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1 | BACKGROUND

The thymus plays an essential role in establishing a functional adap-
tive immune system by providing the microenvironment for T cell
development (1, 2). A detailed understanding of the developmental
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Abstract

This panel was designed for the identification and detailed characterization of the dif-
ferent developmental steps of human thymocytes. We optimized the panel for fresh
tissue in order to provide an unbiased analysis of T cell development. Accurate selec-
tion of antibodies and precise gating allow us to phenotype 14 major stages of
human thymocyte development and illustrate the trajectories of T cell development
from early thymic progenitors (ETP) to mature T cells that are ready to populate the
periphery. The panel identifies ETPs, T-lineage-committed cells (TC), CD34-positive
immature single-positive CD4 cells (ISP4 CD34+), CD34-negative immature single-
positive CD4 cells (ISP4 CD34-), CD45-low early double-positive cells (EDP
CD45low), CD45-high early double-positive cells (EDP CD45high), late double-
positive cells (LDP), single-positive CD4 cells (SP4), single-positive CD8 cells (SP8),
ready-to-egress single-positive CD4 cells (rSP4), ready-to-egress single-positive CD8
cells (rSP8), T v5 cells (Tyd), T regulatory cells (Treg), and ready-to-egress T regulatory
cells (rTreg). To highlight important checkpoints during T cell development, we added
antibodies relevant for specific developmental steps to the panel. These include
CD1a to define TCs, CD28 as a marker for B-selection and CD69 in combination with
CD45RA to determine the maturation stage of thymocytes shortly before they
become ready to egress the thymus and colonize the periphery. Moreover,
Annexin V, as a marker for apoptosis, provides valuable extra information concerning
the apoptotic death of thymocytes. Currently, we use this panel to identify aberra-
tions in T cell development in health and disease.

KEYWORDS
apoptosis, flow cytometry, human, T cell development, thymocytes, thymus

steps and cell populations in the human thymus will increase our
knowledge about the origin of immune deficiencies, autoimmunity, or
hematological diseases. Although T cell development has been charac-
terized in depth in mice (3, 4), there is still some knowledge lacking
concerning the development in humans, especially in the early stages

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.
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of development. Recently published investigations on single-cell RNA
sequencing and CD marker expression of thymocytes give valuable
information about the heterogeneity of thymocytes and their molecu-
lar landscape (5-9). To make research results on human T cell devel-
opment comparable, a consensus should be found on classification
and characteristics for human thymocyte populations. We aimed to
design a panel (Table 1) that allows for easy and, at the same time,
unmistakable definition of thymocyte subpopulations (Figure 1(A)), to
give an overview of the developmental pathway (Figure 1(B)), and to
provide reference values for the defined developmental stages
(Figure 1(C)).

We first determined the live cell population using live/dead
staining and Annexin V (for used antibodies see Table 2). By binding
to phosphatidylserine, Annexin V detects not only necrotic, but also
apoptotic cells (10). Since we have observed that thymocytes undergo
apoptosis upon exposure to stressful stimuli like glucocorticoids or
freezing, staining with Annexin V is a powerful tool to ensure the anal-
ysis of only live cells. The possibility of staining for Annexin V-binding
makes our panel suitable for the determination of apoptotic thymo-
cytes in in vitro assays.

CD34+ hematopoietic stem and progenitor cells migrate from the
bone marrow to the thymus, where they undergo specialized pro-
cesses of maturation and selection (11). These early thymic progeni-
tors (ETP) can be defined as CD34+ CD45RA+ CD1a- and can give
rise to different immune cell types. Upon Notch signaling, T cell-
specific genes like CD7 are upregulated (5, 12, 13). The progenitors
are T-lineage-committed (TC) when they express CD1a, and the
development of other lineages such as B cells, NK cells, or DCs is
inhibited (1, 14). Rearrangement of the T cell receptor (TCR) takes
place within a CD7+ subset, and at this stage, CD4 is upregulated and
CD34 downregulated (15). Therefore, the immature single positive
stage (ISP4) can be divided into a CD4+ CD34+ and a CD4+ CD34-
population. Moreover, we discovered a population of early double-
positive (EDP) cells expressing CD4 and CD8 that still express CD7,
intermediate levels of CD34 and show low-level expression of CD45
(EDP CD45low). These findings indicate that ISP4 thymocytes do not
necessarily completely lose CD34 expression or gain high levels of
CD45 before becoming double-positive.

Expression of a functional TCR p chain that will pair with a pre-
TCR « chain parallels development of progenitors into CD4+ CD8+
(double-positive) cells. TCR « rearrangement paves the way for a
functional TCR «f-CD3 complex that can be primarily seen in the
double-positive population (1). The double-positive cells can be fur-
ther subdivided into a CD4+ CD8+ CD3- (early double-positive [EDP])

TABLE 1 Summary table

Comprehensive immunophenotyping

Purpose of thymocytes
Species Human
Cell types Thymocytes

Cross-reference None to date

and a CD4+ CD8+ CD3+ (late double-positive [LDP]) population.
CD28 expression correlates with the expression of TCR i chain and
provides information on 3-selection at different developmental stages
(16). Rearrangement of the TCR y and TCR & loci occurs even before
the TCR p chain is recombined, and thymocytes keep their y5 poten-
tial from the TC stage onwards for an elongated period (17). Cells with
functionally rearranged TCR y and TCR & chains become CD3+ T &
cells (18). Thymocytes undergo tightly regulated selection processes
to gain a broad but self-tolerant TCR repertoire (19, 20). Thymocytes
expressing a TCR that does not recognize self-MHC-peptides die by
neglect, while thymocytes expressing a TCR with an excessive affinity
for self-MHC-peptides are considered to be potentially autoreactive
and undergo negative selection. Cells with a low to moderate affinity
are positively selected (19). Positively selected thymocytes differenti-
ate into CD8+ cytotoxic T cells or CD4+ helper T cells during selection
processes, depending on their specificity of the clonal TCR to MHC
class | or MHC class Il molecules, respectively (21). Cells with a higher
TCR signal strength are likely to become T regulatory cells (Treg) char-
acterized by the expression of CD25 and FOXP3 (22). Recent findings
suggest that Treg-commitment takes place already at the DP stage
(23). In order to leave their thymic environment and migrate to the
periphery, single-positive CD4 (SP4), single-positive CD8 (SP8), or
Treg cells need to lose their retention marker CD69 and upregulate
CD45RA (2). Finally, T cells that are ready to egress from the thymus
can be identified by a CD3+ CD45RA+ CD69- phenotype.

The average percentages of the 14 subpopulations are depicted
in Figure 1(C) (see also Online Table 7). DPs constitute the largest sub-
population with more than three-quarters of all thymocytes. Here,
EDPs are more than twice the number of LDPs. The more immature
(CD45low) compartment is dominated by ISP4 CD34+ cells. The larg-
est subpopulation within the more mature (CD45high) compartment
is SP4, followed by SP8, Treg and T v5 cells.

To visualize the co-expression of all markers on each cell simulta-
neously, we performed the dimensionality reduction algorithm UMAP
(Uniform Manifold Approximation and Projection) (24) on the live,
CD45+ cell population (Figure 1(D)). The UMAP overlay plot (Figure 1
(E)) shows all thymocyte subpopulations segregated according to the
gating strategy (Figure 1(A)).

In summary, we use this 14-color panel to study the thymus of
immunologically healthy children as well as children that display
immunodeficiencies or have syndromes associated with immunologi-
cal alterations. Since thymic tissue is taken from infants undergoing
corrective cardiac surgery, this panel will be of special interest for
researchers investigating the link between congenital heart diseases

and alterations in the immune system.

2 | HUMAN SAMPLES

Thymic tissue was obtained from children up to the age of 3 years
undergoing corrective cardiac surgery at the University Heart & Vas-
cular Center Hamburg in 2018-2020. Patients with known syndromes
(i.e., Down Syndrome, DiGeorge Syndrome) were excluded from
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FIGURE 1 (A) Gating strategy for a 14-color flow cytometry panel to immunophenotype human thymocytes. The figure shows a
representative sample of a 9-month-old donor. (B) T cell development in the human thymus. Developmental stages are numbered according to
the gating in (A). (C) Average frequencies of human thymocyte subsets (percentage of CD45+ cells) in children aged 6-12 months. The insets
show the least frequent subsets: left, subpopulations before EDP CD45high stage; right, subpopulations after LDP stage (n = 8). (D and E) UMAP
analysis of 78,000 exported CD45+ cells. (D) UMAP plots visualizing the expression of each individual cell surface marker. (E) UMAP overlay plot
illustrating all major thymocyte subpopulations. 1 ETP, early thymic progenitors; 2 TC, T-lineage-committed cells; 3 ISP4 CD34+, CD34-positive
immature single-positive CD4 cells; 4 EDP CD45low, CD45-low CD34-positive early double-positive cells; 5 (5a+5b) ISP4 CD34-, CD34-negative
immature single-positive CD4 cells; 6 EDP CD45high, CD45-high CD34-negative early double-positive cells; 7 LDP, late double-positive cells;

8 (8a+8b)SP4, CD4-single-positive cells; 9 rSP4, ready-to-egress CD4-single-positive cells; 10 (10a+10b) Treg, T regulatory cells; 11 rTreg, ready-
to-egress T regulatory cells; 12 (12a+12b) SP8, CD8-single-positive cells; 13 rSP8, ready-to-egress CD8-single-positive cells; 14 T 5, T y5 cells
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TABLE 2
this OMIP

Reagents used for

Lineage marker during early and late

CD8 T cells and double-positive cells

Hematopoietic stem and progenitor cells
CD4 T cells, ISP4 and double-positive cells

Antibody Fluorochrome Clone Purpose
CD25 Bv421 BC96 T regulatory cells
CD45 BV510 HI30 Leucocytes
Tyd BV605 11F2 T8 cells
CD3 BV650 OKT3 T cells
CD45RA Bv711 HI100
developmental stages
CD8a BV785 RPA-T8
CD1a FITC HI149 T cell lineage commitment
CDé69 PerCP-Cy5.5 FN50 Tissue retention marker
CD34 PE 563
CD4 PE-Dazzle5%94 RPA-T4
CcD28 PE-Cy7 CD28.2 B-selection
AnnexinV AF647 Apoptosis
CcD7 AF700 M-T701 T cell lineage
L/D AF750 Viability

analysis. The study was approved by the local ethics committee and
written informed consent was received from the parents (approved
protocol number PV5482).

SIMILARITY TO OTHER OMIPs

None to date.
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OMIP 073: Analysis of human thymocyte development

with a 14-color flow cytometry panel
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Sachweh, Eva Tolosa, Anna Gieras

ONLINE MATERIAL
Overall strategy for panel design

This 14-color thymocyte panel can be used to assess the frequencies or isolate the most relevant
thymocyte subpopulations during human T cell development (Online Figure 1). We propose an easy-
to-follow nomenclature and provide reference values for the different stages of human T cell

development.
Identification of developing thymocytes

The gating strategy is shown in Figure 1A. We initially selected thymocytes on a FSC-A/SSC-A plot
and removed doublets on FSC-A/FSC-H as well as SSC-A/SSC-H plots. We determined the live cell
populationusing live/dead staining and Annexin V. Using only the live/dead staining, a significant
fraction of apoptotic cells might remain undetected. Addition of AnnexinV, which binds to
phosphatidylserine present on the surface of apoptotic cells even at early stages (1), offers the
opportunity to exclude (or include, if desired) apoptotic cells from the analysis. The next step was
the exclusion of CD45- cells. CD45 is expressed on all mature leukocytes and is acquired early in
development: Early precursors entering the thymus express intermediate levels of CD45 (CD45low)
and acquire full expression later in development. CD45low thymocytes express CD34, a marker of
hematopoietic stem and progenitor cells that is downregulated as cells undergo maturation (2).

Using our panel, the earliest subpopulation to detect are early thymic progenitors (ETP (1)), with a

10
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CD45RA+ (2) and CD1a- (3) phenotype. The expression of CDla marks T-lineage-commitment in
human thymocytes (4,5). It has been recently shown that the loss of CD44 occurs slightly priorto the
upregulation of CD1a (6), therefore, CD44 could alternatively be used as a marker for T-lineage-
commitment. Within CDla+ immature (CD45low CD34+) cells, we distinguish three populations:
CD7+ CD4- CD8- T-lineage-committed cells (TC (2)), CD3- CD4+ CD8- immature single-positive cells
(ISPACD34+ (3)) (7) and, interestingly, also cellsthat are early double-positive CD3- CD4+ CD8+ (EDP
CD45low (4)). The discovery of early double-positive cells within the CD45low CD34+ population was
surprising, since double-positive cells were only known to develop out of CD34- ISP4 cells (5). Our
analysis of differentiating thymocytes shows a small but consistent population of cells that acquires
CD8 before completely losing CD34 and before upregulation of CD45 surface expression. This
population has not been described previously, and functional studies will be necessary to determine

its exact maturation stage and functional relevance.

We next analyzed the compartment of cells expressing high levels of CD45 and lacking CD34,
indicating more mature thymocytes. Forthis, we first excluded T cells of the Ty6 lineage (Ty& cells
(14)). Even though the vast majority of early thymocytes will develop into T cells harboring a TCR a
receptor, a small proportion (ca 0.1-1% (8)) develops into TCR y6 cells, which in the thymus may or
may not express the co-receptors CD4 and CD8. Since the developmental pathway and markers for
humanT yé cellsare all but clear (9), we decided to exclude them from further analysis, in order to
avoid having mature T y6 cells in the double-negative compartment. The remaining T y&- CD34-
CD45high cells were plottedinthe CD4vs CD8 graph. Here, four populations could be detected: the
highly abundant double-positive CD4+ CD8+ thymocytes, cells expressing either CD4 or CD8 co-
receptors, and a small population of cells in the lower left quadrant. This small cell population
contains a mixture of non-T cell precursors, namely B cells, NK cells (Online Figure 2), and other
innate lymphoid subpopulations, mainly DCs, in minute numbers, as shown by single-cell RNA
sequencing of the human thymus (6, 10, 11). The lower right compartment of cells expressing CD4

but not CD8 contains two major subpopulations. The population that does not express CD3 is the
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most immature subpopulation within the CD34- CD45high compartment, and is named ISP4 CD34-
(5) (2). This cell population can be further divided according to the expression of CD28 (5a, 5b),
which in thymocytes is a marker for cells that have passed the R-selection checkpoint (12).
Importantly, the absence of CD28 in some ISP4 thymocytes shows that - in contrast to mouse ISP
cells - not the entire human ISP4 cell population has passed the B-selection checkpoint yet (7).
Looking at the next developmental step, the double-positive (DP) cells, we can distinguish CD3- early
double-positive cells (EDP CD45high (6)) and CD3+ late double-positive cells (LDP (7)). They do not
appearas two clearly distinct populations, most probably because development does not take place
in discrete steps, but rather in a continuum. Interestingly, DP cells display a heterogeneous
expression pattern of CD7, which does not correlate with the levels of CD3-expression. CD7 is a
Notch target gene as CD3E and mainly analyzed in the immature subpopulations as a marker for
Notch activation (6). Further studies are required concerning CD7 expression in the more mature
populations. Depending on selection events and MHC binding, DP cells develop either into CD4+ (8)
or CD8+ (12) single-positive cells (reviewed in (13)). CD4+ CD3+ cells are now all positive for CD28,
i.e. after B-selection. Withinthe SP4 population, Tregulatory cells (Treg (10)) can be identified by the
expression of CD25. CD8 SP cells are the ones appearing in the upper left quadrant of the CD4/CD8
plot. The CD4 SP, CD8 SP, and Treg subpopulations can be divided according to the expression of
CD1a. We could further identify the cells that are ready to egress from the thymus (rSP4 (9), rTreg
(11), rSP8 (13)) (5,14). These cells have lost the expression of CD69 (a tissue retention marker
(14,15)) (Online Figure 3) as well as CD1a, and express high levels of CD45RA, having now reached

the phenotype of naive T cells in the periphery.

Panel development and optimization

The OMIP was developed for a 4-laser BD LSR Fortessa with a 405 nm violet laser with 7 PMTs
(photomultipliertubes), a 488 nm blue laser with 3 PMTs, a 561 nm yellow/green laser with 5 PMTs
and a red laser with 3 PMTs (for information on long pass (LP) filter and band pass (BP) filter see

Online Table 1). Since one detector is used for SSC, the instrument can detect up to 17 dyes in one
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sample. We set up a 14-color panel to work comfortably on the cytometer (Online Table 2).
Additionally, BV570 could be used if exclusion of other population markers (i.e. B or NK cells) is
desired. Quality control of the cytometer is regularly performed at our core facility as well as

standardized procedures for starting, cleaning and shutting down the instrument.

During our panel optimization process, we tested three different thymocytepanels (Online Figure 1,
Online Table 3) ontwo different BD flow cytometry instruments. The final OMIP is a combination of
panelland Il —initially designed fora 3-laser BD Celesta - and includes the most important markers
for human T cell development with an optimal combination of antibody clones and fluorochromes to
ensure good sensitivity. The advantage of the final OMIP is the possibility to analyze all defined
thymocyte subpopulations in one tube, whereas panel | and Il can only be used to dissect either the
more immature (early development) or the more mature subpopulations (late development),
respectively (Online Figure 4). The possibility to study all subpopulations with one panel improves
statistical analysis and allows visualization of the multi-dimensional data at all developmental stages

(Figure 1D vs. Online Figure 4).

To make the panel widely applicable, we only used commercially available antibodies. We followed
the principle of using bright fluorochromes to detect weakly expressed surface markers (CD25-
BV421, CD34-PE, CD45RA-BV711) and vice versa (CD1a-FITC, CD3-BV650, CD7-AF700, CD8a-BV785,
CD45-BV510). In order to improve separation of populations and to reduce spectral overlap, we
placed markers that are important for defining populations according to our gating strategy on
different lasers. As an example, to distinguish early precursors from more mature thymocyte
populations, we plotted CD34 against CD45. CD45 is measured using the violet laser (BV510), while
CD34 is measured using the yellow/green laser (PE). In panel |, we used the combination of CD45-
BV510 (clone HI30) and CD34-BV650 (clone 561). Due to low separation, we tested a variety of
clones as well as fluorochrome combinations and finally kept CD45-BV510 (clone HI30) but switched
to CD34-PE (clone 563) which then allowed optimal gating of the CD45low CD34+ population (Online
Table 4, Online Figure 5). In order to distinguish the main more mature thymic populations, the
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intensity of staining for CD4 and CD8 needs to be high. For this reason, we used a relatively bright
fluorochrome for CD4 (PE-Dazzle594) on the yellow/green laser and a less bright fluorochrome
(BV785) on the violet laser for CD8 in our final OMIP. These two markers are crucial for the
phenotypicanalysis of thymocytes. Therefore, itis absolutely necessary to find the best reagents to
enable an ideal separation of CD4+ cells, CD8+ cells and the most abundant thymocyte
subpopulation, the DP cells. For CD4, we tested CD4-BV421 (clone RPA-T4) which showed good
separation and CD4-AF700 (clone OKT4) which showed insufficient separation in panel I and Il,
respectively. Extensive optimization was performed by using a selection of anti-CD4 and anti-CD8
antibodies (Online Table 4). CD4-PE-Dazzle594 (clone RPA-T4) turned out to be optimal. For CDS,
CD8-BV785 (clone RPA-T8) proofed better separation than CD8-BV605 (clone RPA-T8) in panel Il or
other tested combinations. Another important but rare cell type are T regulatory cells which are
defined by co-expression of CD4 and CD25. After optimization of different anti-CD4 and anti-CD8
reagents, CD4 was placed on the yellow/green laser. Therefore, we placed CD25 on the violet laser
(Bv421) foroptimal separation. CD45RA was assigned to the bright fluorochrome BV711 because of
its low expression. Before changing to the BD LSR-Fortessa we tested a slightly dimmer reagent -
CD45RA-BV785 - and this showed good separation, too. In our OMIP we used T y6-BV605 (clone
11F2) forthe detection of Ty6 cells. Alternatively, Ty&-PE-Cy7 could be used, since it showed good
separation, too. Even if the staining for T y6 cells was not very bright, gating of T y& cells was still
easily possible. Correct percentages of positivecells were confirmed by comparing the percentages
of Tyb cells obtained with this panel to the percentages obtained in a separate 12-color T y6 panel
(not shown). Of note, we chose clone OKT3 for CD3 because it does not interfere with staining of
Tyb cellsusing clone 11F2. In previous experiments we had found clone 11F2 to be superiortoclone
B1 (Online Figure 6). Clone 11F2, which recognizes a framework epitope of the T cell y6 receptor,
was chosentomark all T y& cells. All clones used for this panel are commercially available standard

clones.
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CD38 was used in the original panel | (early development). It is upregulated when hematopoietic
stem cells (CD34+ CD38-) become lymphoid (CD34+ CD38+ CD45RA+), myeloid (CD34+ CD38+
CD45RA+) or erythroid (CD34+ CD38+ CD45RA-) progenitors (3, 16). A diminutive population of
CD34+ CD38- CD1a- cells can be found in the thymus (17) and is detectable with panel | (Online
Figure 7A). All other thymocytes express CD38 at high levels (Online Figure 4A) (18). Within the
CD38+ compartment of the ETPs, CD7 is upregulated upon Notch-signaling, followed by CD5, even
before the cells become T-lineage-committed (CD1a+) (19). Both progenitors, CD34+ CD7- and
CD34+ CD7int cells, can differentiateinto CD7+ CD1a+ T-lineage-committed thymocytes (9). In panel
I, we tested CD5-PerCP-Cy5.5 and CD7-AF700 to identify CD34+ CD1a- CD7- cells, CD34+ CD1a- CD7+
cellsand within this population CD5- as well as CD5+ subsets (3). CD7 showed betterseparation than
CD5 (Online Figure 7B). We detected a tiny population of CD7- CD5+ cells which could either have
gained CD5 before CD7 upon Notch-signaling or could represent CD5+innate lymphoid cells (20). For
the final OMIP we decided to include CD1a as a well characterized marker for T cell lineage

commitment as well as CD7 as a marker for Notch-signaling.

All antibodies that were tested during panel optimization but excluded in the final OMIP are shown

in Online Table 4.

Antibody titrations, PMT voltages and compensation matrix

Before panel design andin orderto find the best fluorochrome combinations for ourinstrument, we
produced a spillover spreading matrix (SSM) (21) using single-stained controls for all available

detectors. Rarely expressed markers were placed in channels with minimal loss of resolution.

In order to reduce unspecific binding and ensure optimal sensitivity during flow cytometry
measurement, we optimized the concentration of antibodies used for our specificspecimen (human
thymocytes) and for the instrument (BD LSR Fortessa). Therefore, we performed titrations of all
fluorochrome-conjugated antibodies in 1:3 dilution steps on human thymocytes (Online Figure 8).

Antibodies for surface markers with low expression (CD25, CD69, T y&8) where titrated in
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combination with anti-CD3 fluorochrome-conjugated antibodies (and anti-CD4 for titration of CD25-
BV421). The separationindex was calculated in order to select the optimal reagent titers using the

formula

Median Positive—Median Negative
(84th Percentile Negative—Median Negative)+0.995

(22).

Separation Index =

The PMT voltages were optimized at the beginning of panel development to ensure the detection of

all populations and checked for each experiment to ensure that all cell subpopulations are within

scale.

A compensation matrix was calculated using fresh thymocytes stained with each single
fluorochrome-labelled antibody. Foran accurate determination of the compensation matrix, we
used the same antibodies thatare usedinthe panel for bright/abundant markers and alternative
reagents for makers with low expression levels (CD69) or low frequency populations (Ty, CD25,
CD45RA), where we used anti-CD4-antibodies conjugated to the respective fluorochrome (see
Online Table 5). This alternative approach was chosen for the following reasons: First, since
fluorochromes can show different spectral characteristics when coupled to cells orbeads (23), we
routinely consider to perform compensation experiments with the cells of interest. Second, the use
of alternative antibodies guarantees a high number of positive events and provides astrong signal.
Finally, we did not experience any compensation problems when establishing the panel, so we kept
the alternative approach with the use of cells and alternative antibodies for CD25, CD45RA, CD69
and T yb forthe analysis of human thymocytes. However, itisimportant to considerthat the use of
alternative antibodies conjugated to tandem dyes (in that case T y56-BV605, CD45RA-BV711 and
CD69-PerCP-Cy5.5) can lead to an inappropriate compensation matrix since the dye-to-dyeratios
may differ between lots and this may lead to differencesin the emission spectra. Therefore, each lot
needstobe considered as a different reagent (24). To confirm that the use of alternative antibodies
coupled totandem dyes (listed in Online Table 5) did not resultininaccurate compensation forour

panel, we compared the compensation matrices obtained with the two approachesinaNxN plot of

16



172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

single cellsin FlowlJo. The pattern of the two matrices is similareventhough the values are not
identical (Online Table 6). Importantly, the NxN plots show that we obtained a proper compensation
using both strategies (Online Figure 9) and the discrimination of thymocyte subpopulations was not
affected by the compensation approach used. As previously stated by Liechti and Roederer (23), we
recommend to compare cell-and bead-based compensation controls during the establishment of
the panel. When different reagents, including differentlots, than those listed in Online Table 5are
used as alternative antibodies, the compensation matrix will differand might not provide adequate
compensation values. Inthis case, the use of beads and the exact same antibodies asin the panel
(Online Table 2) should be prioritized. Forthe compensation of Annexin V and live/dead staining for
the discrimination of dead cells, we used cell-based compensation controls. For this, we treated
thymocytesfor5 minutes at65°C in orderto induce cell death, mixed them 1:1with untreated
thymocytes and distributed the cells equallyin two tubes forunstained and stained compensation

controls.

Quality control of flow cytometry data

Flow cytometry data were subjected to quality control using the Flowlo plugin FlowAl
(https://pubmed.ncbi.nlm.nih.gov/27153628/). This algorithm automatically scans flow rate
(number of cells perunit of time), signal acquisition (stability of the signal over time) and dynamic
range (margin events of lowerand upper limit) to identify and remove anomalous events from the
final analysis (25). We used default settings for the quality control of signal acquisition and dynamic
range on our entire dataset. After running FlowAl, two gates ‘FlowAlGoodEvents’ and

‘FlowAlIBadEvents’ are generated and downstream analysis can be continued with cleaned data.

Cryopreservation of human thymic tissue samples

Human thymictissue is not often available, and the use of cryopreserved samples would be highly
convenient. Unfortunately, thymocytes are extremely sensitive to cryopreservation/thawing, and

many cells die, leading to a strong bias in the distribution of different thymocyte populations. We

17



197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

compared the frequencies of subpopulations in fresh and thawed thymocytes after freezing at -80°C
or in liquid nitrogen as part of our protocol optimization. Additionally, we tested two different
cryopreservation protocols: cryopreservation protocol 1 with freezing medium containing 65% RPMI,
25% FBS and 10 % DMSO and cryopreservation protocol 2 with freezing medium containing 90% FBS
and 10% DMSO (see materials and methods). Our results demonstrate considerable differencesin
the frequencies of thymocyte subpopulations after thawing, and show that high serum content in
the freezing medium partially protects double-positive thymocytes from death (Online Figure 10).
Based on these results, we always processed, stained and analyzed the thymic tissue within 6 hours
after corrective heart surgery. We therefore strongly recommend using exclusively fresh tissue to
obtain reliable and unbiased information on the composition of the major thymocyte

subpopulations. If cryopreservation is unavoidable, the freezing medium should contain 90% FBS.

UMAP

During recent years, the technique of flow cytometry has developed quickly, leading to a raising
number of parameters measured simultaneously. This increasing dimensionality of data acquired at
one flow cytometer and the concomitant increase in time consumed by manual gating led to a
collection of new analysis techniques for multi-dimensional data. One relatively new algorithm for
dimensionality reduction, Uniform Manifold Approximation and Projection (UMAP), has become the
gold standard for the representation and analysis of single-cell data besides t-distributed stochastic
neighborembedding (t-SNE) (26,27). By using a dimensionality reduction algorithm, it is possible to

explore the co-expression of all markers on each cell simultaneously.

UMAP was run on roughly 78.000 pre-gated live CD45+cells (including CD45high and CD45low cells)
from one representative thymus sample using all remaining 12 fluorescence parameters as input for
the algorithm (Figure 1D). The color-coding of the UMAP plot by intensity of marker expression was
conducted foreach markerindividually to ensure the best color separation for each channel, ranging

from blue (no expression) to red (high expression). We also created an UMAP overlay plot showing
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the color-coded thymocyte subpopulations (Figure 1E). For average frequencies of thymocyte

subsets see Online Table 7.

Additionally, we downsampled the selected live CD45+ cells to 5000 events and ran UMAP to see
whetherthe main thymocyte subpopulations can still be analyzed. Online Figure 11shows that all 14
subpopulations can be found in the downsampled UMAP overlay plot. This might be especially
useful when using our 14-color panel forintegrated proteomicand transcriptomicanalysis (see next

paragraph), where the number of cells analyzed is highly limited in contrast to flow cytometry.

Enhancing integrated analysis of proteomic and transcriptomic data

This panel was designed to characterize and/or sort different developmental stages of human
thymocytes by flow cytometry. Additionally, the panelcould facilitate the combination of proteomic
and transcriptomicdataanalysis by using CITE-seq (cellularindexing of transcriptomes and epitopes
by sequencing). CITE-seq allows the simultaneous measurement of protein markers with an

unbiased transcriptome profiling of highly heterogeneous cell populations (28).

Sample variability and analysis

The median fluorescence intensity (MFI) for each marker may vary across different samples due to
technical orsample variability, even after careful standardization of sample preparation and staining
procedures. For traditional cell population gating during manual analysis of compensated fcs files,
we relied on visual assessment of cell clustersin two dimensional plots to circumvent technical and
biological differences among samples. For visualization and unbiased analysis of high dimensional
flow cytometry data (e.g. using UMAP (26)) of merged fcs files from different samples we include a
pre-processing step that normalizes MFl across samples (e.gthe per-channel normalization method

gaussNorm from the R package flowStats (29)).
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MATERIALS AND METHODS

Thymocyte single cell preparation and staining protocol

Afterresection of the thymus, the biological material was kept in DPBS and processed and analyzed
with flow cytometry within six hours. Single-cell suspensions were prepared by mechanical
disruption - without enzymatic digestion - and subsequent filtering through a 70 um nylon mesh.
Cells were washed with 1x Annexin V Binding Buffer and stained with following fluorochrome-
conjugated antibodies: anti-CD1a FITC (clone: HI149), anti-CD3 BV650 (clone: OKT3), anti-CD4 PE-
Dazzle594 (clone: RPA-T4), anti-CD7 AF700 (clone: M-T701), anti-CD8a BV785 (clone: RPA-T8), anti-
CD25 BV421 (clone: BC96), anti-CD28 PE-Cy7 (CD28.2), anti-CD34 PE (clone: 563), anti-CD45 BV510
(clone: HI30), anti-CD45RA BV711 (clone: HI100), anti-CD&9 PerCP-Cy5.5 (clone: FN50), anti-Ty&

BV605 (clone: 11F2), Annexin V AF647, live/dead AF750.

Flow cytometry was performed on an LSR Fortessa (FACS LSRFortessa, Becton Dickinson, Franklin

Lakes(NJ), USA). For information on reagents and materials see Online Table 8 and Online Table 9.

For used abbreviations see Online Table 10.

Self-made buffers and media:

Annexin-buffer (10x): H,0 with 1.4 M NaCl, 25 mM CacCl,, 0.1 M HEPES

Flow buffer: PBS with 0.1 % BSA, 0.02 % NaN;

Freezing medium I: RPMI with 10 % FBS (heat inactivated)

Freezing medium II: RPMI with 40 % FBS (heat inactivated), 20 % DMSO

Freezing medium I11: 100% FBS (heat inactivated)

Freezing medium IV: 80% FBS (heat inactivated), 20 % DMSO
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Isolation of thymocytes:

10.

Collect thymic tissue from children undergoing corrective cardiac surgery.

Place thymic tissue in DPBS.

Sample is transferred to the lab (on ice).

Remove burned tissue mechanically (place tissue in petri dish onice).

Cut thymus into little pieces.

Mesh thymus with the plunger of a syringe into a 50 ml tube (on ice) through a 70 um cell
strainer. Use x-vivo 15 (4°C) to rinse the cell strainer.

Centrifuge cells (450 x g, 4°C, 5 min).

Discard supernatant and resuspend cells in 20 ml x-vivo 15 (4°C).

Filter suspension again through a 70 um cell strainer.

Count cells on chamber slides using trypan blue.

Surface staining protocol:

11.

12.

13.

14.

15.

16.

17.

18.

19.

Transfer 1 million cells to each FACS tube (“panel” and “unstained”).

Prepare antibody cocktail for 1 million cells (without adding Annexin V). Place antibody
tubesonice.

Fill antibody cocktail up to a total volume of 50 pl with Annexin buffer (1x).

Centrifuge FACS tubes with cells (450 x g, RT, 5 min) and discard supernatant.

Add 50 pl antibody cocktail and 5 pl Annexin V to FACS tube “panel”.

Add 55 pl Annexin buffer to FACS tube “unstained”.

Vortex tubes.

Incubate for 10 min at room temperature (RT), protect from light.

Prepare live/dead staining: add 1ul LIVE/DEAD dye to 250 pl PBS.
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373
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375

376

377

378

379

380

381
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383

384

385

386

387

388

389

390

391

392

393

394

395

396

20.

21.

22.

23.

24.

25.

26.

27.

Add 50 pl of this suspension to the stained tube.
Vortex.

Incubate for 20 min at RT, in the dark.

Wash the cells by adding 1 ml Annexin buffer.
Vortex.

Centrifuge (450 x g, RT, 5 min).

Resuspend cells in 250 pl buffer for flow cytometry.

Analyze the cells on LSR Fortessa.

Cryopreservation protocol 1:

Afterisolation of thymocytes:

1.

Use 500 million cells for 10 cryotubes.

Centrifuge (450 x g, 4°C, 5 min).

Discard supernatant and resuspend pelletin 5 ml freezing medium | (4°C).

Transfer 500 pl cell suspension to each cryotube on cooling rack orice.

10x: every 30 sec add 50 pl freezing medium Il (4°C) and carefully swirl tube.

You have a final volume of 1 ml in each cryotube.

Place cryotubes in Mr. Frosty (Mr. Frosty™ Freezing container, Thermo Fisher Scientific,
Waltham (MA), USA) and put Mr. Frosty in the freezer (-80°C). Should cool down slowly,
ideally 1°C/min.

For long-term storage store samples in liquid nitrogen.

Cryopreservation protocol 2:

Afterisolation of thymocytes:

1.

Use 500 million cells for 10 cryotubes.
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398

399
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402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

Centrifuge (450 % g, 4°C, 5 min).

Discard supernatant and resuspend pelletin 5 ml freezing medium Il (4°C).

Transfer 500 pl cell suspension to each cryotube on cooling rack or ice.

10x: every 30 sec add 50 pl freezing medium 1V (4°C) and carefully swirl tube.

You have a final volume of 1 ml in each cryotube.

Place cryotubes in Mr. Frosty (Mr. Frosty™ Freezing container, Thermo Fisher Scientific,
Waltham (MA), USA) and put Mr. Frosty in the freezer (-80°C). Should cool down slowly,
ideally 1°C/min.

For long-term storage store samples in liquid nitrogen.

Thawing of thymocytes:

8.

9.

Thaw cryotube with thymocytes in the water bath (37°C) until nearly ice-less.
Slowly add 1 ml RPMI (4°C) into cryotube.

Transfer cells into a 15 ml falcon tube with 5 ml RPMI (4°C).

Centrifuge (450 x g, 4°C, 5 min).

Discard supernatant and resuspend pelletin 5 ml RPMI + 50 pl DNase (c=10 mg/ml).
Incubate for 5 min at RT.

Filter suspension through a 70 um cell strainer.

Centrifuge (450 x g, RT, 5 min).

Discard supernatant and add 1 ml x-vivo 15.

10. Centrifuge (450x g, RT, 5 min).

11. Discard supernatant and add 1 ml x-vivo 15.
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435

Data analysis

Flow cytometry data were analyzed using FlowlJo 10.6.2 software (Flowlo, LLC, Ashland, USA).
Statistical analysis was performed using GraphPad Prism 6.07 (GraphPad Software, Inc., La Jolla,
USA). INKSCAPE (https://inkscape.org/de/) was used for figure production. UMAP analysis was
performedin R usingthe R package flowCore for handling of FCSfiles. The dimensionality reduction
of the compensated and transformed data was calculated using the R package umap with default

parameters. The graphical representation was created using the R package ggplot2.

Software packages:

R Core Team, R: A language and environment for statistical computing. 2019, R Foundation

for Statistical Computing, Vienna, Austria

- Monaco G, Chen H. flowAl: automatic and interactive quality control for flow cytometry
data. R package version 1.18.0. 2020

- B. Ellis, P.H., Florian Hahne, Nathan Le Meur, Nishat Gopalakrishnan, Josef Spidlen, Mike
liang and Greg Finak, flowCore: Basic structures for flow cytometry data. 2019

- Konopka, T., umap:Uniform Manifold Approximation and Projection. 2019

- Wickham, H., ggplot2: Elegant Graphics for Data Analysis. 2016 Springer Verlag New York
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ONLINE FIGURES AND ONLINE TABLES
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Online Figure 1. T cell development in the human thymus. The figure shows the developmental
stages with expressed surface markers. Panel | was developed to analyze more immature
thymocytes, panel Il to analyze more mature thymocytes. The OMIP is the combination of panel |
and Il (cells detected with the respective panel are framed). Abbreviations: ETP: early thymic
progenitors, TC: T-lineage-committed cells, ISP4 CD34+: CD34-positive immature single-positive CD4
cells, EDP CD45low: CD45-low CD34-positive early double-positive cells, ISP4 CD34-: CD34-negative
immature single-positive CD4 cells, EDP CD45high: CD45-high CD34-negative early double-positive
cells, LDP: late double-positive cells, SP4: CD4-single-positive cells, rSP4: ready-to-egress CD4-single-

positive cells, Treg: T regulatory cells, rTreg: ready-to-egress T regulatory cells, SP8: CD8-single-

positive cells, rSP8: ready-to-egress CD8-single-positive cells, Tyd : Ty cells.
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Online Figure 2. Gating strategy for B cells and NK cells in the double-negative compartment of the

human thymus. B cells and NK/NKT cells are stained with CD19 and CD56, respectively.
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Online Figure 3. Mean fluorescence intensity (MFI) of CD69 in CD4+ cells (A), CD4+ CD25+
Tregulatory cells (B) and CD8+ cells (C). Unpaired Student’s t-test; ns p 2 0.05, * p < 0.05, ** p <

0.01, *** p < 0.001, **** p <0.0001. N=8
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Online Figure 4. UMAP analysis of approx. 110000 cells stained with panel | and panel II,
respectively. Depictedis the live cell population. (A) UMAP plots visualizing the expression of each
individual cell surface marker of panel I. The dump channel includes CD8B+, CD19+, CD56+ and Ty&+
cells. (B) UMAP density plot for panel I. (C) UMAP plots visualizing the expression of each individual
cell surface marker of panel Il. The dump channel includes CD19+ and CD56+ cells. (D) UMAP density

plot for panel II.
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Online Figure 5. Comparison of different reagents for the staining of CD45 and CD34. All stainings
were performed together with Annexin V and live/dead staining on human thymocytes. Based on
our antibody clone/fluorochrome combination used in panel | (A), we performed optimization
processes (B-F) and used the combination with the best separation (F) forour OMIP. (A) CD45-BV510
(clone HI30) and CD34-BV650 (clone 561). (B) CD45-PerCP (clone HI30) and CD34-BV650 (clone 561).
(C) CD45-FITC (clone J33) and CD34-PE (clone 563). (D) CD45-AF488 (clone HI30) and CD34-PE (clone
563). (E) CD45-PerCP (clone HI30) and CD34-PE (clone 563). (F) CD45-BV510 (clone HI30) and CD34-

PE (clone 563).
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Online Figure 6. Identification of T yd cells in the human thymus using clones 11F2 (A) and B1 (B).

The plots show CD45+ events after exclusion of dead cells and doublets.

(B)

live CD45+ CD3- CD4-

live CD45+ CD3- CD4- CD1a- CD38+

CD7+ CD5+
10* =
o 7 g
S S 1 . 1 3N
> o / \\ : .'/ N
2 3 o 5 /\'( ( \, -/J
I R A N
: s T T &)
1 W % ; 78 N
- 0 I\ \ ) ; 5 @
°u : 3 \\5.%)/2/; ' Kmu/
3 CD1a- CD38- CD7- CD5-7 CD7+ CD5-
h B G L ) B A
0 10° 10* 10° 0 10* 10°
CD1a FITC CD7 AF700

Online Figure 7. (A) Gating of hematopoieticstem cells (CD1a- CD38-) with panel I. Depicted cells are
live CD45+ CD3- CD4-. A small population of CD38- cells can be detected within the CD1la-
compartment. (B) CD5/CD7 plot to analyze CD38+ cells with panel | before they are T-lineage-

committed (CD1a+). Depicted cells are live CD45+ CD3- CD4- CD1a- CD38+.
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Online Figure 8. Antibody titrations. Allantibodies are titrated on 1 million human thymocytesin 1:3
serial dilutions. Titrations were performed in combination with Annexin V and live/dead staining as
well as staining of CD3 for the titrations of CD69 and T vy, and staining of CD3 and CD4 for the
titration of CD25. The dilutions used in the panel are framed in red. We calculated the separation

index (SI) to select the optimal reagent titers. The Sl was calculated using the formula

Median Positive —Median Negative
(84th Percentile Negative —Median Negative)+0.995

Separation Index =
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Online Figure 9. NxN plot of single cells stained with the complete thymocyte development panel
when compensation matrix was calculated using beads and the same antibodies asin the sample
(red overlay) and ouralternative approach on fresh thymocytes (blue overlay). For corresponding

compensation matrices see Online Table 6.
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Online Figure 10. Effect of cryopreservation on the distribution of thymocyte subpopulations. The

plotsshow the frequencies of live thymocyte subpopulations (% of total CD45+ cells)inafresh (A) or

for 14 days cryopreserved sample, either keptat -80°C (B, D) or liquid nitrogen (C, E), cryopreserved

with protocol 1 (B, C) or protocol 2 (D, E). N=2
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Online Figure 11. Color-coded thymocyte subpopulations after downsampling to 5000 cells. The

UMAP overlay plot corresponds to the same representative sample as shown in Figure 1.
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Laser |Detector name [LP Filter |BP Filter |Fluorochrome |Antibody |Clone
405nm V785 750 785/60 |BV 785 CD&a RPA-T8
V710 680 710/50 |BV 711 CD45RA  |HI100
V661 630 661/20 |BV 650 CD3 OKT3
V605 595 605/12 BV 605 Ted 11F2
V585 575 585/42
V525 475 525/50 BV 510 CD45 HI30
V450 empty 450/50 |BV421 CD25 BC96
488nm |B695 685 695/40 |PerCP-Cy5.5 |CD69 FN50
B530 505 530/30 [FITC CD1la HI149
SSC empty |488/10
561nm |Y780 750 780/60 |PE-Cy7 CD28 CD28.2
Y710 685 710/50
Y670 635 670/30
Y610 600 610/20 PE-Dazzle594 |CD4 RPA-T4
Y582 575 582/15 PE CD34 563
640nm |R780 750 780/60 |AF750 L/D
R730 710 730/45 AF700 CD7 M-T701
R670 empty 670/14 |AF647 AnnexinV

Online Table 1. Instrument configuration of the cytometer (BD LSR Fortessa).
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Used dilution

(MA), USA

Antibody . Catalogue
Fluorochrome (for staining of |Clone Company
Jreagent . number
1 million cells)
Bv421 CD25 1:27 BC96 BiolLegend (San 302630
Diego, CA, USA)
BV510 CcD45 1:27 HI30 BioLegend (San 304036
Diego, CA, USA)
BV605 Ted 1:81 11F2 BD Biosciences 745202
(San Jose, CA,USA)
BV650 CD3 1:9 OKT3 BioLegend (San 317324
Diego, CA, USA)
BV711 CD45RA  |1:27 HI100 BioLegend (San 304138
Diego, CA, USA)
BV785 CD&a 1:9 RPA-T8 BioLegend (San 301045
Diego, CA, USA)
FITC CD1a 1:27 HI149 BioLegend (San 300104
Diego, CA, USA)
PerCP-Cy5.5 |CD69 1:27 FN50 BioLegend (San 310925
Diego, CA, USA)
PE CD34 1:27 563 BD Biosciences 550761
(San Jose, CA,USA)
PE-Dazzle594 |(CD4 1:81 RPA-T4 BioLegend (San 300548
Diego, CA, USA)
PE-Cy7 CD28 1:27 CD28.2 |BioLegend (San 302926
Diego, CA, USA)
AF700 Ccb7 1:27 M-T701 |BD Biosciences 561603
(San Jose, CA,USA)
AF647 AnnexinV |1:5 — BioLegend (San 640912
Diego, CA, USA)
AF750 NHS-Ester (1:1000 — Thermo Fisher A20011
(L/D) Scientific, Waltham

Online Table 2. Antibodies and reagents used for surface staining.
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BD Celesta

BD LSR Fortessa

FluororchromgPanel | Clone Panel Il Clone OMIP panel (Clone
BV 785 CcD3 OKT3 CD45RA HI1100 CcD8 RPA-T8
BV 711 CD45RA HI100
BV 650 CD34 561 CD3 OKT3 CD3 OKT3
BV 605 CD38 HIT2 CD8 RPA-T8 Tyd 11F2
BV 510 CD45 HI30 CD45 HI30 CD45 HI30
Bv421 CD4 RPA-T4 CD25 BC96 CD25 BC96
PerCP-Cy5.5 |CD5 UCHT2 CD69 FN50 CD69 FN50
FITC CDla HI149 CD62L DREG-56 CDla H1149
PE-Cy7 CD28 CD28.2 Tyb 11F2 CD28 CD28.2
PE-Dazzle594 CD4 RPA-T4
PE dump: CD19: HIB19, dump: CD19: HIB19, |CD34 563

CD19, CD56, [CD56: HCDS56, CD19, CD56 [CD56: HCD56

Ty6, CD8B  |Tyd: 11F2, CDSB:

25T8.5H7

AF750 live /dead live / dead live / dead
AF700 Cb7 M-T701 CD4 OKT4 CcDb7 M-T701
AF647 Annexin V Annexin V Annexin V

Online Table 3. Panel development. The OMIP is a combination of panel | and panel II.
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Fluorochrome

Antibody

Clone

Company

Catalogue
Number

Reason for exclusion

BV785

CD3

OKT3

Biolegend

317330

Showed same good separation as CD3-
BV650. BV785 was assigned to CDS8.

Bv421

CD4

RPA-T4

Biolegend

300532

Showed good separation, but CD4-PE-
Dazzle594 showed better separation.

PerCP-Cy5.5

CD4

RPA-T4

BioLegend

300530

CD4-BV421 or CD4-PE-Dazzle594 showed
better separation.

AF700

CcD4

OKT4

Biolegend

317426

Showed low separation. Clone RPA-T4
was given priority due to better
separation.

PerCP-Cy5.5

CD5

UCHT2

Biolegend

300619

Was not necessarily needed to gate the
defined subpopulations.

BV605

CD8a

RPA-T8

BiolLegend

301040

CD8a-BV785 (clone RPA-T8) showed
better separation.

PE-Cy7

CD8a

SK1

Biolegend

344712

CD8a-BV785 (clone RPA-T8) showed
better separation.

AF700

CD8a

HIT8a

BiolLegend

300920

Showed comparable separation to CD8a-
BV785.

PE

CDSB

2ST8.5H7

BD
Biosciences

641057

Used as dump marker (for mature cells)
when analysis was done with two
panels. CD8a was given priority.

PE

CD19

HIB19

Biolegend

302208

CD19+ cells only appear in the CD4- CD8-
population. Since this population is not
further analyzed, there is no need to
exclude CD19 with an extra dump
channel.

BV650

CD34

561

Biolegend

343623

Switched to the bright fluorochrome PE
and clone 563 due to low separation.

PerCP

CD45

HI30

Biolegend

304026

Good separation, comparable to CD45-
Bv510.

FITC

CDh45

133

Beckman
Coulter

AO7782

Good separation, but notideal in
combination with CD34-PE.

AF488

CD45

HI30

Biolegend

304017

Showed low separation.

BV605

CD38

HIT2

Biolegend

303532

Except of an extremely small population,
all cells are positive for CD38 in the
human thymus. Therefore, CD38 is not
needed to gate the defined
subpopulations.

BV785

CD45RA

HI100

Biolegend

304140

Showed good separation. CD45RA was
assigned to a brighter fluorochrome
because of low expression.

PE

CD56

HCD56

Biolegend

318306

CD56+ cells only appear in the CD4- CD8-
population. Since this population is not
further analyzed, there is no need to
exclude CD56 with an extra dump
channel.

FITC

CD62L

DREG-56

Biolegend

304804

Was not necessarily needed to gate the
defined subpopulations.
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PE Tyd 11F2 BD 333141 |Used as dump marker (for mature cells)
Biosciences when analysis was done with two
panels.
PE-Cy7 Tyd 11F2 BD 655410 |Showed good separation, but PE-Cy7 was
Biosciences assigned to CD28.

Online Table 4. Antibodies tested during optimization but not used in the final OMIP.

Flurochrome |Antibody U_SEd, Clone Company Catalogue Lot
dilution number |(number

BV605 CD4 1.9 OKT4 BioLegend (San [317438 #B199792
Diego, CA, USA)

Bv421 CcD4 1:9 RPA-T4 |[Biolegend (San [300532 #B207664
Diego, CA, USA)

BvV711 CcD4 1:9 OKT4 BiolLegend (San |317439 #B181032
Diego, CA, USA)

PerCP-Cy5.5 |CD4 1:27 RPA-T4 |(Biolegend (San |300530 #B236220
Diego, CA, USA)

Online Table 5. Anti-CD4-antibodies used as alternative reagents for the cell-based compensation.
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CD45 13.1528 100 41274 27018 50279| 25929 0.4048 0.0233 0 0.0084 0 00224 0 00134
Tyé 3158|0487 100 138789 @7745| 00044| 18373| 41187| 182794| 08786| 02013| 00884| 00179
CD3 24321 05001 32845 100 180475| 72281 00311 06016 001 10342 0261| 143732| 57374 03941
CD45RA 89137 1.2228 0.239 47623 100 71.0698 00923| 128878 0 0 0.7716 5824 76.1009 53388
CcD8 4.0248 06313 0.17 0.2491 0.9409 100 00111 0.0194 0.008 0.0107 0.4747 0.1747 1.184 1.9373
CD1a 0.0382 52322 0.8381 0.3799 0.0548 0.0235 100  1.4225 0 0 0 0.0144 0 0
CD69 0.0562 0.1238 00449| 223418 317965, 17.8083 0.0205 100 0 0.0098 41989 454225  37.5275 3.0508
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Annexin V 0 0 0 0.0968 0 0 0.2651 0.1105 0 0 0.5133 100 336492 2751
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Online Table 6. Compensation matrices generated with FlowJo using single-fluorochrome stained
fresh thymocytes (A) or beads (B). Forthe cell-based compensation (A) the same antibodies that are
usedinthe panel were used forCD1a, CD3, CD4, CD7, CD8a, CD28, CD34, CD45, live/dead and
AnnexinV and alternative CD4-conjugates listed in Online Table 5were used for CD25, CD45RA,
CD69 and Ty86. Forthe bead-based compensation (B) we used the original antibodies listed in Online

Table 2. The compensation of live/dead and Annexin V was always (A, B) performed on cells.
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Population Mean SD Max Min
% of CDA5+
ETP 0.61 0.33 13 0.36
TC 1.17 0.61 2.38 0.53
ISP4 CD34+ 3.39 1.36 4.82 1.34
ISP4 CD34- 1.4 0.63 2.7 0.61
EDP CD45low 1.17 0.51 1.82 0.5
EDP CD45high 53 5.45 61.4 47.2
LDP 25.8 3.16 29.8 22.2
SP4 7.32 1.61 10.6 5.42
rSP4 0.66 0.34 1.39 0.39
Treg 0.76 0.29 1.33 0.31
rTreg 0.12 0.045 0.18 0.04
SP8 2.57 1.1 4.24 1.16
rSP8 0.32 0.26 0.94 0.11
Ted 0.58 0.35 1.18 0.18
not resolved 1.13 0.46 1.83 0.46

Online Table 7. Average frequencies of thymocyte subsets, calculated from 8 human pediatric thymi

aged 6-12 months.

Reagents Company Catalogue Number
NacCl Fisher Scientific, Hampton (NH),USA BP358-1
CaCl; Fisher Scientific, Hampton (NH),USA AC349610250
Hepes PAA Laboratories, Pasching, Austria $11-001
Dulbecco's Phosphate-Buffered |GibcoTM, Paisley, UK 14190-094
Salines (DPBS) (10x)
Bovine Serum Albumin (BSA)  |PAA Laboratories, Pasching, Austria K41-001
NaN3z 99% Roth, Karlsruhe, Germany K305.1
X-Vivo 15 medium Lonza, Basel, Switzerland BE02-060F
RPMI 1640 Thermo Fisher Scientific, Waltham 12633012
(MA), USA
Fetal bovine serum (FBS) Biochrom, Berlin, Germany S0615
DNase | Qiagen, Hilden, Germany 1010395
Dimethyl sulfoxide (DMSO) AppliChem, Darmstadt, Germany A3672,0100
Trypan blue solution, 0.4% Sigma-Aldrich, St.Louis (MQ), USA T8154

Online Table 8. Reagent information.
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Materials

Company

Catalogue Number

Cell strainer, nylon, 70pm

Falcon, Corning Incorporated,
Corning (NY), USA

352350

USA

Cellstar tubes 15 ml greiner bio-one, Kremsmiinster, |188271
Austria

Cellstar tubes 50 ml greiner bio-one, Kremsmiinster, |227261
Austria

Falcon, 5 ml, round-bottom tube |Falcon, Corning Science Mexico, 352052
Reynosa, Mexico

Neubauer improved Marienfeld superior, Lauda- 640010
Kénigshofen, Germany

CryoTubeTM Vials Thermo Fisher Scientific, Waltham (368632
(MA), USA

Mr. Frosty™ Freezing container  |Fisher Scientific, Hampton (NH), |10110051

Online Table 9. Materials used forthis OMIP.
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Abbreviation

Explanation

Thymocyte populations |ETP early thymic progenitors
TC T-lineage-committed cells
ISP4 immature single-positive CD4-positive cells
EDP early double-positive cells
LDP late double-positive cells
SP4 CD4-single-positive cells
rSP4 ready-to-egress CD4-single-positive cells
Treg Tregulatory cells
rTreg ready-to-egress T regulatory cells
SP8 CD8-single-positive cells
rSP8 ready-to-egress CD8-single-positive cells
Tyd Tyb cells
Fluorochromes BV Brilliant Violet
PerCP Peridinin Chlorophyll
PerCP-Cy5.5 |Peridinin Chlorophyll - Cyanine5.5
FITC Fluorescein isothiocyanate
PE-Cy7 Phycoerythrin-Cyanine7
PE Phycoerythrin
AF Alexa Fluor
Other reagents HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
PBS phosphate-buffered saline
BSA bovine serum albumin
RPMI Roswell Park Memorial Institute
FBS fetal bovine serum
DMSO dimethyl sulfoxide
Others RT room temperature
FSC-A Forward Scatter-Area
SSC-A Side Scatter-Area
FSC-H Forward Scatter-Height
SSC-H Side Scatter-Height
PMT photomultiplier tube
LP long pass
BP band pass
UMAP Uniform Manifold Approximation and Projection
t-SNE t-distributed stochastic neighbor embedding

Online Table 10. Abbreviations
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2 DESCRIPTION OF THE PUBLICATION AND FURTHER RESULTS

2.1 INTRODUCTION

2.1.1 Human T cell development in the thymus

Before Jaques Miller identified the thymus as a key player in the dewelopment of the adaptive immune
response in 1961 (2) and its role in providing a pool of immunocompetent cells (3), the thymus was
thought to be a westigial organ and a “graweyard for dying lymphocytes” (4). After 60 years of
research, we have made important progress in the elucidation of the stages of thymocyte maturation
and the regulation of T cell development in the murine system. Howewer, a consistent translation to
the human system is still missing.

The thymus provides the microenvironment for developing T cells. Haematopoietic precursors migrate
from the bone marrow and enter the thymus at the cortico-medullary junction (5). These precursors
express CD34, a marker of haematopoietic stem and progenitor cells (6), and low levels of CD45 (7).
Upon interaction with Notch ligands on thymic epithelial cells (TECs), Notch is activated and leads to
the upregulation of T cell specific genes (8). The loss of CD44 and the expression of CDla mark
T lineage commitment (7). Within the CD34+ CDla+ compartment, thymocyte populations can be
defined by expression of CD4 and CD8. Early T lineage-committed cells are CD4- CD8-, human
immature single-positive cells express CD4 (ISP4) and a small fraction of cells is positive for CD4 and
CD8 while still expressing low levels of CD45 (early double-positive (EDP) CD45low) (1). During these
early developmental steps, the rearrangement of the T cell receptor (TCR) loci is initiated (9). The
vast majority of thymocytes will finally express a functionally rearranged af3 receptor (10), but a small
proportion of about 0.6 % will dewelop into T cells harbouring a yd TCR (1). The final downregulation
of CD34 coincides with the full expression of CD45. The earliest population within the CD45high
CD34- compartment is a population of ISP4 cells that can be subdivided in cells pre and post [-
selection checkpoint with the help of CD28 (11). The CD4+ CD8+ double-positive (DP) subset
represents the largest cell population in the thymus with about 80 % of the thymocytes. Early DP
(EDP) thymocytes express low levels of CD3, while in late DP (LDP) cells CD3 expression is high (1).
To generate a self-referent and — at the same time — non-autoreactive TCR repertoire, thymocytes are
thoroughly selected according to the affinity of their TCR for self-antigens presented by MHC
molecules: If they cannot interact with self-peptide-MHC complexes on TECs, they die by neglect.
If the TCR has an intermediate affinity for self-peptide-MHC complexes, the cell is positively selected;
if the affinity is intermediate-high, regulatory T cell differentiation is induced; and if the affinity is too
high, the cell is negatively selected to prevent autoreactivity (12). Depending on the specificity and
signal strength of the TCR to MHC class | or MHC class Il molecules, thymocytes further differentiate
into single-positive (SP) cytotoxic CD8+ T cells or helper CD4+ T cells, respectively (13). When
thymocytes are ready to egress the thymus and migrate to the periphery as recent thymic emigrants,
they lose their tissue retention marker CD69 and upregulate CD45RA (14).

Already at 10 weeks of gestation, the foetal thymic rudiment is colonized by haematopoietic
precursors (15). The thymus is most active during the prenatal period and within the first year of life
and begins to inwlute afterwards. Involution starts slowly and accelerates after adolescence (16-18).

Although thymic inwolution results in decreased T cell generation, naive T cells and T cell receptor
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excision circles (TREC) are still found in the blood of elderly individuals, reflecting maintained output
(19).

2.1.2 Endogenous and exogenous glucocorticoids during early life and their effects on the
thymus
Glucocorticoids (GCs) are endogenously produced, mainly in the adrenal glands, regulated by the
hypothalamic-pituitary-adrenal axis. They regulate ~20 % of the genome (20) and are inwlved in a
variety of physiological processes like dewvelopment, metabolism or inflammation. GCs execute
genomic effects upon nuclear translocation of the glucocorticoid receptor (GR) as well as non-
genomic effects following ligand-induced dissociation of the GR multiprotein complex. As
immunomodulators, GCs downregulate pro-inflammatory cytokines, upregulate anti-inflammatory
cytokines, alter the polarization of T cells and therefore, are widely used for treatment of inflammatory

and autoimmune disorders (immunoregulatory effects of GCs reviewed in (21)).

2.1.2.1 T cell development and glucocorticoids

Deweloping thymocytes are extremely sensitive to GC-induced cell death (22). During the prenatal
period, GC levels can be elevated due to high maternal stress levels (endogenous GCs), treatment of
acute inflammatory conditions, or antenatal GC administration to induce foetal lung maturation
(exogenous GCs) (23). In addition, GCs are locally synthesized in the thymus (24). Highly elevated
systemic GC lewels after exogenous administration or enhanced adrenal production result in
apoptosis of thymocytes and massive inwolution of thymic tissue. Interestingly, DP thymocytes are
most sensitive to GCs although they express the lowest GR lewels (25). Here, the expression of the
pro-apoptotic proteins Bim (Bcl-2-interacting mediator of cell death), which is required for negative
selection (26), and Puma (p53-upregulated modulator of apoptosis) contributes to apoptosis of
thymocytes (27). Endogenous GCs do not only cause apoptosis of thymocytes, they also influence
selection processes. Local GC production by TECs promotes positive selection and allows
thymocytes with a TCR with high affinity for self-antigens to sunive (24,28) by inhibiting Nur77 and
Helios (transcription factors inwlved in negative selection) (29). Moreover, TEC-derived GCs
specifically target CD4+ CD8+ TCRhigh cells and this DP subset is exposed to higher GC lewvels than
other thymocytes (30) (GCs and T cell development reviewed in (28)).

2.1.2.2 Prenatal glucocorticoid treatment

A special case of exogenous GC exposure early in life is the prenatal administration of GCs
(betamethasone or dexamethasone). Pregnant women at risk of early delivery between the 24" and
34™ week of gestation receive GCs in order to accelerate the maturation of the foetal lung. This
treatment reduces respiratory distress syndrome (RDS) and the need for mechanical ventilation, and
results in reduced neonatal mortality (31,32). Besides these undisputed beneficial effects, little is
known about possible side effects, especially on the sensitive thymocytes. In contrast to endogenous
GCs, both betamethasone and dexamethasone cross the placenta readily and are poor substrates for
inactivation by placental 11R8-HSD2 enzyme. In addition, they are poor binders to the corticosteroid-
binding globulin and have a higher affinity to the intracellular GR than other GCs (23). Imaging of the
foetal thymus upon prenatal GC treatment rewvealed impaired foetal thymus growth (33,34).
Epidemiological studies have shown that prenatal betamethasone administration is associated with a

transient immunosuppression in very low birth weight infants (35) and that multiple courses
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(>2 doses) of betamethasone are associated with early-onset neonatal sepsis and other infectious
morbidities (36). Additionally, there is evidence that prenatal GCs might increase the risk of
deweloping asthma (37) and type 1 and 2 diabetes in children (38). In mice, perinatal GC exposure
causes long-term effects on CD8 T cell function, hampering the control of bacterial infections and
tumour growth (39). Our group has previously demonstrated in a mouse model that prenatal GC
treatment causes massive reduction in thymic wlume of the offspring, induces apoptosis of

thymocytes, mainly in the DP compartment, and leads to changes in the TCR repertoire (40,41).

2.1.2.3 The thymus in children with congenital heart disease

The source of thymic tissue for studies on human T cell development is usually discarded tissue from
corrective cardiac surgery performed on children with congenital heart disease (CHD). Because of the
lack of control tissue, it is not known if CHD per se has a direct effect on T cell development. Hypoxia
induces an increase in corticosterone lewels in animal models (42,43), and GCs influence the
adaptation to hypoxic environments and upregulate HIF-1-dependent (hypoxia-inducible factor 1)
gene expression (44). The thymus wlume (adjusted for foetal weight and gestational age) of foetuses
with CHD is significantly decreased compared to healthy controls (45), but the levels of cortisol in the
serum of infants with cyanotic and acyanotic CHD are comparable (46). Interestingly, there is a
correlation between low oxygen saturation (SpO, < 95 %) and low TREC numbers (47), indicating

reduced thymic output in conditions of cyanosis.

2.2 MATERIALS AND METHODS

2.2.1 Materials

2.2.1.1 Thymic tissue and plasma

Sample Source Ethic approval Info

Thymus Surgery for Congenital Heart Disease, PV5482 Plasma was taken in the

& Plasma University Heart & Vascular Center morning at the beginning
Hamburg, University Medical Center of general anaesthesia
Hamburg-Eppendorf, Hamburg, Germany

Plasma Plasma samples were kindly provided by

(control Dr. Mats Ingmar Fortmann from UKSH

group) (Campus Libeck) and obtained under

local ethic approval.

2.2.1.2 Cell lines
OP9 stromal cells expressing no Notch ligand, delta-like ligand 4 (OP9-DL4) or delta-like ligand 1
(OP9-DL1) where kindly provided by Prof. Tom Taghon, Ghent University.

2.2.1.3 Media and Buffer

Buffer Composition

Annexin V buffer (10x) H,O with 1.4 M NaCl, 25 mM CacCl,, 0.1 M HEPES

FACS buffer 1x PBS with 0.1 % BSA, 0.02 % NaN3

MACS buffer 1x PBS with 0.5 % BSA, 2 mM EDTA

OP9 medium H,O with 10 g/l MEM Alpha Medium, 20 % FCS, 100 U/ml penicillin,

100 pg/ml streptomycin, 2 mM L-Glutamine, 2.2 g/l NaHCO3;
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2.2.1.4 Reagents, solutions and kits

Reagents and solutions Company

Annexin V Binding Buffer (10x) EXBIO Praha, a.s., Czech Republik

Bovine Serum Albumin PAA Laboratories, Pasching, Austria
Betamethasone Sigma-Aldrich, St. Louis (MO), USA
Dulbecco’s Phophate-Buffered Saline (DPBS) (10x) GibcoTM, Paisley, UK

Ethanol = 99,8 % Roth, Karlsruhe, Germany

Fetal Bovine Serum Biochrom, Berlin, Germany

Human recombinant IL-7 R&D Systems, Inc., Minneapolis (MN), USA
Human FLT3-Ligand Miltenyi Biotec, Bergisch Gladbach, Germany
L-Glutamine (200 mM) GibcoTM, Paisley, UK

MEM Alpha Medium GibcoTM, Paisley, UK

NaN3 99 % Roth, Karlsruhe, Germany

NaHCO; Biochrom GmbH, Berlin, Germany

RU-486 Sigma-Aldrich, St. Louis (MO), USA

SCF (recombinant human) PeproTech, Hamburg, Germany
Streptomycin (10.000 pg/ml) / GibcoTM, Paisley, UK

Penicillin (10.000 U/ml)

Trypan blue solution, 0.4 % Sigma-Aldrich, St. Louis (MO), USA
Trypsin-EDTA, 0.5 % (10x) Thermo Fisher Scientific, Waltham (MA), USA
Tuerck’s solution Sigma-Aldrich, St. Louis (MO), USA

X-Vivo 15 medium Lonza, Basel, Switzerland

Kits Company Catalogue

Number
CD34 MicroBead Kit UltraPure  Miltenyi Biotec, Bergisch Gladbach, Germany 130-100-453
Cortisol Competitive ELISA Kit Thermo Fisher Scientific, Waltham (MA), USA  EIAHCOR
2.2.1.5 Antibodies
For antibodies of the T cell development panel, see the published supplementary material page 30 of

Bremer et al.(1).

Antibody Fluorochrome Clone Company Catalogue number Panel
CD34 PE 563 BD Biosciences 7129824 Purity test after
Live/Dead AF750 Thermo Fisher A20011 MACS

2.2.1.6 Software

Software Company

BD FACSDiva Becton Dickinson, Franklin Lakes (NJ), USA
BioRender BioRender.com

FlowJo 10.7.1 software FlowJo, LLC, Ashland, USA

GraphPad Prism 9 GraphPad Software, Inc., La Jolla, USA
Inkscape vector graphics editor Inkscape.org

Mendeley Desktop 1.19.8 RELX Group, London, United Kingdom
Microsoft Office 2010 Microsoft, Redmond (WA), USA

2.2.2 Methods

2.2.2.1 Tissue preparation
For a detailed protocol of the isolation of thymocytes, see page 16 of the published supplementary

material.

2.2.2.2 Cryopreservation and thawing
The protocols for cryopreservation and thawing are provided in the published supplementary material,

pages 17-18.
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2.2.2.3 Surface staining for flow cytometry
The protocol for the staining of specific surface markers with fluorochrome-conjugated antibodies is

provided in the published supplementary material, pages 16-17.

2.2.2.4 Cortisol competitive ELISA
The cortisol competitive ELISA was performed according to the manufacturer's instructions.

2.2.2.5 MACS-isolation of CD34+ thymocytes
CD34+ thymocytes were isolated with the ‘CD34 MicroBead Kit UltraPure’ according to the

manufacturer’'s instructions.

2.2.2.6 Betamethasone overnight incubation

One million thymocytes per well were cultured in a 48-well-plate for 16 hours at 37 °C in a wlume of
400 wl x-vivo 15 medium with increasing concentrations of betamethasone (0 nM, 1 nM, 10 nM,
100 nM, 1 pM). For betamethasone owvernight incubation with RU-486, RU-486 was added to the
respective wells with a final concentration of 1 pg/ml. The next day, cells were harvested, counted,
washed with 1 ml Annexin V buffer and stained with the panel published in OMIP 073. Cells were

analysed on a BD LSRFortessa flow cytometer.

2.2.2.7 OP9 coculture system

Thawing of OP9 cells

OP9, OP9-DL1 and OP9-DL4 cells were quickly thawed in a water bath (37 °C) and transferred to a
tube with 10 ml OP9 medium. They were centrifuged (1500 rpm, 5 min, RT), resuspended in OP9

medium and transferred into a small flask that was placed in the incubator (37 °C, 5 % CO,).

Maintaining OP9 cell culture

The cells were passaged at about 70 % confluency to awoid formation of adipocytes. To passage the
cells, OP9 medium was remowved and the flasks were washed with 10 ml of DPBS. The cells were
treated with 1.5 ml of 0.25 % trypsin solution and incubated for 3 min at 37°C. Afterwards, the cells
were disaggregated with 4 ml OP9 medium and transferred into a tube for centrifugation (1500 rpm,
5 min, RT). The cells were resuspended in 1 ml OP9 medium, counted and 0.5 x 10° cells were
transferred in a new flask containing 10 ml OP9 medium.

OP9 coculture with thymocytes

OP9, OP9-DL1 and OP9-DL4 cells were seeded in a 24 well-plate (100,000 cells/well, total volumes
of 500 ul OP9 medium per well) and incubated owvernight (37 °C) so that they had generated a

confluent layer the next day. One well was prepared for each analysis time point and condition (bet+
and bet-). Thymocyte single-cell suspension was used for MACS-isolation of CD34+ cells and purity
was tested by FACS (stained with anti-CD34 PE and live/dead AF750). Isolated cells were either
frozen (see OMIP 073 “Cryopreservation and thawing”) or directly incubated. MACS-isolated CD34+
fresh or thawed cells were incubated with 0 nM and 10 nM betamethasone, respectively, in a 48-well-
plate for 16 hours at 37°C in a wlume of 400 pl OP9 medium. The next day, cells were washed,
counted and 5000-10000 CD34+ cells of both conditions (bet+ and bet-) were analysed by FACS with
the T cell dewelopment panel. The rest of the purified CD34+ cells was resuspended in the
appropriate  wlume of OP9 medium (4000-30000 cells/well, 500 pl medium/well) which was
supplemented with the required cytokines (10 ng/ml SCF, 5 ng/ml FLT3-L, 10 ng/ml IL-7). The
medium from the confluent OP9 cells was remowed and 4000-30000 CD34+ cells in 500 pl
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supplemented OP9 medium were seeded onto the OP9, OP9-DL1 or OP9-DL4 cell layer. Coculture
plates were placed in an incubator (37 °C). Thymocytes were analysed ewvery 5 days. Therefore, cells
from each condition (bet+ and bet-) were pooled, counted, and the cell count of one well was stained
with the T cell development panel and analysed by FACS on a BD LSRFortessa flow cytometer.
Remaining cells were split and seeded on OP9 monolayers that have been freshly prepared the day

before (one well for each condition and remaining analysis time point).

2.3 RESULTS

2.3.1 Establishment of an “Optimized Multicolor Imnmunofluorescence Panel” (OMIP) for the
analysis of human thymocyte development

Flow cytometry is a powerful tool to analyse the phenotype of cells based on the expression of
specific markers. The dewelopment of new dyes and the availability of multi-laser flow cytometers
permit the analysis of an ewer increasing number of parameters, and panel design has become a
challenging task. Staining panels for detecting specific immune cell subpopulations, known as OMIPs,
are continuously deweloped to share practical knowledge of nowel, intensively optimized
fluorochrome-conjugated antibody combinations to address specific research questions (48). In this
thesis, | want to present OMIP 073, entitled “Analysis of human thymocyte development with a 14-
color flow cytometry panel” that was dewveloped in order to define thymocyte subpopulations and
assess their frequencies in the human system (1). This FACS panel is used in our lab to assess
thymocyte subpopulations in healthy and diseased cases ex vivo (Figure 1), in short term assays, and
in in vitro models of T cell development.

Here, | will present the use of this panel to investigate two conditions that are likely to impair T cell
dewelopment in early life: 1) exposure to exogenous GCs modelling prenatal steroid treatment, and

2) exposure to endogenous GCs due to congenital heart disease.
2.3.2 In vitro effects of betamethasone on T cell development

2.3.2.1 Betamethasone treatment induces thymocyte apoptosis and alters subset
composition
To investigate the effect of betamethasone on human thymocytes in vitro, we incubated thymocytes
obtained from fresh thymic tissue with increasing concentrations of betamethasone. FACS analysis of
the thymocyte subpopulations was performed with the panel described in OMIP 073, including
Annexin V staining for detection of apoptotic cells. Treatment with 10 to 1000 nM betamethasone
resulted in increasing rates of apoptotic death of thymocytes that could be prevented by adding the
GR-antagonist RU-486 (Figure 2 A-B). Immature CD45low CD34+ thymocytes are highly susceptible
to GC-induced cell death. Among the most immature subsets, ISP4 CD34+ thymocytes showed a
significant decrease from an awverage of 26.49 % (0 nM) to 17.60 % of CD45low CD34+ cells already
with 10 nM betamethasone. Within the CD45high CD34- compartment, predominantly DP cells
underwent apoptosis (81.76 % (0 nM) to 63.63 % (1000 nM) of CD45high CD34- cells). That led to a
relative increase of the frequencies of T regulatory, CD4 SP and CD8 SP cells (Figure 2 C-D). We
used the dimensionality reduction algorithm t-distributed stochastic neighbour embedding (t-SNE) to

visualize the co-expression of markers on each cell, and identified markers associated with a survival
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advantage (CD28 and CD45RA) or with an increased risk for GC-induced apoptosis (CD7 and CD34)
(Figure 2 E).

2.3.2.2 Betamethasone treatment delays thymocyte development

We further analysed the effect of betamethasone on the dynamics of T cell development using the
OP9 coculture system (Figure 3 A-C). OP9 cells are stromal cells that support haematolymphopoiesis
and induce T cell differentiation when expressing an appropriate Notch ligand (49). We used delta-
like-4-expressing OP9 cells (OP9-DL4), because in our pilot experiments thymocyte proliferation was
higher with OP9-DL4 than with OP9-DL1. Thymus-derived CD34+ cells were given a 16h pulse of
betamethasone to mimic prenatal steroid administration and then cocultured with OP9 cells.
Thymocytes proliferated until day 10, afterwards cell numbers started to decrease. Control cultures
showed proliferation advantages with significantly more deweloping thymocytes after 10 days of
culture (Figure 3 B). After 5 days of culture, most of the thymocytes were double-negative (DN) for
CD4 and CD8 expression (bet+: 68.5 %, bet-: 58.3 %), and a fraction of thymocytes already
deweloped into ISP4 cells (bet+: 7.0 %, bet-: 19.4 %). We observed development of ISP8 cells in both
groups that do not (or to a far lesser extent) exist in human in vivo T cell development. From day 5 to
20, the frequencies of DP cells steadily increased in both groups with a delayed DP cell development
in the betamethasone-exposed group (day 20: bet+: 33.1 %, bet-: 44.3 %). Concomitantly, we
obsened a decrease of DN cells and an increase of CD8 SP cells in both groups, with higher
frequencies in the betamethasone-exposed group. The frequency of CD4 SP cells declined in the
betamethasone-exposed group after day 15 and in the control group from day 5 onwards. This can be
most likely explained by the development of ISP4 cells into DP cells and a delay in the
betamethasone-exposed group (Figure 3 C). In summary, we were able to generate DP as well as
CD4 and CD8 SP thymocytes in the OP9 coculture system and showed that betamethasone

exposure affects thymocytes by delaying their development.

2.3.3 The thymus in the context of age and disease

We assessed the composition of thymocytes in 44 children of different ages affected with different
cardiac conditions (Table 1). Cases with very sewere heart defects, such as transposition of the great
arteries (TGA), hypoplastic left heart syndrome or aortic stenosis, are generally operated at an earlier
age than less sewere heart defects like ventricular or atrial septal defects (VSD/ASD) or Tetralogy of
Fallot (ToF). We found a lower frequency of DP thymocytes in the thymi of the youngest infants
(< 1 month of age) concomitant to higher frequencies of the SP populations (CD8+ cells, CD4+ cells
and T regulatory cells). Interestingly, the youngest children showed the most heterogeneous
thymocyte compositions (Figure 4). The comparison of thymocyte subsets between the different heart
condition groups rewealed a reduction of the DP compartment and a relative increase of CD4 SP
thymocytes in the most sewere disease groups, namely TGA and a group summarised as ‘“left
hypoplasia”, which could indicate physiological stress (Figure 5). Lewvels of NT-proBNP, a biomarker
for heart failure (50), correlated negatively with the frequencies of DP cells and more immature EDP
CD45low cells and positively with the frequencies of CD4+ and T regulatory cells (Figure 6).
Comparable results were seen for the correlation of Troponin T, a marker for myocardial damage
(51), and thymocyte subsets (data not shown).

The composition of thymocytes in sewere CHD is reminiscent of the picture that we observed in

thymocytes following betamethasone treatment. Different stress stimuli like infection or injury induce
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adrenal GC production and subsequent thymic inwlution and DP depletion (28). For this reason, we
measured the cortisol lewels in the plasma of children undergoing corrective cardiac surgery and in
healthy children of similar ages. Regression analysis showed no significant correlation between
cortisol levels and age, neither in the CHD group nor in the control group. However, children with
CHD had owerall higher cortisol levels than healthy controls (Figure 7 A). This difference in cortisol
levels was more evident in the younger age groups, and particularly in children younger than 1 month
of age, corresponding to severe CHD (Figure 7 B). These data indicate that CHD might influence the
T cell development in the thymus due to high cortisol levels, and that the sewerity of the heart disease

might further affect the composition of developing thymocytes.

2.4 DISCUSSION AND PERSPECTIVES

2.4.1 A multicolour flow cytometry panel to analyse T cell development

During my doctoral thesis, | have designed and tested a staining panel to evaluate human T cell
dewelopment in the thymus that allows a clear definition of the main thymocyte subsets ranging from
progenitors that just entered the thymus to mature thymocytes that are ready to egress to the
periphery. The analysis of all subsets in one tube facilitates statistical analysis and the visualisation of
multi-dimensional data. Using this panel on donors between 6 and 12 months of age without known
genetic syndromes, we provide reference values for the frequencies of thymocyte subsets at all
stages of development. Here, it is important to keep in mind that frequencies will change in other age
groups (17,52) and in children with syndromes affecting the immune system, such as Down syndrome
(DS) or DiGeorge syndrome (53-57), and would most likely differ in children without CHD. Samples

from the latter are not easily available.

2.4.2 Glucocorticoids cause thymocyte apoptosis at specific stages of development
Administration of prenatal GCs is associated with impaired foetal thymic growth (33,34). GCs cause
apoptosis in thymocytes, predominantly in the DP compartment (58). We used our comprehensive
T cell development panel to further elucidate which are the most GC-susceptible subpopulations. We
found that not only the DP thymocytes die, but also the more immature CD45low CD34+ cells, in
particular ISP4 CD34+ cells. A possible mechanistic explanation for GC-induced apoptosis in DP cells
is the GC-induced downregulation of genes promoting thymocyte sunival like Notchl and the
upregulation of genes with pro-apoptotic function (59). Additionally, we identified surface markers that
are associated with an increased risk for GC-induced apoptosis or with a sunival advantage of the
thymocytes. CD28, which marks R-selection in human thymocytes (11) and is upregulated in a
fraction of ISP4 CD34- cells (1), is already described as a mediator of GC-resistance in thymocytes
(60). Not all surface marker functions are fully understood, and it will be interesting to further elucidate
their role in T cell development and how they affect sensitivity to GCs. A better understanding of the
pathways that induce lung maturation and those that induce thymocyte apoptosis could pave the way
for the application of synthetic GR ligands that selectively modulate the GR and promote the desired
molecular actions while reducing side effects (selective GR modulators or agonists are reviewed in
(61-63)).
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2.4.3 Challenges of modelling T cell development in vitro

In the OP9 model for in vitro T cell development, we could follow the generation of DP as well as CD4
and CD8 SP thymocytes, and could show proliferation impairment and delayed dewelopment in
thymocytes that had received a pulse of betamethasone. Howewer, there are some limitations that
need to be considered when interpreting data obtained with this system. OP9 cocultures lasting up to
49 days are described in literature (64). Possible causes for the shorter lifetime of our cultures are the
use of CD34+ thymocytes that are more differentiated compared to stem cells isolated from cord
blood. OP9 cells present a limited number of self-antigens and do not express MHC class I
molecules and therefore, do not sufficiently support selection processes (49). We observed deviations
from in vivo human T cell development and simplified the gating strategy presented in OMIP 073
accordingly to focus on the main compartments (DN, DP, CD4+ and CD8+). T cell dewelopment
in vitro displayed a high biological variability that was probably caused by the heterogeneous group of
samples used in the cultures (broad age range and one sample with DS). To improve significance,
experiments could be repeated with a larger sample size and a homogenous group of samples.
Recently, we established the generation of T cells in artificial thymic organoids (ATOs) in our lab.
These three-dimensional systems show improved selection processes and reduced inter-assay
variability, probably due to the use of serum-free medium (65). We could optimise the lifetime of the
ATOs by adding SCF only in the first week of culture. Further investigations using ATOs will extend
our knowledge about the effects of short-term betamethasone exposure on T cell development and
will help to understand the consequences of prenatal GC treatment on the dewvelopment of the

immune system.

2.4.4 Does congenital heart disease affect the T cell development in children?

CHD affects approximately 1 % of all live births. In Germany, about 8500 children are born with CHD
each year and about one third of them needs to undergo surgery within the first year of life (66).
Knowledge on the immunological consequences of thymectomy increases steadily (67-70), but little
is known about the influence of CHD per se on thymus size and T cell development. Since patients
with CHD are at higher risk for severe infections, it is important to consider a latent immune deficiency
(71). In the last few years, whole genome and exome sequencing techniques hawe revealed ~400
genes associated to the pathogenesis of CHD (72). Interestingly, mutations that cause dysregulation
of heart dewvelopment were found in signalling pathways that are essential for proper T cell
dewelopment. A remarkable example is NOTCHL1 regulating valve formation (72,73) and also required
for T lineage commitment (74). Newborns with CHD present with lower TREC lewels than controls,
and an association of decreased TREC lewels and hospitalisation due to infection is reported for
preterm children with CHD (75).

We observed an increase of the DP frequencies and a decrease of the SP frequencies with age,
previously described as “transient thymic inwolution” (17,52). Children with the most sewvere CHD had
lower DP frequencies and higher SP frequencies, indicating that neonates with CHD might suffer from
a relatively higher cortisol burden, even though it is not known if the thymus of neonates exhibits the
same sensitivity to increased cortisol lewvels than the thymus of older infants. This raises the question
if the transient thymic inwolution is a completely physiological process that is exclusively caused by
age and in response to physiologically increased GC-lewels during late gestation (52,76) or if the

consequences of severe CHD (high cortisol levels or cyanosis) are responsible for the described
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changes. The ideal samples to clarify this question would be thymic tissue from children without CHD,
but there are only rare cases of thoracic surgery in children without heart disease.

Elucidating the impact of CHD on T cell development would help to understand the immunological
challenges in the lives of children with CHD and could contribute to improve prevention, diagnosis and

treatment of comorbidities, underlining the need for further research on this topic.
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3 SUMMARY

3.1 ENGLISH

Introduction: The thymus provides the microenvironment for T cell development and enables the
generation of a broad repertoire of functional and self-tolerant T cells. We hypothesise that
impairment of thymic function during early life increases the risk of dewveloping immune-mediated
disorders later in life. The aim of this thesis is to establish a flow cytometry panel that allows a
comprehensive ex vivo and in vitro assessment of T cell development in different health conditions
and under exposure to exogenous insults such as medication.

Methods: We designed a multicolour flow cytometry panel that allows us to phenotype the stages of
T cell development on the basis of surface marker expression. The panel was thoroughly optimized,
including titration, compensation and the comparison of a variety of fluorochrome-conjugated antibody
combinations. We used the panel to investigate the effects of glucocorticoids (GCs) on dewveloping
thymocytes. For this, we used an in vitro assay to determine the sensitivity of the different human
thymocyte populations to betamethasone, and the OP9 coculture system to model T cell development
in vitro and analyse how GCs affect the dynamics of lymphopoiesis. Second, we immune phenotyped
the thymi of 44 infants with CHD and compared the “thymocyte signatures” among age groups and
different types of CHD.

Results: With the established panel we have identified the major stages of human T cell development,
from early progenitors to mature T cells ready to egress the thymus. We observed that in vitro
betamethasone exposure induced apoptosis in thymocytes, mainly affecting the immature
CD4 single-positive CD34-positive (ISP4 CD34+) and the double-positive (DP) population, leading to
a relative increase of T regulatory, CD4 and CD8 single-positive (SP) cells. Furthermore, GCs caused
a delayed thymocyte dewelopment in the OP9 coculture system. Children with CHD had higher
cortisol levels than healthy controls, so their thymocyte composition is most likely influenced by
endogenous GC exposure. We found a specific thymocyte signature in the most severe CHD groups
(transposition of the great arteries and a group summarised as “left hypoplasia”) with decreased DP
frequencies and concomitantly increased CD4 SP frequencies. Additionally, we found correlations
between reduced DP frequencies and young age (< 1 month) and elevated cardiac biomarkers,
respectively.

Conclusion: The established panel proved to be a reliable tool to analyse T cell development ex vivo
and in vitro. We have acquired valuable knowledge on the effects of GCs on specific thymocyte
subpopulations with data from in vitro modelling of T cell dewvelopment. Finally, our ex vivo data
suggest a possible influence of CHD on T cell development and indicate that CHD itself might cause

immune alterations.
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3.2 DEUTSCH

Einleitung: Der Thymus ist ein spezialisiertes lymphatisches Gewebe wund dient als
Entwicklungsnische fir T-Zellen. Diese durchlaufen eine Reihe won Selektionsprozessen und bilden
schlie8lich ein umfangreiches, selbsttolerantes Repertoire. Wir nehmen an, dass Stdrungen der T-
Zell-Entwicklung im Thymus wahrend der frihkindlichen Entwicklung zu immunologischen
Erkrankungen fuhren kdnnen. Das Ziel dieser Dissertationsarbeit ist es, ein Panel zur differenzierten
durchflusszytometrischen Analyse von Thymozyten zu entwickeln. Dieses soll neue Einblicke in die
T-Zell-Entwicklung bei verschiedenen Erkrankungen und unter auf3eren Einflussfaktoren, wie bspw.
Medikation, erméglichen.

Methoden: Wir entwickelten und optimierten ein FACS-Panel zur Phanotypisierung von Thymozyten
anhand der Expression wverschiedener Oberflachenmarker. Mithilfe dieses Panels untersuchten wir
zunachst den Effekt von Glukokortikoiden auf sich entwickelnde Thymozyten. Hierflir nutzen wir ein in
vitro-Assay, um die Glukokortikoidsensitivitdt der unterschiedlichen Thymozyten-Populationen zu
ermitteln, sowie die OP9-Kokultur als in vitro-Modell fir T-Zell-Entwicklung, um den Effekt won
Glukokortikoiden auf die Entwicklungsdynamik der Thymozyten zu analysieren. Zusétzlich
immunophanotypisierten wir die Thymi won 44 Kleinkindern (Alter <1 Jahr) mit angeborenen
Herzfehlern und wverglichen die Immunsignaturen zwischen den Altersgruppen und zwischen den
verschiedenen Arten von Herzfehlern.

Ergebnisse: Mithilfe des neu entwickelten Panels konnten die wesentlichen Thymozyten-
Subpopulationen definiert werden, won friihen Vorlduferzellen bis zu wllstandig gereiften, einfach-
positiven T-Zellen, die in die Peripherie migrieren konnen. Wir beobachteten, dass
Betamethasonexposition in vitro Apoptose in insbesondere den CDA4-positiven CD34-positiven sowie
den CDA4-CD8-doppelt-positiven Thymozyten ausléste und es hierdurch zu einem relativen Anstieg
der CD4- und CDB8-einfach-positiven Thymozytenpopulationen kam. In der OP9-Kokultur kam es nach
Betamethasonexposition zu einer Entwicklungsverzégerung der Thymozyten. Da wir zeigen konnten,
dass Kinder mit angeborenen Herzfehlern im Vergleich zur Kontrollgruppe erhéhte Kortisolwerte
aufweisen, gehen wir davon aus, dass deren Thymozytenentwicklung durch die endogen erhohten
Kortisolwerte beeinflusst wird. In den Gruppen mit den schwersten Herzfehlern (Transposition der
grolBen Arterien und Hypoplastisches Linksherzsyndrom/  Aortenstenose/  Unterbrochener
Aortenbogen) zeigte sich eine weranderte Komposition der Thymozytenpopulationen mit einer
prozentual verminderten doppelt-positiven Population und einem kompensatorisch erhthten Anteil an
CD4-einfach-positiven  Thymozyten. Zudem fanden wir Korrelationen zwischen einer verminderten
doppelt-positiven Population und jungem Alter (< 1 Monat) bzw. erhdhten kardialen Markern wie
Troponin T und NT-proBNP.

Schlussfolgerung: Das etablierte Panel konnte verlasslich zur Analyse der T-Zell-Entwicklung ex vivo

und in vitro eingesetzt werden und mithilfe des Panels konnten wir bereits vorbestehendes Wissen
Uber den Einfluss won Glukokortikoiden auf Thymozyten mit Daten zur Entwicklungsdynamik
erweitern. Des Weiteren lassen unsere ex vivo Daten einen mdglichen Einfluss won angeborenen
Herzfehlern auf die Zusammensetzung der Thymozytenpopulationen erkennen und weisen darauf

hin, dass angeborene Herzfehler zu Veranderungen des Immunsystem fiihren kénnen.
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4 TABLES AND FIGURES

41 TABLE1

Cohort (n=44)

Age (days)

mean: 132, min: 2, max: 363

Gender

female: 14 (32 %), male: 30 (68 %)

Heart disease VSD
(leading diagnosis)

11 (25 %)
mean age (days): 196

ToF

4 (9 %)
mean age (days): 183

TGA

9 (20 %)
mean age (days): 11

AVSD

8 (18 %)
mean age (days): 166

ASD

4 (9 %)
mean age (days): 239

“left hypoplasia”

6 (14 %)
mean age (days):

N

6

Others

2 (5 %)
mean age (days): 202

NT-proBNP (ng/l)

mean: 10659, min: 115, max: 66721

Troponin T (pg/ml) (n=28)

mean: 47.25, min: 7, max: 217

Table 1. Characteristics of the study population.

Abbreviations: VSD: Ventricular septal defect, ToF: Tetralogy of Fallot, TGA: Transposition of the

great arteries, AVSD: Atrioventricular septal defect, ASD: Atrial septal defect, “left hypoplasia”

Hypoplastic left heart syndrome or Aortic stenosis / Interrupted aortic arch
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Sample
preparation
Thymus from children
undergoing corrective
cardiac surgery

Il ool

/4

e

' ®
#* ,}‘\‘.’.' S Isolation and
v - ’- staining of
¥+ -~ thymocytes

Panel
development
and
optimization

CD3-

CD1a-

CD7+/-
\j@ CD34+
CD45RA+

|

CD1a+

CD7+

CD34+
CD45RA- l

early
progenitors

Tcell
committed

immature
CD4

single-positve

double-positive

mature
single-positve

ready to
egress

it A

CD45RA BVT11 CD4 PE-Dazzle594 CD34 PE

CD8 BV785

CD1aFITC
CD1a FITC

=0

CD45RABV711 CDBY PerCP-Cy5.5

A

CD7 AF700

Tyd BV60S

7

CD3 BV650

'

CD34 PE
CD8 BV785

7

e

CD28 PE-Cy7

CD25 BV421

\ CD1aFITC

'’ > £ —

= A

CD45RA BV711 CD69 PerCP-Cy5.5

N

1a FITC

-

CD45 BYS10

CD4 PE-Dazzle594

CD3 BV650

CD4 PE-Dazzle594

CD45RA BV711 CD69 PerCP-Cy5.5

UMAP2

Analysis of human thymocyte development with a 14-color flow cytometry panel

CD3 BV650

UMAP1

Created with BioRender.com

Figure 1. Establishment of an “Optimized Multicolor Immunofluorescence Panel” for the analysis of

human T cell development. Graphical abstract of Bremer et al. 2021 (1).
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4.3 FIGURE 2
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Figure 2. In vitro effect of betamethasone on thymocyte subsets. (A) Frequencies of live cells out of
single cells after owernight incubation. Thymocytes were incubated for 16 hours with increasing
concentrations of betamethasone (black bars) and with betamethasone in combination with RU-486
(grey bars), respectively. n=7 per group. Statistical analysis was performed with Bonferroni’s multiple
comparisons test by comparing each group (1 nM, 10 nM, 100 nM, 1000 nM) to control (0O nM).
(B) Representative FACS plots of thymocytes after incubation with increasing concentrations of
betamethasone without RU-486 as shown in (A). Live cells are shown in green, apoptotic cells in red
and dead cells in blue. Frequencies of populations out of single cells are indicated. (C) Scheme of
T cell dewvelopment in the thymus. Populations that are summarised for analysis are indicated.
(D) Frequencies of thymocyte subsets after owvernight incubation with increasing concentrations of
betamethasone. n=10. Thymi with < 60 % of DP cells (out of CD45high CD34-) were excluded from
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analysis. Statistical analysis was performed with Bonferroni’s multiple comparisons test by comparing
each group to control. Significance is indicated if it reaches p < 0.05. (E) t-SNE plots \isualizing the
expression of individual thymocyte surface markers as well as cell density. Only live, CD45+ cells are
depicted and each dot represents one cell. In the first plot, the major populations are encircled. Below,
the two upper rows show a representative sample after incubation with O nM betamethasone, the
lower rows show a sample from the same donor after incubation of thymocytes with 1000 nM
betamethasone. Compensated FCS files were exported from FlowJo and analysed in R (analysis in R
was performed by Laura Glau). ns p =2 0.05, * p < 0.05, ** p < 0.01, ** p < 0.001, **** p < 0.0001.

63



44 FIGURE 3
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Figure 3. Effects of betamethasone on the T cell dewelopment in the OP9 coculture system.

(A) Schematic workflow for OP9 coculture system. (B) Development of cell counts after O to 20 days

of coculture with (shown in red) or without (shown in blue) pre-incubation with betamethasone. Day 0

to 15: n=6 per group, day 20: n=5 per group. Multiple t tests were performed for statistical analysis.

(C) Development of thymocyte populations after 5 to 20 days of culture. Depicted populations were

gated out of single cells, live cells, CD45+ cells. Day 5 to 15: n=6 per group, day 20 n=5 per group.

Depicted is the mean with standard error. * p < 0.05, ** p < 0.01, ** p < 0.001, **** p < 0.0001
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45 FIGURE 4
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Figure 4. Thymocyte subsets in the context of age. Frequencies of thymocyte subpopulations in
children with CHD aged 2 to 363 days. Data were obtained from the cohort presented in Table 1
(n=44). For statistical analysis, correlation was calculated with Spearman r. The 95 % confidence
intenval (CI) of linear regression analysis is depicted in colour and indicated in the plot. For confidence
intervals depicted in grey, two-tailed t test achieved no significance; for confidence intervals depicted

in blue, two-tailed t test revealed significance with p < 0.05.
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Figure 5. Thymocyte subsets in the context of heart disease. Frequencies of thymocyte
subpopulations in children with CHD with following diseases: 1 VSD (n=11), 2 ToF (n=4), 3 TGA
(n=9), 4 AVSD (n=8), 5 ASD (n=4), 6 “left hypoplasia” (n=6), 7 others (n=2). Data were obtained from

the cohort presented in Table 1 (n=44). The plots show the mean with standard deviation. Statistical

analysis was performed with One-Way-ANOVA and Bonferroni correction and is indicated in case of

significance. * p < 0.05, ** p < 0.01, ** p < 0.001, **** p < 0.0001
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Figure 6. Correlation of thymocyte subsets with NT-proBNP. Frequencies of thymocyte
subpopulations in children with CHD are correlated to preoperative levels of NT-proBNP. Data were
obtained from the cohort presented in Table 1 (n=44). For statistical analysis, correlation was
calculated with Spearman r. The 95 % confidence interval (Cl) of linear regression analysis is
depicted in colour and indicated in the plot. For confidence intervals depicted in grey, two-tailed t test
achieved no significance; for confidence intervals depicted in blue, two-tailed t test rewealed

significance with p < 0.05.
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Figure 7. Plasma cortisol concentrations of children with CHD (blue) (n=45) and healthy controls

(green) (n=21). One sample that was above measurement threshold was included with a cortisol lewel

of 32 pg/dl, and three samples that were below measurement threshold were included with cortisol

levels of 0.5 ug/dl. (A) Linear regression and Spearman correlation were calculated: 95% confidence
intervals depicted in colour: CHD: -0.2335 to 0.3669, Control: -0.1528 to 0.6625. Groups (CHD and

Control) were compared with Mann Whitney test. (B) Comparison of cortisol lewels in children with

CHD and controls within three age groups. For statistical analysis, Kruskal-Wallis test was performed

with Dunn’s correction for multiple comparisons. Adjusted p values are indicated abowve columns.
ns p =20.05, *p <0.05, ** p<0.01, *™* p <0.001, *** p < 0.0001.
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