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Cbl-b deficiency prevents functional but not

phenotypic T cell anergy

Trang T.T. Nguyen!®, Zhi-En Wang?®, Lin Shen'@®, Andrew Schroeder*®, Walter Eckalbar?®, and Arthur Weiss™®

T cell anergy is an important peripheral tolerance mechanism. We studied how T cell anergy is established using an anergy
model in which the Zap70 hypermorphic mutant W131A is coexpressed with the OTII TCR transgene (W131AOTII). Anergy was
established in the periphery, not in the thymus. Contrary to enriched tolerance gene signatures and impaired TCR signaling in
mature peripheral CD4 T cells, CD4SP thymocytes exhibited normal TCR signaling in W131AOTII mice. Importantly, the
maintenance of T cell anergy in W131AOTII mice required antigen presentation via MHC-II. We investigated the functional
importance of the inhibitory receptor PD-1 and the E3 ubiquitin ligases Cbl-b and Grail in this model. Deletion of each did not
affect expression of phenotypic markers of anergic T cells or T reg numbers. However, deletion of Cbl-b, but not Grail or PD-1,
in W131AOTII mice restored T cell responsiveness and signaling. Thus, Cbl-b plays an essential role in the establishment and/or

maintenance of unresponsiveness in T cell anergy.

Introduction

T cell anergy is an adaptive state resulting from absent cos-
timulation and/or high coinhibitory tone (Schwartz, 2003). As a
result, anergic CD4 T cells lose the ability to produce the autocrine
growth factor IL-2 or proliferate to agonist antigens (Schwartz,
2003). Naturally occurring anergic T cells are characterized by
their Foxp3~ (non-regulatory T [T reg] cell) CD73*FR4" phenotype
(Kalekar et al., 2016). Anergy induction not only prevents the re-
sponsiveness of potentially harmful self-reactive CD4 T cells but
also generates progenitor cells for peripheral T reg cells. A popu-
lation of Nrpl* anergic CD4 T cells is the precursor of Foxp3*Nrpl*
T reg cells (Kalekar and Mueller, 2017; Kalekar et al., 2016). T reg
cells actively suppress immune responses. Thus, anergic T cells
and T reg cells are two major peripheral tolerance mechanisms to
prevent autoimmune diseases.

T cell anergy has been observed both in vitro and in vivo. The
in vitro induction of anergy has been described with agents that
engage the TCR alone in the absence of costimulatory ligands,
such as occurs with chemically fixed APCs, inefficient APCs such
as small resting B cells, purified MHC-peptide complexes, anti-
CD3 antibody, or the mitogen concanavalin A (Gajewski et al.,
1994; Jenkins and Schwartz, 1987). An anergic state can also be
induced by altered low-avidity peptide or low doses of agonist
peptides (Korb et al., 1999; Mirshahidi et al, 2001; Sloan-
Lancaster et al., 1993). Calcium ionophores, such as ionomycin,

that trigger NFAT alone in the absence of AP-1 cooperation, can
induce in a gene expression program associated with T cell an-
ergy in vitro (Macidn et al.,, 2002). Models of T cell anergy
in vivo are induced by repeated exposure to superantigens or
soluble peptides in the absence of adjuvant in TCR transgenic
mice, or by adoptive transfer of TCR transgenic T cells into hosts
that express the cognate antigen as a self-antigen (Dubois et al.,
1998; Kawabe and Ochi, 1990; Kearney et al., 1994; Pape et al,,
1998). However, it is important to note that the methods by
which antigens are delivered for inducing anergy in vivo can
have a profound impact on the functional outcome of anergic
T cells in these model systems and are largely nonphysiological.
Here we used a distinct genetic strategy to induce anergy: a
Zap70 hypermorphic mutant, W131A, which prevents Zap70
autoinhibition, to study T cell anergy. Introduction of the W131A
mutant into the OTII TCR transgenic background (W131AOTII)
results in increased, but incomplete, negative selection due to
increased signal strength resulting from OTII recognition of an
unknown self-pMHC. As a consequence of incomplete thymic-
negative selection, high numbers of peripheral anergic and T reg
CD4 T cells were observed (Hsu et al., 2017). This genetically
encoded mouse model of T cell anergy has two advantages over
other previous models of T cell anergy. First, T cell anergy is
naturally occurring without transferring T cells or introducing
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antigens into these mice. Second, functional features of T cell
unresponsiveness correspond to those of classical anergy: poor
proliferation and little IL-2 production in response to antigen or
TCR stimulation.

The function of peripheral T cells is tightly regulated by a
combination of TCR signaling as well as costimulatory and co-
inhibitory molecules. Unresponsiveness in anergic T cells has
been attributed to the induction of multiple negative regulators,
including PD-1 and E3 ubiquitin ligases, that target TCR signal-
ing pathways (Fathman and Lineberry, 2007; Lutz-Nicoladoni
et al., 2015; Mueller, 2004). The inhibitory receptor PD-1 has
been associated with the inactive state of anergic T cells, and
anti-PD-1-mediated blockade can partially reverse T cell anergy,
including in the model studied here (Hsu et al., 2017; Tsushima
etal.,, 2007). PD-1inhibits T cell responses by recruiting the SH2
domain-containing phosphatases SHP1 and SHP2. Recruited to
the plasma membrane, these cytoplasmic phosphatases target
protein tyrosine kinase (PTK)-dependent pathways in the TCR
or CD28 pathways (Chemnitz et al., 2004; Hui et al., 2017). The
E3 ubiquitin ligases Cbl proto-oncogene B (Cbl-b) and gene re-
lated to anergy in lymphocytes (Grail) are highly expressed in
anergic T cells and contribute to establishing the unresponsive
state (Fathman and Lineberry, 2007; Lutz-Nicoladoni et al.,
2015; Mueller, 2004). E3 ubiquitin-protein ligases recognize and
transfer ubiquitin from specific E2 ubiquitin-conjugating en-
zymes to target substrates, generally promoting substrate deg-
radation by the proteasome or lysosome (Buetow and Huang,
2016). Cbl-b interacts with and inhibits multiple downstream
molecules of PTK-dependent TCR and costimulatory CD28
pathways (Bachmaier et al., 2000; Thien and Langdon, 2005).
Cbl-b-deficient T cells stimulated via the TCR alone can respond
similarly to those that have received both TCR and CD28-
mediated costimulation (Bachmaier et al, 2000; Chiang
et al.,, 2000; Jeon et al., 2004). Similar to Cbl-b, Grail is
well-known as a negative regulator of TCR responsiveness and
cytokine production (Anandasabapathy et al., 2003; Soares
et al., 2004). Grail expression is associated with decreased
cytokine transcription and proliferation and contributes to
anergy induction as well as suppressive functions in T cells
(Anandasabapathy et al., 2003; Soares et al., 2004). Grail has
been reported to target the TCR { chain and the IL-21 receptor
for degradation (Haymaker et al., 2017; Nurieva et al., 2010).
Deletion of Grail leads to hyperactivation of primary CD4*
T cells in response to TCR stimulation and resistance to anergy
induction (Bachmaier et al., 2000; Nurieva et al., 2010). Thus,
PD-1, Cbl-b, and Grail each represent candidates likely to
mediate T cell unresponsiveness in the anergic state, but their
relative contributions are not known.

Whether the T cell anergic state is induced and established in
the thymus or in the periphery is not known. By using our ge-
netically encoded mouse model of T cell anergy (W131AOTII), we
find that anergy was established in the periphery, but not in the
thymus. Furthermore, we investigated the contributions of PD-1,
Cbl-b, and Grail in the W131AOTII model using mice deficient in
each of these negative regulators. Interestingly, loss of Cbl-b,
Grail, or PD-1 did not affect the numbers of phenotypically
identified anergic CD4 T cells or numbers of T reg cells in
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W131AOTII mice. However, loss of Cbl-b, but not Grail or PD-1,
reversed peripheral T cell unresponsiveness to antigen or TCR
stimulation in these mice. Taken together, these results reveal
that T cell anergy is induced in the periphery, and Cbl-b plays
an essential role in the regulation of unresponsiveness of
anergic CD4 T cells. Moreover, cell surface markers associated
with the anergic state may not be reliable markers of T cell
unresponsiveness.

Results

In contrast to peripheral T cells, mature CD4 thymocytes
exhibit normal TCR signaling in W131AOTII mice

To address the mechanism underlying T cell anergy, we used
mice in which the Zap70 W131A hypermorphic mutant is in-
troduced into the OTII transgenic background (W131AOTIL; Hsu
et al., 2017). Since naive W131AOTII T cells were previously
shown to be markedly functionally impaired and contained few
phenotypically defined (CD73*FR4*) anergic T cells, they are
probably precursors of the large number of anergic T cells seen
in memory T cells (Hsu et al., 2017). Therefore, we studied TCR
signaling in conventional naive OTII T cells from W131AOTII
mice. Consistent with our previously published study (Hsu et al.,
2017), peripheral naive CD25- W131AOTII CD4 T cells displayed
impaired induction of activation markers, such as CD25 and
CD69, in response to OVA peptide or TCR stimulation (Fig. 1, A
and B). The proportion of IL-2-secreting cells and proliferative
responses in W131AOTII CD4 T cells were greatly reduced after
OVA peptide stimulation compared with OTII T cells (Fig. 1,
C-E).

To confirm the defects in peripheral T cell responsiveness in
WI131AOTII mice, we used a Nur77-GFP reporter to study the
integrated TCR signal strength perceived by T cells (Moran et al.,
2011; Zikherman et al., 2012). Up-regulation of Nur77-GFP was
strongly diminished in peripheral W131AOTII CD4 T cells stim-
ulated with OVA peptide or TCR stimulation compared with
similarly stimulated OTII T cells (Fig. 1 F). Naive CD4 T cells from
WI131AOTII mice also exhibited defects in glucose uptake com-
pared with control OTII T cells (Fig. 1 G). These profound re-
ductions in T cell responsiveness and glucose uptake by naive
WI31AOTII T cells support the notion that this is a valuable
genetic model to study CD4 T cell anergy.

We studied TCR signaling in naive CD25~ W131AOTII CD4
T cells by assessing induced phosphorylation of important TCR
downstream molecules in response to anti-CD3 stimulation and
compared their responses to their OTII counterparts. Strong
reduction in protein tyrosine phosphorylation occurred in TCR-
stimulated W131AOTII CD4 T cells compared with OTII T cells
(Fig. 1 H). Naive W131AOTII CD4 T cells displayed multiple de-
fects in proximal TCR signaling, including diminished phos-
phorylation of LAT (linker for activation of T cells), PLCy1, Vav,
PI3K, Akt, and ERK compared with control OTII T cells (Fig. 1 ];
and Fig. S1, A and B). The strong reduction of proximal TCR
signaling in W131AOTII T cells did not appear to be due to
changes in protein expression of TCR downstream pathway
signaling molecules, such as PLCyl, and PI3K (Fig. 1I). Nor was
this due to increases in the protein expression of the lipid
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Figure 1. In contrast to peripheral T cells, mature CD4 thymocytes exhibit normal TCR signaling in W131AOTII mice. (A-F) Peripheral naive CD25-CD4*
T cells from age-matched OTII, W131AOTII mice (n = 3 mice/group) were cultured with TCRa™/~ splenocytes plus 0.1 uM OVA peptide, plate-bound anti CD3
(0.3 ug/ml) with or without anti-CD28 (2 ug/ml). (A-C) Bar graphs indicate mean frequencies + SD for CD69* (A), CD25* (B), and IL2* (C) of naive OTIl and
W131AOTII CD4* T cells after 16 h culture. (D and E) Peripheral OTIl and W131AOTII CD4* T cells after culture with TCRa™/~ splenocytes plus 0.1 uM OVA
peptide for 4 d. Peripheral naive CD25-CD4* T cells from OTIl and W131AOTII mice were loaded with CTV dye. (D) Dilution of cell trace dye by flow cytometry.
(E) Percentages of proliferating (CTV'°%) cells of Va2+*CD4* T cells. (F) Graphs show mean fluorescence intensity (MFI) for Nur77 of naive Va2+*CD4* T cells
after 16 h culture. (G) Frequencies of fluorescent glucose analogue* (2-NBDG*) of OTIl and W131AOTII cells after 2 h of culture. (H and I) Immunoblot analyses
of phosphotyrosine (H) and phosphorylation of total TCR proximal signaling molecules in peripheral naive Va2*CD4* T cells (I; n = 4-8 mice/group) that were
left unstimulated or were stimulated with anti-CD3 (1 pg/ml) followed by cross-linking with 20 pg/ml anti-Armenian hamster IgG for 2, 5, and 30 min. GAPDH
was used as a loading control. (J) FACS plots showing activated caspase 3 staining in TCRB*CD5* thymocytes. (K and L) Bar graphs indicating mean frequencies
+ SD for activated caspase 3* of TCRB*CD5* thymocytes (K) and numbers of CD4SP thymocytes (L). (M-R) CD25~ CD4SP thymocytes from OTII, W131AOTII
mice (n = 3 mice/group) were cultured with TCRa~/~ splenocytes plus 0.1 uM OVA peptide, plate-bound anti-CD3 (0.3 pug/ml) with or without anti-CD28
(2 pg/ml). (M-0) Bar graphs indicating mean frequencies + SD for CD69* (M), CD25* (N), and IL2* (O) of Va2*CD4SP thymocytes after 16 h culture. (P and
Q) Histograms comparing proliferative responses and frequencies for proliferative (CTV®") cells of Va2*CD4SP thymocytes after culture for 4 d. (R) Graphs
show MFI for Nur77 of Va2* CD4SP thymocytes after 16 h culture. (S and T) Immunoblot analysis of phosphotyrosine (S) and phosphorylation of total TCR
proximal signaling molecules in Va2*CD4SP thymocytes (T; n = 3-6 mice/group) stimulated with anti-CD3 (1 pg/ml) followed by cross-linking with 20 pg/ml
anti-Armenian hamster IgG for 2 min. GAPDH, loading control. Data are representative of three independent experiments. Two-tailed Student’s t test was

performed. *, P < 0.05; **, P < 0.005; ***, P < 0.0005.

phosphatases PTEN (phosphatase and tensin homolog) or SHIP1
(Fig. 1 I). Phosphorylation of SHIP1 was even reduced in naive
WI131AOTII CD4 T cells (Fig. 11). Thus, naive W131AOTII T cells
exhibited markedly impaired TCR-induced signaling and
production of IL-2 or up-regulation of CD69, CD25, and Nur77
as well as proliferative responses after antigen or anti-CD3
stimulation.

We previously reported that the reduction of CD4 single-
positive (SP) thymocytes in W131AOTII mice was associated
with their increased propensity to undergo apoptosis, and the
reduced number of SP CD4 thymocytes could be partially res-
cued by the expression of the Bcl2 transgene (Hsu et al., 2017).
We sought to confirm that the W131A mutation might mediate
some degree of increased negative selection due to some en-
dogenous self-pMHC reactivity during thymocyte development
in the OTII transgenic background. Analysis of negative selec-
tion by activated caspase 3 staining in TCRB*CD5* cells (Breed
et al., 2019) revealed an approximately threefold increase in the
frequency of activated caspase 3* thymocytes in W131AOTII
compared with OTII mice (Fig. 1, J and K). This correlated well
with a threefold reduction in the numbers of CD4SP thymocytes
in W131AOTII relative to OTII mice (Fig. 1 L). Therefore, in-
creased negative selection seems to account for reduction in
mature CD4SP thymocytes in W131AOTII mice compared with
OTII mice.

The diminished TCR-dependent responses of naive W131AOTII
CD4 T cells suggested that the CD4SP thymocytes might also be
hyporesponsive. However, the CD4SP thymocytes from WI131AOTII
mice exhibited similar or even higher up-regulation of CD25,
CD69, and IL-2 production in response to antigen or TCR stimu-
lation compared with OTII cells (Fig. 1, M-O). Similarly, W131AOTII
CD4SP thymocytes also exhibited comparable proliferative re-
sponses and up-regulation of Nur77-GFP with those of OTII CD4SP
thymocytes (Fig. 1, P-R). Therefore, CD4SP thymocytes that es-
caped negative selection in W131AOTII mice had not become
anergic.

Immunoblots of lysates and flow cytometry revealed com-
parable amounts of signaling proteins and phosphorylation of
TCR-induced downstream signaling components following TCR
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stimulation when comparing OTII and W131AOTII CD4SP thy-
mocytes (Fig. 1, S and T; and Fig. S1, C and D). Phosphorylation of
the phosphatase SHIP1 and the total protein of PLCy, PI3K,
phosphatase SHIP1, and PTEN were comparable between OTII
and W131AOTII mice (Fig. 1 T). These results demonstrate that
TCR signaling was maintained at normal levels in mature CD4SP
thymocytes but was strongly reduced in peripheral CD4 T cells
in WI31AOTII mice. Thus, functional anergy to self-antigens is
acquired in the periphery even though a self-pMHC appears
present and capable of inducing increased negative selection in
the thymus.

T cell anergy in W131AOTII mice is dependent on antigen
presentation in their periphery

In contrast to SP CD4 thymocytes in W131AOTII mice, which
showed a slight decrease in Nur77-GFP expression, peripheral
naive WI131AOTII CD4 T cells exhibited 1.5-fold higher Nur77-
GFP expression compared with those in OTII mice (Fig. S1, E and
F). The higher expression of Nur77-GFP suggests increased TCR
signaling, perhaps in response to encounter with a relatively
high-affinity self-pMHC ligand in the periphery superimposed
on the W131A hypermorphic mutant. Increased TCR signaling in
WI131AOTII CD4 T cells could lead to feedback mechanisms
leading to T cell unresponsiveness in periphery.

Using Nur77-GFP and Ly6C, a previous study identified four
populations, designated A, B, C, and D, in naive CD4 T cells that
reflect different degrees of signaling under antigen-free home-
ostatic conditions, presumed to result from encounter with self-
pMHC (Zinzow-Kramer et al., 2019). Population D (Ly6Clo¥
Nur77") showed the strongest basal TCR signaling and con-
tained the largest population of anergic T cells (Zinzow-Kramer
et al., 2019). Naive W131AOTII CD4 T cells showed a decreased
population B but a marked increase of population D when
compared with OTII T cells (Fig. S, G and H). Importantly,
WI131AOTII T cells had much higher frequencies of anergic
T cells in both populations C and D compared with OTII T cells
(Fig. S1,1and J). This suggests that increased basal TCR signals as
evidenced by enhanced Nur77-GFP expression in WI131AOTII
correlates with increased numbers of anergic T cells. Therefore,
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Figure 2. Age-dependent T cell anergy in W131AOTII mice is dependent on antigen presentation in their periphery. (A and B) Flow cytometry of
peripheral CD4*Va2* T cells to identify T reg cells (Foxp3*), anergic T cells (Foxp3-FR4*CD73*), and memory T cells (CD44*CD62L") in (A) 3-wk-old and (B)
8-wk-old mice (n = 3 mice/group). (C-E) Bar graphs depict the frequencies of peripheral T reg cells (C), anergic T cells (D), and memory T cells (E) of Va2*CD4*
T cells. (F and G) Peripheral naive CD25" T cells from OTIl and W131AOTII mice were labeled with CTV and transferred into WT or MHC class II-deficient
(MHCII=/=) hosts for 10 d. (F) Contour plots show frequencies of anergic T cells in donor cells after transfer. Numbers indicate the percentages of events within
each gate. (G) Bar graphs show the percentages of anergic T cells of donor cells after transfer (n = 3 mice/group). Data are representative of three independent
experiments (A-E) and two independent experiments (F and G). Two-tailed Student’s t test was performed. **, P < 0.005; ***, P < 0.0005. n.d., not detectable.

WI131AOTII T cells experience stronger relative basal TCR signals
and, perhaps as an adaptive response, attenuate their TCR
agonist-induced responses.

Normal TCR signaling in mature CD4SP thymocytes sug-
gested that newly generated CD4 T cells from the thymus may
not be anergic. Consistent with this notion, in contrast to large
increases in the frequencies of anergic CD4 T cells observed in
adult W131AOTII mice by 8 wk of age, 3-wk-old W131AOTII mice
had small increases in anergic CD4 T cells when compared with
OTII mice (Fig. 2, A-E). In contrast, frequencies of T reg and
memory T cells were already markedly increased in both young
and adult W131AOTII mice compared with OTII mice (Fig. 2,
A-E). Therefore, it appears that anergic T cells accumulated
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over time as W131AOTII mice age, and the pathways generating
memory T cells and T reg cells may be operative before T cells
become anergic. These data also further support the notion that
conventional naive TCR transgenic OTII cells are precursors of
anergic T cells and studying W131AOTII naive T cells may help
us understand early events resulting in the development of T cell
anergy.

To determine whether the maintenance of anergic T cells
depends on continuous antigen presentation, we transferred
peripheral naive T cells from W131AOTII or OTII into WT or
MHC-1I"/~ mice. Whereas the anergic W131AOTII T cells were
still readily detectable 10 d after adoptive transfer into WT mice,
the anergic W131AOTII T cells were difficult to detect 10 d after
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adoptive transfer into MHCII/~ mice (Fig. 2, F and G). Since
naive OTII T cells contained very few anergic T cells, anergic
T cells from OTII T cells were undetectable after adoptive
transfer into WT and MHCII-/~ mice (Fig. 2, F and G). In sum-
mary, the maintenance, generation, or survival of new anergic
T cells in W131AOTII mice appears to be dependent on ongoing
antigen presentation by class II MHC molecules.

Gene signatures characteristic of unresponsive cells were
strongly enriched in peripheral W131AOTII CD4 T cells but not
in CD4SP thymocytes

RNA sequencing was performed to assess gene expression in
peripheral naive CD25" transgenic (Va2*) CD4 T cells depleted of
T reg (Foxp3*) cells (Fig. S2, A and B) to identify unique toler-
ance gene signatures and signaling pathway genes that were
different between W131AOTII and OTII mice. A total of 449
genes were uniquely expressed in naive CD25-Va2* CD4 T cells
from W131AOTII mice compared with those from OTII mice
(Fig. 3 A and Table S1). Anergy-related genes (Izumolr [FR4], Nt5e
[CD73], Nr4al [Nur77], Nrpl, Rnfi49, Wdfyl, pdcdl [PD-1], Ilirll
[ST2], Nr4a2, and Pdcdilg2), T reg cell-related genes (123, Foxp3,
I2ra, Tnfrsf4 [PX40], Lrrc32, Gpr83, Tnfrsfo [4-1BB], Ili0ra, Ctla4,
and EntPD-1 [CD39]), and inhibitory genes influencing cytokine
and TCR signaling (Socs3, Golml, Ube2l6, Cish, Fbxw8, Spryl,
Bhlhed0, Kctdl7, Sosc2, and Maf) were greatly up-regulated in
naive CD25"Va2* CD4 T cells from W131AOTII mice compared
with those from OTII mice (Fig. 3, B-D; and Fig. S3 A). The IL-33
receptor ST2 (Ilirll) was reported to be important for the de-
velopment of T cell anergy in nonlymphoid tissues of Aire-
deficient mice (Tuncel et al., 2019). We compared our list of
differentially expressed (DE) genes of W131AOTII naive CD4
T cells with two previous studies analyzing anergy in human
peripheral CD8 T cells (Maeda et al, 2014; Yu et al., 2015).
Among the 12 genes that were significantly different between
anergic and control T cells identified by Yu et al. (2015), 4 of
these 12 genes, including Il2ra, I12rg3, IL21r, and IlI0ra, were also
present in our list of DE genes of W131AOTII versus OTII naive
CD4 T cells. Among four DE genes in human anergic T cells
identified by Maeda et al. (2014), Ctla4 is present in our list of DE
genes of WI3IAOTII T cells. Some T cell exhaustion-related
genes (Ikzf2, Irf4, Eomes2, Ptger2, and Tigit) were slightly up-
regulated in the naive CD25Va2* W131AOTII CD4 T cells (Fig.
S3 B).

Interestingly, CD4SP thymocytes from WI131AOTII mice
showed fewer differences in these anergy-related, T reg cell-
related genes, inhibitory genes influencing cytokine and TCR
signaling, and T cell exhaustion-related genes (Fig. 3, E-G; and
Fig. S3, C and D). In contrast to naive W131AOTII CD4 T cells,
W131AOTII thymocytes displayed decreased expression of Nr4al,
Gpr83, and Irf4, but increased expression of NtSe, CISH (a sup-
pressor of cytokine signaling [SOCS] family member; Fig. 3, E-G;
and Fig. S3, C and D). W131AOTII thymocytes also displayed
increases of many T reg cell-associated genes, consistent with
the increase in T reg cells seen in the W131AOTII thymocytes
(Fig. 3, E-G; and Fig. S3, C and D). Furthermore, the gene ex-
pression of Nr4al in W131AOTII mice was consistent with ele-
vated Nur77-GFP expression (Fig. SI, E and F). 787 genes were
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DE in CD4SP thymocytes from W131AOTII mice compared with
CD4SP cells from OTII mice (Fig. 3, H and I; and Table S2).
Among these genes, only 146 genes (18.6%) were also differen-
tially differentiated in the naive W131AOTII CD4 T cells (Fig. 31).
Among the top 20 genes, 7 (Lrrc32, Ntse, Tspan9, Adami9, wdfyl,
Relll, and 5830416119Rik) were DE in both naive CD4 T cells and
CD4SP thymocytes from W131AOTII mice compared with those
from OTII mice (Fig. 3, ] and K). Importantly, most of the top 20
DE genes in peripheral T cells were anergy-related genes, T reg
cell-related genes, or inhibitory genes influencing cytokine
genes and TCR signaling (Fig. 3 J). In summary, the RNA-
sequencing results generally support the notion that T cell an-
ergy in W131AOTII mice is not acquired in the thymus, but in the

periphery.

Deletion of Cbl-b, Grail, or PD-1 in W131AOTII mice did not
rescue anergic phenotypes in W131AOTII mice

The inhibitory receptor PD-1 and the E3 ubiquitin ligases Cbl-b
and Grail are highly expressed in anergic T cells and have been
implicated in establishing the unresponsive state (Fathman and
Lineberry, 2007; Lutz-Nicoladoni et al., 2015; Mueller, 2004).
Naive W131AOTII T cells had increased Cbl-b mRNA and protein
expression compared with OTII T cells (Fig. 4, A and B). Al-
though we previously detected increased Grail mRNA expres-
sion in WI31AOTII T cells (Hsu et al., 2017), the Grail protein
amount was not expressed differentially in peripheral naive
OTII and WI3IAOTII CD4 T cells (Fig. 4 C). To determine
whether deletion of Cbl-b, Grail, or PD-1 could overcome or
prevent the development of anergic T cells in WI131AOTII
mice, we generated Cbl-b~/~"W131AOTII, Grail~/~W131AOTII, and
PD-1"/"W131AOTII mice. Deletion of Cbl-b, Grail, or PD-1 did not
restore normal T cell development in W131AOTII mice (Fig. S4,
A-D). In fact, Cbl-b~/"W131AOTII and PD-1~/"W131AOTII mice
even exhibited reduced frequencies of CD4SP thymocytes and
increased frequencies of thymic T reg cells compared with
W131AOTII mice (Fig. S4, D and E). Notably, Cbl-b-/“W131AOTI],
Grail/“W131AOTII, or PD-1 ~/~W131AOTII mice did not exhibit
any evidence of rescue of anergic T cells, T reg cells, and
memory CD4 T cells compared with W131AOTII mice (Fig. 4,
D-I). Deletion of Cbl-b or PD-1 even resulted in increased fre-
quencies of peripheral T reg cells in W131AOTII mice (Fig. 4, D
and E). Furthermore, deletion of PD-1 resulted in increased
frequencies of peripheral anergic T cells and memory T cells in
W131AOTII mice (Fig. 4, F-I). These results suggest that there
may be multiple compensatory mechanisms to establish and/or
maintain anergic T cells. For example, deletion of Cbl-b led to
increased WI131AOTII T cells that expressed PD-1 (Fig. S4, F and
G). Cbl-b deficiency did not increase TCRB/CD3/Va2 expression
of naive Va2* CD4 T cells (Fig. S4, H and I). In summary, deletion
of Cbl-b, Grail, or PD-1in W131AOTII mice did not rescue anergic
CD4 T cell phenotypes in W131AOTII mice.

Loss of Cbl-b, but not PD-1 or Grail, in W131AOTIl mice
restores peripheral T cell responsiveness to antigen and
anti-TCR stimuli

Despite preservation of the anergic cell surface markers, we
determined whether deletion of Cbl-b, Grail, or PD-1 could
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In contrast to CD4SP thymocytes, tolerance-associated gene signatures were strongly enriched in peripheral W131AOTII T cells. (A) RNA

sequencing revealed heatmap analysis of gene expression in peripheral naive (CD44°“CD62L*) CD25Va2* CD4 T cells (n = 3-12 mice/group). (B-D) RNA

sequencing revealed expression of anergy-associated genes (B), T reg cell-

associated genes (C), and inhibitory genes (D) influencing cytokines and TCR

signaling in peripheral naive CD25"Va2*CD4* T cells from OTIl and W131AOTII mice. (E-G) Expression of anergy-associated genes (E), T reg cell-associated
genes (F), and inhibitory genes (G) influencing cytokines and TCR signaling in CD25-Va2* CD4SP thymocytes from OTIl versus W131AOTII mice. The expression
values were normalized by fragments per kilobase of transcript per million reads (FPKM). (H) RNA seqequencing revealed heatmap analysis of gene expression
in CD25"Va2* CD4SP thymocytes from OTII versus W131AOTII mice. (I) Venn diagram showing the total number of DE genes between W131AO0TII and OTII
T cells in transgenic CD4SP thymocytes and peripheral naive CD25~ CD4 T cells. (J and K) MA plot revealed top genes whose expression was highly expressed
and DE in peripheral W131AOTII T cells () and W131AOTII CD4SP thymocytes (K) compared with those from OTII mice. FDR-corrected *, P < 0.05; **, P <

0.005; ***, P < 0.0005.

overcome T cell unresponsiveness in W131AOTII mice. In con-
trast to impaired T cell responses observed in peripheral
WI131AOTII CD4 T cells, loss of Cbl-b in W131AOTII mice rescued
peripheral T cell responsiveness to antigen or TCR stimuli, in-
cluding up-regulation of CD69, CD25, and the proportion of IL-2
secreting CD4 T cells (Fig. 5, A-E). Cbl-b~/"W131AOTII T cells
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were hyperresponsive to TCR stimulation and had higher re-
sponses than even OTII T cells (Fig. 5, A-E). In contrast, loss of
PD-1 in W131AOTII mice did not rescue T cell responsiveness to
antigen or TCR stimulation (Fig. 5, A-E). Interestingly, Grail
deficiency in W131AOTII mice resulted in increases in CD69,
CD25 up-regulation in response to anti-CD3 and anti-CD28
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Figure 4. Deletion of Cbl-b, Grail, or PD-1 in W131AOTII mice did not rescue anergic phenotypes in W131AOTII mice. (A) Relative expression of Cbl-b
mRNA in naive and memory Va2* CD4 T cells from indicated mice (n = 3 mice/group). (B and C) Immunoblot analysis of Cbl-b (B) and Grail (C) on peripheral
CD25~ naive OTIl and W131AOTII T cells (n = 4-8 mice/group). (D) Flow cytometry of peripheral CD4*Va2* T cells to identify T reg cells (Foxp3*). (E) Bar graph
depicts the frequencies of peripheral T reg cells of Va2+CD4* T cells. (F) Flow cytometry of peripheral CD4*Va2+*Foxp3~ T cells to identify anergic T cells
(Foxp3-FR4*CD73*). (G) Bar graph shows the frequencies of peripheral anergic T cells of CD4*Va2* T cells. (H) Flow cytometry of peripheral CD4*Va2* T cells
stained for CD44 and CD62L expression. (1) Bar chart shows the frequencies of peripheral memory T cells (CD44+*CD62L") of Va2*CD4* T cells. Data are
representative of three independent experiments (A-C) and combined from five independent experiments (n = 3-17 mice/group). Two-tailed Student's t test

was performed. *, P < 0.05; **, P < 0.005; ***, P < 0.0005.
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Figure 5. Loss of Cbl-b, but not PD-1 or Grail, in W131AOTII mice prevents peripheral T cell unresponsiveness to antigen and TCR stimulation. (A-])
Peripheral naive CD25~ CD4 T cells from age-matched mice (n = 3 mice/group) were cultured in vitro with TCRa™/~ splenocytes plus 0.1 uM OVA peptide, or
plate-bound anti-CD3 (0.3 pg/ml) with or without anti-CD28 (2 pg/ml). (A and B) Histograms comparing CD69 up-regulation after 16 h culture with OVA (A) or
anti-CD3 (B) stimulation. (C-E) Bar graphs indicating mean frequencies + SD for CD69* (C), CD25* (D), or IL2* of Va2* CD4 T cells (E). (F) Flow cytometry of
peripheral Va2* CD4 T cells stained for CD25 and IL2 after 16 h culture with anti-CD3 plus anti-CD28. (G) Frequencies of IL.2* of Va2* CD4 T cells and
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(1) Frequencies of proliferating cells (CTV!®%). Data are representative of three independent experiments. Two-tailed Student’s t test was performed. ***, P <
0.0005.
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stimulation (Fig. 5, A-E). However, deletion of Grail did not
rescue T cell responsiveness to OVA or anti-CD3 stimulation
alone (Fig. 5, A-E). This could reflect enhanced CD28 signaling
pathways in Grail/-WI131AOTII mice exposed to the high-
affinity anti-CD28 antibody as opposed to the physiological lig-
and in APC-containing cultures.

We examined whether loss of Cbl-b could rescue IL-2 production
in anergic T cells in W131AOTII mice. Indeed, deletion of Cbl-b
greatly increased IL-2 production in both nonanergic and anergic
T cells in W131AOTII compared with OTII T cells (Fig. 5, F and G).
Consistent with the increased IL-2 production, proliferative re-
sponses to peptide stimulation were comparable among OTII cells,
Cbl-b~/-OTII, and Cbl-b~/~W131AOTII, whereas W131AOTII T cells
exhibited significantly reduced T cell proliferation (Fig. 5, H and I).
Thus, although Cbl-b deficiency did not prevent the expression of
phenotypic markers (CD73'FR4*) of anergy on the WI31AOTII
T cells, it did enhance functional responses to TCR stimulation of
anergic T cells. Together, these results reveal an essential role for
Cbl-b in the regulation of peripheral tolerance and T cell anergy.

Loss of Cbl-b in W131AOTII mice altered gene expression
profiles associated with improved T cell responsiveness

We performed gene expression analysis of naive CD25"Va2* CD4
T cells isolated from OTII, Cbl-b~/-OTII, WI131AOTII, and Chl-
b=/~W131AOTII mice to investigate the possible downstream sig-
naling pathways that Cbl-b influences and related these changes to
T cell responsiveness. Expression of a total of 2,226 genes was sig-
nificantly altered in naive Cbl-b~/~WI131AOTII T cells compared with
W131AOTII naive T cells (Fig. 6, A and B; and Table S3). Analysis of
principal component 1 accounting for the most variance (31%) and
the numbers of DE genes suggested that Cbl-b~/"W131AOTII T cells
showed a more similar transcription expression to Cbl-b~/~OTII than
to W13LAOTII T cells (Fig. 6, A and B; Fig. S5 A; and Table S3).
Signaling pathways enriched in Cbl-b~/~W131AOTI T cells compared
with WI131AOTII T cells included RNA binding/processes, immune
system processes, responses to virus, innate responses, cell-cell ad-
hesion, spliceosome, and protein transport (Fig. 6 C). The immune
system process pathway (gene ontology: 0002376) contained 24
genes DE in Cbl-b~/"WI131AOTII T cells compared with W131AOTII
T cells (Fig. S5 B). The top genes that were mostly differentiated in
Cbl-b-/~WI31AOTII T cells are genes involved in innate and IFN
responses (Fig. 6 D). Even though most of the anergy-related genes
up-regulated in peripheral W131AOTII CD4 T cells were not rescued
in Cbl-b~/~WI131AOTII mice (Fig. S5 C), some anergy-associated
genes (Egr2, Dixd, Dtx2, Nfatcl, Nfatc2, and Ilirll), suppressor of cyto-
kine signaling genes (Socs3 and Socs7), and ubiquitin-C gene (Ubc)
were substantially down-regulated in Cbl-b~/"WI131AOTII T cells
(Fig. 6, E-G). Furthermore, the expression of the anti-apoptotic Bcl2
gene was up-regulated in Cbl-b~/~WI131AOTII T cells compared with
WI3LAOTII T cells (Fig. 6 H). In summary, deletion of Cbl-b resulted
in distinct transcriptional profiles that might contribute to the im-
provement of T cell responsiveness on the W131AOTII background.

Loss of Cbl-b in W131AOTII mice was associated with improved
TCR signaling

We next determined the impact of Cbl-b deficiency on TCR
signaling, focusing first on calcium responses in WI131AOTII-
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naive CD4 T cells. Surprisingly, absence of Cbl-b in these
T cells did not rescue the early peak calcium response observed
after TCR stimulation (Fig. 7, A and B). However, the baseline
calcium in the W131AOTII T cells was elevated, as previously
reported (Hsu et al., 2017), and it was even further elevated by
the loss of Cbl-b (Fig. 7, A and B). Cellular responses to anti-TCR
or antigen stimuli more readily occur when stimuli are pre-
sented at surfaces, such as mAbs immobilized on plastic dishes
or at cellular interfaces, respectively, and must be maintained
for hours to induce cellular responses. To determine whether
loss of Cbl-b can rescue a longer-term TCR-induced calcium
response that is more consistent with what might be observed in
cells stimulated to produce a proliferative or cytokine response, we
cultured naive CD4 T cells with anti-CD3 plus anti-CD28 beads for
3 h and compared calcium elevation of stimulated (bead-bound)
cells with unstimulated (unbound) cells. Bead-bound cells were
distinguished from unbound cells based on higher side scatter
(Fig. 7 C). WI31AOTII T cells displayed impaired long-term calcium
elevation to anti-CD3 and anti-CD28 beads compared with OTII
T cells. On the other hand, Cbl-b-/"WI31AOTII T cells showed
greater long-term calcium elevation when compared with
WI131AOTII T cells (Fig. 7, C and D). To ensure active TCR signaling
was required for the observed elevation of calcium, addition of
PP2, a selective Src family kinase inhibitor, led to reduced calcium
responses in bead-bound cells, supporting the notion that the
calcium elevation in these cells was dependent upon the TCR-
dependent signaling pathway (Fig. 7 E). Consistent with the cal-
cium elevation, deletion of Cbl-b in W131AOTII mice did not
rescue early TCR proximal signaling, including phosphorylation
of AKT and ERK, 2 min after anti-CD3 stimulation (Fig. 7 F), but at
least partially rescued these responses after long-term TCR sig-
naling measured 2 h after anti-CD3 stimulation (Fig. 7, G and H).
Thus, loss of Cbl-b in W131AOTII mice rescued TCR signaling and
calcium responses detectable at 2 and 3 h, respectively, after TCR
stimulation with immobilized cross-linked stimuli.

TCR stimulation without costimulation triggers the forma-
tion of NFAT homomeric complexes without NFAT:AP-1 coop-
eration and induces a gene expression program associated with
T cell anergy (Heissmeyer et al., 2004; Macién et al., 2002). To
further validate the importance of physiological calcium-
dependent signaling in Cbl-b-deficient cells, we assessed
whether the increased responses in Cbl-b-/"W131AOTII T cells
depended on NFAT. Treatment with cyclosporin A completely
inhibited T cell responses with large reductions in the frequency
of IL-2* cells, as well as up-regulation of CD25 and CD69 in
W131AOTII Cbl-b~/- CD4 T cells (Fig. 7, I-L). These results sug-
gest that IL-2 production in these cells still depended on calcium-
dependent NFAT signaling. Thus, removing Cbl-b prevented
functional T cell anergy by enhancing time-dependent, calcium-
dependent responses and TCR signaling.

Discussion

Here we studied a genetically encoded mouse model of T cell
anergy (W131AOTII mice) wherein TCR signaling is increased by
the Zap70 WI131A hypermorphic mutant that disrupts auto-
inhibition in the setting of a TCR transgene, presumably due to
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Figure 6. Loss of Cbl-b in W131AOTII mice significantly altered gene expression profile. (A) RNA sequencing revealed heatmap analysis of gene ex-
pression of peripheral naive (CD44'°" CD62L*) CD25-Va2* CD4 T cells (n = 3-12 mice/group). (B) Principal component analysis of CD25-Va2* peripheral naive
CD4 T cells from the indicated mouse strains. (C) Top five signaling pathways enriched in peripheral naive Cbl-b~/~W131AOTI T cells compared with
W131AOTII T cells. (D) MA plot revealed the top 20 genes whose expressions were highly differentiated in peripheral Cbl-b~/~W131AOTIl compared with those
from W131AOTII mice. (E-H) RNA sequencing revealed gene expression of anergy-associated genes (E), Socs genes (F), Ubc (G), and anti-apoptotic Bcl2 (H) in
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encounter with an unidentified self-pMHC. In the thymus, at
the double-positive (DP) stage of development, this led to
increased but incomplete negative selection. Our results
suggest that anergy was established in the periphery, but not
in the thymus, in a time-dependent manner. In contrast to
enriched tolerized gene signatures and impaired TCR signal-
ing observed in peripheral CD4 T cells, CD4SP thymocytes
from W131AOTII mice exhibited biochemical TCR signaling
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and gene expression that were comparable to those from the
control OTII mice. The maintenance of CD4 T cell anergy or
survival of anergic T cells in W131AOTII mice presumably
required antigen presentation via MHC-II molecules. There-
fore, the anergic state is established and maintained in pe-
ripheral T cells in this model.

Recent thymic emigrants (RTEs) differentiate for up to 3 wk
before they become mature T cells (Boursalian et al., 2004; Fink,
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Figure 7. Loss of Cbl-b in W131AOTII mice rescued calcium responses and TCR signaling. (A) Peripheral T cells were mixed together, identified by
congenic markers CD45.1x CD45.2 (OTII) and CD45.2 (Cbl-b~/~W131AOTII or W131AOTII, or Cbl-b~-W131AOTII), and loaded with Indo-1 to detect intracellular
calcium. (B) Cells were stimulated with 10 pg/ml anti-CD3, followed by cross-linking with 20 ug/ml anti-Armenian hamster IgG, and 1 uM ionomycin. (C and
D) Peripheral OTIl and Cbl-b=/~OTIl or W131AOTII or Cbl-b~/~W131AOTII CD4 T cells were culture with anti-CD3/CD28 Dynabeads for 3 h. Cell were loaded
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bound and unbound OTII T cells incubated with 10 uM PP2. (F) Immunoblot analysis of AKT and ERK phosphorylation in peripheral naive CD4* T cells
stimulated with anti-CD3 (1 pg/ml) followed by cross-linking with anti-Armenian hamster 1gG (20 pg/ml) for 2 min (n = 3-6 mice/group). (G and H) Im-
munoblot analysis (G) and flow-based assessment (H) of AKT and ERK phosphorylation in peripheral naive CD25-Va2*CD4* T cells stimulated with plate-bound
anti-CD3 (1 pg/ml) for 2 h (n = 3-6 mice/group). (I-L) Peripheral naive CD4* T cells were cultured with OVA (0.1 uM) with or without cyclosporin A (CsA; 10 pg/ml)
or anti-CD3 (0.5 pg/ml) plus anti CD28 (2 pg/ml) with or without CsA (10 pg/ml). (1) Flow cytometry of peripheral CD4*Va2* T cells stained for CD25 and IL-2.
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two independent experiments. Two-tailed Student’s t test was performed. **, P < 0.005; ***, P < 0.0005.

2013). Consistent with this, and in contrast to large increases of
anergic T cells in adult W131AOTII mice, 3-wk-old W131AOTII
mice contained small increases in the frequencies of anergic
T cells (Fig. 2, A-E). Thus, RTEs probably take at least 3 wk to
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become mature and/or anergic. Since the adoptively transferred
CD4SP thymocytes survived poorly beyond 10 d after transfer,
thymic transplantation might be required to investigate when
and where W131AOTII RTEs are induced to become anergic.
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Our model of anergy takes advantage of a genetically encoded
hypermorphic allele that augments signaling by a well-
characterized TCR transgene to induce a signal that is too
strong when it encounters an unidentified self-pMHC, resulting
in partial negative selection in the thymus or anergy of mature
T cells in the periphery. This may mimic the events that nor-
mally occur with higher-affinity interactions involving self-
PMHC and some clonally distributed TCRs of normal mice.
Most models of anergy have introduced exogenous antigens or
stimuli to induce anergic states. The genes involved in regulating
anergy have largely been studied in these artificially induced
anergic states. For instance, Grail~/~ and Cbl-b~/~ T cells were
reported to be resistant to in vitro induction of T cell anergy with
ionomycin, TGF-B, or T reg cells (Jeon et al., 2004; Kriegel et al.,
2009). Furthermore, TCR transgenic Grail~/-, Cbl-b~/-, and PD-
1= T cells were also resistant to in vivo oral tolerance or
peptide-induced anergy (Chikuma et al., 2009; Jeon et al., 2004;
Kriegel et al., 2009; Tsushima et al., 2007). In contrast to our
genetic model of T cell anergy, those models of T cell anergy
depend to some extent on how antigens are delivered to induce
anergy and are only short-term anergy models. This may explain
why it is easier to reverse T cell anergy in these models and why
deletion of Grail or PD-1 is implicated in T cell anergy in these
studies but not in our W131AOTII mice. Our results suggest that
many compensatory layers of regulation may control T cell an-
ergy in WI131AOTII mice, which may be relevant for more
physiological anergy induction to self-pMHC.

Even though the genetically encoded W131A anergy model
offers the advantage of spontaneous T cell anergy development,
there are two potential limitations of this model. First, since
Zap70 has been shown to interact with Cbl-b (Lupher et al.,
1996), it is possible that Zap70 mutant W131A could affect the
interaction with Cbl-b. Second, since the anergy-inducing self-
antigen in WI131AOTII mice is still unidentified, our under-
standing of where and how T cell anergy is induced in periphery
is limited. Future studies will investigate the potential enrich-
ment of anergic T cells in different tissues and identify the self-
antigens inducing anergic T cells in W131AOTII mice.

Interestingly, absence of PD-1, Cbl-b, or Grail did not affect
the development of phenotypically identified anergic T cells or T
reg cells in W131AOTII mice (Fig. 4, D-I). However, loss of Cbl-b,
but not PDI1 or Grail, in W131AOTII mice eliminated the T cell
unresponsiveness to antigen or anti-CD3 stimulation, including
up-regulation of long-term TCR-induced calcium responses,
phosphorylation of downstream targets, the activation markers
CD69 and CD25, the proportion of IL-2-secreting CD4 T cells,
and their proliferation (Fig. 5, A-E). Consistent with this, Cbl-b
was strongly up-regulated at 8 h after TCR stimulation (Zhang
et al., 2008), suggesting Cbl-b probably has stronger effects in
reducing the threshold for T cell activation at later time points
after TCR stimulation and may explain the delayed signaling
phenotypes seen in the Cbl-b~/~"W131AOTII cells.

Cbl-b can interact with and inhibit multiple downstream
molecules of TCR and costimulatory CD28 pathways, such as
Lck, Vav, Grb2, PI3K, PLC-y, PKC-§, and others (Bachmaier et al.,
2000; Thien and Langdon, 2005). Cbl-b-dependent ubiquitina-
tion targets activated forms of these TCR downstream molecules

Nguyen et al.
Cbl-b is necessary for T cell anergy

for degradation either by facilitating their endocytic sorting into
lysosomes or by promoting their proteasomal degradation (Lutz-
Nicoladoni et al., 2015). In addition to its function as an E3
ubiquitin ligase, Cbl-b binds to other effector molecules such as
the tyrosine phosphatases suppressor of T cell signaling 1 (Sts-1)
and -2, which could promote dephosphorylation of TCR down-
stream molecules and thereby negatively regulate downstream
signaling (Carpino et al., 2004; Kowanetz et al., 2004). Sts-1 and
-2 are recruited through an SH3 domain-mediated interaction
with Cbl-b and possibly by binding ubiquitylated proteins
through its ubiquitin-associated domain (Feshchenko et al.,
2004; Kowanetz et al., 2004). Similar to Cbl-b~/~ T cells, dou-
ble Sts-1/Sts-2 knockout T cells displayed strikingly enhanced
TCR signaling (Carpino et al., 2004). Future studies are needed
to investigate whether Cbl-b function in anergic T cells is mainly
mediated by its E3 ubiquitin ligase effects or by interacting with
phosphatases Sts-1 and -2 or other molecules.

Even though antibody-induced blockade of PD-1 partially
reversed T cell unresponsiveness in W131AOTII mice (Hsu et al.,
2017), germline deletion of PD-1 in W131AOTII mice did not
prevent the unresponsiveness (Fig. 5, A-E). Therefore, abrupt
inhibition of PD-1 signaling at a homeostatic state may be able to
perturb the development rather than the maintenance of the
anergic state, but there may be developmentally layered com-
pensatory mechanisms when PD-1 deletion is present through-
out development.

In summary, compensatory mechanisms that maintain tol-
erance in CD4 T cells are strongly regulated in W131AOTII mice.
Among these, our studies suggest that Cbl-b plays a dominant
role, at least in controlling the functional capacity of anergic
T cells. The maintenance of the anergic phenotype, but not
function, in Cbl-b-deficient anergic T cells is surprising and
deserves further exploration to understand this phenotypic/
functional dissociation.

Materials and methods

Mice

Mice 8-12 wk of age, of the strains OTII TCR transgenic,
B6.SJLPtprc? Pepcb/Boy] (CD45.1), MHCII /-, and PD-1/~ (Keir et al.,
2007), were purchased from The Jackson Laboratory. Cbl-b~/-,
Grail~/~, W131AOTII, and Nur77-enhanced GFP (EGFP) transgenic
mice were described previously (Chiang et al., 2000; Hsu et al,,
2017; Kriegel et al., 2009; Zikherman et al., 2012). Cbl-b~/-OTTI,
Grail~/~OTII, PD-1"/-OTII, Cbl-b-/~W131AOTII, Grail~/~-W131AOTI],
and PD-1"/-W131AOTII mice were generated by crossing Cbl-b-/
with OTII or W131AOTII, respectively. CD45.1xCD45.2 OTII mice
were generated by crossing CD45.1 with OTII (CD45.2) mice. OTII-
Nur77-EGFP reporter and WI131AOTII-Nur77-GFP reporter mice
were generated by crossing Nur77-EGFP reporter mice with OTII or
WI131A mice, respectively. Male mice bearing the Y chromosome-
linked OTII TCR transgenes were used in all experiments. All mice
were housed in the specific pathogen-free facilities at the Univer-
sity of California, San Francisco, and were treated according to
protocols that were approved by the University of California, San
Francisco, Animal Care Ethics and Veterinary Committees, and in
accordance with National Institutes of Health guidelines.
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Flow cytometry

Single-cell suspensions from spleens, lymph nodes, and thymi
were incubated with anti-CD16/32 at 5 pg/ml for 20 min on
ice to block Fc receptors. Cells were stained with the
following antibodies: CD4 PerCP-Cy55, TCRB PerCp-Cy55, and
CD62L APC (TONBO); CD44 FITC, PD-1 PerCP-Cy55, CD69
Cy7PE, CD25 PerCP-Cy55 (Biolegend); CD4 BUV395, and CD8
BUV737 (BD); Va2 PE (phycoerythrin), Va2 Pacific Blue, Va2
FITC, FR4 Cy7PE, and CD73 BV605 (eBioscience); and CD25
BV605 (Life Technology). Dead cells were excluded using the
live/dead fixable Near-IR death cell stain kit (Invitrogen). In-
tracellular Foxp3-FITC staining was done according to the
manufacturer’s instructions (Life Technology). For detection of
negatively selected thymocytes, caspase 3 PE (BD) was used as
previously described (Breed et al., 2019). For intracellular flow
cytometry, antibodies against phosphorylated ERKT202/Y204
(mAb 197G2), AKTS*”3 (Cell Signaling) were used as previously
described (Hsu et al., 2009). Antibody against Alexa 647-anti-
rabbit IgG was used as a secondary antibody to detect phos-
phorylation of ERK and AKT.

T cell isolation and in vitro T cell assay

Thymocytes or peripheral CD4* T cells were negatively enriched
by conjugated magnetic beads using biotinylated antibody de-
pletion mixtures and anti-biotin microbeads (Miltenyi Biotec)
after Fc blocking with rat serum. For the isolation of CD25~
CD4SP thymocytes, cells were stained with biotinylated anti-
bodies to CD8 and CD25. For the isolation of naive CD25~ T cells
from the periphery, cells were stained with biotinylated anti-
bodies to CD45R, CDllb, CD24, CD8a, CD49b, Terll9, CD19,
CDllc, CD44, and CD25. For proliferation assays, the cells were
labeled with cell trace violet (CTV; Invitrogen) according to the
manufacturer’s instructions. Purified CD25~ T cells were cul-
tured with splenocytes from TCRa™/~ mice and 0.1 pM OVA
peptide, plate-bound anti-CD3 (2C11; 0.3 pg/ml) with or without
soluble anti-CD28 (37.51; 2 pg/ml) in medium (RPMI supple-
mented with L-glutamine/streptomycin and 10% fetal bovine
serum) in 96-well round-bottom plates at 37°C in 5% CO,. IL-
2-secreting T cells were identified using the IL-2 secretion assay
(Miltenyi Biotec) according to the instructions of the manufac-
turer. Flow cytometry analysis was done to identify CD69*,
CD25*, IL-2*, and proliferating cells (CTV'*") among transgenic
OTII*(Va2*) CD4 T cells with anti-CD4-PE, -Va2-FITC, -IL2-APC,
-CD69-Cy7PE, and -CD25-PercpCy55 antibody staining.

Calcium responses

Splenocytes from OTII (CD45.1xCD45.2) and Cbl-b~/-OTII,
WI31AOTII, or Cbl-b~/~"W131AOTII (CD45.2) were surface-stained
with anti-CD4-PercpCy55, -Va2-PE, -CD45.1, and -CD45.2. Mag-
netic bead negatively purified peripheral CD4* T cells from OTII,
Cbl-b~/-OTII, or W131AOTII, Cbl-b-/~W131AOTII mice were cul-
tured with anti-CD3/-CD28 Dynabeads (Thermo Fisher Scientific)
for 3 h at 37°C. Cells were loaded with Indo-1 dye (Invitrogen) for
30 min at 37°C in RPMI supplemented with 5% fetal bovine serum
and Hepes. After loading with Indo-1, cells were washed and ana-
lyzed by flow cytometry (LSR Fortessa with a UV laser) at 37°C and
stimulated with 10 pg/ml of anti-CD3 (2Cl1), followed by cross-
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linking with 20 pg/ml goat anti-Armenian hamster IgG, 1 uM
ionomycin, or 10 pM PP2. Calcium increase was monitored as the
ratio of Indo-1 (blue) and (violet) and displayed as a function of time.

Immunoblot analyses

Va2*CD25- CD4SP thymocytes or peripheral naive (CD44'°“CD62L")
CD25-Va2*CD4* T cells were sorted and washed with PBS. Purified
primary T cells were washed with RPMI (without serum), re-
suspended at 10° cells/50 pl RPMI, and allowed to rest for 30 min at
37°C. The cells were left unstimulated or were stimulated with sol-
uble anti-CD3 (2C11; final concentration, 1 ug/ml) and sec-
ondary antibody (goat anti-Armenian hamster; final
concentration, 20 ug/ml) for 2 min, or stimulated with plate-
bound anti-CD3 (2Cl11, final concentration 1 pg/ml) for 2 h. The
cells (10° cells) were quickly centrifuged (10,000 g; 10s), the
supernatant was aspirated, and the pelleted cells were lysed
by direct addition of 50 pl of 1% NP-40 (containing the
phosphatase and protease inhibitors 2 mM NaVO,, 10 mM
NaF, 5 mM EDTA, 2 mM PMSF, 10 pg/ml aprotinin, 1 pg/ml
pepstatin, and 1 pg/ml leupeptin). The lysates were placed on
ice and centrifuged at 13,000 g to pellet cell debris. 6x loading
dye was added to the supernatant. Samples were heated in
sand at 100°C for 5 min. The supernatants were run on Nu-
PAGE 4-12% Bis-Tris protein gels (Thermo Fisher Scientific)
and transferred to polyvinylidene fluoride membranes.
Membranes were blocked with tris-buffered saline with
Tween 20 buffer containing 3% BSA, then probed with pri-
mary antibodies overnight at 4°C or 2 h at room temperature
(25°C). Primary antibodies for the following specificities were
used: Cbl-b (Proteintech; catalog no. 12781-1-AP), Cbl-b (Cell
Signaling; catalog no. D3C12), Zap70 (Cell Signaling; DICIOE),
Gapdh (Cell Signaling; 14C10), phosphotyrosine (4G10), Plcyl
(BD; 610028), Vav (Transduction Lab), STSI (Abcam;
AB34781), Grb2 (Santa Cruz; C23), phosphorylated Plcyl
Tyr783 (Cell Signaling), Vav (Transduction Lab; rabbit),
phosphorylated Vav Tyrl60 (R & D), phosphorylated Vav
Tyrl74 (Abcam), phosphorylated AKT T308 (Cell Signaling; 60
kD; 244F9; #4056), phosphorylated AKT Ser473 (Cell Signal-
ing; 193H12; #4058), phosphorylated LAT Tyrl32 (Abcam),
phosphorylated LAT Tyr191 (Cell Signaling), phosphorylated
SHIP1 Tyr1020 (Cell Signaling; antibody #3941), SHIP1 (Cell
Signaling; D1163), phosphorylated PI3 Kinase p85 (Tyr458)/
p55 (Tyrl99; Cell Signaling; E3ULH; #17366), PI3K-85 (Cell
Signaling; #4292), phosphorylated ERK phospho-p44/42
MAPK (ERK1/2, Thr202/Tyr204; Cell Signaling), and PTEN
(Cell Signaling; D4.3, mAb #9188). The following day, the blots
were rinsed and incubated with HRP-conjugated secondary
antibodies. The blots were detected with a chemiluminescent
substrate and a Bio-Rad Chemi-Doc Imaging system.

Quantitative RT-PCR

Total RNA from naive and memory CD25-Va2*CD4* cells were
isolated with RNeasy (Qiagen). Complementary DNA was syn-
thesized using a cDNA synthesis kit (Quantabio) according to the
manufacturer’s instructions. Expression of Chl-b mRNA was mea-
sured using a commercial primer/probe set (Mm01343092_ml;
Applied Biosystems). Quantitative PCR was performed using a
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7900HT Fas Real-Time PCR system (Applied Biosystems) with the
following cycles: 50°C for 2 min, 95°C for 10 min, and 40 cycles of
95°C for 15 s and 60°C for 1 min. Relative expression was normal-
ized to B2m.

Total RNA sequencing

CD25"Vo2* CDA4SP thymocytes or peripheral naive (CD44'°w
CD62L*) CD25-Va2* CD4 T cells were sorted from OTII (n = 3
mice), W131AOTII (n = 12 mice, 4 mice/group), Cbl-b-/~ (n = 3
mice), or Cbl-b~/~W131AOTII (n = 6 mice, 2 mice/group) and
washed with PBS. Total RNA was isolated from 10 cells per
sample using RNeasy (Qiagen) following the manufacturer’s
protocol. Libraries were prepared using the Nugen/Nextera
XT kit (Illumina), and single-end 50-pb RNA sequencing was
performed using a HiSeq 4000 (Illumina). The data have been
false discovery rate (FDR)-corrected for multiple testing via the
Benjamini-Hochberg procedure (Benjamini and Hochberg,
1995). The data discussed in this publication have been depos-
ited in GEO (Edgar et al., 2002) under accession no. GSE167169.

Statistical analysis

All data are shown as mean + SD. Statistical analysis was done
using an unpaired two-tailed Student’s t test. A P value <0.05
was considered significant. For RNA sequencing, FDR-corrected
P was used to evaluate significant differences between different
groups (*, P < 0.05; **, P < 0.005; ***, P < 0.0005).

Online supplemental material

Fig. S1 demonstrates the increased basal TCR signals, as evi-
denced by enhanced Nur77-GFP expression in W131AOTII, cor-
related with increased numbers of anergic T cells. Fig. S2 shows
that peripheral CD25" naive (CD44'°" CD62L") Va2* CD4 T cells con-
tained very few T reg cells. Fig. S3 shows that tolerized gene signatures
were strongly enriched in peripheral W131AOTII T cells. Fig. S4 shows
that deletion of Cbl-b, Grail, or PD-1 in W131AOTII mice did not
rescue anergic phenotypes in W131AOTII mice. Fig. S5 shows
that loss of Cbl-b in W131AOTII mice altered the gene expres-
sion profile. Table S1 shows that tolerized gene signatures were
strongly enriched in peripheral W131AOTII T cells. Table S2
shows that most tolerized gene signatures were not enriched in
W131AOTII CD4SP thymocytes. Table S3 shows that loss of Cbl-
b in WI131AOTII mice significantly altered gene expression
profile associated with improved T cell responsiveness.

Data availability
The data that support the findings of this study are available
from the corresponding author upon request.
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Figure S1. Increased basal TCR signals, as evidenced by enhanced Nur77-GFP expression in W131AOTIl, correlated with increased numbers of anergic
T cells. Flow cytometry-based assessment of MFI of AKT phosphorylation and ERK phosphorylation levels of peripheral naive or CD4SP thymocytes stim-
ulated with anti-CD3 (1 pg/ml) followed by cross-linking with anti-Armenian hamster 1gG (20 pg/ml) for 2 min (n = 3 mice/group). (A and B) MFI of AKT
phosphorylation (A) and ERK phosphorylation (B) relative amounts in stimulated peripheral naive OTIl and W131AOTII T cells. (C and D) MFI of AKT phos-
phorylation (C) and ERK phosphorylation (D) levels in stimulated Va2*CD4SP thymocytes. (E and F) Quantification of MFI of Nur77-GFP in thymic T cell subsets
(E; double-negative [DN], DP, CD4SP, and CD8SP) and peripheral T cell subsets (F) from OTIl and W131AOTII mice (n = 3 mice/group). (G) Contour plots show
the gating scheme for populations A to D, based on Nur77-GFP and Ly6C expression in peripheral naive T cells. (H) Bar graphs show the percentages of
populations A to D in peripheral naive T cells. (1) Contour plots depict anergic T cells (FR4*CD73*) from populations A to D. (J) Bar graphs show the percentage
of anergic T cells from populations A to D. Data are representative of two independent experiments. Two-tailed Student’s t test was performed. *, P < 0.05;
**, P < 0.005; ***, P < 0.0005.
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Figure S2. Peripheral CD25~ naive (CD44'°¥CD62L*) Va2* CD4 T cells contained very few T reg cells. (A) Flow cytometry of peripheral CD4*Va2* T cells
stained for Foxp3 and CD25 expression to identify T reg cells (Foxp3*). (B) Gating strategy for sorting peripheral CD25 naive (CD441°¥CD62L*) Va2* CD4
T cells contained very few T reg cells (Foxp3*). Data are representative of two independent experiments. SSC-A, side scatter.
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Figure S3. In contrast to CD4SP thymocytes, tolerized gene signatures were strongly enriched in peripheral W131AOTII T cells. (A) Volcano plot
revealed expression of anergy-associated genes, T reg cell-associated genes, inhibitory genes influencing cytokines and TCR signaling, and exhausted genes in
peripheral naive CD25-Va2*CD4* T cells from W131AOTII compared with those cells from OTII mice (n = 3-12 mice/group). (B) RNA sequencing revealed
expression of exhausted genes in peripheral naive CD25-Va2*CD4* T cells. (C) Volcano plot revealed expression of anergy-associated genes, T reg cell-
associated genes, inhibitory genes influencing cytokines and TCR signaling, and exhausted genes in CD25-Va2*CD4SP thymocytes from W131AOTII compared
with those cells from OTII mice. NA, not applicable. (D) RNA sequencing revealed expression of exhausted genes in CD25-Va2* CD4SP thymocytes from OTII
versus W131AOTII mice. The expression values were normalized by fragments per kilobase of transcript per million reads (FPKM) of W131AOTII T cells versus
OTII T cells. FDR-corrected *, P < 0.05; **, P < 0.005; ***, P < 0.0005.
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Figure S4. Deletion of Cbl-b, Grail, or PD-1in W131AOTII mice did not rescue anergic phenotypes in W131AOTII mice. (A) Representative plots showing
expression of CD4 and CD8 in total thymocytes from indicated mice. (B-D) Bar graphs show frequencies of double-negative (B; DN), DP (C), and CD4SP
thymocytes (D) in indicated mice. (E) Bar graph shows the frequencies of thymic T reg cells (Foxp3*) of Va2* CD4SP thymocytes. (F) FACS plots showing PD-
1 staining in peripheral Va2* CD4 T cells from OTIl and W131AOTII mice. (G) MFI of PD-1 expression. (H) Histograms comparing expression of TCRB, CD3, and
Va2 in peripheral naive Va2*CD4* T cells from indicated mice. (I) Bar graphs indicating MFI + SD for TCRB, CD3, and Va2 in peripheral naive Va2*CD4* T cells
from indicated mice. Data in A-E are combined from five independent experiments (n = 3-17 mice/group). Data in F-I are presentative of two independent
experiments (n = 3 or 4 mice/group). Two-tailed Student’s t test was performed. *, P < 0.05; **, P < 0.005; ***, P < 0.0005.
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Figure S5. Loss of Cbl-b in W131AOTII mice altered gene expression profile. (A) Principal component analysis with principal component 1 (PC1) and PC3 of
CD25"Va2* peripheral naive CD4 T cells from the indicated mouse strains (n = 3-12 mice/group). (B) Expression of genes that belong to gene ontology:
0002376-immune system process pathway in peripheral naive CD25-Va2+*CD4* T cells from Cbl-b=/~W131AOTIl mice was compared with those cells from
W131A0TII mice. (C) Volcano plot revealed expression of anergy-associated genes, T reg cell-associated genes, inhibitory genes influencing cytokines and TCR
signaling, and exhaustion genes in peripheral naive CD25-Va2+*CD4* T cells from Cbl-b=/~W131AOTII mice compared with those cells from W131AO0TII mice. NA,
not applicable.

Three tables are provided online as separate Excel files. Table S1 shows that tolerized gene signatures were strongly enriched in
peripheral W131AOTII T cells. Table S2 shows that most tolerized gene signatures were not enriched in W131AOTII CD4SP
thymocytes. Table S3 shows that loss of Cbl-b in W131AOTII mice significantly altered the gene expression profile associated with
improved T cell responsiveness.
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