spot placed on the glass slide. After sedimentation, sheath
flow was removed and replaced with 4% PFA for 3 min. Subsequently, cells were washed
twice with distilled water before mounting with fluorescent mounting gold medium (Thermo
Scientific). After curing overnight, images were acquired at room temperature with the Zeiss
LSM780 confocal microscope with a 63x oil objective (numerical aperture, 1.4) and Zeiss
Zen browser black v. 2019.

Images were acquired at 405nm, 488nm, and 633nm excitation wavelengths. Spectrally
tuned GaAsP detectors were used to detect fluorescent signals and to minimize the overlap
of fluorescent signals (419-472nm, 508-543nm, 668—-694nm, 650-694nm). Main beam
splitters were set at 405/488/561/633nm and the signals were read out using internal
detectors (ChS1 — GaAsP for all fluorochromes). For thymic cells, detector gains were

set at 915 (Hoechst), 1069 (AF488), 1068 (PerCP), and 1007 (AF647), whereas extrathymic-
isolated DPs were acquired at a gain of 782 (Hoechst), 1015 (AF488), 1091 (PerCP), and
930 (AF647). The pinhole width was set 1 Airy unit for all channels (= 43um, 50um,
58um, 64um, respectively). Images were acquired at a pixel size of 0.055um (total pixel
size: 1024x1024) and a Z-step depth of 0.374um (total depth 4.12um). Acquisition was
performed in frame-switching mode and unidirectional at a pixel dwell time of 6.3ps.
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EdU injection

FTY720

8-week-old female C57BL/6J mice were injected intraperitoneally with 1mg EdU (Thermo
Scientific) in PBS. Mice were sacrificed at days 1, 3, 5, and 7 post injection. EdU
incorporation into DPs was assessed by the Click-1T EdU plus flow cytometry kit (Thermo
Scientific) according to the manufacturer’s instruction.

FTY720 (Sellcheck) was dissolved in DMSO (Milipore Sigma) at 2mg/ml and stored at
—-20°C. The stock solution was diluted in sterile PBS supplemented with 3% BSA. 8-week-
old female C57BL/6Jwere intraperitoneally injected at 1mg/kg body weight every day for 7
days. Alternatively, mice were injected with DMSO only.

Thymectomies

Female C57BL/6J mice were thymectomized three and 21 days after birth at The Jackson
Laboratory before shipment to the La Jolla Institute for Immunology animal facility.

Kidney capsule transplantation

Female C57BL/6J mice were thymectomized or sham operated 21 days after birth at The
Jackson Laboratory before delivery to the La Jolla Institute for Immunology. At the age of
10 weeks, mice were anesthetized with isoflurane and kept in deep anesthesia. A sterile field
was prepared and the mouse kept on a heating pad to prevent hypothermia. Fur was removed
from the left flank and the skin was prepared antiseptically. A small incision was performed
into the skin and the window was opened to gain access to the peritoneum. The peritoneal
cavity was opened close to the left kidney. The kidney was exposed and kept moist in

saline. Using a microdissecting microscope and microsurgery tools (F.S.T.), a small incision
was made into the kidney capsule into which one third of a thymic lobe of a congenically
marked, female CD45.1 mouse was transplanted. After successful implementation of the
thymic piece, the incision in the kidney capsule was sealed with tissue adhesive glue
(\Vetbond) and the kidney was returned into the peritoneal cavity. The peritoneal cavity and
subsequently the skin were closed with 4-0 sterile and absorbable Vicryl sutures (Ethicon).
Transplanted mice received an intraperitoneal injection of burprenorphine (0.1mg/kg body
weight) and recovered in a temperature-controlled chamber at 37°C before being transferred
into a sterile new cage. Mice were injected with a second dose of burprenorphine 4h later
and monitored for their behavior daily during the first four days. Sutures were removed

10 days post-surgery and mice were euthanized for organ and tissue collection 21 days
post-surgery.

Fetal thymic organ culture

DPs were FACS sorted from mediastinal adipose tissue and aortic arches of 8-week-old
female C57BL6/Jmice. Cells from 3-4 donor mice were pooled. The cell count was
adjusted to 1x108/ml with pre-warmed DMEM with Glutamax (Thermo Scientific) and
10% FBS. Individual wells of a Terasaki plate (Milipore Sigma) were filled with 20pl cell
suspension.
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CD45.1 and CD45.2 mice were bred and plug formation of pregnant females was monitored.
At E14, the uterus of pregnant mice was aseptically removed and transferred into a 90-mm
petri dish (Milipore Sigma) containing DMEM with Glutamax and 10% FBS and embryos
were removed. Single embryos were washed additionally in DMEM with Glutamax and
10% FBS to remove blood. Thymic lobes of E14 embryos were carefully removed from the
chest cavity under a dissecting microscope and kept on ice in DMEM with Glutamax and
10% FCS. A single thymic lobe was added to a well in the Terasaki plate containing the

cell suspension. Subsequently, the Terasaki plate was carefully inverted to allow migration
of extrathymic DPs into the fetal thymus for 48h at 37°C and 5% CO,. Subsequently, thymic
lobes were collected and individually transferred on top of a transwell-filter in submersion
culture for another 7 days at 37°C and 5% CO». At the end of the culture, thymic lobes were
homogenized through a 50um filter to obtain a single cell suspension which was prepared
for flow cytometric analysis as previously described.

Glycolipid antigen presentation assay

Viable DPs cells were isolated by FACS sorting from the thymus or mediastinal adipose
tissue with aortic arch from 8-week-old female C57BL/6Jmice. Duplicate of cells (10k—
250K) were cultured with 100ng/ml alpha-GalCer (BioVision, Milpitas, CA, USA) or

left untreated in Dulbecco’s modified Eagle’s medium containing 10% FCS, 100 U/ml
penicillin, 100 U/ml streptomycin, 2 mM r-glutamine, 1 mM sodium pyruvate, and 10 mM
HEPES (all Thermo Scientific) with 10ng/ml IL-7 (R&D Systems, Minneapolis, MN, USA)
for 3.5h at 37°C and 5% CO,. Cells were washed twice with T cell medium and co-cultured
with 50k iINKT DN3A4-1.2 hybridoma cells (7) for 12h in presence of IL-7. The supernatant
was analyzed for IL-2 by ELISA while the cultured cells were prepared for flow cytometric
analysis of CD69 surface expression.

Single sample Gene Set Enrichment Analysis

Single cell transcriptomes of aortic leukocytes isolated from atherosclerotic and non-
atherosclerotic mice (GSM2882367: 8-week-old male, La/r'~ mice fed 11 weeks western-
type diet; GSM2882368: 8-week-old male Ld/r/~ mice fed chow diet for 11 weeks;
8-week-old male Apoe™'~ mice fed chow diet; 8-week-old male Apoe™'~ mice fed chow
diet for 12 weeks; 8-week-old male Apoe™~ mice fed western-type diet for 12 weeks) were
integratively analyzed with Seurat. Batch correction was performed. The top 100 genes of
the newly identified cell subset were extracted and subjected to a single sample gene set
enrichment analysis (8, 9) of immune cell transcriptomes (GSE109125) isolated from bone
marrow, spleen, and thymus. The enrichment score is reported as spider plot.

Low-input bulk RNA sequencing

For full-length transcriptome using Smart-Seq2, we followed a previously described
protocol (10). In brief, 400 DPs were isolated by FACS sorting from aortic arch, mediastinal
adipose tissue and thymus directly into 8ul low-input lysis buffer containing 0.1% Triton
X-100, 10mM dNTPs, and 40U/ul recombinant RNAse Inhibitor in molecular grade water.
We sorted at least 3 technical duplicates from pooled arch, mediastinal adipose tissue, or
thymus cell suspensions of 5 female, C57BL/6Jmice. Samples were vortexed, centrifuged at
3000xg for 2min, and stored at —80°C until further processing. To generate cDNA, we PCR-
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amplified 4 pl of lyzed cells (equalling 200 cells) with 18 PCR cycles to obtain sufficient
material for downstream procedures. The amplified cDNA was size selected and left-over
primers eliminated through a magnetic beads dsDNA capture using a 0.8:1 vol:vol AMPure
XP beads (Agencourt) procedure. Size selected cDNA was quantified with a fluorometric
DNA quantification assay (PicoGreen dsDNA, ThermoScientific). 1 ng of cDNA was used
to generate barcoded Illumina sequencing libraries using a standard tagmentation protocol
(Nextera XT library preparation kit, Illumina; 9 cycles of PCR-based amplification using
unique dual-index Illumina adaptors). As previously described, libraries were purified with
a double size-selection protocol (0.5 followed by 0.8 volume bead/initial sample volumes),
quantified (Picogreen quantification assay, Thermofisher) and fragment size measured by
capillary-electrophoresis (Fragment analyzer, Advance analytical).

Samples failing our stringent quality control checks (quantity and size) were eliminated
from further downstream steps (10). Libraries were pooled at equimolar ratios, quantified by
gPCR assay (KAPA SYBR® FAST gPCR Kit - Roche), and sequenced using the Illumina
sequencing platform and reagents. HiSeq2500 High output v4 (HiSeq SBS Kit v4, Illumina)
libraries were sequenced for 50-bp single end reads. Post-sequencing, stringent quality
controls were applied and samples that failed quality control checks were eliminated from
further analysis (10). Samples were sequenced to obtain at least 8 million uniquely mapped
reads.

Low-input RNA-seq mapping

All samples passed basic quality check through FASTQC v0.11.5 (11). Then, FASTQ
files were mapped using STAR v2.6.0c (12) based on ENSEMBL reference GRCm38 and
ENSEMBL mouse annotation release 92 (13). Gene counts were directly obtained from
STAR using the parameter --quantMode GeneCounts. Post-mapping quality check was
done though QoRTs v1.3.0 (14) with additional parameter --genomeBufferSize 50000. All
commands were run using the UNIX command parallel v20161222 (15).

Processed sequencing data are available at the National Center for Biotechnology
Information Gene Expression Omnibus repository (GSE180582).

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE180582

Differentially expressed and co-regulated genes

Differential expression was done using DESeq2 v1.24 (16) according to the recommended
workflow. Aside from 5 technical replicates which were clearly outliers according to

their Euclidean distance to other technical replicates, all other technical replicates were
collapsed using the DESeq?2 function (collapseReplicates). Only genes which had a total

of at least 10 reads across all samples were retained. No log fold change shrinkage was
done. Adjustment for p-values was based on FDR (False Discovery Rate). Significantly
differentially expressed genes were those with an adjusted p-value <= 0.05. Upset (17)

was used to visualize set intersections between the various differentially expressed gene
lists. Co-regulated genes were analyzed using WGCNA v1.68 (18) and was based on
recommended workflow, with specific parameters (power =9, TOMType = signed, corType
= bicor, networkType = signed hybrid). TCR clonotypes were determined with MiXCR (19).
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Statistical analysis

Results:

Data were routinely shown as mean with standard deviation. Unless stated otherwise,
statistical significance was determined by Student’s ftest or analysis of variance (ANOVA)
using Prism 8.1.2 (GraphPad). A value of more than three SDs from the mean served as
criterium to exclude outliers.

CD4*CD8" cells in the mediastinal adipose tissue and aortic adventitia

In silico analysis and integrative assessment of single cell transcriptomic data from aortic
leukocytes sets derived from Apolipoprotein E-deficient mice (aged 8 weeks, aged 20 weeks
and fed chow diet, aged 20 weeks and fed high fat diet for 12 weeks) and /fow-density
lipoprotein receptor-deficient mice (aged 19 weeks and fed chow diet, aged 19 weeks and
fed high fat diet for 11 weeks) showed CD4* and CD8a3* double positive (DP) T cells

in all five data sets (Figl. A). To determine the relationship with other immune cells, we
tested enrichment of the top100 genes of DP cells (Table S1) among bulk transcriptomes

of various stem cell populations, thymic T cells progenitors, and splenic naive CD4* and
CD8af* T cells. The gene signature of the aortic mixed CD4*/CD8af* T cell population
showed the highest enrichment score with thymic CD4*CD8a* cells, a progenitor stage of
single CD4* and CD8aB* TCRaB* T cells (Figl. B, Supplemental Table S1). To confirm
extrathymic DPs with an independent method and assess whether DPs (CD4*CD8af*
TCRaf") are also present in other organs or tissues, we performed a flow cytometry-based
screening of 16 tissues of 8-week-old female wild-type C57BL/6Jmice (Fig. S1). As
expected, DPs represented the majority of leukocytes found in the thymus (Figl. C). Only
two other tissues contained DPs, (A) the mediastinal adipose tissue (MAT) connecting the
thymus and the aortic arch (Mean = SD: 9 % + 12% of living leukocytes) and (B) aortic
arches (Mean + SD: 13% + 11% of living leukocytes) (Fig. 1C). DPs were not detected

in the abdominal aorta, which suggests their local confinement to the arch. Although the
percentage of DPs among leukocytes found in the aortic arch was higher compared to the
ones in MAT, absolute numbers were higher in MAT (Mean £ SD: 6765 + 9448 vs. 315 +
543 cells per mouse) (Fig. 1D). Of note, all DPs did not express surface CD3e (Fig. S2A).
Few thymic DPs expressed CD69, a marker of positive selection, which was significantly
reduced on MAT and aortic arch DPs (Fig. S2B). All three DP populations expressed TCR
intracellularly, albeit at lower levels compared to lymph node CD4 T cells. The expression
of intracellular TCR was significantly reduced in MAT and arch DPs compared to thymic
DPs (Fig. S2C). To test whether the numbers of MAT and aortic arch DPs are specific for
atherosclerosis-prone C57BL/6J mice, we also analyzed tissues from two-year old BALB/C
mice, which are resistant to atherosclerosis (20). We found similar numbers in both strains
(Fig. 1D). The abundance of aortic DPs was not altered in the course of atherosclerosis (Fig.
S3). These findings point to homeostatic presence of these cells.

To address the location of extrathymic DPs, we performed 3D-whole mount imaging of
cleared thymus with MAT and the aortic arch (Fig. 2A—-C). DP cells were present in

the MAT pads attached to the thymus capsule and in the adventitial space of the lower
curvature of the aortic arch, where they were organized in clusters (Fig. 2B,C). Like thymic
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DPs, extrathymic DPs were small, round cells, which was further established by sorting
these cells directly onto glass slides followed by confocal microscopy (Fig. 2D, Fig. S4).
Extrathymic DPs were slightly smaller compared to thymic DPs.

DPs have a distinct and region-specific transcriptional profile

To further establish if and how MAT and aortic arch DPs would differ from thymic DPs,

we sorted DPs from all three regions by flow cytometry and subjected the cells to a
low-input deep transcriptional profiling assay (10). Principal component analysis revealed
the close relationship among DPs isolated from the same locations, as the transcriptomes

of the individual biological replicates clustered closely together (Fig. 3a) However, the
transcriptome of DPs differed in a location-specific and gradual manner in which thymic and
aortic arch DPs represent the two ends of the spectrum bridged by MAT DPs. These results
are also reflected in a heatmap comparing the collated transcriptomes (Fig. S5). (Fig. 3A,B,
Fig. S5).

A total of 2147 genes were differentially regulated between the different DP populations
(Fig. 3B, Supplemental Table S1). Extrathymic DPs had 858 genes upregulated and 1284
genes downregulated compared to thymic DPs. 94 genes were commonly regulated in the
two extrathymic DP subsets (Fig. 3B, Supplemental Table S1), whereas 23 genes were
uniquely expressed in MAT DPs. 31 different genes were exclusively expressed in aortic
arch DPs.

Only expression of Vps37bincreased in MAT in thymic DPs and was even higher expressed
in aortic arch DPs compared to MAT DPs (Supplemental Table S1). VPS37B is a subunit

of the ESCRT-I complex, which regulates vesicle trafficking and was recently identified

by scRNA-seq of CD4 memory T cells residing in non-lymphoid tissue (21). Hist3hZa
encodes for the histone H2A type 3. This gene is expressed higher by extrathymic DPs
compared to thymic DPs, while its expression is higher in MAT DPs compared to aortic
arch DPs. Virus-specific effector CD8ap* T cells expressed higher Hist3h2a compared to
virus-specific naive T cells (22). MAT DPs also uniquely expressed Rre/1, whose protein
product regulates telomere lengths. T cells deficient for Rte/1 have reduced survival in
long-term cultures (23). Several other genes were highly expressed among MAT DPs which
are involved in regulating cell growth (S/c25a10, Fisj2, Erccl6), apoptosis (Sulfl, Dstyk), or
splicing (Esrp2). However, their functions in immune cells have yet to be determined.

Similarly, the top10 genes uniquely expressed in aortic arch DPs have unknown

functions in T cells (Abcd7, 1500004A13Rik, Metrnl, Gm12216, P4htm, Myl9, Rab44,
E5300111L 22RiK). Two genes were expressed in aortic arch DPs with known functions in T
cells. The gene S/cZa4encodes for the alanine, serine, cysteine and threonine amino acid
transporter ASCT1, which is strongly upregulated in activated T cells, providing sufficient
metabolites for proliferation (24). The other gene was Prf1 encoding for perforin 1, a
well-known effector molecule of cytotoxic T cells. Perforin 1 is also expressed during
positive selection of CD8 T cells and by thymocytes receiving MHC Il-signals (25). Among
the genes expressed by MAT and aortic arch DPs, but not thymic DPs, were a transcription
factor (K/19), signaling (Fosl2, Gpr3, Lipt2) and metabolism-relevant genes (Dgat2, KIhi23).
Both cell populations also expressed Hspalaencoding for the heat shock protein 72, which
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is upregulated by cellular stress and has anti-inflammatory features (26). AVr4a2encodes
for a member of the steroid-thyroid hormone-retinoid receptor superfamily. The deletion
of this gene in CD4* T cells prevents Foxp3 expression and hence regulatory T cell

(Treg) formation (27). Rorais expressed in Th17 cells, but the function in thymocytes is
unknown. The transcription factor /rf8was described to facilitate TCR signal integration
and differentiation of CD8ap* T cells (28) and Th1-like Treg function (29), its function in
DPs is, however, unknown. The gene //12rb2 encodes for the beta subunit of the interleukin
12 receptor complex. The cytokine IL-12 prevents thymic involution (30) and is important
for differentiation of Thl, Tryq (31) and TGF-beta induced Tregs (32). Extrathymic DPs
also highly expressed S/fn1, a member of the Schlafen family. Ectopic S/fn1 expression in
thymocytes blocked DP development and caused cell cycle arrest by inhibiting cyclin D1
(33).

To test whether functional sets of genes were commonly up- or down-regulated between
thymic and extrathymic DPs, we applied weighted correlation network analysis. A total

of 33 gene modules were identified, of which 15 were significantly correlated with either
thymic or extrathymic DPs (Fig. 3D). The most significant gene modules of the respective
trait (thymic or extrathymic DP) contained also most genes. The turquoise gene module
was the most significant module associating with the trait “thymic”. Pathway analysis
demonstrated enrichment for signaling pathways involved in T cell development such as
WNT signaling, TCR signaling, and Rap1 signaling (Fig. 3D), suggesting that thymic DPs
are more mature in their developmental program. The most significant gene modules found
in extrathymic DPs were enriched for cell cycle pathways and stress responses (Fig. 3D).
Enrichment for cell cycle pathways suggests that these cells may recently have passed
B-selection, advancing into the last proliferative burst during which their thymic counterparts
would initiate CD4 and CD8 expression and TCRa-chain rearrangement. Although not
among the differentially expressed genes between aortic arch DPs and thymic DPs, p7a,
the gene encoding for the pre TCR alpha chain, was significantly lower expressed in MAT
DPs compared aortic arch and thymic DPs (Supplemental Table S1). The appearance of
stress response pathways might indicate the adaption of extrathymic DPs to the new and
potentially non-favorable environment outside of the thymus.

and thymic DPs have a similar proliferative capacity and turn-over

The increased abundance of cell-cycle pathways among extrathymic DPs led us to
investigate their proliferative capacity in more detail (Fig. 3D). Mki67, encoding for

the proliferation marker Ki67, was equally highly expressed among DPs from all three
tissues. On the protein level Ki67 was significantly higher expressed among MAT and

aortic arch DPs, suggesting that these cells have a higher proliferative capacity (Fig. 4A).
However, Ki67 marks actively proliferating cells and cells that just underwent a cell cycle,
thus masking the cells that are currently undergoing proliferation. To further discriminate
whether DPs from the three different locations exhibit altered proliferative capacity and
turn-over, we performed a pulse-chase experiment by injecting EdU intraperitoneally into
mice. EAU will be incorporated into the DNA of dividing cells and can be monitored by flow
cytometry. One day after EdU injection, 20-30% of DPs across all three tissues incorporated
EdU, pointing to similar proliferative capacity. The frequency of DPs that were positive for
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EdU was reduced to 10% after three days, whilst no EdU-positive cells were detectable
after five and seven days. DPs from all tissues followed the same pattern, indicating that the
turn-over between thymic and extrathymic DP populations is similar (Fig. 4B).

DPs originate from the thymus

Developing T cells re-arrange the V, D, and J gene segments to form a functional

TCR chain. This process is catalyzed by RagI and Rag2. Transgenic Rag2" mice,

which express green fluorescent protein (GFP) under the control of the Rag2 promotor,
demonstrated that GFP and Rag2was expressed at the late double-negative stage in the
thymus. GFP expression decreased from the double negative stage to the single positive
stage of thymic T cells, but remained detectable whilst Rag2 expression disappears at the
single-positive stage (34, 35). Interestingly, DPs from MAT and aortic arches displayed a
significantly lower GFP signal than the two GFP expressing DP populations — called here
GFPHIg" and GFPLOW — detected in the thymus. The reduced Rag2-GFP expression could

be based on several mechanisms: Either extrathymic DPs have a constantly low RAG2-GFP
expression or extrathymic DPs received a signal for TCR rearrangement before they had

left the thymus (Fig. 5A). Bioinformatic TCR-alpha and TCR-beta chain repertoire analysis
of thymic and extrathymic DPs revealed that TCR-alpha chain clonotypes were lower
compared to beta chains in all three DP populations, whilst the ratio between both chains did
not differ between DPs isolated from the three tissues (Fig. S6). This may suggest, that the
beta-chain rearrangement has been finalized in all DPs and the alpha chain rearrangement
has been initiated. The diversity of clonality defined by the Simpson Index is high and
indicates a diverse TCR repertoire in all three DP populations. However, extrathymic DP
development might have not further progressed past this stage as no rearranged surface TCR
was detectable by flow cytometry (Fig. S1).

RagZ2 expression is a prerequisite for T cell, B cell, and pre-TCR-expressing T cell
progenitor presence in the thymus. To test whether Rag2is also necessary for extrathymic
DP presence, we studied MAT and aortic arches of Rag2~ mice. Rag2 deficiency coincides
with absence of MAT and aortic arch DPs (Fig. 5B). We further established the relationship
of extrathymic with thymic DPs by thymectomizing 3-day and 21-day-old C57BL/6Jmice.
After a 6-week recovery period, we could not detect any MAT DPs by flow cytometry and
the abundance of aortic arch DPs was drastically reduced (Fig. 5C).

Extrathymic DPs migrate locally

The drastically reduced presence of extrathymic DPs after thymectomy suggests that the
thymus is the source of these cells. To further test this, we transplanted a third of a thymic
lobe of a female, congenically-marked CD45.1 mouse under the kidney capsule of a female
CD45.2 mice which were previously sham-operated or thymectomized. Presence of MAT
and aortic arch DPs and their chimerism was assessed by flow cytometry 21 days post
thymus transplantation (Fig. 6A). Thymectomy reduced the presence of DPs among living
leukocytes in MAT (Sham (N=7) vs thymectomy (N=5): 10% + 12% vs 0.05% + 0.03% of
living CDA45) and aortic arch (Sham (N=6) vs thymectomy (N=5): 2.4% + 3.1% vs 0.2%

+ 0.1% of living CD45" cells). Transplantation of thymi under the kidney capsule did not
lead to the accumulation of transplant-derived DPs in MAT or aortic arches (Fig. 6B) of
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sham-operated mice. Similar results were obtained in thymectomized recipient mice. As a
positive control, we confirmed accumulation of transplant-derived CD4* T cells in inguinal
lymph nodes (Fig. S7). The failed population of transplant-derived DPs in MAT and aortic
arches and their absence in the circulation (Fig. 1C) suggests that DPs do not enter the
circulation. Thus, we hypothesized that extrathymic DPs migrate from the thymus and seed
the MAT and aortic arch locally. To test this hypothesis, we blocked lymphocyte migration
by pharmacologically inhibiting the sphingosine-1-phosphate receptor (S1P1) by injecting
FTY720 every day for 7 days. As expected, the frequency of thymic DPs decreased while
frequencies of thymic single CD4* T cells and CD8* T cells increased as they were trapped
in the thymus (Fig. 6C-E). EdU injection demonstrated turn-over of all DPs within 5 days
(Fig. 4C). Thus, if S1P1 was required for extrathymic DPs, we would expect reduced DP
frequencies in MAT and aortic arches. However, neither MAT nor aortic arch abundance was
altered, pointing to a locally confined mode of DP migration that does not require S1P1.

Extrathymic DPs differentiate into single positive T cells with a CD4 bias

To test whether extrathymic DPs are capable of developing into single CD4* and CD8ap*
T cells, we flow sorted DPs from MAT and aortic arches of female, 8-week-old C57BL6/J
mice and subjected them to a hanging-drop fetal thymic organ culture (Fig. 7). Thymi were
isolated from E14 CD45.1/CD45.2 embryos. At day 10 of eight individual fetal thymic
organ cultures, 20% of extrathymic CD4*CD8ap* CD45.2 cells expressed surface TCR.
Half of these cells were expressing both CD4 and CD8, whereas the majority of single
positive T cells were CD4 positive (Fig. 7). TCRB-negative extrathymic DPs were mostly
CD4 and CD8 double positive.

Next, we tested whether extrathymic DPs interacted with other cells in the tissue. Invariant
natural Killer T (iNKT) cells need interactions with thymic DPs for their development and
differentiation (36). INKT cells are present in adipose tissue and play a prominent role in
adipose tissue inflammation (37), although the exact nature of this role is controversial.
First, we tested whether MAT, like other adipose tissues, contains iINKT cells. Confocal
imaging of whole mount mediastinal adipose tissue fat pads stained with a fluorochrome-
conjugated CD1d-tetramer loaded with alpha-galactosylceramide (alpha-GalCer) showed the
presence of iINKT cells (Fig. 8A). The detection threshold was determined by a sample
stained with empty fluorochrome-conjugated CD1d-tetramer. In 10 independent regions of
interest, we found 76 CD1d-tetramer* cells. We simultaneously stained for CD4 and CD8a
in the staining and detected 37 CD4*CD8a.* cells, indicating that iNKT cells outnumber
DPs in MAT. Isosurface rendering revealed that DPs clustered around and in close proximity
to INKT cells (Fig. 8B-D). Quantification of ten independent regions of interest in MAT
showed that the distance from DPs to iNKT cells was 23um, whereas iNKT cells have a
distance of 56um to CD4*CD8a.* cells (Fig. 8E). This supports the notion that CD4*CD8a.*
cells in MAT reside close to iNKT cells, whereas some iNKT cells are distant from DPs.

We further confirmed expression of CD1d by extra-thymic DPs (Fig. S8). To test whether
MAT DPs might interact with iNKT cells, we designed a glycolipid antigen restimulation
experiment. In brief, DPs were isolated from MAT and as a control from the thymus of
C57BL/6Jmice and pulsed with alpha-GalCer. Varying numbers of MAT and thymic DPs
were co-cultured with the DN3A4-1.2 hybridoma iNKT cell line for 12h (7). This cell
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line specifically responds to antigenic stimulation by CD69 expression and IL-2 secretion.
Due to limited DP numbers in MAT and aortic arches, we decided to co-culture 50k MAT
DPs with 50k DN3A4-1.2 hybridoma iNKT cells. The co-culture of DPs from either origin
with the hybridoma cells induced a similar expression of surface CD69 (Fig. 8F) on the
iNKT cells and similar amount of IL-2 (Fig. 8G) secreted into the culture supernatant.

Both responses were detectable over the included co-culture controls without alpha-GalCer,
and there was no difference whether thymic or MAT DPs were used at 50k cells. This
experiment demonstrates that MAT DPs can activate iINKT cells in vitro.

Discussion:

In the current study, we demonstrate the presence of DPs in MAT and aortic arches of
wild-type mice. DP thymocytes are a heterogenous population. Blastic DPs are highly
proliferative and do not express a surface TCR or CD3e, similar to extrathymic DPs. The
process of B—selection induces a proliferative burst, dependent on c-Myc activity (38), pre-
TCR (39) and Notch signaling (40). We show extrathymic DP proliferation by Ki67-staining
and turn-over by a BrdU pulse experiment. Signaling via the pre-TCR suppresses Notch
signaling dependent pathways which halts the proliferative burst of blastic DPs and starts
their transition into quiescent small DPs (41). The shift from blastic DPs to small DPs was
associated with a strong change in gene expression and downregulated many genes, 100

of which were involved in metabolism (41). Small DPs engage in positive selection to test
their newly rearranged and surface expressed ap-TCR for binding to self-peptides presented
in MHC complexes (42). Like blastic thymic DPs, extrathymic lack surface expression of
CD3e and TCR, but are considerably smaller. Successful rearrangement and signaling via
the ap-TCR upregulated surface expression of the activation marker CD69 on the small
DPs, labeling these cells CD69" DPs (43). Extrathymic DPs do not express CD69 and they
have lower Rag2CFP expression, which suggests that they are similar to blastic DPs in the
thymus and are in a proliferative phase.

Deep transcriptional profiling revealed differences between DP cells isolated from the
three locations. Thymic DPs were enriched for pathways involved in TCR signaling and
extrathymic DPs demonstrated stress responses and elevated cell cycle pathways. Only 94
genes are significantly overexpressed by aortic arch and MAT DPs compared to thymic
DPs. Both populations of extrathymic DPs expressed Grnencoding for granulin. Granulin
is a secreted protein with numerous functions including tissue growth, wound healing and
inflammation (44) and has been implicated in myelopoiesis (45). The cognate receptor

is unknown, but granulin can bind many receptors including TNF receptors, Notch, Toll-
like receptor 9, LDL Receptor Related Protein 1 (LRP1) and sortilin1 and induce their
downstream signaling cascades (46). It is thus tempting to speculate that extrathymic DPs
could contribute to local tissue homeostasis and wound repair. Although the three DP
populations are transcriptomically different from each other, we would like to acknowledge
that the current analysis is limited and the magnitude of this difference in comparison to
other thymocyte populations is unknown.

Although both extrathymic DP populations express genes that are involved in the
development and effector function of CD4 and CD8 T cell subsets (/rf8(28, 29), I/12rb2
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(31, 32), neither DP population differentially expressed genes that would determine
commitment to the CD4 (7/pok (47)) or CD8 (Runx3(48)) T cell lineage. Aortic arch DPs
uniquely expressed PrfI encoding for perforin, which is expressed during positive selection
of CD8 T cells and by thymocytes receiving MHC Il-signals (25). We demonstrate that
extrathymic DPs are capable of developing into single positive T cells in an /n vitro hanging
drop culture. The mediastinal adipose tissue isolated DP cells outhumbered the aortic arch
DPs by 10:1 in our cell culture system, as determined by flow cytometry. Because of the low
cell numbers, we were unable to test the aortic arch DPs in the hanging drop culture system.

Our data that extrathymic DP cells reside near iNKT cells and that DP cells express the
MHC-like molecule CD1d suggest that they may be involved in activating iNKT cells.

It should be noted that many cell types express CD1d and can activate iNKT cells (49).
iNKT cells exist in different flavors and exert tissue-specific roles (50). They are prominent
mediators of adipose tissue inflammation (37) or atherosclerosis (51), but also can protect
from obesity through regulatory cytokine production (52). We provide evidence that MAT
DPs can present lipid antigen and activate INKT hybridoma cells /n7 vitro and cluster around
them /n vivo. However, further research will have to clarify which antigens MAT DPs would
present and if they indeed can activate a polyclonal iINKT response and how this would be
shaped.

The occurrence of a cervical thymus is common in humans (53). The function of these
structures is unknown, although they are considered to be origin sites of cervical thymomas
in humans (54, 55). In 2006, Terszowski and colleagues reported presence of a cervical
thymus in multiple mouse strains including C57BL/6J mice (56). This structure is however
located at a different anatomical side in the neck in distance to the aortic arch or MAT.

The close vicinity of the aortic arch and MAT to the thymus and the rather large distance

to cervical thymi suggest that the DPs in these to extra-thymic tissues migrate locally from
the thymus, which we further confirmed experimentally. The pharmacological inhibition of
S1P1R trapped CD4* and CD8* T cells in the thymus as expected, but did not alter the
presence of DP numbers in MAT and the aortic arch, suggesting that they do not enter

the circulation and migrate locally. Transplantation of congenically marked thymi under the
kidney capsule failed to reconstitute DPs in the mediastinal adipose tissue or aortic arch.

Recent studies employing mass cytometry, single cell RNA sequencing (sScCRNA-seq) or
cellular indexing of transcriptomes and epitopes by sequencing (CITE-seq) to uncover
cellular heterogeneity in human and mouse atherosclerosis identified the existence of aortic
and plague-resident CD4*CD8ap* T cells (3, 57, 58). In a recent meta-analysis integrating
single cell transcriptomes from aortic leukocytes in atherosclerosis, we identified a cluster
with mixed phenotype of single-positive Ca4" and Ca&* T cells (59). This cluster accounted
for ~13-26% of aortic T cells in scRNA-seq, a frequency we also observed by flow
cytometry in young and old wildtype mice in the present study. Although the frequency

of DPs was higher in atherosclerotic mouse aortas as assayed by flow cytometry, their
relative abundance did not change with disease progression. Thus, we have no evidence
that aortic and MAT DPs are related to cardiovascular disease. Mass cytometric analysis

of human atherosclerotic plagues also uncovered CD4*CD8ap* T cells. Unlike mouse
DPs, these cells had relevant cell surface expression of CD3 (57). Indeed, mature human
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CD3*CD4*CD8af* T cells have been identified in tumors (60, 61) and the circulation of
patients with rheumatoid arthritis (62). These cells lacked expression of relevant thymocyte
markers and are likely a mature independent subset different from the immature DP cells
uncovered here.

Taken together, our findings define two new, transcriptionally distinct subsets of extrathymic
DPs that escape from the thymus independent of S1P1.
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Key points
. DPs reside in the mediastinal adipose tissue and aortic arch.
. Extrathymic DP presence depends on the thymus and RAG2 expression.
. Extrathymic DPs migrate locally.

J Immunol. Author manuscript; available in PMC 2022 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Winkels et al. Page 23

A B
MTEC
Splenic CD8* LT-HSC CD34
Splenic CD4"* LT-HSC CD34*
Thymic CD8" ST-HSC CD150-
Apoe”CD
Apoe”HFD Thymic CD4* DN1
Ldir-CD
LdIrHFD DP
w ® Apoe” 8wks CD
4 DN2b
@ Nonidentified B ol
Enrichment score
SRNE 15001-16000
Cc D 14001-15000
13001-14000

Large intestine
Small intestine
Peritoneal lavage
Mesenteric LN
Mediastinal LN

Aortic arch Balb/C

Liver . —
Cervical + paraaortic LN Mediastinal fat Balb/C - —
Blood - ; .
Spleen - Aortic arch C57BL/6J - |— — .
Lung - Mediastinal fat C57BL/6J - |—|

- Pgri-aortic fat 11—
isceral adipose tissue - T 1 T T
Abdominal aorta - O 9 Q& &S & ’190

Aortic arch
Medlasgll_rl_\lslr:?‘ts cell count (x 10?)

I 1 1 I 1 1
0 10 20 70 80 90
cb4*cD8* TCRp™ (% of living CD45)

Figure 1. A new class of aortic immune cells
(A) Integrated single cell RNA sequencing analysis of living leukocytes isolated from

atherosclerotic and non-atherosclerotic mice. (GSM2882367: 8-week-old male, Ld/F'~ mice
fed 11 weeks western-type diet [yellow]; GSM2882368: 8-week-old male La/r/~ mice fed
chow diet for 11 weeks [orange]; 8-week-old male Apoe™~ mice fed chow diet [blue];
8-week-old male Apoe™~ mice fed chow diet for 12 weeks [green]; 8-week-old male
Apoe~ mice fed western-type diet for 12 weeks [purple]). All cells of the new immune cell
subset cluster together and are found across all analyzed single cell RNA sequencing data
sets as indicated by the different colors. All other aortic immune cell subsets were colored
in grey. (B) The top 100 genes of the highlighted cluster in (A) were used for single sample
gene set enrichment analysis of immune cell transcriptomes (GSE109125) isolated from
bone marrow, spleen, and thymus. The enrichment score is displayed as spider plot. (C)
Flow cytometric analysis of mentioned tissues for the presence of CD4*CD8a*TCR™ cells
in 8-week-old, female C57BL/6Jmice. For thymus N=49, mediastinal adipose tissue N=52,
aortic arch N= 45 and all other tissues N=5. (D) Absolute numbers of CD4*CD8a*TCR™
cells in mediastinal adipose tissue (N=28) and aortic arches (N=29) of 8-week-old, female
C57BL/6Jmice and 2-year-old female BALB/C mice (N=4/tissue). (C, D) Data are
presented as mean £ SD.
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Figure 2. CD4CD8 cells are organized in clusters in the aortic arch
(A) Whole mount thymus, mediastinal adipose tissue, and aortic arch tissue of an 8-week-

old, female C57BL/6Jmouse was cleared according to the C.3D protocol. The tissue
preparation was stained for CD4 (green), CD8a (red), CD31 (pink), Nuclei, (Hoechst) and
imaged by confocal microscopy. (B) Magnified region outlined by the dashed box in (A).
(C) Spherical cells within the magnified area (B) were rendered by isosurfaces constructed
in IMARIS. Isosurfaces of CD4* were colored in green, CD8a.* positive cells in red, and
double positive cells are colored in white. The vasculature and nuclei are displayed in
different shades of blue. Representative of three independent experiments. (D) Thymic and
extrathymic CD4*CD8a*TCR™ cells of 8-week-old, female C57BL/6Jmice (N=10) were
sorted by flow cytometry onto a Poly-L-Lysine-coated glass slide and imaged by confocal
microscopy. The distribution of the diameter is displayed.
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Figure 3. Extrathymic DPs differ transcriptomically from thymic DPs
(A) Living CD4*CD8a*TCR™ (DP) cells were isolated by FACS from thymus (white

circles), mediastinal adipose tissue (red circles), and aortic arches (blue circles) of 8-week-
old, female C57BL/6Jmice (N=4). A low input SMART-Seq2 protocol was performed on
multiple technical replicates (2-3/tissue) containing 200 cells each. The highly variable
genes were obtained by principal component analysis. (B) UpSet analysis of differentially
expressed genes of all possible comparisons between CD4*CD8a*TCR™ transcriptomes
from the three tissues. Only differentially expressed genes with a log2-fold change above

2 or below -2 and an adjusted p-value <0.05 were considered. (C) Weighted correlation
network analysis (WGCNA) resulting in 15 differentially regulated gene networks between
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thymic, mediastinal adipose tissue, and aortic arch CD4*CD8a*TCR™ cells. The size of
the dot represents the number of genes within the cluster. (D) The most significant gene
networks of the top three correlating clusters (turquoise, blue, brown) were subjected to
ConsensusPathDB (CPDB) pathway analysis and displayed with their respective p-values.
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Figure 4. Extrathymic DPs are highly proliferative and have a fast turnover
(A) Quantification of the proliferation marker Ki67 among CD4*CD8a*TCR™ cells (DPs)

from thymi (white bars and circles), mediastinal adipose tissue (red bars and circles),

and aortic arches (blue bars and circles) of 8-week-old, female C57BL/6Jmice (N=5).
Representative histograms are displayed on the left and the mean fluorescence intensity

is quantified on the right. (B) The base analogue EdU was injected intraperitoneally into 8-
week-old, female C57BL/6Jmice (1 mg/mouse) and DPs from thymus, mediastinal adipose
tissue, and aortic arch were analyzed for EdU incorporation by flow cytometry day 1,
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3, 5, and 7 post administration (N=5/timepoint). Representative flow cytometry plots are
displayed on the top part and presence of EdU-positive DPs is quantified below.
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Figure 5. Extrathymic DP presence is thymus dependent
(A) CD4*CD8a*TCRp™ cells DPs from thymi (white circles, solid black line), mediastinal

adipose tissue, (red circles, red line) and aortic arches (blue circles, blue line) and

Page 29

CD4*CD8a*TCRp™ cells in the thymus (grey circles, grey shaded line) were analyzed for
RAG?2 expression utilizing 8-week-old, female Rag2°"” mice. Representative histograms

are displayed on the left and the mean fluorescence intensity is quantified on the right.

The dark grey line in the histogram indicates GFP background fluorescence ina C57BL/6J
mouse. (B) Mediastinal adipose tissue and aortic arches of 8-week-old, female Rag2/~
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mice were analyzed for presence of DPs by flow cytometry. Representative flow cytometry
plots of three independent experiments are displayed. (C) Female C57BL/6Jmice were
thymectomized 3 days (N=3) and 21 days after birth (N=4). After a 6-week recovery period,
mediastinal adipose tissue, and aortic arches were analyzed for presence of DPs by flow
cytometry. Dotted lines: levels in intact mice (not thymectomized).
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Figure 6. Extrathymic DP migration is locally restrained
(A) Experimental layout. 3-week-old, female C57BL/6Jmice were thymectomized or sham

operated. At the age of 8 weeks, mice transplanted with one third of a thymic lobe of a
same-age, female CD45.1 C57BL/6Jmice under the kidney capsule. Mice were sacrificed
21 days post transplantation and mediastinal adipose tissue and aortic arches were assessed
for presence of DPs. (B) Representative flow cytometry plot of DPs in mediastinal adipose
tissue of sham operated mice. The percent of chimerism in mediastinal adipose tissue (red
dots) and aortic arch (blue dots) was quantified on the right. (C-E) 8-week-old, female
C57BL/6Jmice were injected intraperitoneally with DMSO alone or with 1mg/kg FTY720
in DMSO daily for 7 days (N=5/group). (C) Thymus, mediastinal adipose tissue, and aortic
arch were analyzed for presence of DPs by flow cytometry. Thymic CD4* T cell content (D)
and CD8* content (E) in DMSO and FTY720-treated mice.
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Figure 7. Extrathymic DPs differentiate into CD4* and CD8ap* T cells

CD4*CD8aB*TCR™ cells (DPs) were isolated by flow cytometry from mediastinal adipose
tissue and aortic arches of 10-week-old, female C57BL/6J mice (N=25 mice, N=8 pools of
cells from 3—-4 mice). E14 thymic lobes were dissected from CD45.1/2 C57BL/6J mice and
cultured with 20000 extrathymic DPs in a hanging-drop culture. After 2 days, the thymic
lobes were transferred into a submersion culture for 8 days and subsequently analyzed by
flow cytometry. Representative flow cytometric plots of living extrathymic DPs in the fetal
thymic organ culture. Frequencies of CD4* and CD8a* positive cells among TCRpB-positive

(blue) and -negative cells (red) are reported.
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Figure 8. MAT DPs reside close to iNKT cells and can activate them.
(A-D) Whole mount mediastinal adipose tissue of an 8-week-old, female C57BL/6Jmouse

was stained for CD4 (green), CD8a (orange), alpha-GalCer:CD1d-tetramer (iNKT cells;
purple/magenta), nuclei, (Hoechst; blue) and imaged using a C-APO 40x w (1.2) objective
by confocal microscopy. (B) Rendered isosurfaces of labeled cells were constructed in
IMARIS. CD4* cells (green), CD8a* cells (orange), iNKT cells (purple/magenta), nuclei
(blue), and CD4*CD8a* cells (yellow) are displayed. (C) Magnified area highlighted in (D).
iNKT cells are highlighted in white. The distance of CD4*CD8a.* cells to the closest INKT
cells is encoded by the color scale. (E) Ten independent regions of interest were analyzed
for the distance between iNKT cells and CD4*CD8a* cells. Each with a fixed location of
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one population to compare variable distance of the other from the cell center. (F) Thymic
(red line) and MAT (blue line) CD4*CD8a*TCR™ cells were FACS sorted, pulsed with
alpha-GalCer for 3.5 h or left untreated (black line), and co-cultured for 12h in duplicate
with 50000 iNKT DN3A4-1.2 hybridoma cells. CD69 expression on the iNKT DN3A4-1.2
hybridoma cells was measured by flow cytometry (N=3/condition). A hybridoma control
only was included (control) (G) Quantification of CD69 expression, dashed line represents
expression of CD69 in the INKT DN3A4-1.2 hybridoma only control. (H) The culture
supernatant was analyzed for IL-2 levels by ELISA.
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