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It is now well established that the E and Id protein axis regulates multiple steps in lymphocyte development.
However, it remains unknown how E and Id proteins mechanistically enforce and maintain the naive T-cell fate.
Here we show that Id2 and Id3 suppressed the development and expansion of innate variant follicular helper T
(Tgp) cells. Innate variant Tgy cells required major histocompatibility complex (MHC) class I-like signaling and
were associated with germinal center B cells. We found that Id2 and Id3 induced Foxol and Foxp1 expression to
antagonize the activation of a Tyy transcription signature. We show that Id2 and Id3 acted upstream of the Hifla/
Foxo/AKT/mTORCI1 pathway as well as the c-myc/p19Arf module to control cellular expansion. We found that
mice depleted for Id2 and Id3 expression developed colitis and «p T-cell lymphomas. Lymphomas depleted for Id2
and Id3 expression displayed elevated levels of c-myc, whereas p19Arf abundance declined. Transcription
signatures of Id2- and Id3-depleted lymphomas revealed similarities to genetic deficiencies associated with
Burkitt lymphoma. We propose that, in response to antigen receptor and/or cytokine signaling, the E-Id protein
axis modulates the activities of the PI3K-AKT-mTORCI1-Hifla and c-myc/p19Arf pathways to control cellular
expansion and homeostatic proliferation.
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The differentiation of T-lineage cells is initiated in the
thymus. Soon after arriving in the thymus, T-cell pro-
genitors initiate TCRP locus rearrangement, undergo
limited expansion, and initiate a T-lineage-specific pro-
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gram of gene expression. This developmental stage is
characterized by the lack of expression of the coreceptors
CD4 and CD8 and is commonly referred to as the double-
negative (DN) stage. Once a functional TCRp chain has
been generated and the pre-TCR is assembled and
expressed, DN cells undergo rapid expansion and give
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rise to CD4"CD8" double-positive (DP) cells (Carpenter
and Bosselut 2010). Upon reaching the DP compartment,
thymocytes exit the cell cycle, initiate TCRa locus
rearrangement, and undergo positive and negative selec-
tion (Singer et al. 2008; Kreslavsky et al. 2010). The
lymphoid populations can be segregated into adaptive or
innate immune cells. The selection process permits the
developmental progression of a selected group of adaptive
T-lineage cells that have acquired a TCR with moderate
affinity for major histocompatibility complex (MHC)
class II (CD4 single positive [CD4SP]) or class I (CD8SP)
associated with self-antigens (Klein et al. 2014). On the
other hand, innate T-lineage cells are selected by CD1 for
invariant natural killer T (iNKT) cells and by MHC-
related protein MR1 for mucosal-associated invariant T
lymphocytes (MAIT) (Bendelac et al. 2007; Gold and
Lewinsohn 2013)

Adaptive B and T cells express an enormously diverse
antigen receptor repertoire. They maintain a naive lym-
phoid cell state until they encounter invading pathogens,
upon which they expand and differentiate into effector
cells. Innate lymphoid cells (ILCs) carry germline-encoded
receptors or express a limited antigen receptor repertoire
and have the potential to rapidly induce cytokine expres-
sion (Cerutti et al. 2013; Verykokakis et al. 2014). The
innate lymphoid system is comprised of multiple cell
types, including natural killer (NK), lymphoid tissue in-
ducer (LTi), type 2 ILCs, and innate-like B and T cells
(Diefenbach et al. 2014). The innate-like B- and T-cell
compartment consists of marginal zone B cells, iNKT cells,
MAIT cells, and subsets of v3 T cells. ILCs act primarily by
modulating the activities of adaptive immune cells.

It is now established that a large majority of develop-
mental trajectories in the thymus involve regulation by
members of the helix-loop-helix (HLH) family (Rothenberg
2014). These include E proteins as well as Id proteins. Four
E proteins have been identified and characterized. They
include E12, E47, HEB, and E2-2. E12 and E47 are encoded
by the E2A locus and are generated by differential splicing.
E protein DNA-binding activity is regulated by the Id gene
products, named Id1-4. Id proteins contain an HLH di-
merization domain but lack the basic DNA-binding re-
gion. They function predominantly by antagonizing the
DNA-binding activities of E proteins (Benezra et al. 1990;
Lazorchak et al. 2005; Miyazaki et al. 2014).

E protein levels are abundant in T-cell progenitors,
where they activate TCRB V(DJJ locus rearrangement
and induce the expression of genes encoding for members
of the Notch and pre-TCR signaling cascade (Ikawa et al.
2006; Agata et al. 2007). E47 expression declines in
resting DP cells and decreases further upon maturating
beyond the TCR checkpoint (Engel et al. 2001; Miyazaki
et al. 2011). High E2A expression prevents developmental
progression, whereas decreasing E2A and HEB levels
promote positive selection (Rivera et al. 2000; Jones and
Zhuang 2007). HEB acts in the DP compartment to
promote the development of NKT cells (D’Cruz et al.
2010). The traversal of these checkpoints in response to
pre-TCR, v8 TCR, and o TCR signals is facilitated by the
induction of Id3 expression. Beyond the pre-TCR, v
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TCR, and o8 TCR checkpoints, Id3 expression is required
to maintain the naive state (Verykokakis et al. 2010,
2014; Miyazaki et al. 2011; Li et al. 2013). The combined
activities of Id2 and Id3 are required to promote efficient
developmental progression of CD8SP cells (Jones-Mason
et al. 2012).

Here we examined how Id2 and Id3 act mechanistically
beyond the TCR checkpoint to orchestrate T-cell fate. We
found that the activation of Id3 and Id2 expression in DP
cells is sequential and that Id2 and Id3 suppressed the
development and expansion of innate variant follicular
helper T (Tgy)-like cells acting in turn to promote the
ectopic development of germinal center (GC) B cells. The
innate Tgy-like cells carried a highly restricted antigen
receptor repertoire indicative of a self-renewing popula-
tion. We identified a genetic network involving the Id-E
protein, AKT-FOXO-mTOR, and Myc-p19Arf modules,
which orchestrate a self-renewal-specific program of gene
expression. Finally, mice depleted for Id2 and Id3 in T
cells developed colitis as well as T-cell lymphoma.
Collectively, these data point to a regulatory circuitry
that underpins the mechanism by which Id2 and Id3 act
to antagonize an innate variant Tgg-specific program of
gene expression, maintain thymocyte quiescence, and
suppress the development of lymphoma.

Results

Expression patterns of Id2 and Id3 in positively
selected thymocytes

Previous studies have demonstrated that Id3 expression
is induced at the pre-TCR checkpoint and further ele-
vated during the positive selection process, whereas Id2
expression is low in positively selected DP cells but
elevated in CD4SP or CD8SP cells (Bain et al. 2001; Engel
et al. 2001; Miyazaki et al. 2011; Jones-Mason et al. 2012).
To examine in greater detail how Id2 and Id3 expression
is regulated during positive selection, we used Id2-YFP
and Id3-GFP reporter mice (Yang et al. 2011a). Positively
selected cells, identified as CD5*CD69~ or CD69"TCRB ™
DP cells, expressed higher levels of Id3 but did not display
significant levels of Id2-YFP (Fig. 1A). Id2 expression was
only detectable in TCRB* DP cells (Fig. 1A). The majority
of mature CDG62L* CD4SP or CDS8SP cells displayed
abundant levels of Id2 and Id3 expression (Fig. 1A).
Collectively, these data indicate that the induction of
Id2 and Id3 expression during positive selection is se-
quential: Id3 expression is activated by TCR signaling
in positively selected cells, whereas Id2 expression is
induced at a later stage by a separate pathway, which
remains to be revealed.

Development of Try-like cells and GC formation
in primary and peripheral lymphoid organs derived
from 1d2"1d3" 1L 7RC™ mice

Previous studies have demonstrated key roles of E and Id
proteins in enforcing and modulating the pre-TCR and
TCR checkpoints (Bain et al. 1999; Engel et al. 2001;
D’Cruz et al. 2010; Miyazaki et al. 2011; Jones-Mason
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Figure 1. Development of CXCR5'PD-1* af T cells and IgG1 class-switched B cells in thymi derived from Id2%1d3V41L.7R®" mice. (A) Flow
cytometric analysis of CD69 versus CD5 expression and CD69 versus TCRP expression gated on CD4*CD8* DP cells (top left); CD69 versus
CD62L expression gated on CD4SP (CD4*CD8 TCRB*) cells (bottom Ieft); and GFP versus YFP expression gated on CD5 CD69~,
CD5"CD69 -, CD69"TCRB~, CD69*TCRB™ (DP), and CD69"CD62L~ and CD69~CD62L" (CD4SP) cells (right). Numbers in quadrants indicate
percentages of cells in each compartment. Data are representative of two independent experiments. (B, top left) Flow cytometric analysis of
CD#4 versus CD8 expression in total thymocytes derived from 5-wk-old Id2"1d3V L 7R and 1d2%%1d3"~ control mice. (Top right) The
graph shows the number of total thymocytes of 5-wk-old Id2/f 143/ 7R and 1d2%/%1d3%~ control mice. The bottom panels show
the expression of CXCR5 and PD-1 (middle) and CXCR5 and ICOS (bottom) gated on CD4SP (CD4*CD8 TCRRB™) cells. The absolute
number and frequency of gated cells are shown in adjacent panels. Numbers in plots refer to CXCR5"PD-1" and CXCR5*ICOS* cells.
Data represent the mean = SD from two independent experiments analyzing four 5-wk-old mice. (C) The top graphs show the
percentage and absolute number of B cells (B220"CD19*) in thymi derived from 5-wk-old Id2%/1d3%/[L 7R and littermate control
mice. Flow cytometric analysis of IgG1 versus IgD expression and CD38 versus Fas expression gated on the B220*CD19* population.
The bottom right panel shows IgG1 and IgD expression gated on the CD38 Fas™ cells. Data represent the mean + SD from two
independent experiments analyzing four 5-wk-old mice. (D) The absolute number of CXCR5*PD-1" CDA4T cells and frequency of GC
(Fas*GL7*) B cells and IgGl1 class-switched (IgG1*IgD~) B cells in spleens derived from 5-wk-old Id2%/f1d31L 7R mice. Data
represent the mean + SD from two independent experiments analyzing four 5-wk-old mice. (E) Representative immunofluorescence
staining with anti-B220 antibody and PNA in spleens derived from 5-wk-old Id2V/1d3A 1L 7R mice. Arrows indicate PNA* GCs. (F)
Representative ELISPOT wells using thymocytes (top) and the frequency of IgM- or IgG1-secreting cells in bone marrow (BM), spleen
(Spl), and thymus (Thy) derived from 6-mo-old Id2V1d3V1L7RC™ and littermate control mice (middle and bottom) are shown. (E)
Data are representative of two independent experiments with three mice each. (*) P < 0.05; (**) P < 0.01 (Student’s t-test).
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et al. 2012). To evaluate the roles of Id2 and Id3 throughout
thymocyte development, we used Id2V1d3"A1L 7R mice
to ablate Id2 and Id3 expression in common lymphoid
progenitors (CLPs) (Schlenner et al. 2010; Jones-Mason
et al. 2012; Niola et al. 2012). Consistent with previous
observations, the CD8SP compartment was virtually ab-
sent in I1d2"A1d3"f1L 7R mice (Fig. 1B; Jones-Mason
et al. 2012). Additionally, Id2Vf1d3"1L7R“* mice dis-
played an increase in the total number of DN cells that
expressed TCRP (Supplemental Fig. 1A). Since a previous
study showed aberrant development of Tgy-like cells in
thymi derived from Id3-null mutant mice, we examined
1d2"1a39M117RC™ mice for CXCR5, PD-1, and ICOS
expression (Miyazaki et al. 2011). We found that a large
fraction of CD4SP and DN TCRB" as well as iNKT cells
expressed CXCR5, PD-1, and ICOS in thymi derived from
5-wk-old Id2"11d3" 1L 7R mice (Fig. 1B; Supplemental
Fig. 1A,B). CXCR5"PD-1" Tgy-like cells were detectable
in Id3~/-, 1d3"-CcD4%*¢, and Id3""IL7R®" mice but
not in Id2"AIL7RC™ mice (Supplemental Fig. 1C,D). The
Try-like populations were accompanied by increased
numbers of B220*CD19* thymic B cells, FasPCD38~
GC B cells, and IgG1 class-switched cells (Fig. 1C). We
found that the segregation of cortical and medullary
regions was completely abolished, and B220" cells were
observed throughout the thymi derived from 5-wk-old
1d2"81d3M 11, 7R mice (Supplemental Fig. 1E). In addi-
tion, we noted spontaneous GCs in the spleens derived
from 1d2"A1d3"MIL7RC™ mice, accompanied by fewer
naive CD4 T cells and an increased number of Ty cells
(Fig. 1D,E; Supplemental Fig. 2A,B). The elevated number
of Tgy cells was associated with the development of GC B
cells, IgG1 class-switched B cells, plasma blasts, and
plasma cells (Fig. 1D; Supplemental Fig. 2C). Furthermore,
substantial numbers of IgM- and IgGl-secreting cells
were detected in thymi and spleens, but not in the bone
marrow, derived from 4- to 6-mo-old Id2Vf1d3"L 7R e
mice (Fig. 1F). Taken together, these data indicate that
Id2 and Id3 suppress the development and/or selection of
Try-like cells and GC B cells in primary and peripheral
lymphoid organs.

Development of innate Try-like cells
in 1d2"71d3"A 1L 7RC™ mice

To examine in greater detail the phenotypes associated
with the development of Tgy-like cells, CD4SP cells were
analyzed for the expression of markers associated with
maturation and migration. In line with previous studies,
we found that TCRB™ DP and CD4SP thymocytes
displayed aberrant CCR7, CXCR4, CD62L, and CD69
expression in 1d2V1d3" L 7R mice (Fig. 2A; Jones-
Mason et al. 2012). The level of CD44 expression dis-
played by 1d2%/1d3"1L7RC* CD4SP thymocytes was
distinct from that observed for splenic CD4* T cells,
suggesting that the CD4SP cells in the thymus were not
derived from recirculating CD4* T cells (Fig. 2B). Previous
studies have demonstrated that a fraction of CD4SP cells
derived from Id3~/~ thymi aberrantly expressed PLZF or
Eomes (Verykokakis et al. 2010, 2013; Miyazaki et al.
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2011; Li et al. 2013; D'Cruz et al. 2014). The fraction of
thymocytes expressing PLZF was increased in the thymi
and spleens derived from Id2"A1d3"IL7RC™ mice,
while Eomes expressors were mostly lacking (Fig. 2C).
Since PLZF is the transcription factor that is expressed in
innate T cells such as iNKT cells, we examined whether
the innate Tgy-like population was distinct from that
of iNKT cells. We found that only a small fraction of
CXCR5" CD4SP cells represented iNKT cells and that
the majority of CXCR5" CD4SP cells expressed PLZF
(Fig. 2D,E). Furthermore, we found significantly in-
creased numbers of IL-4- but not IFN-y-producing CD4SP
cells (Fig. 2F). Taken together, these data indicate that
depletion of Id2 and Id3 expression at an early devel-
opmental stage results in the development of an innate
Teu-like population in the thymus.

Rapidly expanding innate Try-like cells
in 1d2"""1d3AL,7RC™ mice

To obtain further insight into the mechanism that
underpins the roles of Id2 and Id3 in thymocyte develop-
ment, 1d2"11d3VAIL 7R thymi were examined for ab-
normalities upon aging. We found that at 2 wk after birth,
thymi derived from Id2Y%1d3"1L7R"" mice displayed
a complete block in positive selection, with a pronounced
defect during the CD69*"TCRB ™ -to-CD69 " TCRB™ transi-
tion (Fig. 3A). For comparison, we analyzed DP cells
derived from TCRa /= mice for CD5 or CD69 expression.
We found that DP cells derived from TCRa '~ thymi did
not display either CD69 or CD5 expression (Supplemental
Fig. 3A). These data suggest that DP thymocytes that have
received a TCR signal required Id2 and Id3 expression to
fully differentiate into the TCRB™ stage. However, unlike
the complete block in positive selection observed in 2-wk-
old mice, we found that in adult (4- to 8-wk-old) mice,
CD4SP cells in Id2Y11d3"IL7RC™ mice readily were
detectable and continued to expand (Fig. 3B, top; Sup-
plemental Fig. 3B). A significant fraction of the expanding
CD4SP populations displayed CXCR5 and PD-1 expression
(Fig. 3B, bottom; Supplemental Fig. 3B). The expanding
CD4SP population showed relatively high levels of Ki67
expression and BrdU incorporation, whereas proliferating
cells in the control CD4SP compartment were barely
detectable (Fig. 3C,D). Likewise, DN TCRB" cells derived
from 1d2"11d3"AIL 7R mice displayed a substantial in-
crease in the fraction of BrdU™ cells (Supplemental Fig. 3C).
Annexin V expression was not affected in these popula-
tions (Supplemental Fig. 3D). We also observed a substan-
tial increase in cell size across the CD4SP but not in the
DP compartment in Id2%81d3"[L7RC* thymocytes (Fig.
3E). Over time, the majority of thymocytes expressed
CXCR5 and PD-1 associated with large cell size (Supple-
mental Fig. 3E). Sections of thymi derived from 6-mo-old
1d2"0 143" L7RC™ mice showed effacement of the
cortico-medullary junction due to proliferation of neoplastic
cells with large, hyperchromatic, irregular nuclei and scant
cytoplasm (Fig. 3F).

To determine whether the expanding population was
derived from a small fraction of selected thymocytes, the
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Figure 3. An expanding population of CXCR5* cells in thymi derived from Id2V%1d3%"L7R“* mice. (A) Flow cytometric analysis
of CD4 versus CD8 expression in total thymocytes and CD69 versus CD5 expression and CD69 versus TCRB expression gated on
DP cells derived from 2-wk-old 1d2%41d3"V4IL7R™ or littermate control mice. The graph shows the frequency of CD5*CD69~,
CD69*TCRB™, and CD69*TCRB" cells in the DP compartment. Numbers adjacent to the outlined areas or in quadrants indicate the
percentages of cells in the population. Data are representative of one experiment with 2-wk-old mice (mean = SD; n = 5 [Ctrl] and 3
[1d281da3VA1L7RC"] biological replicates). (B) The frequency of CDA4SP cells (top) and the number of CXCR5*PD-1* CD4SP cells
(bottom) are plotted. Data were derived from five independent experiments (mean + SD; n =5 or 3 [2-wk], 3 [4-wk], and 4 [5- or 8-wk]
biological replicates). (C) Intracellular staining of Ki67 in CD4SP cells derived from 8-wk-old Id22"1d3%% 11, 7R< or littermate control
mice. Numbers above lines indicate percentages of Ki67-expressing cells. The graph shows the frequency of Ki67-expressing cells
derived from 6- to 8-wk-old Id2"1d3%f[L7RC™ or littermate control mice. Data were derived from two independent experiments
(mean * SD; n = 4 biological replicates). (D) Flow cytometric analysis of BrdU incorporation and CXCR5 expression gated on CD4SP
(TCRB*CD257) cells derived from 8-wk-old 121431 7R or littermate control mice. Mice were injected intraperitoneally with 1 mg
of PBS (BrdU ™) or BrdU twice (24 h and 2 h prior to harvesting). Numbers in quadrants indicate BrdU-incorporated cells. The graph shows
the frequency of BrdU"* cells in DP and CD4SP cells. Data were derived from two independent experiments (mean = SD; n = 4 biological
replicates). (E) Flow cytometric analysis of cell size (FSC) in DP and CD4SP cells derived from 5- or 8-wk-old Id2%f1d3VirL 7R or
littermate control mice. Data were derived from two (5-wk) or four (8-wk) independent experiments. (F) Representative hematoxylin and
eosin (H&E) staining of thymi derived from 6-mo-old Id2%f1d3%/41L7RC™ or littermate control mice. Original magnification, 200X. Data
are representative of three independent experiments. (G,H) RNA-seq data for the TCRa V locus (H) and TCR V locus (G). mRNA was
isolated from sorted CXCR5"CD44" CD4 T cells from SRBC-immunized wild-type spleens (Try) and CD4SP thymocytes derived from
8-wk-old Id2"A1d3A1L, 7R, 1d3~/~, and Id3*/~ thymi and analyzed using RNA-seq. Numbers of reads are indicated for each of the tracks.
(G,H) Two independent experiments with three mice each. (*) P < 0.05; (**) P < 0.01 (Student’s t-test).



TCR repertoires were examined using RNA sequencing
(RNA-seq). To this end, RNA was isolated from CD4SP
cells from 1d3*/~, 1d37/~, and 1d2"1d3M 1L 7R thymi
as well as wild-type Ty cells. We found that VB and Va
transcripts associated with wild-type Tgy cells and
CD4SP thymocytes isolated from Id3*/~ and Id3~/~
thymi displayed a similar polyclonal VB or Va repertoire
(Fig. 3G,H). On the other hand, CD4SP cells derived
from 1d2Y1d3" 1L 7RC™ mice were enriched for TRBVS5,
TRBV13-2, and TRBV13-3 as well as distally located
TRAV5-1 and TRAV6-1 transcripts (Fig. 3G,H). We also
observed a substantial enrichment for transcripts encoding
3’ Ja elements (Supplemental Fig. 4A). Va and VB gene
usage observed in Id2"11d3VAIL7RC™ CDA4SP cells, how-
ever, was not invariant, as described for iNKT or MAIT cells,
but rather differed between the various Id2Y 143" 7R
mice that were examined (Supplemental Fig. 4B-D; Le
Bourhis et al. 2011). To exclude the possibility that the
oligclonal TCRa and TCRp repertoires were caused by
aberrant TCR recombination at the DP stage, we exam-
ined the CD69 TCRB ™~ DP cells from 1d2%11d3"1L7R"
mice for TCRB and TCRa rearrangements. No obvious
differences were detected for TCRB and TCRa loci in
1d291 13V 7R DP cells as compared with control
cells (Supplemental Fig. 5A,B). Collectively, these obser-
vations indicate that Id2 and Id3 suppress the oligoclonal
expansion of innate variant Tgy-like populations.

Id2 and Id3 suppress the expansion of innate variant
Try-like cells beyond the TCR checkpoint

To deplete Id2 and Id3 expression in T-lineage cells,
1d2Y91d3"CD4-Cre mice were generated. Similar to as
described above for Id2"1d3M 1L 7R mice, at 2 wk
after birth, positive selection was severely impaired in
1d2Y91d3M1C D4 thymi (Fig. 4A). However, 7-wk-old
12V 143" C D4 mice displayed CD4SP, DN TCRB™,
and iNKT populations that expressed high levels of
CXCR5, PD-1, ICOS, and PLZF expression (Fig. 4B; Sup-
plemental Fig. 6A,B). Again, these populations were asso-
ciated with elevated numbers of thymic B cells as well as
1gG1 class-switched GC B cells (Supplemental Fig. 6C).
Since recent studies have demonstrated a critical role
for Id2 and Id3 in regulatory T (T, cells, it remained
possible that the innate Tgy-like population developed
because of systemic inflammatory conditions (Miyazaki
et al. 2014). To exclude this possibility and investigate
the role of Id2 and Id3 in thymocyte development
beyond the TCR checkpoint, Id2*/11d3Y 1 dLckC™ mice
were generated (Zhang et al. 2005). We found that Cre-
mediated deletion in dLck™ mice was initiated beyond
the CD69"TCRB" DP stage (Fig. 4C; Supplemental
Fig. 7A). We found that a substantial fraction of peripheral
Tyeg cells did not exhibit Cre activity, indicative of Tyeg cells
expressing wild-type levels of Id2 and 1d3 in dLck“™ mice
(Supplemental Fig. 7A). As observed for 1d2/1d3"f117RC™
and 1d2Y91d3VC D4 mice, in thymi derived from
1d2Y91d3 1 dLck ™ mice, we found increased percent-
ages of CD4SP cells and iNKT cells that expressed CXCRS5,
PD-1, and PLZF and a variant but limited TCRVa and
TCRVB repertoire (Fig. 4D; Supplemental Fig. 7B-D).

Id proteins as tumour suppressors

Again, we noted an increase in the percentages of thymic
B cells and a significant relationship between the pro-
portions of thymic B cells and CXCR5*PD-1* CD4SP
cells (R* = 0.51893) (Fig. 4E). Notably, we detected tran-
scripts initiated from the first exon of the Id2 and
Id3 genes in sorted CXCR57PD-1- CD4SP cells but
not in sorted CXCR5"PD-1* CD4SP cells from identical
1d2"11d3YdLckC™ mice, consistent with the notion
that the aberrant activation of CXCR5 and PD-1 expres-
sion was caused by depletion of Id2 and Id3 expression
(Supplemental Figure 7E). Taken together, these data
indicate that Id2 and Id3 expression is required to suppress
the development and expansion of an innate variant
Trr-like population beyond the TCR checkpoint.

To determine how Id2- and Id3-depleted innate variant
Trlike cells are selected, p2m/"1d2"1d3M L 7R e
mice were generated. We found that the development of
the innate variant Tgy cell population required B2-micro-
globulin expression (Fig. 4F). Specifically, CD4SP and
CD8SP thymocytes were barely detectable in thymi de-
rived from 8- to 10-wk-old p2m~/~1d2"1d3" L 7R
mice (Fig. 4F). Likewise, CXCR5"PD-1* CD4SP cells,
DN TCRB* cells, PLZF-expressing T cells, and thymic B
cells were virtually absent in B2m ™/~ 1d2"1a3" 1. 7R e
thymi (Fig. 4F; Supplemental Fig. 8A). Depletion of
B2m expression in Id2Y11d3"117RC* mice also abol-
ished the development of GC and IgG1 class-switched B
cells (Fig. 4G; Supplemental Fig. 8 A). Thymi derived from
1d2"11d3M82m~/~IL7R“™ mice showed a normal thy-
mic cortex but abnormal medulla (Supplemental Fig. 8B).
These data indicate that selection of Id2- and Id3-depleted
innate variant Tgy cells requires B2-microglobulin ex-
pression and that this population is closely associated
with the development of GCs even in the absence of
immunization.

Gene expression signature of innate variant Try-like
cells

To determine how Id2 and Id3 suppressed the oligoclonal
expansion of an innate variant Tgy-like population,
CDA4SP cells derived from control and Id2%/1d3%4 1 7R
thymi were isolated and analyzed by RNA-seq. Two-
thousand-three-hundred-seventy-nine genes were dif-
ferentially expressed (greater than twofold, P < 0.05;
1291 up-regulated; 1088 down-regulated) in Id-depleted
CD4SP cells (Fig. 5A). Prominent among those genes
were Cxcrb, Ccr10, Wnt10a, Gzma, Myb, Cebpb, Tgfbr3,
and Smad?7 (Fig. 5A). Gene ontology (GO) analysis revealed
that a large fraction of differentially expressed transcripts
encoded for proteins associated with metabolism, cytokine
production, RNA metabolism, T-cell activation, and cell
cycle progression (Fig. 5B). Furthermore, Kyoto Encyclo-
pedia of Genes and Genomics (KEGG) pathway analysis
revealed p53 and genes associated with the PI3K-AKT,
MAPK, and Rap1 pathways as well as genes involved in the
suppression of inflammatory bowel disease as being af-
fected by depletion of Id2 and Id3 expression (Fig. 5B).
Next, we compared the transcription signatures of 1d2/Id3-
depleted CD4SP thymocytes with Id3~/~ CD4SP and
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Figure 4. 1d2 and Id3 suppress the expansion of innate af T cells beyond the TCR checkpoint. (A) Flow cytometric analysis of CD4
versus CD8 expression derived from 2-wk-old Id2V1d31CD4" or littermate control mice. Numbers indicate the percentage of cells
in each population. Graphs show the frequency of CD4SP cells in total thymocytes and CD5*CD69~, CD69*TCRB, ™ and CD69*TCRB*
cells gated on the DP compartment. Data are representative of one experiment with 2-wk-old mice (mean = SD; n = 5 biological
replicates). (B) Flow cytometric analysis of CD4 versus CDS8 expression in total thymocytes and CXCR5 versus PD-1 expression
gated on CD4SP cells (CD4*CD8 TCRB*CDIld-tet”) or DN;TCRB* cells (CD4 CD8 TCRB*CDI1d-tet”) derived from 7-wk-old
1d2Y1143Y8CD4C™ or littermate control mice. Data were obtained from two independent experiments. (C) Representative flow
cytometric analysis of YFP expression gated on each compartment derived from Rosa **/Y** (red) or Rosa™**/Y*PdLck®™ (blue) mice.
Numbers above the lines indicate percentages of YFP-expressing cells. Data were derived from two independent experiments. (D) Flow
cytometric analysis of CD4 versus CD8 expression (left) and TCRB versus CD1d-tet expression (middle right) in total thymocytes and
CXCR5 versus PD-1 expression gated on CD4SP (CD4*CD8 TCRB*CD1d-tet™) cells (middle Ileft) or iNKT (CD1d-tet"TCRB*) cells
(right) derived from 10-wk-old Id2"1d3/8dLck“™ or littermate control mice. Data were derived from four independent experiments.
(E) Graphs show the frequencies of thymic B (B220*CD19") cells and the correlation between thymic B cells and CXCR5"PD-1* CD4SP
cells. Data were derived from seven independent experiments. Ten-week-old to 16-wk-old mice were analyzed. (mean = SD; n = 10
[Ctrl] and 12 [1d2%1d3Y2dLck“] biological replicates). (F) Flow cytometric analysis of CD4 versus CD8 expression, B220 versus CD19
expression, and PLZF versus TCRp expression in total thymocytes derived from Id2%1d3%8 1aof 43t/ 7R 1a21/0 143 gom =",
and 1d2%11d3Y82m~/"IL7R“™ mice. (G) Fas and GL7 expression gated on B220*CD19* splemc B cells derived from Id2ﬂ/ﬂld3ﬂ/ﬂ
1d2"0 143081 7RCe 132139 980m /=, and 1d2YA1d3%98om /" IL7R“* mice. Numbers adjacent to the outlined areas indicate the
percentage of cells in each population. Data are representative of three independent experiments. (*) P < 0.05; (**) P < 0.01 (Student’s t-test).
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Figure 5. Transcription signature of innate Tgy-like cells. (A) Volcano plot of RNA-seq analysis of mRNA expression in sorted
CD4SP thymocytes derived from 8-wk-old littermate control or Id2"1d3""2IL 7R** mice. Red dots represent genes up-regulated in
12814311 7R CD4SP cells (more than twofold, P < 0.05, calculated by raw count value). Blue dots represent genes down-
regulated in Id2Y"1d3% L 7RC CDA4SP cells (more than twofold, P < 0.05). Gray dots represent genes whose expression was not
significantly altered. (B) Clusters of genes whose expression was modulated in Id2- and Id3-depleted CD4SP thymocytes were
identified using GO terms (top) and KEGG pathways (bottom). P-values are shown. (C) RNA-seq data of mRNA expression isolated
from CXCR5*CD44M CDA4T cells from SRBC-immunized wild-type spleen (Tgy) and CD4SP thymocytes derived from 8-wk-old
1d2%1 a3V 7RC™ (1d2~/~1d3~/~ CD4SP), 1d3~/~ (Id3~/~ CD4SP), and control thymi. Expression was normalized to control CD4SP cells.
The Venn diagram shows quantification of genes significantly changed in Ty cells, I1d3~/~ CD4SP cells, and Id2""1d3" 1L 7R"
CDA4SP cells compared with control CD4SP cells. (D) Heat maps are presented to visualize differences in gene expression patterns for
Ty cells, CD4SP cells sorted from Id3~/~ thymocytes, and CD4SP cells sorted from IL7R-Cre;Jd2F/F;Id3F/F mice as compared with
CDA4SP control thymocytes. Bars above the heat maps indicate similarities between the different samples presented in each of the
lanes. Differentially expressed genes are shown only for those that displayed greater than twofold differences (P < 0.05) as compared
with control CD4SP thymocytes. The heat maps represent different ontology groups, including genes encoding for factors that
regulate transcription (left), signal transduction (middle), and cell cycle (bottom right). (Top right) The heat map displays the KEGG
pathway for chemokines, cytokines, and associated receptors.



Miyazaki et al.

peripheral Tgy cells. We found that 924 genes showed
overlap between Ty and Id2- and Id3-deficient CD4SP
cells as compared with wild-type CD4SP thymocytes.
Two-hundred-ninety-nine genes showed overlap between
CD4SP cells isolated from Id3~/~ and 1d2"/"1d3"/1, 7R
thymi, whereas the expression of 1362 genes was modu-
lated only in innate Tgy-like cells when compared with
control CD4SP cells (Fig. 5C; Supplemental Fig. 9A).
Transcription signatures derived from Id3~/~ CD4SP cells
showed an intermediate pattern when comparing Tgyy and
CD4SP cells derived from 1d2"11d3%811 7R thymi (Fig.
5C). The expression patterns of FceR1 and IL-17rf in
control and mutant thymocytes were validated using flow
cytometry (Supplemental Fig. 9B). Notably, genes associ-
ated with Tgy cell function were altered across the three
populations, including Maf, Batf, Foxol, Foxpl, Sh2d1a,
Cxcr5, 114, and 1121 but not Bcl6 and Ascl2 (Fig. 5D; Ma
etal. 2012; Wang et al. 2014; Xiao et al. 2014). As predicted,
the expression levels of genes associated with an innate-
specific program of gene expression were also elevated,
including Zbtb16 (PIzf), Myb, and Egr2 (Kovalovsky et al.
2008; Hu et al. 2010; Seiler et al. 2012). Finally, consistent
with an expanding population of Id2- and Id3-depleted
CD4SP thymocytes, the expression patterns of genes
associated with cell cycle regulation were affected (Fig.
5D). Taken together, these observations indicate that
gene expression patterns of Id-depleted CD4SP thymo-
cytes overlap, albeit partially, with that of Tgy and
innate T-lineage cells.

A genetic circuitry links Id2 and Id3 and the
AKT-FOXO-mTORC]1 axis

In previous studies, we had identified a spectrum of target
genes regulated by the Id-E protein module in T-lineage
cells, including Cxcr5, 1110, Hifla, Ikzf3, Myb, I110ra,
E2f2, and Bmp7 (Miyazaki et al. 2014). Here we found
additional target genes that are directly regulated by the
E-Id protein axis, including Foxo1, Foxo3, Foxp1, Slamfé,
I17r, Il6ra, Cxcrd, Tgfbr3, Wntl10a, Cdc25b, Gadd45b,
Bcl2l1, Bcl2I11, and Rps6ka?2 (Supplemental Fig. 9C; data
not shown). To examine for molecular pathways or
modules associated with depletion of Id2 and Id3 expres-
sion, transcription signatures derived from Id-depleted
CD4SP thymocytes and E protein occupancy were linked
into a common framework using Cytoscape software (Fig.
6A). Using this approach, we identified an ensemble of E
protein targets—including Foxol, Foxo3 and Foxpl—
associated with the maintenance of a naive and quiescent
state. Additionally, a cluster of target genes was identified
closely linked with an innate-like transcription signature,
including Myb, PIzf, Egr2, and Sox13 (Fig. 6A; Melichar
et al. 2007; Kerdiles et al. 2009; Feng et al. 2011; Hedrick
et al. 2012). Finally, we found that clusters of genes
associated with the PI3BK-AKT/FoxO/mTOR, NFkB/
TNF, MAPK, Rapl, cytokine/chemokine, and p53/cell
cycle pathways were targeted by the E and Id protein
module (Fig. 6B).

To validate these findings, we examined activation of
the mTOR and AKT pathways in developing thymocytes
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using flow cytometry. We found significant increases
in phospho-S6 and phospho-4E-BP1 levels in Id2- and
Id3-depleted PD-1* CD4SP cells derived from
1d2"1a3" 1 dLck ™ thymi as compared with control
thymi (Fig. 6C). As predicted, phospho-S6 and phospho-
4E-BP1 levels were not altered in PD-1- CD4SP or DP
cells derived from Id2%f1d3"dLck®™ versus control
mice (Fig. 6C). To determine whether the E-Id protein
axis also regulates the activity of the mTORC pathway
to control the expansion of innate yd T cells, Id3~/~
Vyl1.17 cells were examined for the expression of phospho-
S6 and phospho-4E-BP1. Indeed, Id3~/~ Vy1.1* cells dis-
played significantly increased levels of phopho-S6 and
phospho-4E-BP1 (Supplemental Fig. 10). In contrast, Id3~/~
Vy2* cells were not associated with elevated levels of
phopho-S6 and phospho-4E-BP1 (Supplemental Fig. 10).
Next, we examined the phosphorylation status of AKT
(PAKT) in sorted control and Id-depleted CD4SP thymo-
cytes. We found that resting control CD4SP cells lacked
detectable levels of pAKT (Fig. 6D, left panel). However,
activating TCR signaling readily elevated levels of pAKT
(Fig. 6D, middle and right panels). Notably, Id2- and Id3-
depleted CD4SP cells exhibited pAKT expression in the
absence of TCR stimulation, and TCR-mediated signaling
resulted in even higher levels of pAKT (Fig. 6D, bottom).
Taken together, these data indicate that the E-Id protein
axis modulates the PIBK-AKT-FOXO-mTORCI1 pathway
at multiple steps.

1d2 and 1d3 suppress the development of af T-cell
Iymphomas

Previous studies have demonstrated that the develop-
ment of Burkitt lymphoma is closely associated with
mutations across the Id3 HLH region, that forced expres-
sion of Id2 in a murine model of BCR-ABL interferes with
the development of chronic myeloid leukemia, and that
1d3-deficient mice develop yd T-cell lymphomas (Ko et al.
2008; Li et al. 2010; Schmitz et al. 2012). To determine
whether the combined loss of Id2 and Id3 expression in
T-lineage cells leads to the development of lymphoma,
aged 1d2"11d3"A[L 7R mice were monitored for signs
of distress. We found that a substantial fraction of 6- to 8-
mo-old Id2%1d3%ML7RC™ mice exhibited ruffled fur,
hunched posture, and rectal prolapse (data not shown). The
majority of Id2%1d3VAIL7RCe or 1d2YA1d3VAdL ek
mice died within 1 yr (Fig. 7A). Histological analysis
showed moderate to severe colitis in 6- to 8-mo-
old 1d2"f1a3Vi L 7R, 1d2"9143"CD4%re,  and
1d2Y81d398 31 ck“*® mice (Fig. 7B; Supplemental Fig. 11A).
In addition to colitis, we noted splenomegaly and large
subcutaneous and/or mesenteric lymph nodes in 21 out of
41 8- to 14-mo-old 121131, 7RC™, 1d2Y8 13 c D4,
and 1d2Y91d3"8dLck“™ mice (Fig. 7C). Four out of
21 1d2V81a3ViL7RC e, 1d2V1 13V CcDace,  and
121143831 ckS mice also developed thymic lym-
phoma (Fig. 7C; Supplemental Fig. 11B). Histopathological
analysis of the peripheral lymphoid organs displayed
a disorganized architecture, such as blurring of the de-
marcation between red and white pulp in the spleen, with



Id proteins as tumour suppressors

A
s E2A binding (ChIP-seq)
Gene expression
/ _4' 0 -4 (fold change)
B Glycolysis/Gluconeogenesis
yoolyst e PI3-AKT FoxO/mTOR signaling
F\‘_ap1 - ,,f -~
mgnallng// R4
\
*  NFkB/TNF
!/ signaling

-
-
> e ——— T

4 MAPK signaling

4

Chemokine signaling/ >

Cytokine-cytokine P
receptor interaction =

-

. e E2Abinding (ChIP-seq)
TGFp signaling Gene expression
p53 signaling/Cell cycle ~—’ i, 0 H (fold change)

@]
o
=3

ld2--1d3"

oo
hoo: DP 4sP [
] ! ! E
g8 . . 5 | 60
B | 601 - v g1 40
& [ 401l 10, - 2|20 4k
21209 \} 2 ar e
2| olh @ 010210°10% 108 -
] 0102 10° 104 108 = CART >
pS6 > 3 e 19G (Jd2-1d3) ——— A
400 11 = = = pAKT(Ctrl) L.
% | a0 | af Z5 —— PAKT(ld2 " 1d3+) el 8h
E i
5 | 60 f =
AR gzn - .
2= ) - - -
gl o o 0 % 15 /ﬁ' 'D"'-.-.,.**
i (702 10° 10% 10° = pSB  pAE-BPT = , B e
p4E-BP1 s s - - —
CD4sP;Cirl ’ -—-—_ .
— DP —— Isotype control u ' g s L’ O fos
control| 1d20M jggvh :PD-1- <<
--('DPr ) —PD-1+ CD4SP | 95K [[] coasp;pD-1 szgmm < po
ro
(a2 " 63" ICK") e PD-1- CDASP [Jcossrnte |4 ° ? Time (h)4 °

Figure 6. 1d2, Id3, and the FOXO/mTOR axis. (A) Regulatory network that connects the activity of E proteins and an ensemble of
transcriptional regulators in Id2- and Id3-depleted CD4SP thymocytes into a common framework. E2A ChIP-seq (chromatin
immunoprecipitation [ChIP] combined with deep sequencing) data were derived from E2A-deficeint T-cell lymphoma cells transduced
with E47 (Lin et al. 2010). The widths of the connectors reflect relative peak scores of E2A occupancy. Colors reflect higher (red) or
lower (blue) gene expression levels in Id2A1d31/A1L 7R CD4SP cells as compared with control CD4SP thymocytes. (B) Networks
that link distinct pathways, as defined by KEGG analysis, to E2A occupancy. (C) Flow cytometric analysis of phosphorylation of S6
(pS6) and 4E-BP1 (p4E-BP1) in DP and CD4SP cells for the indicated populations derived from control and Id2/f1d3%/AdLckC™ mice.
The graph shows the level of phosphorylated S6 and 4E-BP1, presented as MFI. Data are representative of three independent
experiments (mean * SD; n = 3 biological replicates). (D) Flow cytometric analysis of phosphorylation of AKT. Sorted CD4SP cells
(CD4*CD8 TCRB*CD1d-tet ) derived from the Id2V%1d3%1 7R thymus were stimulated with plate-coated anti-CD3¢ (2 pg/mL)
and anti-CD28 (5 pg/mL) antibodies and analyzed at the indicated time points for pAKT expression. (*) P < 0.05; (**) P <0.01 (Student’s
t-test).
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Figure 7. 1d2 and Id3 suppress the development of T-cell lymphoma. (A) Kaplan-Meier curve of a survival plot of Id2%/f1d3%/f11.7RCre,
13281438841, ckC™, and littermate control mice. (Id2VA1d3YAIL7R™ 1 = 24; 1d2" 143 dL.ck®® n = 14; control, n = 16). (B) Representative
H&E staining of colons derived from 6-mo-old 1d3"~ or Id2"1d3%~IL7R*® mice. Original magnification, 100X. (C) Representative
images of subcutaneous lymph nodes (sLN), thymi, spleens, mesenteric LNs (MLN), and kidneys derived from 8- to 12-mo-old control,
1d20 13811 7RCe, 1d2 1430 C D4 and 1d2YA1d3Y8dL.ckC™ mice are shown. (D) Representative H&E stainings of spleens derived from
control and Id2"1d3M0dL.ck®™ mice are displayed. Original magnifications: top, 100X; bottom, 400X. (E) Representative H&E stainings
of kidneys (left) and lungs (top right) derived from control, Id2"1d3Y8dLck® and 1d2V91d3"8CD4“" mice are shown. The kidney sec-
tion was derived from metastasis of lymphoma cells as shown in C. (Bottom right) PAS stainings of the lungs from Id2V"1d3" Foxp3°™ and
1d2Y1d398 D4 mice are shown. Arrows indicate mucus-producing goblet cells. Original magnifications: kidney, 200x; lung (H&E), 100X;
lung (PAS), 200X. (F) The Venn diagram shows overlaps among T cells, Id3~/~ CDASP cells, Id2/~1d3~/~ CD4SP cells, and Id2 /" Id3~/~
lymphoma cells as compared with control CD4SP cells, as shown in Figure 5C. (G) Heat map for selected significantly differentially expressed
genes that are differentially expressed in Id2- and Id3-depleted CD4SP thymocytes as well as lymphomas. Clusters of genes associated with
cell cycle and tumor suppression are indicated. (H) Visualized RNA-seq data across the Cdkn2a locus, presented in reads per million reads
aligned (RPM). Arrows indicate transcription start site of p19Arf and p16Ink4a gene and direction of transcription.
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infiltrating monomorphic lymphoid cells containing large
polymorphic nuclei and scant cytoplasm (Fig. 7D; Supple-
mental Fig. 11C). The infiltrate in the lungs derived from
1d2"1d3"Ccp4©r mice was composed of neoplastic
nucleated cells (Fig. 7E). We note that lymphocyte in-
filtration was not caused by inflammatory disease, since
there was no evidence of elevated mucin levels in the
bronchial epithelium (lack of periodic acid Schiff [PAS]-
positive goblet cells) (Fig. 7E). The lymphomas that
developed in lymph nodes and spleens were mainly
composed of TCRB*CD3* T-lineage cells associated with
a CD8“CD4~, CD8 CD4~ or CD8 CD4* phenotype
(Supplemental Fig. 11E). As expected, a large fraction of
these cells showed CXCR5 and PD-1 expression (Supple-
mental Fig. 11E). Finally, we found that lymphoma cells
were highly malignant, as evidenced by metastasis across
the liver (17 out of 21), kidney (three out of 10), and lung
(10 out of 21) tissues (Fig. 7C,E; Supplemental Fig. 11B,D).
Collectively, these observations indicate that depletion
of Id2 and Id3 in T-lineage cells leads to increased levels
of morbidity caused by the development of lymphoma
and/or inflammatory disease.

The c-Myc and p19Arf axis and the development
of Id2- and Id3-deficient lymphomas

To gain insight into the mechanism that underpins the
development of lymphoma in Id2- and Id3-deficient
mice, transcription signatures were analyzed from a set
of lymphomas using RNA-seq. We found that Id2- and
Id3-deficient lymphomas revealed transcription profiles
that overlapped with those derived from Id2- and Id3-
deficient CD4SP cells (Fig. 7F). Specifically, ~2100 genes
were differentially expressed in Id2- and Id3-deficient
lymphomas versus Id2- and Id3-depleted CD4SP cells
(Supplemental Fig. 12A,B). The majority of isolated lym-
phomas expressed a limited TCR repertoire, arguing
against polyclonal expansion (Supplemental Fig. 12C,D).
We found that the differences in transcription profiles
between lymphomas and CD4SP cells were closely asso-
ciated with genes involved in metabolism, proliferation,
and the immune response (Supplemental Fig. 12E). As
predicted, we found substantial decreased levels of Foxol
and Foxo3 as well as an elevated abundance of ¢c-Myc and
Hifla (Fig. 7G). Conspicuous among the spectrum of
aberrantly expressed genes was the Cdkn2a locus.
Notably, Cdkn2a transcript abundance was high in
1d2"143%8 11, 7RC CDA4SP cells but low in lymphoma
cells (Fig. 7G). The Cdkn2a locus encodes for two tumor
suppressors: pl6Ink4a and p19Arf. p19Arf is activated by
¢-Myc and has been demonstrated to suppress lymphoma-
genesis (Kamijo et al. 1997; Zindy et al. 2003). We found that
p19Arf but not p16Ink4a transcript abundance was elevated
in the self-renewing innate variant Tgy-like population
(Fig. 7H). In contrast, p19Arf transcript levels were virtually
undetectable in Id-deficient lymphomas (Fig. 7H). Taken
together, these data point to a regulatory circuitry that
maintains thymocyte quiescence and provide a mechanism
involving c-myc and p19Arf that underpins the develop-
ment of T-cell lymphoma in Id2- and Id3-deficient T cells.

Id proteins as tumour suppressors

Discussion

Previous studies have demonstrated that positive selec-
tion is enforced by the E and Id protein module (Bain et al.
1999; Jones and Zhuang 2007; Jones-Mason et al. 2012).
Here we examined how the Id proteins orchestrate
thymocyte selection. Based on this analysis, we propose
two key steps that involve Id2 and Id3 during the positive
selection process. The first step involves the induction of
1d3 expression by TCR-mediated signaling. The second
step involves the induction of Id2 expression in cells that
have already received a TCR signal. We demonstrate here
that Id2- and Id3-depleted thymocytes were not able to
pass this second step of selection, with the exception of
a slowly expanding population of cells that was charac-
terized by an innate-like transcription signature. Innate T
cells, including iNKT, T-CD4T, and MAIT cells, are
selected by a mechanism that is distinct from that of
conventional CD4SP thymocytes (Li et al. 2005; Lee et al.
2010; Alonzo and Sant’Angelo 2011; Gold and Lewinsohn
2013). Specifically, iNKT and MAIT cells are MHC class
I-like-restricted, involving innate TCR signaling. Addi-
tionally, iNKT and T-CD4 T cells are selected by DP
thymocytes rather than by thymic epithelial cells. Hence,
we propose that differences in TCR-mediated signaling—
conventional or innate-mediated TCR signaling—affect
the duration and/or periodicity of Id3 and/or Id2 tran-
scription and that CD4 T cells selected by MHC class IT in
thymic epithelial cells but not innate CD4 T cells require
Id2 and Id3 expression. Differences in the strength,
periodicity, and timing of Id2 and Id3 expression would
then instruct progenitors to commit to either the adap-
tive or innate T-cell lineage.

We found that Id2- and Id3-depleted positively selected
thymocytes express a Tgy-like program of gene expres-
sion. Particularly intriguing was the decline of Foxo1 and
Foxpl abundance in Id-depleted CD4SP thymocytes.
Foxol and Foxpl are well-characterized suppressors of
the Ty cell fate (Hedrick et al. 2012; Wang et al. 2014;
Xiao et al. 2014). These data bring into question how Id
proteins and Foxol and Foxp1 are linked. We found E2A-
bound sites across regulatory regions associated with the
Foxol and Foxp1 loci. Hence, we suggest that in CD4SP
thymocytes, the E proteins act as transcriptional repres-
sors that interfere with Foxol and Foxpl transcription.
High levels of Id2 and Id3 antagonize the DNA-binding
activity of E proteins, relieving Foxol and Foxpl from
E2A/HEB-mediated repression. Elevated levels of Foxol
and Foxpl in turn would prevent the premature activa-
tion of a Tgy lineage-specific program of gene expression
(Supplemental Fig. 13A).

A notable feature of our findings is the development of
an innate variant T cell population in mice depleted for
Id2 and Id3 expression. Are these cells genuine Ty cells?
We noted overlap but also significant differences in
transcription signatures upon comparing Ty and Id-
depleted innate Tpy cells. Notably, Bcl6 and Ascl2
expression, closely associated with a Tgy-specific pro-
gram of gene expression (Crotty 2014), were not modu-
lated, at least transcriptionally, in Id-depleted CD4SP
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thymocytes. Despite these differences, we found that Id-
depleted innate variant Ty cells secreted high levels of
IL-4, required interaction with MHC class I-like mole-
cules, and their presence was closely associated with the
spontaneous development of GCs. Hence, we suggest
that these cells represent a distinct subset of Tgy cells
(Supplemental Fig. 13B).

A key aspect of the findings reported here involves
a slowly expanding population of innate Tgy-like cells.
How do Id2 and Id3 regulate thymocyte quiescence? We
found that multiple pathways known to maintain lym-
phocyte quiescence were affected by depletion of Id2 and
Id3 expression. Prominent among these was the FOXO-
mTOR module. The roles for the FoxO proteins in
maintaining thymocyte quiescence and acting as tumor
suppressors are well documented (Paik et al. 2007;
Kerdiles et al. 2009; Hedrick et al. 2012). Similarly,
spontaneous activation of the mTORC1 pathway in
Tsc1-deficient T cells leads to an increase in cell size
and loss of quiescence, phenotypes that are equivalent to
that described here for Id2- and Id3-depleted CD4SP
thymocytes (Yang et al. 2011b). As mentioned previously,
the entire ensemble of Foxo loci, including Foxo1, Foxo3,
and Foxo4, appears to be controlled by the E-Id protein
module. Likewise, the AKT-FOXO-mTOR pathway was
activated in Id2- and Id3-depleted CD4SP thymocytes as
well as in Id3-deficient innate y3 T cells. Multiple levels
of regulation by the E-Id axis appear to be involved here:
(1) modulation of Foxo transcript levels, (2) activation of
the AKT pathway plausibly mediated by changes in the
expression of an ensemble of PTPN phosphatases that are
modulated upon depletion of Id2 and 1d3, and (3) activa-
tion of the mTORC pathway in part by induction of
Rps6ka?2 expression. We suggest that this form of regula-
tion is not restricted to innate variant Ty and a subset of
Vv1.1 8 T cells. Rather, we propose that the regulation of
the PIBK-FOXO-mTOR pathway by the E-Id axis is
a general mechanism that underpins the homeostasis of
lymphoid progenitors and self-renewing committed B and
T lymphoid cells.

Finally, we found that c-Myc and p19Arf levels were
elevated in Id-depleted CD4SP thymocytes. p19Arf is
a well-known tumor suppressor that is regulated by
c-Myc (Lowe and Sherr 2003). Previous studies have
demonstrated that c-myc expression is directly regulated
by E proteins (Schwartz et al. 2006). Hence, we suggest
that loss of Id expression leads to elevated c-Myc abun-
dance, which in turn leads to the induction of p19Arf
expression. We speculate that cellular expansion upon
depletion of Id2 and Id3 expression is attenuated by the
induction of p19Arf expression. This then would lead to
a population that slowly self-renews. How do lymphomas
develop in Id2- and Id3-depleted thymocytes? We specu-
late that, through mechanisms yet to be determined,
p19Arf expression is inactivated in a single progenitor,
releasing the brakes and ultimately leading to the de-
velopment of a monoclonal af T-cell lymphoma (Supple-
mental Fig. 13C; von Boehmer 2004).

The mechanisms that underpin the development of o
T-cell lymphomas in Id2- and Id3-depleted mice overlap
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with those observed in human Burkitt lymphoma and
a murine model of Burkitt lymphoma (Sander et al. 2012;
Schmitz et a. 2012). It is now established that the de-
velopment of Burkitt lymphoma is closely associated with
high levels of ¢-Myc expression and mutations localized
across the HLH region of Id3 (Love et al. 2012; Schmitz
et al. 2012). Likewise, we found that Id2- and Id3-depleted
murine T-cell lymphomas expressed relatively high levels
of c-Myc expression. There are also similarities between
the two sets of lymphomas as they relate to the PI3K
pathway. Burkitt lymphomas are associated with in-
creased PI3K signaling and display an activated AKT
pathway (Sander et al. 2012; Schmitz et al. 2012). We
found that Id-deficient CD4 T cells displayed decreased
abundance of Foxo1/3 expression as well as activated AKT
and mTORCI1 pathway. Upon examining transcription
signatures in human T-cell lymphomas, we found that
changes in Id2, Foxol, and Foxo3 abundance were signifi-
cantly associated with the development of human T-cell
lymphoma, (Supplemental Fig. 14; Piccaluga et al. 2007).
Finally, since a very high fraction of aged mice display
symptoms of inflammatory disease, it is conceivable that
chronic inflammation contributes to the development of
T-cell lymphoma in Id2- and Id3-deficient mice simi-
larly to as described for viral infections associated with
the development of human lymphomas.

Materials and methods

Mice

C57BL/6, 1d3"%, 142", 1d3~/-, 1d2YFP*, 1d3SF*, IL7Ra“™,
CD4°™, dLck®™, and ROSAY™/Y* mice were bred and housed
in specific pathogen-free conditions in accordance with the
Institutional Animal Care and Use Guidelines of the University
of California at San Diego.

Flow cytometry and cell sorting

Single-cell suspensions from the bone marrow, thymus, and
spleen were stained with the following: FITC-labeled, PE-la-
beled, APC-labeled, APC-Cy7-labeled, Pacific Blue-labeled,
Alexa Fluor 700-labeled, Alexa Fluor 780-labeled, PerCP-Cy5.5-
labeled, PE-Cy7-labeled, or biotin-labeled monoclonal anti-
bodies, which were purchased from BD PharMingen, including
CDl11c (HL3), CD44 (IM7), CXCR5 (2G8), IgG1 (A85-1), CD95
(Jo-2), CD138 (281-2), GL-7, Ki67 (B56), and phospho-AKT (M89-
61). CD8 (53-6.7), CD19 (ID3], CD38 (90], CD62L (MEL-14],
CD44 (IM7), CD69 (H1.2F3), CD127 (A7R34), B220 (RA3-6B2),
Macl (M1/70), Grl (RB6-8C5), Nk1.1 (PK136), Ter119 (TER119),
TCRB (H57), TCRy3 (GL3), PD-1 (J43), ICOS (7E.17G9), IgD (11-
26), CCR7 (4B12), CXCR4 (2B11), TBR2 (Danl1mag), phosph-S6
(supk43k), phosph-4E-BP1 (V3BNTY24), and AnnexinV were pur-
chased from eBioscience. FceR1 (MAR-1), CD3¢ (2C11), CD4
(GK1.5), CD8 (53-6.7), CD11b (M1/70}, CD24 (M169), CD25
(PC61), PD-1 (RMP1-30), and F4/80 (BM8) were obtained from
Biolegend. CCR9 was purchased from R&D Systems. PLZF (clone
DY) was obtained from Santa Cruz Biotechnology. PE-conjugated
CD1d tetramer was generously provided by the National Institutes
of Health Tetramer Core Facility (mCD1d/PBS57). Biotinylated
antibodies were labeled with streptavidin-conjugated Qdot-665,
or Qdot-605 (Invitrogen). Clone 2.4 G2 anti-CD32:CD16
(eBioscience) was used to block FcRs. Dead cells were removed



from analysis and sorting by staining with propidium iodide (PI)
(Sigma-Aldrich). BrdU incorporation was performed using a BD
BrdU flow kit. Annexin V staining was performed using an
eBioscience Annexin V apoptosis detection kit APC. Treg cell
staining kit (eBioscience) was used for intracellular staining of
PLZF and Foxp3 and Eomes detection. Intracellular staining
kit (eBioscience) was used for phosph-S6/4E-BP1 staining. BD
Cytofix fixation buffer and BD Phosflow perm buffer IIl were used
for phospho-AKT staining. Samples were collected on a LSRII (BD
Biosciences) and were analyzed with FlowJo software (Tree Star).
Cells were sorted on a FACSAria. For intracellular staining of
IFN-y and IL-4, MACS-purified CD4SP and DN TCRB* cells from
thymi were cultured in the presence of phorbol 12-myristate
13-acetate (PMA) plus ionomycin (4 h) and Golgi stop (2 h). After
culture, cells were stained with anti-CD4, CD8, TCR, and CD3¢
antibodies. Intracellular staining was performed with the BD
Biosciences Cytofix/Cytopermkit.

RNA-seq analysis

Total RNA and the library preparations were described pre-
viously (Miyazaki et al. 2014). The strand-specific RNA-seq
libraries were sequenced with a HiSeq 2500 sequencer (Illumina).
Alignment and trimming of reads were performed using the OSA
algorithm against the mml0 murine genome reference in
Arraystudio (Omicsoft) (Hu et al. 2012). RNA transcripts were
quantified using RSEM methods (http://deweylab.biostat.wisc.
edu/rsem) as implemented in Arraystudio (Omicsoft). Abundance
values (counts) were normalized and compared with calculated
P-values using DESeq (http://www-huber.embl.de/users/anders/
DESeq). Genes whose abundance values were <10 in all samples
were removed. MultiExperiment Viewer software was used to
generate heat maps and for hierarchical clustering. GO analyses
and visualization files were generated using HOMER (http://
biowhat.ucsd.edu/homer), and read pile-ups were visualized using
the University of California at Santa Cruz Genome Browser.

Histology

Tissues were fixed in 4% paraformaldehyde (Electron Micros-
copy Sciences). Fixed tissues were embedded in paraffin and
sliced, followed by haematoxylin and eosin (H&E) staining.

ELISPOT

Cells were cultured overnight at 37°C on 96-well MultiScreen-
HA filter plates (Millipore) precoated with goat anti-murine
Ig(H+L) capture antibodies (Southern Biotechnology Associates
[SBA]). Spots were visualized with goat anti-murine IgM or IgG1
antibodies conjugated to HRP, and color was developed by
3-amino-9-ethyl carbazole (Sigma-Aldrich).

Statistical analyses

P-values were calculated with the two-tailed Student’s test for
two-group comparison, as applicable, with Microsoft Excel
software.

Data access
RNA-seq data have been deposited at Gene Expression Omnibus
under accession number GSE64779.
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