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Introduction

Summary

The Ikaros family of transcription factors is essential for normal T-cell
development, but their expression pattern in human thymocytes remains
poorly defined. Our goal is to determine how protein levels of Ikaros,
Helios and Aiolos change as human thymocytes progress through the pos-
itive selection and lineage commitment stages. To accomplish this goal,
we used multi-parameter flow cytometry to define the populations in
which positive selection and lineage commitment are most likely to occur.
After human thymocytes express CD3 and receive positive selection sig-
nals, the cells down-regulate expression of CD4 to become transitional
single-positive (TSP) CD8" thymocytes. At this stage, there was a tran-
sient increase in the Ikaros, Helios and Aiolos protein levels. After the
TSP CD8" developmental stage, some thymocytes re-express CD4 and
become CD3" double-positive thymocytes before down-regulating CD8 to
become mature single-positive CD4" thymocytes. Except for regulatory T
cells, Helios protein levels declined and Aiolos protein levels transiently
increased during CD4" T-cell maturation. For thymocytes progressing
toward the CD8" T-cell lineage, TSP CD8" thymocytes increase their
expression of CD3 and maintain high levels of Aiolos protein as the cells
complete their maturation. In summary, we defined the TSP CD8" devel-
opmental stage in human T-cell development and propose that this stage
is where CD4/CD8 lineage commitment occurs. Ikaros, Helios and Aiolos
each undergo a transient increase in protein levels at the TSP stage before
diverging in their expression patterns at later stages.

Keywords: human; Ikaros; T-cell development; thymus.

immature SP or DP developmental stages and expression
of TCR-o can be detected within the DP stage (Mitchell JL,

Human T-cell development is a multi-step process of selec-
tion, proliferation and maturation that produces functional
T cells able to participate in an immune response. Imma-
ture T cells enter the thymus as CD4  CD8  double-nega-
tive (DN) thymocytes and, during the DN developmental
stage, begin rearranging the genomic loci encoding the T-
cell receptor (TCR) chains."” After the DN stage, thymo-
cytes express CD4 to become immature single-positive
(SP) CD4" thymocytes and then express CD8 to become
double-positive (DP) thymocytes. Rearrangement of the
genomic locus encoding TCR-f is completed during the

Seng A, Yankee TM, in revision).” ®

After expression of TCR-o and TCR-f5, thymocytes are
subjected to positive and negative selection, ensuring the
production of T cells that express a functional TCR with lim-
ited autoreactivity. Selection requires engagement of the
TCR and leads to expression of activation markers, such as
CD69 and CD5, and increased expression of CD3.” ! Posi-
tive selection induces continued thymocyte maturation,
including commitment to the SP CD4" or SP CD8" lineages.

The lack of clarity regarding the cell populations in
which developmental milestones occur has led to

Abbreviations: DN, double negative; DP, double positive; MSP, mature single positive; SP, single positive; TCR, T-cell receptor;

TSP, transitional single positive
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competing models of thymic selection and lineage com-
mitment. Positive selection is proposed to occur at the
DP developmental stage, when CD4 and CD8 are both
available to bind MHC. A possible model of lineage com-
mitment is that positive selection stochastically induces
down-regulation of either CD4 or CD8. In this model, T-
cell maturation is dependent on the random chance that
the remaining co-receptor has the same MHC specificity
as the TCR. Alternatively, CD4 and CD8 may induce dis-
tinct signals that drive lineage commitment and the
down-regulation of the opposing co-receptor.

A third model of CD4/CD8 lineage commitment
emerged from studies in murine models where a transi-
tional single-positive (TSP) CD4" CD8' thymocyte pop-
ulation has been described.'>° According to this model,
positive selection induces decreased CD8 expression.'® "’
This model posits that down-regulation of CD8 interrupts
the MHC/TCR interaction in MHC I-restricted thymo-
cytes, whereas signalling is maintained in MHC II-
restricted thymocytes, thereby differentiating between the
two lineages. This model is supported by data showing
that prolonged signalling after positive selection results in
the preferential development of SP CD4" thymocytes,
whereas short-lived signals lead to the production of SP
CD8" thymocytes.>?!

A family of proteins proposed to regulate positive
selection and lineage commitment is the Ikaros family of
transcription factors. This family regulates numerous
steps of T-cell development, including CD4 and CD8
expression, survival and proliferation.”>* Disrupting the
function of the Ikaros family in murine thymocytes
results in the accumulation of TSP CD4" thymocytes and
increased proliferation and apoptosis.”> These data sug-
gest that one or more Ikaros family members are critical
for positive selection or lineage commitment.

In this manuscript, we provide the most detailed map
of the developmental stages surrounding positive selection
and lineage commitment yet reported in the human thy-
mus. In addition, we will define how expression of Ikaros,
Helios and Aiolos changes during this time.

Materials and methods

Human thymocytes

After obtaining consent from the parent or guardian,
human thymus samples were obtained from children (0—
18 years) who underwent corrective surgery at Children’s
Mercy Hospital (Kansas City, MO) for congenital cardiac
defects. De-identified tissue samples void of any clinical
data were obtained in compliance with the Institutional
Review Boards at our institutions. Each figure represents
cells from one thymus and the indicated numbers of
thymi from separate subjects were collected to ensure
reproducibility.

© 2016 John Wiley & Sons Ltd, Immunology, 149, 400-412

Human transitional single-positive thymocytes

Antibodies, cell labelling and flow cytometry

The anti-human antibodies, anti-CDla-peridinin chloro-
phyll protein (PerCP)-Cy5.5, anti-CD3 ™ allophycocyanin-
Cy7, anti-CD4-Pacific Blue, anti-CD7-allophycocyanin,
anti-CD7-FITC, anti-CD7-phycoerythrin  (PE), anti-
CD8a-Brilliant Violet (BV) 785, anti-CD25-PerCP-Cy5.5,
anti-CD28-Pacific Blue, anti-CD38-Alexa Fluor (AF) 700,
anti-CD44-PE-Cy7, anti-CD45RO-PE-Cy5, anti-CD69-
BV650, anti-FoxP3-PE, anti-FoxP3-AF647, anti-Helios-
AF647, anti-TCR-yd-FITC, Armenian hamster IgG-AF647
control and mouse IgGlx-PE control were purchased
from Biolegend (San Diego, CA). Anti-CD4-PE-eFlour
610, anti-CD8f-PE-Cy7 and anti-CD44-PE were pur-
chased from eBioscience (San Diego, CA), and anti-
CD27-Horizon V500, anti-Ikaros-PE, anti-Aiolos-PE and
mouse IgGlk-PE control were purchased from BD Bio-
sciences (San Jose, CA). Armenian hamster IgG-AF647
was purchased from Biolegend.

Single-cell suspensions of human thymocytes were
labelled on their surface as previously described.”* For
intracellular staining, surface-labelled cells were fixed and
permeabilized wusing the Foxp3/Transcription Factor
Staining Buffer Set (Affymetrix/eBioscience, San Diego,
CA), according to the manufacturer’s instructions. Cells
were analysed using a BD LSR II (BD Biosciences) and
data were analysed using BD FACSDiva software (BD
Biosciences) or FLowJo (TreeStar Inc., Ashland, OR). Rel-
ative expression of Ikaros, Helios and Aiolos in each cell
population was defined as the ratio of the geometric
mean fluorescence intensity of each Ikaros family member
to the corresponding isotype control. Representative dot
plots are shown from one thymus out of 11 analysed for
all surface markers except CD28. Representative dot plots
of CD28 expression are shown for one thymus out of
four analysed.

Statistical analysis

For comparisons across groups, the paired t-test analysis
or the repeated measure analysis of varaince with Tukey
post hoc test were performed using GraPHPAD Prism
(GraphPad Software Inc., La Jolla, CA), and significance
was defined as P < 0-05.

Results

Human thymocytes progress through a CD8* CD4'°
transitional SP stage

In mice, thymocytes progress from the CD3'° DP devel-
opmental stage to the CD4" CD8' TSP stage.'>'* To
determine whether a comparable developmental stage
might exist in humans, we examined CD69 and CD27
expression on CD3' thymocytes (Fig. 1). Cells were
divided into CD69~ CD27, CD69" CD27~ and
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Figure 1. Surface expression of CD4 decreases as CD3'° thymocytes progress through positive selection. CD69 and CD27 expression were anal-
ysed on TCR-yd~ CD3'" thymocytes and the CD69~ CD27~, CD69* CD27~, CD69" CD27" populations were analysed for CD4 and CD8 expres-

sion. Data shown represent one thymus out of 11 analysed.

CD69" CD27" populations and analysed CD4 and CDS8
expression on each subset. We found that 83 £ 5-3% of
CD69~ CD27~ CD3" thymocytes were DP thymocytes.
The percentage of cells that were DP declined to
45 + 6:5% of CD69" CD27~ cells and 23 + 5:3% of
CD69" CD27" cells. This progressive decline in the per-
centage of thymocytes that were DP was associated with a
concomitant increase in the percentage of cells that were
SP CD8". These data suggest that CD3" thymocytes
mature from the DP stage to a TSP CD8" stage before
increasing surface expression of CD3.

Based on this observation, we proposed that a subpop-
ulation of CD3' thymocytes could be detected within the
SP CD8" population. We analysed CD3 and CD7 expres-
sion on DP, SP CD4" and SP CD8" thymocytes (Fig. 2a).
DP thymocytes could be divided into CD3~, CD3" and
CD3" populations. The SP CD4" thymocytes consisted of
CD3~ CD7", CD3" CD7" and CD3" CD7" subsets. The
CD3~ CD7™  subset corresponds to the previously
described immature single-positive developmental stage.*
SP CD8" thymocytes were either CD3" CD7° or
CD3" CD7". The presence of a CD3'° SP CD8" popula-
tion supports a model that includes the existence of a
TSP CD8" developmental stage.

To further characterize the TSP CD8" population and
define its location in the developmental pathway, we
analysed CD38 and CD45RO expression among CD3'"
DP and TSP CD8" thymocytes (Fig. 2b). For comparison,
we also analysed CD38 and CD45RO expression among
CD3™ DP thymocytes, which we previously used to define
the CD3~ DP developmental stages.”® Among CD3~ DP
thymocytes, 27 + 4-6% of cells were CD38™ CD45RO™
and 67 +45 of CD3° DP thymocytes were
CD38" CD45RO™. Nearly all TSP CD8" thymocytes were
CD38™ CD45ROM. These observations extend our previ-
ous findings that thymocytes progress from
CD38"° CD45R0O" to CD38" CD45RO™ as they mature
through the CD3™~ developmental stages’® and continue
to up-regulate these markers as the cells advance through
the CD3" stages.

To further characterize subsets of CD3° thymocytes,
we analysed CD44 and CD7 expression (Fig. 2c). We

lo
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previously used CD38, CD45RO, CD44 and CD7 expres-
sion to define the DP1 through DP5 subsets of CD3~ DP
thymocytes®®; the DP3, DP4 and DP5 populations are
shown in Fig. 2(c). Subsets of CD3' DP thymocytes were
identified with similar levels of CD38, CD45RO, CD44
and CD7 expression as DP3, DP4 and DP5, and so we
called these cells DP6, DP7 and DP8. In addition, a pop-
ulation of CD3'° CD38" CD45RO™ DP thymocytes with
similar CD7 levels as DP8 was identified, but these cells
had higher levels of CD44, so we called these cells DP9.
Two populations of TSP CD8" thymocytes could be
detected with similar levels of CD44 and CD7 as DP8
and DP9 thymocytes; we called these populations TSP1
and TSP2.

Our data suggest that CD44 expression declines as thy-
mocytes progress from the CD3~ to CD3" stages, but
then increases as cells continue to mature. To test this
hypothesis, we compared CD44 and CD3 expression and
found the lowest CD44 expression among CD3" cells
(Supplementary material, Fig. S1).

Positive selection is initiated before the down-
regulation of CD4

To place the DP8, DP9, TSP1 and TSP2 populations in
developmental sequence, we analysed CD69 and CD27
expression on each subset of CD3' thymocytes (Fig. 3a).
At least 80% of DP6, DP7 and DP8 thymocytes lacked
CD69 or CD27 expression, indicating that few of these
cells had received signals leading to positive selection. In
contrast, 43 £49% of DP9 thymocytes were
CD69" CD27~ and 6-8 + 1:2% of DP9 thymocytes were
CD69" CD27". The percentage of thymocytes that
expressed CD69 and CD27 trended higher in TSP1 thy-
mocytes than in DP9 thymocytes, but the difference did
not reach statistical significance. More TSP2 thymocytes
expressed CD69 and CD27 than DP9 thymocytes
(P < 0-001) and TSP1 thymocytes (P < 0-05). These data
indicate that more TSP thymocytes had received positive
selection signals than DP9 thymocytes.

To further support this model, we analysed CD28
expression on each CD3" thymocyte population

© 2016 John Wiley & Sons Ltd, Immunology, 149, 400-412
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(Fig. 3b). Only 47 +58% of CD69" DP9 and CD38° CD45RO™ cells and, for the SP populations,

41 + 5-4% of CD69" TSP1 thymocytes expressed CD28,
but 65 + 3:7% of CD69" TSP2 thymocytes expressed
CD28 (P < 0-05 for TSP2 compared with DP9 or TSP1).

In conclusion, these data suggest that positive selection
is initiated during the DP developmental stages and then
CD4 levels decline. Further, we propose that DP8 thymo-
cytes can differentiate into either DP9 or TSP1 cells, as
shown in the model in Fig. 9. DP9 and TSP1 thymocytes
then differentiate into TSP2 cells, the most mature popu-
lation of CD3' thymocytes.

Defining subsets of CD3™ thymocytes

As thymocytes progress through T-cell development, they
transition from being CD3'° to CD3™; CD3" thymocytes
are included within the DP, SP CD4" and SP CD8" pop-
ulations. As shown in Fig. 2(a), CD3" DP thymocytes
were primarily CD7'°, CD3" SP CD8" thymocytes were
CD7", and CD3" SP CD4" thymocytes could be divided
into CD7'° and CD7™. For each population of CD7" and
CD7" thymocytes, we analysed CD38 and CD45RO
expression (Fig. 4a). In each case, a population of
CD38" CD45RO™  cells was detected, as well as

© 2016 John Wiley & Sons Ltd, Immunology, 149, 400-412

CD38" CD45RO™ cells. Combined with our previous
observations, these data suggest that CD38 and CD45RO
expression increases as thymocytes progress from the
CD3™ to the CD3" stages, but decreases as cells complete
maturation, as previously reported for CD45RO.”
Indeed, contour plots of total thymocytes analysed for
CD38 versus CD3 expression and CD45RO versus CD3
expression showed similar patterns (see Supplementary
material, Fig. S1); CD38 and CD45RO expression was
highest among thymocytes with intermediate levels of
CD3 and lowest among CD3~ and CD3" thymocytes.

We showed earlier that thymocytes increase expression
of CD44 as they complete their maturation in the thy-
mus (see Supplementary material, Fig. S1), so we anal-
ysed CD44 and CD7 expression on each subset of CD3™
thymocytes. Among CD3"™ DP thymocyte subsets
(Fig. 4b), the less mature population was CD38" CD
45ROM. This population could be divided into two sub-
populations. Cells with lower levels of CD7 and CD44
were called DP10 and cells with higher expression of
these ~ markers  were  called DPl1l.  Among
CD38"° CD45R0O" CD3™ DP thymocytes, one population
of cells was detected and this population had similar
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Figure 3. Positive selection is initiated before entry into the transitional single positive (TSP) CD8" developmental stage. (a) CD69 and CD27
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(mean = SE) of cells in each population that were CD69~ CD27~, CD69" CD27~, CD69" CD27" and CD69~ CD27% (n = 11). (b) CD3™ thy-

mocyte populations were analysed for CD69 and CD28 expression.

CD7 and CD44 expression as DP11, so we called these
cells DP12.

Among CD3M SP CDhsg" thymocytes,
CD38" CD45RO™, CD38' CD45RO" and CD38  CD4
5RO cells could be identified. Because CD38 and
CD45RO  expression decreases as CD3™  thymocytes
mature (see Supplementary material, Fig. S1), we called
these populations mature single positive 1 (MSP1) CD8",
MSP2 CD8" and MSP3" CD8" thymocytes. CD44 and
CD7 levels were comparable across these three popula-
tions (Fig. 4c¢).

For CD3" SP CD4" thymocytes, defining the popula-
tions is more complex because there are CD7" and CD7™
subsets (Fig. 2a). CD3" CD7" thymocytes could be
divided according to their expression of CD44, and we
called these cells MSP1 CD4" and MSP2 CD4" thymocytes
(Fig. 4d). Among MSP1 CD4" thymocytes, 66 + 6-7% of
the cells were CD38"™ CD45RO™, but only 46 + 6-2% of
the MSP2 CD4" population were CD38" CD45ROM

404

(P < 0-001), supporting the hypothesis that the MSP1
CD4" developmental stage precedes the MSP2 CD4" stage.
CD44 and CD7 expression among the CD7™ subsets was
similar, so we named these populations according to their
CD38 and CD45RO expression, as shown in Fig. 4(a).

Commitment to the CD8" T-cell lineage

As further evidence of the developmental sequence of the
MSP1 CD8", MSP2 CD8" and MSP3 CD8"* populations,
we analysed CD69, CD27 and CDla expression on each
population (Fig. 5). Nearly all cells in these subsets
expressed CD69, CD27, or both markers, but the percent-
age of cells that were CD69~ CD27" increased as thymo-
cytes progressed through the MSP1, MSP2 and MSP3
stages (Fig. 5a). In addition, CD1la expression declined as
thymocytes matured through the MSP CD8" subsets
(Fig. 5b); decreased CD1la expression is a marker of thy-
mocyte  maturation.”® These data suggest that

© 2016 John Wiley & Sons Ltd, Immunology, 149, 400-412
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CD3" CD8" thymocytes emerge from a subset of TSP subsets expressed either CD69 or CD27 (Fig. 6a),

thymocytes and progress from the MSP1 CD8" develop-
mental stage through the MSP2 CD8" and MSP3 CD8"
stages, as shown in in Fig. 9. Alternatively, TSP CD8"
thymocytes could re-express CD4, become DP thymo-
cytes, and then differentiate into SP CD8" thymocytes.

Commitment to the CD4" T-cell lineage

Next, we sought to determine the developmental sequence
of CD3" DP and MSP CD4" subsets. As previously dis-
cussed, most CD3" DP thymocytes were CD7' whereas
some MSP CD4" thymocytes were CD7" and others were
CD7".  Fewer CD3" CD7° SP CD4" thymocytes
(51 £ 6-1%) were CD38" CD45RO" than CD3™ DP thy-
mocytes (78 £ 3-4%) (P < 0-001) (Fig. 4a), suggesting
that the DPI0 developmental stage precedes the
CD3" CD7'" SP CD4" stage.

To test this model, we analysed CD69, CD27 and CDla
expression on DP10, MSP1 CD4" and MSP2 CD4" thy-
mocytes (Fig. 6a,c). Although nearly all cells in these

© 2016 John Wiley & Sons Ltd, Immunology, 149, 400-412

10 = 1-4% of DP10 thymocytes, 18 £ 2:7% of MSP1
CD4" thymocytes, and 42 + 3-8% of MSP2 CD4" thy-
mocytes expressed CD27. These data suggest that devel-
oping thymocytes could proceed from the DP10
developmental stage, through the MSP1 CD4" stage, and
into the MSP2 CD4" developmental stage, as shown in
Fig. 9. Consistent with this conclusion, CD1a expression
was highest among DP10 thymocytes and lower in the
MSP1 CD4" and MSP2 CD4" subsets.

Next, we performed similar analysis on CD3" CD7"
DP and MSP CD4" thymocytes. CD3" CD7" DP thymo-
cytes include the DP11 and DP12 subsets and
CD3" CD7™ SP CD4' thymocytes include the MSP3,
MSP4 and MSP5 subsets (Fig. 4). Only 31 4 4-1% of
DP11 cells were CD27", while 56 + 5:1% of DP12 cells
and > 75% of each of the CD3" CD7" SP CD4" popula-
tions were CD27" (P < 0-001 for DP11 or DP12 com-
pared with each of the CD3" CD7™ SP CD4"
populations) (Fig. 6b,c). Further, CDla expression was
high on DPIl cells and decreased as cells matured
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Figure 5. MSP1, MSP2 and MSP3 CD8" populations represent a
developmental sequence. (a) MSP1 CD8", MSP2 CD8" and MSP3
CD8" thymocytes were gated on the CD3" CD7" population as
shown in Fig. 2 and analysed for CD69 and CD27 expression. The
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CD8"  subset that were CD69 CD27°, CD69" CD277,
CD69" CD27" and CD69~ CD27" thymocytes are shown (n = 11).
(b) Each subset of MSP CD8" thymocytes was analysed for CDla
and CD27 expression.

through the MSP CD4" stages. In agreement with MSP5
CD4" being the most mature population of CD4" thymo-
cytes, all MSP5 CD4" cells had down-regulated CDla
expression and 48 + 3-8% of cells were CD69 .

In summary, we propose that some TSP2 thymocytes
can re-express CD4 to become DP10 thymocytes, as
shown in Fig. 9. DP10 thymocytes can then differentiate
into MSP1 CD4" or DP11 thymocytes. Further, these data
suggest that down-regulation of CD8, CD38 and
CD45RO and up-regulation of CD44 are asynchronous
processes that occur between the TSP CD8" developmen-
tal stage and the MSP CD4" stages. These data also sug-
gest that MSP5 CD4" thymocytes represent the final
developmental stage before cells exit the thymus.

CD28 expression more closely associates with positive
selection than lineage commitment

To determine whether CD28 expression more closely
tracked with positive selection or lineage commitment,
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we compared CD28 and CD27 expression in each popula-
tion of CD3'° and CD3™ thymocytes (see Supplementary
material, Fig. S2); CD27 is proposed to be a marker of
lineage commitment.”* Among DP9, TSP1 and TSP2 thy-
mocytes, CD27 and CD28 expression correlated tightly
(see Supplementary material, Fig. S2a), suggesting that
thymocytes undergoing positive selection at the TSP stage
become committed to their lineage. However, some TSP
CD8" thymocytes had not yet expressed CD27 or CD28,
suggesting that these cells had not undergone lineage
commitment and could re-express CD4. Among DP10,
MSP1 CD4" and MSP2 CD4" thymocytes, many cells
were CD28" CD27~ (see Supplementary material,
Fig. S2b). Because all of these expressed CD69 (Fig. 6a),
we conclude that positive selection first triggers CD69
up-regulation and this is followed closely by CD28
expression. CD27 expression is associated with lineage
commitment, which is a distinct step from positive
selection.

Differences in the protein levels of Ikaros, Helios and
Aiolos across CD3" thymocyte subsets

Tkaros, Helios and Aiolos protein levels increase when
TCR-f is first expressed.36 For Ikaros and Helios, the
increase in expression was transient whereas the increase
in Aiolos was sustained throughout the CD3~ DP
populations. Consistent with this pattern, Ikaros and
Helios protein levels were 1-6-fold (P < 0-001) and 2-0-
fold (P < 0-001) higher, respectively, in DP6 thymocytes
than in DP8 thymocytes, whereas Aiolos levels were com-
parable among the DP6, DP7 and DP8 subsets (Fig. 7).

As thymocytes progressed from the DP8 developmental
stage to the TSP2 stage, Ikaros, Helios and Aiolos protein
levels increased by 2-3-fold, 2-5-fold and 2-0-fold
(P < 0-001 for each protein, comparing DP8 and TSP2
thymocytes). Then, levels of all three proteins were lower
in DP10 and MSP1 CD4" thymocytes than TSP2 cells.
The most dramatic difference between the TSP2 and
MSP1 CD4" populations occurred with Helios, whose
protein levels were 11-fold lower in MSP1 CD4" cells
than TSP2 cells. Helios expression continued to decline as
CD4" and CD8" thymocytes matured, except for subpop-
ulations of MSP3 and MSP5 CD4" thymocytes.

Among MSP CD4" thymocytes, Aiolos protein levels
were 2-5-fold lower in MSP1 CD4" thymocytes than
TSP2 cells, increased transiently during the MSP3 and
MSP4 CD4" stages, and decreased again at the MSP5
CD4" stage. By contrast, Aiolos protein levels were higher
in the MSP1 CD8" and MSP2 CD8" subsets than TSP2
thymocytes (P < 0-05). In addition, Aiolos levels were
2.3-fold higher in the mature MSP3 CD8" cells than in
the mature MSP5 CD4" cells (P < 0-01). Unlike Helios
and Aiolos, Ikaros protein levels remained steady after the
transient increase seen in the TSP subsets.

© 2016 John Wiley & Sons Ltd, Immunology, 149, 400-412
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These data indicate that Ikaros, Helios and Aiolos
undergo a transient increase in protein levels during the
TSP developmental stage. However, expression of Helios
and Aiolos in subsequent populations varies while Tkaros
expression remains steady, Helios expression declines,
except for a subpopulation of MSP CD4" thymocytes,
and Aiolos expression increases, particularly among CD8"
T cells.

Helios expression in DP and MSP CD4" thymocytes
marks regulatory T cells

Because Helios is highly expressed in regulatory T cells,****

we examined FoxP3, Helios and CD25 expression in each
subpopulation of thymocytes containing positively selected
cells (Fig. 8). FoxP3" Helios" thymocytes could be
detected as early as the DP10 developmental stage and
DP10 thymocytes expressing FoxP3 or Helios also
expressed CD25. In Fig. 7, we showed that the population
of CD3" thymocytes with the highest Helios expression
was MSP CD4" thymocytes. Nearly all Helios™ MSP CD4"
thymocytes expressed FoxP3 and CD25 (Fig. 8). These data
suggest that differentiation into the regulatory T-cell

© 2016 John Wiley & Sons Ltd, Immunology, 149, 400-412

lineage coincides with commitment into the CD4" T-cell
lineage.

Discussion

The data presented here represent the highest resolution
image to date of human T-cell development beginning
with detectable surface CD3 expression. The multi-para-
meter flow cytometry data revealed 12 subpopulations of
DP thymocytes, five subpopulations of SP CD8" thymo-
cytes, and five subpopulations of SP CD4" thymocytes.
Each of these subpopulations can be further divided using
additional markers. Our analysis focused on the stages of
T-cell development surrounding positive selection and
lineage commitment and resulted in the model shown in
Fig. 9.

Based on CD7, CD45RO, CD38 and CD44 expression,
we found three pairs of DP subsets in which one half of
each pair was CD3™ and the other subset was CD3'°. The
CD3" fractions (DP3, DP4 and DP5) represent the final
developmental stages that lack surface CD3 expression.
We previously showed that these populations express
TCRf and DP3 thymocytes are the most highly

407



J. L. Mitchell et al.

()

© - o’ 6
5 Q- 8w
ol sa 5
v 4 x 0
. : ) g9 4
(9]
5 - 52 3
. C. =
a. Q. 68
a. - @ 2
(e}
. - 1
o - .
5 5
. a 61
‘ 3
e : 7 S o =
- °a 5
[ — + q_)o 4 1
a - o< o L
a. [GHa] < o
- =0 Iz 34
S ®
. = Jo)
a - o S - 2
+
& - g % 1
2. » 0
. ) s O
Al . %)
o ™+ ]
n o _gco 5
= w0 T o
- =) oD 41
- : y,
Ikaros—9 Helios =»  Aiolos = S o 31
< < =
o k. . ST 2
23 S e
=0 e 1

© N~ 0D
[N o By W o
[apalyalya]

TSP1
TSP2
DP10
DP11
DP12

MSP5
CD4+

MSP1
CcD8*

MSP1 CD4*
MSP2 CD4*
MSP3 CD4*
MSP4 CD4+
MSP5 CD4*
MSP1 CD8*
MSP2 CD8*
MSP3 CD8*

MSP2
CD8*

MSP3
CD8*

A

Ii{ar‘os‘—nb H‘énlioms —> Aiok‘)s‘—nb

Figure 7. Ikaros, Helios and Aiolos expression patterns differ in developing CD3* thymocytes. CD3'° (a) and CD3™ (b) thymocyte populations

were intracellularly stained with anti-Ikaros, anti-Helios, anti-Aiolos (dark lines), or an appropriate isotype control (shaded histogram). (c) For

each population in (a) and (b), the geometric mean fluorescence intensity (GMFI) of anti-Ikaros, anti-Helios or anti-Aiolos was normalized to
the GMFI of the isotype control. Mean + SE fold change relative to DP8 is shown for at least five independent experiments.

proliferative population of CD3™ thymocytes.”® Prolifera-
tion slows as thymocytes progress through the DP4 and
DP5 thymocytes, suggesting that these populations are
undergoing genomic rearrangement at the locus encoding
TCR-a. When TCR-o is expressed, CD3 becomes detect-
able at the cell surface. Thymocytes expressing levels of
CD7 and CD44 similar to those of the DP3, DP4 and
DP5 developmental stages can express surface CD3, indi-
cating that CD7 and CD44 down-regulation is indepen-
dent of TCR-o expression. Hence, DP3 thymocytes can
differentiate into DP4 or DP6 thymocytes. Likewise, DP4
thymocytes can differentiate into DP5 thymocytes unless
they express surface CD3, in which case they become
DP7 thymocytes.
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A small percentage of DP6, DP7 and DP8 thymocytes
express CD69 (Fig. 3a), suggesting that thymocytes have
the potential to become positively selected as soon as sur-
face CD3 is expressed. After positive selection, thymocytes
down-regulate CD4 expression to become TSP CD8" thy-
mocytes. We propose that the TSP CD8" population is
analogous to the TSP CD4" thymocytes observed in
mice.'*”"” During murine T-cell development, CD8 expres-
sion decreases after positive selection, resulting in the TSP
CD4" population.'® ' In humans, maturation into the
TSP CD8" population is associated with a transient
increase in Ikaros, Helios and Aiolos expression (Fig. 7).
Studying all three proteins is important because Ikaros
family members can homodimerize or heterodimerize with

© 2016 John Wiley & Sons Ltd, Immunology, 149, 400-412
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each other and dimerization is required for transcriptional
activity’® *>*>** Because all three proteins increase their
expression two- to three-fold, it is likely that the composi-
tion of the dimers does not change at the TSP stage, but
the number of dimers increases.

Despite the likelihood that dimer composition does not
change, data from murine models of T-cell development
indicate that Ikaros family members are important at the
TSP stage.” Specifically, expression of a dominant nega-
tive Ikaros isoform results in accumulation of
CD4" CD8" TSP cells.”> One function of Ikaros at the
TSP stage may be to inhibit transcription of terminal
deoxytransferase and pre-Ta.*®*” However, it was sug-
gested that higher levels of Ikaros resulted in the recruit-
ment of an elongation-competent NuRD/P-TEFb complex
to gene targets, rather than the repressive NuRD com-
plex.** Hence, increased Ikaros family expression at the
TSP stage may be required for activation of genes for

© 2016 John Wiley & Sons Ltd, Immunology, 149, 400-412

further maturation. In addition, Ikaros family members
may affect the signal strength necessary for lineage com-
mitment, as Ikaros and Aiolos can regulate the TCR sig-
nalling  threshold in thymocytes
splenocytes.”®**>? Tkaros family members can also regu-
late CD4 and CD8 expression,”>*>** a necessary step for
lineage commitment.

The role of ITkaros in regulating signal strength and
CD4/CD8 expression in the TSP stage implies that the
TSP developmental stage might be the site of lineage
commitment. TSP CD8" thymocytes express CD69 and
many TSP CD8" thymocytes express CD27. Vanhecke
et al. previously showed that CD27" SP CD4" and SP
CD8" thymocytes are committed to their respective lin-
eages while CD27 SP CD4" cells could still differentiate
into SP CD8" cells.”® This observation suggests that
CD27 is a marker of thymocytes committed to the CD4"
or CD8" lineage. Even TSP CD8"

murine and

though most
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Figure 9. A model of human T-cell development through the CD3™ stages.

thymocytes expressed CD27, most DPI0 thymocytes
lacked CD27 expression. Although this observation might
suggest that DP10 thymocytes are less mature than TSP
thymocytes, the fact that TSP thymocytes have lower sur-
face CD3 levels places the TSP developmental stage earlier
than the DP10 stage. Hence, the TSP CD8" developmen-
tal stage most likely represents the decision point between
the CD4" and CD8" lineages. CD27" TSP CD8" thymo-
cytes likely retain their CD8 expression, up-regulate CD3
and mature into MSP1 CD8" thymocytes, whereas CD27~
TSP CD8" thymocytes probably re-express CD4, becom-
ing DP10 thymocytes (Fig. 9).

Because DP10 and MSP1 CD4" thymocytes express
similar levels of CD38, CD45RO, CD7, CD44, CD3,
CD69 and CD27 (Figs 4 and 6), it is likely that DP10
thymocytes can differentiate directly into MSP1 CD4"
thymocytes. Alternatively, DP10 thymocytes could up-reg-
ulate CD44, becoming DP11 thymocytes. DP11 thymo-
cytes could differentiate into MSP2 CD4" thymocytes or
DP12 thymocytes, depending on the sequence in which
the cells down-regulate CD8, CD38 and CD45RO, and
up-regulate CD27. DP12 thymocytes are most similar to
MSP4 CD4" thymocytes, suggesting that DP12 thymo-
cytes can directly mature into MSP4 CD4" cells.

As thymocytes continue to mature into naive CD4"
and CD8" T cells, their expression of Ikaros, Helios and
Aiolos changes in manners that would be predicted to
influence the composition of the dimers (Fig. 7). Specifi-
cally, Tkaros expression remains constant throughout the
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MSP subpopulations. Aiolos is more highly expressed in
MSP CD8" thymocytes than most MSP CD4" thymocyte
subsets. Helios expression declines as thymocytes mature,
except for the population of cells that also express FoxP3
and CD25 and are likely destined to become regulatory T
cells (Fig. 8).>>%® The function of Ikaros family members
at these stages is unclear.

In summary, we used multi-parameter flow cytometry
to define the stages of human T-cell development in
which positive selection and lineage commitment are
most likely to occur. We observed a transient increase in
Ikaros, Helios and Aiolos expression when thymocytes
undergo positive selection, and Aiolos is more highly
expressed in subsets of mature SP CD4" and CD8" thy-
mocytes than pre-selection thymocytes.
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Figure S1. CD44 expression is highest and CD38 and
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Figure S2. CD28 expression correlates more closely
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