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During normal T cell development in mouse and human, a low-frequency population
of immature CD4 CD8" double-negative (DN) thymocytes expresses early, mature
ofp T cell antigen receptor (TCR). We report that these early oof TCR+ DN (EADN)
cells are DN3b-DN4 stage and require CD38 but not major histocompatibility com-
plex (MHC) for their generation/detection. When MHC - is present, however, EADN
cells can respond to it, displaying a degree of coreceptor-independent MHC reactivity
not typical of mature, conventional aff T cells. We found these data to be connected
with observations that EADN cells were susceptible to T cell acute lymphoblastic leuke-
mia (T-ALL) transformation in both humans and mice. Using the OT-1 TCR trans-
genic system to model EADN-stage off TCR expression, we found that EADN
leukemogenesis required MHC to induce development of T-ALL bearing NOTCH1
mutations. This leukemia-driving MHC requirement could be lost, however, upon pas-
saging the tumors in vivo, even when matching MHC was continuously present in
recipient animals and on the tumor cells themselves. These data demonstrate that
MHC:TCR signaling can be required to initiate a cancer phenotype from an under-
studied developmental state that appears to be represented in the mouse and human
disease spectrum.
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T cell acute lymphoblastic leukemia (T-ALL) is an aggressive hematologic malignancy
arising from transformed immature T cell precursors (1). It represents ~15% of pediat-
ric and ~25% of adult ALLs (2). Identification of subgroups with varied biological fea-
tures, including overall relapse risk and responses to standard therapies, has allowed
stratification of patients to the most appropriate therapeutic regimens that maximize
efficacy, and has led to generally improved survival. However, prognosis remains poor
for patients with treatment-refractory primary disease or relapse (3, 4). Clinical T-ALL
can show inter- and intrapatient heterogeneity in the differentiation stage of tumor
cells, implying that multiple pathways of cancer development exist (1, 5). Despite the
heterogeneity, a unifying oncogenic network hub required for most or all T-ALL in
humans and mice is hyperactivated (often mutated) NOTCH (6). Among the best
understood causal drivers is developmentally early CD3 signaling at the pre-T cell anti-
gen receptor (TCR)/y8TCR lineage bifurcation checkpoint, without a role for major
histocompatibility complex (MHC)-based ligand (7-9). In contrast, a requirement for
MHC and mature afTCR to drive thymic leukemogenesis, resulting in mutant
NOTCH-bearing tumors, has not been previously demonstrated.

This makes sense based on the known relationship between T-ALL and T cell develop-
ment. While there is overlap in NOTCH and developmentally early CD3 signals, cessa-
tion of NOTCH prior to MHC-restricted positive/negative selection signals mediated by
afTCR largely prevents simultaneous activity of the two receptors. Most conventional
thymocytes rearrange first TCRP and later TCRa loci in separate, ordered developmental
stages. NOTCH signaling is required for early CD4~ CD8" double negative (DN) thy-
mocyte development (10) while rearrangement of TCRf and pre-TCR expression medi-
ate B-selection, clonal expansion, and advancement to CD4*CD8" double-positive (DP)
stage (11). NOTCH signaling is then turned off (12), while DP thymocytes rearrange
TCRa, express mature afp TCR, and test self-peptide-MHC reactivity in positive/negative
selection (13).

However, outside of this well-described sequence of events, a low-frequency, natural
subset of DN thymocytes was once shown to rearrange and prematurely express the
full afTCR in wild-type mice (14). The cells were first detected in pre-To™'~ mice,
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where early TCRa replaced pre-Ta to provide B-selection sig-
naling to generate DP cells. Conventional aff T cell develop-
ment potential was retained as proven in positive selection
assays, but subsequent to the inidal report little information on
biological roles for these cells has followed. While pursuing
developmental stages and signals in T-ALL leukemogenesis, we
found that early afp TCR-expressing DN (EADN) cells can be
generated in mouse and human thymus at a similar rate, and
they are susceptible to T-ALL transformation in both species.
We present a mouse model in which EADN oncogenesis requires
MHC to drive development of T-ALL bearing NOTCH-
mutations, highlighting a novel developmental state with
unique signaling rules for a cancer phenotype that appears to be
represented in the clinical, human disease spectrum.

Results

EADN Thymocytes Exist Naturally in Mouse and Human. To
determine if some immature mouse DN thymocytes express sur-
face afTCR as previously reported (14), we used flow cytometry
to gate CD4~ CD8a~ DN thymocytes that were negative for
ySTCR, negative for binding the natural killer (NK)-T cell ligand
aGalCer analog (PBS57) presented in CD1d, and negative for
other markers, NKI.1 and CD122 (Fig. 14, Lefi). Because pre-
To:TCRP surface complexes are not detected by standard flow
cytometry methods (15) surface TCRP level was used as a readout
for af TCR, an assumption previously validated using pre-Tor™ '~
mice (14), and further validated ahead. We observed that most
gated DN thymocytes were negative for surface TCRf detection,
while a small fraction was positive to a full level defined by mature

T cells (box gates, Fig. 14, Right). Pooling the few available
anti-TCRa monoclonal antibodies (mAbs) (Fig. 14, Right,
y axis), we observed that surface TCRp expression occurred to
the same level whether or not cells expressed these Vo's, con-
sistent with the expectation that Va-pool-negative cells would
be positive for other Va's (Fig. 14, Right). We conclude that
some off DN thymocytes, which are not in known unconven-
tional marker-defined subsets, express full-level surface TCR,
representing ~1% of DN thymocytes, or ~0.01% of total thy-
mocytes in mice.

Human pediatric thymocytes were assessed by gating CD4™~
CD8a™ DN cells that were negative for ydTCR and NK
marker CD56 (Fig. 1B, Left and Middle). To a level defined by
mature T cells (Fig. 1B, Right, offset), mAb IP26 detected sur-
face afTCR expression in ~0.4% of gated DN thymocytes, or
~0.01% of total thymocytes (Fig. 1B, Right). We conclude that
EADN thymocytes can be present in similar, naturally low fre-
quencies in both human and mouse species.

To further assess specificity and the requirement of MHC for
development, we compared EADN cells detected from wild-type
mice with those lacking CD38, MHC, or both. As expected,
CD36™'~ mice produced DN and DP thymocytes and y8 T
cells, indicative of functional pre-TCR and y6TCR (16-18), but
the knockout blocked afp TCR/CD?3 surface expression and detec-
tion of EADN cells (Fig. 1C). We conclude that surface af TCR/
CD3 expression is required for EADN generation/detection. In
contrast, mice lacking MHC classes I and II produced EADN
cells in a CD36-dependent manner similar to wild-type (Fig. 10).
We conclude that generation of EADN cells is independent of
MHC-mediated positive selection.
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Fig. 1. EADN thymocytes exist naturally in mouse and human. Flow cytometry analysis of thymocytes used to identify EADN cells in (A) B6 murine thymus

and (B) human thymus, where the right-most offset panel represents TCRp x Side Scatter for CD8 single-positive thymocytes used to identify mature TCRp
surface level. Numbers represent % cells in the gate. (C) Quantification of EADN cells in mice with different genetic lesions affecting T cell generation.

One-way ANOVA with Tukey's posttest, **P < 0.01 ***P < 0.001.
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Wild-Type and OT-1 TCR Transgenic EADN Cell Development
and Response to MHC. We observed that wild-type mouse
EADN cells appear in the progression of DN3 to DN4
(Fig. 24, Top). TCR transgenic OT-1 thymocytes were also
found to reach full surface TCR expression closely approximat-
ing the EADN stage (S/ Appendix, Fig. S1A) of DN3-DN4
(Fig. 24, Bottom). Analogous to the DN3-4 stage of murine
EADN cells, human EADN cells mainly exhibited a post-B-selection
DN surface phenotype being CD7" CD5™, up-regulating CD1a
(19, 20) and CD28 (21) while down-regulating CD34 (22)
(Fig. 2B). Also in common with wild-type, OT-1 EADN cell
percentages were similar in mice sufficient or deficient in MHC
class I, the positive selection MHC for OT-1 (23, 24) (S
Appendix, Fig. S1B). We conclude that EADN generation was
evident at DN3-4 stage and independent of the MHC-based
positive selection step required of conventional, mature aff T cells.

Although MHC was not required for EADN generation, we
wished to determine if EADN cells could respond to MHC.
First, we observed higher Nur77 expression in EADN cells
from wild-type compared to MHC knockout mice (Fig. 20),
where Nur77 expression is a common readout downstream of
TCR signaling (24). Second, OT—I.RAGZflf.ﬁZM#* fetal
thymi were cultured for 24 h in the presence of exogenously
added P2-microglobulin (B2M) plus peptide ligands of varying
strength for OT-1 stimulation (25, 26). EADN cells from cultured
fetal thymi exhibited greater CDG9 expression in response to SIIN-
FEKL (OVA) than weaker peptide, Q4H7, and non-OT-1-reactive

A Bs

peptide, FARL (Fig. 2D). We conclude that even though surface
coreceptor levels are not detected (DN stage), EADN thymocytes
can respond to MHC.

To further assess the maturation state of EADN cells, exten-
sive surface phenotyping by multiparametric flow cytometry
and spanning-tree progression analysis of density-normalized
events (SPADE) was performed. SPADE corroborated that
wild-type EADN cells cluster separately from conventional
DN2, DN3a, DN3b, and DN4 subsets, and are also distinct
from unconventional DN subsets including intestinal intra-
epithelial lymphocyte precursors, NK-T cells, and y& T cells
(Fig. 2E). We conclude that EADN cells can be separated from
other immature subsets by surface markers and can be separated
from conventional afp DN developmental stages by apTCR/
CD3 surface expression level. Similar to the data shown for
human EADN cells above, mouse EADN cells expressed high
CD28 indicating they were at post-f-selection (27) DN3b-
DN4 stage (SI Appendix, Fig. S2A). Finally, we observed that
most of the EADN cell population expressed markers of imma-
turity including high CD24 (87 Appendix, Fig. S2 B and )
and low CD127 (8] Appendix, Fig. S2 D and E), in contrast to
mature, peripheral afTCR™ DN T cells, suggesting that the
present observations were not dominated by mature, peripheral
oafTCR" DN T cells that could recirculate in these thymi (28).
We conclude that most EADN thymocytes in the present study
displayed an immature thymocyte profile based on DN subset
analysis, MHC-independence, and progenitor marker expression.
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Fig. 2. OT-1 TCR transgenic system provides a model for EADN cell development and response to MHC. (A) Representative flow cytometry analysis of sur-
face CD25 and c-Kit expression from wild-type B6 and OT-1 thymocytes gated on CD4 CD8a~ DN, EADN cells. Average frequencies of each subset from
4 mice are presented with SEM. (B) Flow cytometry analysis for surface expression of CD34, CD5, CD1a, and CD28 when gating on human EADN cells. After
gating out non-T lineage cells, EADN cells are identified as CD4~ CD8a~ CD45%™ CD7* «pTCR*. Numbers represent % cells in the gate. One-way ANOVA with
Tukey's posttest. (C) Nur77 expression in EADN cells of wild-type or MHC knockout (I-Ab-/-.b2m-/-), non-TCR transgenic mice, shown as median fluorescence
intensity (mFI) from intracellular staining and flow cytometry. Unpaired, two-tailed Student’s t test. (D) OT-1.RAG2~/~.p2M~’~ fetal thymic lobes were cultured
in the presence or absence of antigenic peptides with exogenously added p2M for 24 h. CD69 up-regulation is shown for stringently gated CD4-CD8~ DN
cells. Each point represents an individual thymic lobe. (E) SPADE of B6 Thy1* DN thymocytes. Thymocytes are pregated as Thy1.2*CD4 CD8a~ before per-
forming SPADE using 12 other surface markers (Materials and Methods). **P < 0.01 ***P < 0.001.
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EADN as Earliest Identifiable Developmental Stage in a Human
T-ALL Case. From five clinical T-ALL cases seen at University
Hospital-Missouri (2016 to 2018), we found evidence of
EADN as the earliest identifiable developmental stage in one
case. The neoplastic population in peripheral blood included a
hallmark heterogeneous CD4" CD8* DP subset and a DN
subset (Fig. 34, Top). Comparing T-lineage (CD7%) cells in
various subsets, CD8SP cells were CD3" (Fig. 3B, Top Lefd),
while the heterogeneous DP tumor population showed down-
regulated surface CD3 (Fig. 3B, Top Middle), a trait in com-
mon with nontransformed thymic DP cells (29). All DN cells
that were T-lineage (CD7") were surface CD3" (Fig. 3B, Top
Right), unlike nontransformed thymic DN counterparts, and
CD45%™ (Fig. 3C, Top and SI Appendix, Fig. S3), indicating
that they were immature and neoplastic. Additionally, immu-
nohistochemistry (IHC) staining of bone marrow demonstrated
infiltration of neoplastic cells expressing TCRf but not ydTCR

A B

(Fig. 3D, Top). This indicates that transformation occurred at a
developmental stage postcommitment to of-lineage. Collec-
tively, this case provided evidence that transformation may
have occurred at the EADN cell stage.

A contrasting example is a second case in which transforma-
tion apparently occurred at an earlier developmental stage than
EADN. Peripheral blood showed similar T cell subsets (Fig.
3A, Bottom) with CD8SP surface CD3" (Fig. 3B, Bottom Lef?).
But DP cells did not down-regulate surface CD3 (Fig. 3B,
Bottom Middle), and DN neoplastic cells were CD7* but sur-
face CD3 negative-to-low (Fig. 3B, Bottom Right). Gating on
the few CD7" DN cells that were highest for surface CD3,
their CD45 level was similar to that observed for CD8SP cells,
indicating these were mature, peripheral DN T cells, while the
CD7* DN CD3 negative-to-low cells were CD45%™, indicat-
ing immaturity and transformation (Fig. 3C, Bomom). IHC
staining revealed tumor cells expressing either TCRp or y8TCR,
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Fig. 3. EADN represents phenotypically earliest stage in a human T-ALL case. (A4) Surface CD4/CD8 profiles of peripheral blood T cells from 2 T-ALL patients.

(B) CD8SP, variable CD4/CD8 expressing, and DN cells are further analyzed for surface CD3 expression. CD7 is used as a T-lineage marker. Quadrants
are set using isotype controls. (C) Expression of CD45 on neoplastic and healthy T cells in the CD7*CD3* gated cells from (B). Numbers in flow cytometry
plots represent % cells in respective gates. (D) Immunohistochemistry staining for afTCR (Left) and ySTCR (Right) of patient cells (bone marrow, original

magnification x600).
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indicating transformation at a developmental stage preceding
commitment to of lineage (Fig. 3D, Bottom). We conclude that
in this second case transformation likely occurred in a cell at an
eatlier developmental stage than EADN, thus retaining both of
and y8 T-lineage potential.

Spontaneous EADN T-ALL Transformation in OT-1 Mice. We
observed that OT-1 mice spontaneously developed T  cell leukemic
lymphomas with features resembling human T-ALL with EADN
as earliest identifiable stage. Leukemic OT-1 mice appeared mori-
bund and presented with enlarged spleen, thymus, and lymph
nodes (Fig. 44). Flow cytometry analysis revealed that hypertrophic
lymphoid organs were infiltrated by Thyl® T-lineage blasts
(Fig. 4 B and (), which expressed OT-1 TCR (Fig. 4D) along
with heterogeneous coreceptor expression, ranging from DN to
immature CD8 single-positive (iSP) to DP. Three primary tumor
examples are shown (spleen, Fig. 4 F-H; thymus and gut lymph
nodes, SI Appendix, Fig. S44; T-ALL OT-1 tumors abbreviated
Tot). In vivo passaging was performed by intravenous retro-orbital
injection into nonirradiated C57BL6/J (B6) recipients. By 3 to
4 wk, all recipients became moribund reaching euthanasia criteria
as tumors infiltrated lymphoid organs (S/ Appendix, Fig. S4B).
Although in vitro cell passaging was attempted and failed in early
generations, serial passaging in vivo led to increased tumor growth
rate, shorter time to reaching endpoint criteria, and eventual acqui-
sition of a tumor cell line that readily passages in vitro (Tot-1si).
Due to the immature T-lineage of these tumors, acute growth rate
upon transplantation, blasted cell size and granularity, and leuke-
mic dissemination, we conclude that their dlassification is T-ALL.
We investigated if the NOTCH signaling pathway was dysre-
gulated in these tumors, as predicted for T-ALL (6). NOTCHI

sequencing revealed frameshift mutations in all primary tumors
assessed, resulting in loss of the regulatory PEST domain (87
Appendix, Table S1). Importantly, each tumor’s mutation was
unique and heterozygous, establishing the clonal origin of each
tumor. At the NOTCHI protein level, we compared B6 wild-
type thymocytes (nontransformed) with high-leukemia-load organs
from different Tot-bearing mice, finding in the tumor samples
induced expression of both full-length and cleaved NOTCHI1
products (Fig. 41). Antibody specificity for NOTCHI1 was vali-
dated by the inclusion of thymus cells from a mouse with condi-
tional deletion of CBP, known to increase NOTCHI1 activation
(30). The Tot-1si cell line expressed a vast excess of cleaved
NOTCHI1 and failed to grow when cultured in the presence of
y-secretase inhibitor, Compound E (Fig. 4/), indicating that
NOTCHI signaling was required for tumor maintenance.
Because EADN stage was the earliest developmental stage
observed in OT-1 T-ALL, we hypothesized that EADN stage
might be specifically susceptible to transformation. However,
an alternative hypothesis was that tumor originated from post-
positive selection cells at late DP or SP stages, the stages in nor-
mal T cell development where surface TCR is up-regulated
toward full expression level (29). To distinguish between these
hypotheses, we performed gene expression microarray analysis
of Tot-1si tumor followed by unsupervised hierarchical cluster-
ing with normal thymocytes of various developmental stages
from protocol-matched ImmGen data (31). Transcriptionally,
Tot-1si cells most closely resembled immature subsets sur-
rounding P-selection (DN3a, DN3b, DN4, iSP; Fig. 5), and
was relatively dissimilar to the most immature subsets (ETP,
DN2) and the more mature subsets (DP, SP) and other subsets
(NKT, GDT; Fig. 5; statistical significance of HC branch points
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Fig. 4. Spontaneous EADN T-ALL transformation in OT-1 mice. (A) Lymphoid organs in leukemic mice are enlarged compared to healthy littermates. Top to
Bottom: spleen, thymus, gut lymph nodes, various peripheral lymph nodes. (B) Frequency of T-lineage cells (Thy1.2*) in healthy OT-1 littermate (Left) and pri-
mary leukemic (Right) spleens. (C) Flow cytometry analysis comparing the size (FSC) and granularity (SSC), (D) OT-1 TCR surface expression, and (£) CD4/CD8
expression of healthy OT-1 and (F-H) primary OT-1 T-ALLs assessed in splenocytes. Numbers in flow cytometry plots represent frequency of cells in respec-
tive gates. (/) Western blot of lysates prepared from wild-type B6 thymocytes, CBP-null thymocytes, OT-1 T-ALL tumors as named, and an OT-1 T-ALL tumor
cell line grown in vitro (Tot-1si). Lysates were immunoblotted for NOTCH1 expression. Actin was assessed as a loading control, where B6 thymocytes were in-
tentionally overloaded to amplify NOTCH1 detection from that sample. (/) Tot-1si cells (2.5 x 10°) were seeded and cultured in the presence of DMSO vehicle
control or the gamma-secretase inhibitor, Compound E. Unpaired, two-tailed Student's t test, ***P < 0.001.
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Fig. 5. OT-1 T-ALL transformation occurs at the immature, EADN stage.
Hierarchical clustering of gene expression data of Tot-1si leukemic cells
(label highlighted in blue) and wild-type progenitor and mature T cell sub-
sets (31). Branches of subsets that bear the closest similarity to the tumor
represent immediate-post-g-selection stages, and their branches are col-
ored blue. DN, CD4 CD8~ double negative. ETP, early thymic progenitor.
ISP, immature single positive. DP, CD4*CD8* double positive. NKT, natural
killer T cell. GDT, y8 T cell. SP, single positive.

shown in S7 Appendix, Fig. S5A). This result led to a prediction
that an initiating tumor cell that was post-B-selection, but
prepositive-selection might generate progeny with many
different TCRa gene products from endogenous loci. The rea-
soning was that tumor proliferation would occur before the DP
positive selection step that halts TCRa rearrangement (32).
Mouse TCRa spectratyping was performed, revealing that while
all Tot tumors expressed the transgenic TCRa (Va2), Tot-1, -5,
and -7 expressed numerous other TCRa gene products, indicat-
ing that diverse TCRa rearrangement could continue posttrans-
formation (87 Appendix, Fig. S5B). These gene expression patterns
favor the hypothesis that EADN cells close to the B-selection
checkpoint may be specifically susceptible to T-ALL oncogenesis
in the OT-1 system.

MHC is Required for EADN-Stage OT-1 T-ALL Initial Oncogenesis
But Not Late Growth. To investigate the role of af TCR signaling
in the generation of OT-1 T-ALL, we followed the frequency of
T-ALL in mice in the presence or absence of OT-1 TCR and
MHC class I in a cohort study (Table 1). We observed that the
incidence of T-ALL in OT-1 mice was ~10% in the 3- to 9-mo
age group, with no incidence in wild-type B6 mice aged in paral-
lel, the latter expected from published low-incidence rates (33).
In contrast, T-ALL failed to develop in OT-1.52M ™'~ mice,
which lack MHC class I necessary for positive selection signaling

Table 1. Population study demonstrating a requirement
for MHC class | for spontaneous T-ALL development in
OT-1 mice

Genotype T-ALL incidence Age
WT (B6) 0% (0/30) 3-9 mo
OT-1 10% (5/50) 3-9 mo
OT-1.p2M~/~ 0% (0/190) 3-12 mo
OT-1.Rag2~/~ +

OT-1.p2M ™/~ x B6 (F1) +

OT-1 x B6 Ly5.1 (F1) +

(Top) Percent incidence is listed along with mouse numbers (incidence/total). (Bottom)
Observation of OT-1 T-ALL tumors in other genotypes without controlled population
study are listed with “+".
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through OT-1 TCR (34). When MHC class I was reintroduced
by breeding OT-1.2M '~ mice to wild-type B6 mice, T-ALL
was observed among OT-1" Fl1 progeny. RAG-mediated
DNA rearrangement was not required for transformation since
OT-1.AG2™"" mice were observed to develop T-ALL. Finally, we
also observed OT-1 T-ALL oncogenesis in F1 progeny from
OT-1 x B6Ly5.1 mice from a separate investigator’s colony
housed at a different institution (Table 1). These results suggest
that MHC is required for Tot tumor leukemogenesis.

To determine if the requirement for MHC class I could be
lost upon extended tumor growth beyond initial oncogenesis,
Tot tumors were transplanted into wild-type B6 or p2M '~
recipients. As described above, tumor growth occurred in wild-
type B6 mice, but tumors initially failed to grow when recipient
MHC class I was absent (example, early passage Tot-1, S/
Appendix, Fig. S6 A, B, and E). However, the same tumor line
after multigeneration passaging and now tested in parallel, Tot-
Isi, acquired the ability to grow in B2M ™'~ recipients (S7
Appendix, Fig. S6 C-E), and also grew in MHC class I and II
double-knockout recipients (S/ Appendix, Fig. S6 F-H).
Tot-1si grew independently in vitro, with surface phenotype
matching that of EADN cells, at DN3b with full surface TCR
expression (Fig. 6A). Although this multipassage T-ALL did
not require MHC for growth, it responded to antigen-present-
ing cells (APCs) with peptides loaded in H-2Kb. Tot-1si cells
exhibited graded up-regulation of CD69 in response to weak
Q4H7 peptide and strong OVA peptide above the null-
peptide, FARL (Fig. 6B). These responses were equivalent in
the presence or absence of anti-CD8 blocking mAb (Fig. 6B),
although the blocking mAb inhibited responses to the stimula-
tory peptides from mature CD8SP OT-1 T cells (ST Appendix,
Fig. S61). These data support a model in which the naturally
low-frequency EADN subset, magnified to high representation
in the OT-1 system, is capable of coreceptor-independent
TCR:MHC signaling that provides a causal pathway for T-ALL
oncogenesis susceptibility (S7 Appendix, Fig. S7).

Discussion

Signals that drive T cell development can also play a role in
T-ALL cancer development (35). In T-ALL, thymocytes arrest
at different developmental stages defined by both immunophe-
notype and transcription profile, reflecting the cellular context at
which transformation has occurred (36). Furthermore, T-ALL
can present with neoplastic cells at different developmental
stages among patients, and within tumor cell populations in
single patients, where various developmental, signaling, and/or
mutational pathways of leukemogenesis are possible (1, 36).
Hyperactive NOTCH is a central, signature feature that coop-
erates with both upstream and downstream signals and muta-
tions for leukemic transformation (6, 37, 38). Among the best
characterized NOTCH-synergizing partners in T-ALL initiali-
zation are the earliest known forms of immature TCR/CD3
signaling that do not require MHC-dependent ligation (7-9).
By contrast, in this study we showed MHC-dependent devel-
opment of T-ALL bearing mutations in NOTCHI, involving the
understudied condition where thymocytes display early afTCR at
DN (EADN) stage. In normal T cell development, we validated
that EADN cells exist as once reported (14), and their low fre-
quency can be similar in mouse and human (Fig. 1). Apart from
their full-level afTCR surface expression, EADN cells showed
DN3b-DN4 staging expressing markers of immature progenitor
cells and required CD38 but not MHC for their generation/
detection (Figs. 1 and 2). When a case of human T-ALL showed
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Fig. 6. EADN-stage OT-1 T-ALL cells are capable of coreceptor independent MHC engagement. (A) Tot-1si was derived from the most immature-appearing
tumor cells adapted to culture after serial transplantation in B6 recipients. Tot-1si was analyzed for surface CD4/CD8 and OT-1 TCR expression. Tot-1si DN
subset categorization was determined by CD44/CD25 expression, and post-p-selection status was determined by CD28 expression level. (B) Surface level of
CD69 induced in Tot-1si cells incubated with null (FARL), weak (Q4H7), or strong (OVA) antigenic peptides presented by APCs. Cells were cultured overnight
with 2 pM peptide and APCs, with anti-CD8 blocking antibody or irrelevant IgG control. Numbers in flow cytometry plots represent frequency of cells in
respective gates. Error bars represent SEM. Unpaired, two-tailed Student's t test, *P < 0.05 ***P < 0.001.

EADN cells as the earliest identifiable developmental stage, a
TCR transgenic mouse system was sought that could model the
EADN condition and was found in OT-1 where susceptibility to
EADN T-ALL oncogenesis was also observed (Figs. 3-5).

Primary EADN cells and OT-1 EADN T-ALLs responded
to MHC-based ligands in a coreceptor-independent manner.
First, MHC expression in vivo increased Nur77 in polyclonal
EADN cells in the absence of TCR transgenes (Fig. 2C). Next,
OT-1 EADN cells up-regulated CDG9 in response to strong
agonist OVA peptide provided in fetal thymic organ culture
(FTOC) (Fig. 2D), while Tot-1si cells up-regulated CDG69
when weak (Q4H7) or strong (OVA) peptides were presented
in vitro (Fig. 6B). Because these responses were not expected
since OT-1 is generally a CD8-dependent TCR (26), corecep-
tor independence was confirmed when anti-CD8 blocking
mAb had no effect against the Tot-1si responses, but inhibited
CDG69 up-regulation from peripheral OT-1 T cells (S Appendix,
Fig. S6F). This suggests that even though EADN cells lack core-
ceptor, they possess an intrinsically high sensitivity to MHC-
based ligands that must become down-regulated upon further cell
maturation. Such developmental tuning of antigen recognition is
known to apply to DP-SP transition based on regulation of CD8
sialylation and other processes (39, 40), and may extend earlier
when there is EADN expression to DN-DP-SP, representing
highest-to-lowest afp TCR sensitivity (41) and least-to-most core-
ceptor dependence.

Interestingly, MHC class I was required for OT-1 mice to
produce T-ALLs that showed EADN as the earliest identifiable
developmental stage among mostly DP-heterogenous tumor
populations (Fig. 6), a phenotype shared with the human
T-ALL case #1 (Fig. 3). Compared with 10% T-ALL incidence
in OT-1, the OT-1.p2M '~ genotype produced no tumors,
and we extended the age range and mouse number but still
found 0/190 (Table 1). Numerous other mouse experimental
systems have observed T-ALL oncogenesis previously, but not
this requirement for MHC (42, 43). We further emphasize
that, in our model, the genetic background is one of positive
selection of OT-1, such that only weak afTCR:MHC signals are
expected in vivo (34). We hypothesize that the MHC-requirement
may be specific for EADN-stage T-ALL initiation, whereas tumor-
igenesis initiated at earlier stages is MHC-independent; but
common to both pathways, bulk tumor populations can share

PNAS 2022 Vol. 119 No.27 2118529119

heterogeneous DN-DP phenotype as they continue to follow the
T cell developmental program (SI Appendix, Fig. S7). First,
mRNA expression of all CD3 subunits is present from DN1 and
sustained through all subsequent stages (44), although CD3 func-
tion in normal T cell development is not required until pre-T cell
signaling at DN3 (45). Clonotype-independent CD3 complexes
may synergize with NOTCH mutation to drive T-ALL and
increase this activity when engaged by injectable anti-CD3 mAb
(9) or when joined by unnaturally early, prerearranged af TCR
(42, 46). Next, pre-Taw expression begins by DN3a to join TCRf
forming pre-TCR, with f-selection advancing cells to DN3b,
DN4, iSP, and DP (44). Pre-TCR signals are thought to drive
many models of T-ALL (7, 8) without a role for MHC, although
some evidence suggests pre-TCR can play a facilitating rather than
requisite role, perhaps depending on the dose of NOTCH signal-
ing (9). Expression of other transgenic TCRs often occurs at
unnaturally early DN1 or DN2 stages, which subsequently at
DN3 stage provides signals equivalent to pre-TCR to advance
development (14, 47, 48) and perhaps plays a ligand-independent
role in T-ALL tumorigenesis. Further, a TCR transgenic mouse
with strong reactivity against a self-antigen (survivin) that would
model thymic negative selection was found to have full apTCR
expression at DN1. DN T-ALLs developed in these mice in the
presence or absence of MHC class I, although MHC-sufficient
animals succumbed at a faster rate (49). Finally, «pTCR has been
previously implicated in retrovirus-induced leukemogenesis by
serving as a direct retrovirus receptor for thymocyte infection
(50-53) and providing mitogenic signals to promote proliferation
of cells expressing oncogenes (54-56). The present data provide
evidence for an MHC requirement for T-ALL initiation, a prop-
erty that may be specific for the unique EADN developmental
condition, where the timing of full-level apTCR surface expres-
sion at DN3 is modeled in the OT-1 system. Furthermore, here,
thymic positive selection is driven by weak self-peptide-MHC
ligands, without strong reactivity and negative selection, and this
characteristic may also influence the MHC-dependent induction
of T-ALL observed.

Although MHC was required to initiate tumorigenesis, prop-
agation in vivo saw the MHC requirement lost (S/ Appendix,
Fig. S6 A and B), while tumor aggression increased and an
MHC-independent cell line was established that could grow,
in vitro (S Appendix, Fig. S6 C and D). In general, cancer
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progression can involve loss of dependence on some receptors or
pathways while mutation accumulation and selection allow other
pathways to replace survival and proliferation signals (35, 36).
Some T-ALL models that begin with heavy reliance on pre-TCR
signals may lose that receptor addiction during tumor mainte-
nance (9). In our OT-1 T-ALL model, it is curious that passaging
in vivo in the presence of MHC ligand might create selection
pressure that favors outgrowth of tumors that lose MHC-
dependence. One might speculate that with both donor tumors
and recipient mice expressing syngeneic MHC class I during pas-
saging (81 Appendix, Fig. S6B8), MHC may not be limiting unless
specificity of peptide presentation also matters. If so, it might be
interesting to identify self-peptide-MHC complexes that stimulate
T-ALL oncogenesis and early growth.

The present study implicates signaling through MHC:apfTCR
as a required driver event in NOTCH-dependent T-ALL oncogen-
esis when initiating cells are EADN in the presence of positive
selection-strength MHC. The data illustrate how unique develop-
mental states provide unique context and signaling rules that gov-
ern precursor T cell reactivity and T-ALL leukemogenesis. It is
likely that a deeper understanding of both overlapping and dispa-
rate mechanisms driving T-ALL between different models and
thymocyte stages will create more knowledge surrounding the het-
erogeneity of T-ALL clinical phenotypes. The identification of
EADN as a distinct developmental state at risk for transformation
may inform future stratification of therapy regimens for T-ALL.

Materials and Methods

Mice. All mice were C57BL6 background. OT-1 mice were originally provided by
Larry R. Pease (Mayo Clinic), and were further bred to 2M ™'~ (Jackson Labora-
tory) to obtain OT-1.52M~'~ mice. p2M~'~ mice were bred to MHC I/~ (57)
to obtain MHC I~/~_MHC 11"~ double knockout mice. CD3e~"~¢~'~ mice
were originally provided by D. Vignali (then at St. Jude Children’s Research Hos-
pital) with permission from C. Terhorst (Beth Israel Deaconess Medical Center,
Harvard Medical School). CD35~'~ mice were a kind gift from Dietmar Kappes
(Fox Chase Cancer Center, Philadelphia, PA), subsequently bred to MHC I~
MHC II”"~ mice to obtain CD38~'~.MHC I”'~.MHC II”"~ mice. OT-1.RAG2 "~
mice were originally purchased from Taconic Biosciences. Mice were bred and/or
maintained at University of Missouri-Columbia or the Mayo Clinic, and all animals
were housed in specific pathogen-free facilities. Within experiments, mice were
age- and sex-matched between experimental groups. Individual mice within 15 d
of age were accepted as age matched. All mouse care and experimentation
adhered to institutional guidelines and the NIH Guide for the Care and Use of Labo-
ratory Animals.

Cell Culture. Tot-1si cells were maintained in RPMI-1640 (Life Technologies) sup-
plemented with 10% Cosmic calf serum (HyClone), 2 mM L-glutamine (Life Tech-
nologies), 1% nonessential amino acids (Gibco), 1 mM sodium pyruvate, penicillin
(100 U/mL)streptomycin (100 pg/mL) (Life Technologies), and sometimes 0.02%
Fungizone (Gibco), and were cultured in a 37 °C incubator with 5% CO,.

In Vitro T Cell Stimulation. Tot-si cells (2.5 x 10°) or mature T cells from
OT-1.RAG2 '~ splenocytes (0.4 x 10°) were resuspended in 200 pl complete
RPMI media in a 96-well plate. To assess coreceptor-independent TCR activation,
cells were preincubated with 10 pg/mL anti-CD8a blocking antibody (clone
53-6.7, Biolegend) or nonimmune rat IgG (BioLegend) for 30 min at 37 °C.
Next, Tot-1si cells were mixed with an equal number of CD3e~'~¢ '~ spleno-
cytes as APCs and resuspended in 200 pL complete RPMI media in a 96-well
plate. To the coculture, and to the OT-1.RAG2 '~ splenocytes in parallel, peptide
antigens FARL, Q4H7, or OVA were added at a final concentration of 2 uM and
incubated overnight at 37 °C. Cells were harvested and subjected to flow cytom-
etry analysis.

FTOC. Timed matings were performed, as previously described (58). Briefly,
mouse cages were divided in half using an acrylic divider. One male and one
female mouse resided on each side of a divided cage for ~72 h, after which the
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divider was removed in late afternoon to allow mating overnight. FTOC was per-
formed as previously described (34). Fetal thymi were harvested on embryonic
day 15. Each fetal thymic lobe was placed on sterile mixed cellulose ester gridded
filter paper (Millipore) on top of a Gelfoam sterile sponge (Pfizer), in HyClone
CCM1 serum-free media (GE Life Sciences) in one well of a 48-well plate. Some
cultures were supplemented with exogenous human p2M (5 pg/ml, Sigma) and
peptides FARL (SSIEFARL), Q4H7 (SIIQFEHL), or OVA (SIINFEKL) at the indicated con-
centrations. Thymi were cultured for 24 h at 37 °C before harvest and analysis by
flow cytometry.

Flow Cytometry. Whole thymocyte or peripheral organ single-cell suspensions
were prepared as previously described (34). FeR binding was blocked with anti-
mouse CD16/32 antibody (BioLegend) at room temperature for 15 min before
staining. Sample acquisition was performed using either BD LSRFortessa X-20,
Accuri C6, or BD FACSCalibur instruments. Data analyses were done using
FlowJo v10. For anti-mouse antibodies, CD4 (GK1.5), CD5 (53-7.3), CD8«x (53.6-
7), CD8P (53-5.8), CD25 (3C7), CD28 (37.51), CD44 (IM7), CD45.2 (104), CD&9
(H1.2F3), CD90.2 (30-H12), CD117 (ACK2), CD122 (TM-B1), ySTCR (GL3), H-2K®
(AF6-88.5), NK1.1 (PK136), PD-1 (29F.1A12), TCRB (H57-597), Va2 (B20.1),
V3.2 (RR3-16), V8.3 (B21.14) were purchased from Biolegend. Anti-Nur77
(12.14) was purchased from ThermoFisher Scientific. The tetramer CD1d-PBS57
was obtained from the NIH Tetramer core facility. For anti-human antibodies,
CD1a (HI149), CD3 (SK7), CD4 (SK3), CD5 (L17F12), CD7 (CD7-6B7), CD8ax
(SKT), CD28 (CD28.2), CD34 (581), CD45 (2D1), CD56 (5.1H11), aBTCR (IP26),
y8TCR (B1) were purchased from BioLegend. CD7 (M-T701) and CD56 (NCAM16.2)
were purchased from BD Biosciences. In certain samples viability dyes were used:
TOPRO3 (ThermoFisher Scientific), 7-AAD (BD Biosciences).

SPADE Analysis. SPADE analysis was performed using Cytobank (59) using a
target setting of 75 nodes at 10% downsampling. After gating on Thy1.2+-CD4~CD8~
DN cells, DN cells were clustered using TCRB, CD1d-tetramer (PBS57), ySTCR,
NK1.1, H2K®, PD-1, CD5, CD25, CD28, CD44, CD122, and pooled TCRVas (Vo2,
V3.2, and Va8.3). Cell population assignment was done using established
markers for lineage and developmental maturity. Surface expression data that is
displayed in heatmaps represent log-like transformed median fluorescence inten-
sity, following standard Cytobank analysis protocols.

Intracellular Nur77 Staining. Single cell suspensions of thymocytes were fixed
and permeabilized using Cytofix/Cytoperm kit (BD Biosciences) according to
manufacturer instructions and stained with PE-anti-Nur77 antibody (clone 12.14,
eBioscience) or mouse IgG1 isotype control (clone P3.6.2.8.1, eBioscience) for
30 min, on ice. As positive control for Nur77 staining, OT-1.RAG2 '~ splenocytes
(0.4 x 10° cells/well) were stimulated with 2 xM OVA peptide for 2 h at 37 °C.

NOTCH1 Expression and Mutation Analysis. OT-1 T-ALL tumors, control thy-
mocytes, and the CBP-null thymocytes were lysed in Nonidet P-40 lysis buffer
(1% Nonidet P-40, 0.5% sodium deoxycholate, 5 mM EDTA, 50 mM Tris pH 7.4,
150 mM NaCl, and protease inhibitors). Lysates were centrifuged at 14,000 rpm
for 15 min at 4 °C. Protein samples were separated by SDS-PAGE, transferred to
nitrocellulose membrane and detected by Western blot analysis using standard
techniques. Blots were probed with antibodies that recognize NOTCHT (mN1A,
Santa Cruz Biotechnology) and Actin (Millipore). Genomic DNA was amplified
by PCR and sequenced using 2 sets of primers (60) for exon 34 of NOTCH1.
Forward (1): 5’-GCTCCCTCATGTACCTCCTG-3'. Reverse (1): 5'-TAGTGGCCCCATCATG
CTAT-3'. Forward (2): 5'-ATAGCATGATGGGGCCACTA-3'. Reverse (2): 5'-CTTCACCCT
GACCAGGAAAA-3.

Microarray Analysis. Total RNA from Tot-1si cells was extracted using Qiagen
RNeasy Mini kits (Qiagen). RNA quality assessment was done using an Agilent
2100 Bioanalyzer, followed by hybridization to Affymetrix MoGene 1.0 ST array.
Data for normal thymocyte subsets were retrieved from the ImmGen microarray
dataset GSE15907 (31). Raw feature data were log, transformed, background
corrected, and normalized using the robust multi-array average (RMA) method
with the ‘oligo’ package (61). Low intensity probes were filtered out, resulting in
2,619 probes being included in the unsupervised hierarchical clustering. Hierar-
chical clustering was performed using Ward's method. Dissimilarities between
clusters were calculated using Euclidean distance. To assess the uncertainty of
the hierarchical clustering, approximately unbiased (AU) value (62) was used as
the uncertainty metric. AU values were calculated using the package ‘pvclust’
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(63) with 10,000 bootstrap replications. All procedures were performed using R
(version 4.0.5). Data used in this study have been deposited in the NCBI Gene
Expression Omnibus under the GEO series accession number GSE180556.

TCRa Spectratyping. TCRo spectratype analysis was performed with primer
sequences and protocols as previously described in detail (64).

Patient Samples and Data. University of Missouri Institutional Review Board
(IRB) guidelines and protocols were followed for retrospective analysis of clinical
patient T-ALL data (IRB approval number 2011050). Pediatric thymic tissue was pro-
vided from de-identified medical waste by an approved organ procurement organi-
zation, with a full waiver of consent approved by IRB approval number 2011876.

IHC. Formalin-fixed paraffin-embedded bone marrow sections were manually
stained according to standard procedures. Mouse anti-human TCRS antibody
(clone H41, Santa Cruz Biotechnology) and mouse anti-human TCRB (BF1, clone
8A3, ThermoFisher Scientific) were used to detect human y8TCR and ofTCR,
respectively. The sections were then immunoperoxidase stained with hematoxy-
lin counterstaining. Positive and negative controls were included for each stain.

Statistical Analysis. Prism (version 8, GraphPad Software) and R were used
for statistical analysis. Unless otherwise indicated, for comparison of two groups,
unpaired Student's t test was used; for comparison of multiple groups, one-way
ANOVA with Tukey's posttest was used. All error bars represent SEM.
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