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Abstract
Background Casitas B lymphoma-b (Cbl-b) is a central
negative regulator of cytotoxic T and natural killer (NK)
cells and functions as an intracellular checkpoint in
cancer. In particular, Th9 cells support mast cell activation,
promote dendritic cell recruitment, enhance the cytolytic
function of cytotoxic T lymphocytes and NK cells, and
directly kill tumor cells, thereby contributing to tumor
immunity. However, the role of Cbl-b in the differentiation
and antitumor function of Th9 cells is not sufficiently
resolved.
Methods Using Cblb−/− mice, we investigated the effect
of knocking out Cblb on the differentiation process and
function of different T helper cell subsets, focusing on
regulatory T cell (Treg) and Th9 cells. We applied single-
cell RNA (scRNA) sequencing of in vitro differentiated Th9
cells to understand how Cbl-b shapes the transcriptome
and regulates the differentiation and function of Th9 cells.
We transferred tumor-model antigen-specific Cblb−/− Th9
cells into melanoma-bearing mice and assessed tumor
control in vivo. In addition, we blocked interleukin (IL)-9
in melanoma cell-exposed Cblb−/− mice to investigate the
role of IL-9 in tumor immunity.
Results Here, we provide experimental evidence that
Cbl-b acts as a rheostat favoring Tregs at the expense of
Th9 cell differentiation. Cblb−/− Th9 cells exert superior
antitumor activity leading to improved melanoma control in
vivo. Accordingly, blocking IL-9 in melanoma cell-exposed
Cblb−/− mice reversed their tumor rejection phenotype.
Furthermore, scRNA sequencing of in vitro differentiated
Th9 cells from naïve T cells isolated from wildtype and
Cblb−/− animals revealed a transcriptomic basis for
increased Th9 cell differentiation.
Conclusion We established IL-9 and Th9 cells as key
antitumor executers in Cblb−/− animals. This knowledge
may be helpful for the future improvement of adoptive T
cell therapies in cancer.

Background
CD4+ T helper (Th) cells orchestrate adaptive and innate immune responses. They also
mediate direct and indirect antitumor activity,
even though their exact role in cancer is
debatable.1 In 2008 IL-9-producing T helper
(Th9) cells were defined as distinct Th cell
lineage.2 Th9 cells resemble traditional Th2
cells and their differentiation depends on

the transcription factors PU.1 and interferon
regulatory factor 4 (IRF4).3 4 Several other
transcription factors including signal transducer and activator of transcription (STAT)
5, STAT6, nuclear factor-κB (NF-κB), nuclear
factor of activated T cells (NFAT), interferon
regulatory factor (IRF) 8, forkhead box O
1, basic leucine zipper transcription factor
(BATF), and BATF3 are also involved in
interleukin (IL)-9 regulation.5–7 In addition,
several cytokines have been shown to modulate IL-9 production (eg, IL-2, IL-25, IL-33
and thymic stromal lymphopoietin).8 Similarly, the tumor necrosis factor (TNF) family
members OX40L, TNF-
like cytokine (TL)
1A, glucocorticoid-induced tumor-necrosis-
factor-receptor-related
protein-ligand
(GITRL) and TNFα promote Th9 cell differentiation and their antitumor efficacy.9–12
IL-9 can also be produced and released by
mucosal mast cells, group 2 innate lymphoid
cells, CD8+ T cells, regulatory T cells (Treg),
T follicular helper cells and memory B
cells.13–18 Of note, IL-9 initiates and regulates
antitumor immunity via innate and adaptive
immunity.19–21 In cancer, Th9 cells support
mast cell activation, promote dendritic cell
recruitment, enhance the cytolytic function of
cytotoxic T lymphocytes (CTLs) and natural
killer (NK) cells and directly kill tumor
cells. However, IL-9 has also been shown to
promote the immune-suppressive function of
mast cells and Tregs.8 Furthermore, IL-9 can
promote tumor progression in hematological tumors by acting as a lymphocyte growth
factor.22 Thus, IL-9 plays a dual role in tumor
immunity.
Casitas B-
lineage lymphoma proto-
oncogene-
b (Cbl-
b) is a RING finger E3
ubiquitin-
protein ligase with a broad spectrum of biological functions. Cbl-b belongs
to the highly conserved Cbl ubiquitin ligase
family. They consist of an N-
terminal tyrosine kinase-binding (TKB) domain, a helical
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Tumor rejection in Cblb−/− mice depends
on IL-9 and Th9 cells
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Methods
In vitro differentiation of naïve CD4+ T cells
Naïve T cells, isolated from mouse splenocytes, were
seeded at a concentration of 1.5×10ˆ5 cells/well in
96-
well round-
bottom plates and activated with plate-
bound anti-CD3 (3 µg/mL) and soluble anti-CD28 (5 µg/
mL) in RPMI 1640 medium supplemented with 10%
FBS, 1% P/S, and 0.1% β-mercaptoethanol. The cells
were polarized into Th9 cells (3 ng/mL hTGFβ, 20 ng/
mL IL-4 and 20 µg/mL anti-IFNγ), Treg (5 ng/mL hTGFβ
2

and 100 U/mL IL-2), Th1 cells (10 ng/mL IL-12, 50 U/
mL IL-2, 10 µg/mL anti-IL-4), Th2 cells (20 ng/mL IL-4,
50 U/mL IL-2, 10 µg/mL IL-12) or Th17 cells (1 ng/mL
hTGFβ, 50 ng/mL IL-6, 10 ng/mL IL-1β, 10 µg/mL anti-
IFNγ, 10 µg/mL anti-IL-4) for 48 hours, 72 hours or 5 days.
Proliferation assay
To analyze the proliferation of Th9 and Treg cells, freshly
isolated naïve CD4+ T cells from mouse splenocytes were
stained with 0.5 µM carboxyfluorescein succinimidyl ester
(CFSE)-PB. CFSE-stained naïve CD4+ T cells were seeded
at 1×10ˆ5 cells per well in 96-well flat-bottom plates and
differentiated for 3 days into Th9 cells (plate-bound anti-
CD3 (3 µg/mL), anti-CD28 (5 µg/mL), 3 ng/mL hTGFβ,
20 ng/mL IL-4 and 20 µg/mL anti-IFNγ) or Treg cells
(plate-bound anti-CD3 (3 µg/mL), anti-CD28 (5 µg/mL),
5 ng/mL hTGFβ and 100 U/mL IL-2). The proliferation
was quantified by analysis of CFSE dilution using flow
cytometry.
Flow cytometry
In vitro differentiated CD4+ T cells, isolated tumor-
infiltrating lymphocytes, and lymph node cells were
stained with antibodies against CD3 (145–2 C11), CD4
(RM4-5), CD8α (53–6.7), CD11c (HL-3), TCR β chain
(H57-597), TCRγδ (GL3), Foxp3 (FJK16s), CD45 (30-
F11), IFNγ (XMG1.1), IL-13 (eBio13A), IL-9 (RM9A4),
IL-
17A (eBio17B7), IRF4 (IRF4.3E4), PU.1 (7C2C34),
CD25 (PC61), CD44 (IM7) CD62L (MEL-14). Antibodies
were purchased from eBioscience (San Diego, USA) or
BioLegend (San Diego, USA). For intracellular cytokine
and transcription factor analysis, cells were fixed with 2%
paraformaldehyde for 20 min, permeabilized with 0.5%
saponin in PBS/BSA, and stained for 30 min at room
temperature in the dark. Populations were analyzed
with a BD FACSCanto II flow cytometer, and data were
analyzed using FlowJo software (TreeStar, Ashland, USA).
Real-time PCR-analysis
According to the manufacturer’s instructions, RNA from
tumor tissue, isolated lymphocytes, or in vitro differentiated T cells was isolated using the Qiagen RNeasy kit or
the Zymo Research quick-RNA miniprep kit. The RNA
concentration was determined using the NanoDrop 2000
system. According to the manufacturer’s instructions, the
first-strand cDNA was synthesized using a RevertAid first
strand cDNA synthesis kit from Thermo Fisher Scientific
or High capacity cDNA reverse transcription kit (Applied
Biosystems). Quantitative real-time PCR was performed
using SYBR Green PCR Master Mix (Applied Biosystems)
on the Mastercycler RealPlex2 (Eppendorf) and the
LightCycler 480 real-time PCR system (Roche Diagnostics). Primers were designed using the Universal Probe
Library (Roche Applied Science, Mannheim, Germany)
and were purchased from Invitrogen.
Cell culture
The HCmel3 cell line was first generated from a primary
murine melanoma in which the hepatocyte growth factor
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linker, a RING finger domain, the proline-rich (PR) motif
and a C-
terminal leucine zipper/ubiquitin-
associated
(UBA) domain.23 Cbl-b plays a central role in regulating
adaptive immunity.24 25 As such, Cbl-b negatively regulates
T cell receptor (TCR), B cell receptor, CD40 and FcεR1
signaling.26–30 Mechanistically, Cbl-
b targets signaling
proteins for ubiquitination or interacts with other
proteins via its PR region and TKB or UBA domain.23 In
T cells, Cbl-b acts as a prevention system for excessive T
cell activation via the TCR. Cbl-b is highly expressed in
CD4+ and CD8+ T cells and its expression levels in T cells
are regulated by several co-stimulatory signals, including
CD28 and CTL-associated protein 4 (CTLA4).31 32 Maintenance of peripheral T cell tolerance is preserved by
Cbl-b-induced restriction of CD28-dependent Vav-WASP
signaling, involving actin reorganization and TCR clustering beyond other means.33 34 Cblb−/− T cells do not
require CD28 co-
stimulation for full activation and
similar to programmed cell death protein 1 and CTLA4,
Cbl-
b acts as an immune checkpoint. Cblb−/− animals
rejected tumors in various models,35–39 which has been
attributed to an increased number of interferon (IFN)
γ-secreting CD8+ T cells, which are transforming growth
factor (TGF)β- or Treg-resistant.38–40 Ablation of Cbl-b
results in enhanced cytotoxicity and higher IFNγ and
perforin release by NK cells, leading to increased NK
cell-mediated cancer-killing.41 These observations make
Cbl-b an attractive target candidate for improving cancer-
directed immunotherapy.
In 2014, Qiao et al42 demonstrated that Cbl-b might
be an ideal target for treating asthma, as it suppresses
Th2 and Th9 cell differentiation, even though the study
mainly focused on Th2 cells. Knowing the previously
described critical role of both Cbl-b and IL-9 in antitumor
immunity, we now evaluate in detail the role of Cbl-b in
Th9-executed anti-cancer immunity. First, we show that
Cbl-b profoundly modulates Th cell differentiation, by
controlling the balance between Th9 and Treg cell differentiation. Second, we deconvoluted the transcriptional
impact of Cblb deletion at the single-cell level in Th9 cells,
which favored the generation of more potent antitumor
reactive Th9 cells. Finally, we demonstrated that tumor
control in Cblb−/− mice depends on IL-9 levels. Targeting
Cbl-
b to generate more potent anti-
cancer reactive
Th9 cells might represent a new therapeutic strategy to
improve anti-cancer immunotherapy.
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Tumor experiments
For HCmel3 tumor transplantation experiments, 200 µg
of InVivoMAb anti-
mouse IL-9 (9C1) or InVivoMAb
mouse IgG2a isotype control (both Bio X Cell) was intravenously administered to mice for three consecutive days
starting from the day before tumor injection (day −1, 0,
1). HCmel3 cells (4×10ˆ5) were injected intracutaneously
into the right flank on day 0. Anti-IL-9 or control IgG was
administered intravenously to the respective mice every
third day. Tumor size was measured two times per week
using a caliper. Mice were sacrificed when the tumor
volume reached 1 cm3 (0.5×length×width2) or when
other criteria requiring euthanasia were reached. For
B16-OVA tumor transplantation experiments, C57BL/6N
mice were injected intracutaneously with 1×10ˆ5 B16-
OVA cells in the right flank. On days 5 and 9 post tumor
injection, in vitro generated Th9 cells (3×10ˆ6) from
OT-II and OT-II*Cblb−/− mice were injected intravenously.
Tumor size was measured every other day using a caliper.
Mice were sacrificed when the tumor volume reached 1
cm3 (0.5×length×width2) or when signs of illness were
observed.

performed using an Illumina NovaSeq 6000 Sequencing
System, which generated 26 nt barcode reads as well as
98 nt transcript reads (contrary to manufacturer’s recommendations of 28 nt and 91 nt, respectively), aiming for
7500 cells per sample with a sequencing depth of approximately 80,000 reads per cell. Data analysis and visualization were performed by FSD using multiple tools and R/
Bioconductor packages.
Generation of nuclear, cytosolic and whole cell extracts
Cells were harvested, washed once with cold PBS, (1 min,
9300 rcf, 4°C) resuspended in 90 µl Buffer A (10 mM
HEPES pH 7.9; 10 mM KCl; 0.1 mM EDTA; 0.1 mM EGTA;
1 mM DTT; 0.5 mM PMSF) and kept on ice for 15 min.
Next, 6 µl of 10% NP-40 (final concentration 0.63%)
was added, and the pellet was vortexed thoroughly and
centrifuged (5 min, 2300 rcf, 4°C). The supernatant
was collected for the cytosolic protein fraction, and the
remaining nuclear pellet was washed twice with 300 µl
Buffer A (5 min, 2300 rcf, 4°C). The supernatant was
discarded, 30 µl Buffer C (20 mM Hepes pH 7.9; 0.4 M
NaCl; 1 mM EDTA; 1 mM EGTA; 1 mM DTT; 1 mM PMSF)
was added to the pellet, and put on a shaker for 30 min
at 4◦C. After centrifugation (10 min, 13,000 rcf, 4°C) the
supernatant was collected for the nuclear protein fraction. For whole-cell protein lysates, cells were collected,
washed once with cold PBS (1 min, 9300 rcf, 4°C) and
lysed in 30 µl lysis buffer (5 mM Na4P2O7, 5 mM NaF, 1 mM
Na3VO4, 5 mM EDTA, 150 mM NaCl, 50 mM Tris (pH 7.3),
1% NP-40, aprotinin, and leupeptin (50 µg/mL each))
for 30 min on ice. After centrifugation (15,000 rcf, 4°C),
the supernatant was collected for protein lysates.

Measuring cytokine levels
Cytokine levels were measured in cell culture supernatants that were either freshly processed or stored at
−80°C prior to analysis. Cytokine measurements were
performed using different BD Cytometric Bead Array
Flex Sets against murine IFNγ, IL-13, IL-9, IL-2, or TNFα.

Western blotting
Pierce Lane Marker Reducing Sample Buffer (3900)
was added to the samples and western blotting analysis
with antibodies against NFATc1 (Santacruz 7294; dilution 1:1000), Cbl-
b (Abcam 54362; dilution 1:1000),
PU.1 (Cell Signaling Technology 2266, 1:1000), IRF4
(Cell Signaling Technology 4964, 1:1000), GAPDH (Cell
Signaling Technology 5174, 1:1000), actin (Santacruz
1615; dilution 1:2000) or lamin B1 (abcam16048; dilution 1:10,000) was performed. In addition, densitometric
analysis was performed using the ImageJ software.

Single-cell RNA sequencing
Th9 cells were generated in vitro from naïve CD4+ T
cells isolated from the murine spleen using a naive CD4+
T cell isolation kit from Miltenyi Biotec. Cells from six
samples in total (3×wildtype (WT), 3×Cblb−/−) were polarized into Th9 cells (3 ng/mL hTGFβ, 20 ng/mL IL-4
and 20 µg/mL anti-
IFNγ) for 48 hours, purified using
CD4 (L3T4) MicroBeads from Miltenyi Biotec, and
transferred to the Next Generation Sequencing Core
Facility of the University Hospital Bonn for single-cell
RNA (scRNA) sequencing. According to the manufacturer’s specifications, a library was prepared using the 10×
Genomics Single Cell 3’ reagent Kits V.3. Sequencing was

Statistical methods
Sample size for animal experiments was determined
with the G*Power software during initial study design.
The number of performed experiments and used mice
or biological replicates, which equals cells taken from
one mouse, are stated in the figure legends. Statistical
analysis was performed using the unpaired Student’s
t-test if only two independent groups or two conditions
in one experimental group were compared. One-way
analysis of variance (ANOVA) was used to determine
any statistical differences between three or more independent experimental groups. Two-
way ANOVA was
used to analyze the mean differences between groups
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is overexpressed and the p16lnk4a-dependent cell cycle
regulation is impaired due to an oncogenic CDK4 (R24C)
germline mutation. Landsberg et al43 HCmel3 melanoma
cells were routinely cultured in RPMI 1640 medium
(Life Technologies) supplemented with 10% FCS
(Biochrome), 2 mM L-
glutamine, 10 mM non-
essential
amino acids, 1 mM HEPES (all from Life Technologies),
20 µM 2-mercaptoethanol (Sigma), 100 IU/mL penicillin
and 100 µg/mL streptomycin (Invitrogen). B16-
OVA
cells were cultured in RPMI 1640 medium supplemented
with 10% FCS, 1% penicillin–streptomycin, 0.4 mg/mL
G418 (Sigma). Cells were cultured under sterile conditions at 37°C and 5% carbon dioxide in a water-saturated
atmosphere.

Open access

In vitro killing assay of B16 tumor cells
OT-II and OT-II*Cblb−/− naïve CD4+ T cells were polarized
in vitro into Th9 cells for 48 hours. B16-OVA and B16-WT
tumor cells were labeled with CFSE, mixed at a 1:1 ratio,
and seeded into 96-well plates (50,000 cells/well; 25,000
CFSE low B16-OVA and 25,000 CFSE high B16-WT). Th9
cells (100,000) were added and incubated for 16 hours.
The degree of dead/killed B16-OVA and B16-WT cells
was determined through usage of flow cytometry and the
Zombie Fixable Viability Kit from BioLegend, bringing
living and dead cells into proportion.
Histology
Mouse tumor samples were immersed in a zinc-based fixative (BD, Franklin Lakes, USA). Tissues were embedded
in paraffin and sections (4 µm) stained with H&E
according to standard protocols. Immunohistochemistry was also performed on 4 µm paraffin sections. Melanomas were bleached before staining (20 min at 37°C
in 30% H2O2 and 0.5% KOH, 20 s in 1% acetic acid and
5 min in Tris buffer). The sections were dried overnight
at 37°C and rehydrated through a graded alcohol series.
Sections were bleached for 20–40 min in 3% H2O2 with
KOH and washed afterwards with TBS buffer. All sections
were heat–pretreated in a citrate buffer (pH 6) for 10 min
at 95°C–99°C to eliminate potential antigen blockings
and washed afterwards with TBS buffer. The sections
were incubated with anti CD45 mAb (30-F11) from BD
Pharmingen at 25°C for 1 hour (1:500) in a staining
chamber and a secondary polyclonal rabbit anti-
Rat
Immunoglobulins Biotinylated (Dako). The Dako Real
Detection System (Dako, California, USA) was used for
the detection of immunoreactivity.
Animal experimentation
All mice used for this study were housed under specific
pathogen free conditions in the ‘Haus für Experimentelle Therapie’ at the University Hospital Bonn. All
animal experiments performed in this study have been
approved by the ‘Landesamt für Natur, Umwelt und
Verbraucherschutz Nordrhein-Westfalen’ under the file
reference number ‘81–02.04.2017.A418’. When planning
and carrying out experiments, we strictly followed the 3R
principle (replacement, reduction, refinement). Close
monitoring of the mice with regular clinical scoring,
observation of tumor growth and weight was performed.
Animal treatment as well as termination criteria are in
unison with the specifications of the Society of Laboratory Animal Science (GV-SOLAS).
4

Results
Cbl-b regulates T helper cell differentiation from naïve CD4+ T
cells in vitro
It is well established that Cblb is expressed in and controls
the activation threshold of CD4+ T cells.44 The expression
levels of Cblb during the differentiation process of T cell
subpopulations, particularly Treg and Th9 cells, have not
been analyzed in detail. After 48 hours and 72 hours of
differentiation, Th9 cells showed significantly lower Cblb
messenger RNA (mRNA) expression levels than Th0 cells
(figure 1A). This observation was even more impressive
when analyzing protein levels, as Th0 cells and Treg cells
showed strong expression of Cbl-b, while this was virtually undetectable in Th9 cells after 48 hours and 72 hours
of differentiation (figure 1B). Thus, we next validated
whether regulation of Cbl-b is also functionally involved
in the regulation of T helper (Th) cell subset differentiation. Therefore, we generated Th1, Th2, Th9, Treg, and
Th17 cells from naïve CD4+ T cells isolated from WT or
Cblb−/− mice, respectively. After 48 hours and 72 hours Th
cells were analyzed by flow cytometry, with intracellular
staining for the subset-typical hallmark cytokines IFNγ,
IL-13, IL-9, IL-17 and the transcription factor forkhead
box P3 (Foxp3) (online supplemental figures 1 and 2).
A thorough analysis of the cytokine-positive cell subsets
revealed considerable differences between the WT and
Cblb−/− Th cell subsets. Differentiation of Th1 and Th17
cells led to broadly similar frequencies of IFNγ and IL-17
positive cells, with more IFNγ+ cells in the absence of Cblb
after 72 hours of Th1 cell differentiation (online supplemental figure 2C). As previously reported,42 loss of Cblb
favored Th2 differentiation, mirrored by a significantly
higher frequency of IL-13+ cells and higher Il13 mRNA
expression levels (online supplemental figure 2B–D).
However, the most significant differences between WT
and Cblb−/− mice could be observed in the differentiation of Treg and Th9 cells (online supplemental figure
2 and figure 1). Th9 cultures from Cblb−/− mice displayed
a significantly higher frequency of IL-9+ and IL-13+ cells,
whereas the frequency of CD25+Foxp3+ Tregs was significantly lower when compared with Th9 cultures generated from WT T cells (figure 1C,D). This observation was
slightly more pronounced at 48 hours than at 72 hours,
indicating that knocking out Cblb might change the Th9
cell differentiation dynamics during the early differentiation phase (online supplemental figure 2). In line with the
protein data, Cblb−/− Th9 cells showed significantly higher
Il9 mRNA expression levels (figure 1E and online supplemental figure 2C) and released more IL-9 and IL-13 into
the cell culture supernatant (figure 1F and online supplemental figure 3). Besides Th9 cells, also Treg cell cultures
from Cblb−/− mice differed markedly from those of WT
mice, as they contained a significantly lower frequency
of CD25+Foxp3+ Treg, whereas the frequency of IFNγ+
and IL-9+ cells was significantly higher in these cultures,
an effect that was visible after 48 hours and even more
pronounced after 72 hours (figure 1 and online supplemental figure 2B). Lower Foxp3 mRNA expression levels
Schanz O, et al. J Immunother Cancer 2021;9:e002889. doi:10.1136/jitc-2021-002889
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that were split into two independent variables. All data
are presented as mean±SEM unless stated otherwise in
the figure legend. Significance was defined at *p<0.05,
**p<0.01, ***p<0.001, and ****p<0.0001. All statistical
analyses were conducted with the software GraphPad
Prism.
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Figure 1 Cbl-b expression is downregulated in Th9 cells and Cbl-b deficiency leads to enhanced Th9 cell and reduced Treg
differentiation in vitro. Naïve (CD4+CD62L+CD44-) T cells from WT and Cbl-b−/− mice are differentiated for 48 hours or 72 hours
in the presence of a defined cocktail of cytokines and functional antibodies. (A) Cblb expression in Th0, Treg and Th9 cells
is determined by qPCR after 48 hours and 72 hours of differentiation. (B) Western blot analysis of Cbl-b and Actin protein
expression after 48 hours and 72 hours of Th0, Treg or Th9 differentiation. (C)The frequency of Th9 and Treg cells is determined
by flow cytometry, performing an intracellular staining of the signature cytokine or transcription factor of the respective subset
(IL-9+, CD25+Foxp3+). Cells are gated on living CD45+ cells. (D) Frequency of IFNγ, IL-13, IL-9, CD25/Foxp3 and IL-17 positive
cells in Th9 and Treg cultures was determined after 48 hours. (E) Il9 and Foxp3 expression by in vitro differentiated Th9 and Treg
cells was determined after 48 hours by qPCR and fold induction was determined by the ddtc method using the housekeeping
gene GAPDH. (F) The concentration of IFNγ, IL-13, IL-9, IL-2 and TNFα was determined in the cell culture supernatant after
48 hours of differentiation using the BD Cytometric Bead Array. Data is representative of at least three independent experiments
(B/C) or pooled from at least two independent experiments (n=2–11 biological replicates). Results are shown as mean±SEM and
significance was calculated by multiple unpaired t-tests (A) and two-way analysis of variance and multiple comparison
test, corrected by Sidak post hoc analysis, as recommended by GraphPad Prism software (*p<0.05, **p<0.01, ***p<0.001,
****p<0.0001). Cbl-b, casitas B-lineage lymphoma proto-oncogene-b; Foxp3, forkhead box P3; IFN, interferon; IL, interleukin;
qPCR, quantitative PCR; Treg, regulatory T cells; WT, wildtype.
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Increased IL-9 secretion by Cblb−/− T cells suppresses Treg
differentiation
Based on our hypothesis that Cbl-b acts as a specific switch
in the regulation of Th9 versus Treg differentiation, we
speculated that the elevated levels of IL-9 in the Cblb−/−
Treg cultures might be involved in the suppression of
Foxp3 expression and consequently Treg differentiation.
Therefore, we performed in vitro Treg differentiation for
72 hours in the presence of 5, 10, or 20 µg/mL neutralizing anti-IL-9 antibodies. Under normal circumstances,
WT Treg cultures produced 80% CD25+Foxp3+ cells and
Cblb−/− cultures produced less than 40% CD25+Foxp3+
cells; blocking IL-9 increased the frequency of Treg cells
in the Cblb−/− cultures with increasing concentration of
the neutralizing antibody (figure 2A,C). Blocking IL-9 in
WT Treg cultures led to a slight but insignificant lowering
of the frequency of Treg cells, while the frequency of
Tregs in Cblb−/− samples treated with 10 or 20 µg/mL
anti-IL-9 antibody reached approximately the same level
as in WT samples. Similarly, the frequency of Treg cells
and the expression of Foxp3, which decreased in Cblb−/−
Tregs, could be restored to WT levels by neutralizing IL-9
(figure 2A,B). Neither knocking out Cblb nor blocking
IL-9 had any influence on the expression of CD25
(figure 2C). We next wondered whether, besides influencing the frequency, knocking out Cblb or blocking IL-9
also leads to functional impairment of Treg cells. Therefore, naïve WT or Cblb−/− CD4+ T cells were polarized
into Treg cells in the presence or absence of a neutralizing anti-IL-9 antibody (20 µg/mL). Treg cells were then
sorted (CD4+CD25hiCD45RBlow) and co-
cultured with
CD3-
depleted splenocytes and CFSE-
stained WT CD4+
conventional T cells at a 1:1:1 ratio. While control cells
showed robust proliferation (as indicated by CFSE dilution), WT, Cblb−/− and anti-IL-9-treated Treg cells inhibited proliferation efficiently and showed no functional
impairment (figure 2D,E). Taken together, these results
indicate that Cbl-b suppresses the production and release
of IL-9 by T cells, and that high levels of IL-9, as observed
in Cblb−/− cells, inhibit in trans Treg differentiation,
without affecting their suppressive function.
6

Enhanced Th9 cell differentiation in Cblb−/− T cells is not
mediated by NFAT
Cblb−/− T cells are hyper-responsive mirrored by a lower
TCR activation threshold that does not require CD28
co-stimulation when TCR is ligated.44 The transcription
factor family, known as the nuclear factor of activated T
cells (NFATs), governs gene expression that regulates T
cell development and differentiation. To assess whether
enhanced Th9 cell differentiation could be due to a lower
TCR activation threshold mediated by NFAT, we investigated the expression of NFAT proteins as well as the NFAT
nuclear entry in Th9 cells and cells stimulated only with
CD3/28 (Th0) from WT and Cblb−/− mice. The expression
of NFATc1, NFATc1 alphaP1, NFATc1 betaP2 and NFATc2 was
generally higher in Th9 cells than in Th0 cells; however,
their expression in Cblb−/− Th9 samples was slightly but
not significantly lower, except for NFATc1, which was
significantly decreased in Cblb−/− Th9 cells compared with
WT Th9 cells (online supplemental figure 4A). In addition, we did not observe higher protein expression levels
of NFATc1 in Cblb−/− Th9 cells compared with WT Th9
cells, either in the nucleus or in the cytosol, as well as
no higher NFATc1 levels in the nucleus compared with
the cytosol, which would have indicated a higher degree
of nuclear entry or nuclear activity (online supplemental
figure 4B–E). This set of data collectively rules out that
stronger Th9 cell differentiation of Cblb−/− T cells is just a
function of a lower TCR activation threshold mirrored by
induced NFAT signaling.
Proliferation of Cblb−/− Th9 cells and their IRF4 and PU.1
expression
Previous studies have reported an increased proliferation rate of Cblb−/− T cells due to a lower TCR activation
threshold.36 Hence, we assessed whether the increased
frequency of IL-9+ cells in Th9 cultures from Cblb−/− mice
resulted from hyperproliferation. In line with previous
findings, Cblb−/− Th9 cells showed higher proliferation
rates. Strikingly, the CD4+IL-9+ population in WT and
Cblb−/− Th9 cells was found to proliferate at a similar
rate, while CD4+IL-9– cells from Cblb−/− cultures showed
a much higher degree of proliferation compared with
CD4+IL-9– cells from WT cultures (figure 3A). Strikingly, no differences in proliferation in Treg cultures,
when looking seperately at CD25+Foxp3+ and Foxp3–
cells could be observed. Moreover, we observed that the
mean fluorescence intensity levels of IL-9 in CD4+IL-9+
cells were significantly higher in Cblb−/− mice than in WT
mice (figure 3B), indicating a higher production of IL-9
in absence of Cbl-b. The transcription factors PU.1 and
IRF4 have been described to be essential for Th9 development.3 4 Accordingly, we assessed the expression of
IRF4 and PU.1 (SPI1) after 3, 6, 24 and 48 hours of Th9
cell differentiation (figure 3). WT and Cblb−/− Th9 cells
similarly upregulated IRF4 after 3 and 6 hours of differentiation, followed by a slow decline (figure 3C). SPI1 expression, which has been shown to be required for optimal
IL-9 production in mouse T cells,3 was initially present in
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were also measured in Cblb−/− Treg cells collected after
72 hours of differentiation (online supplemental figure
2C). Cblb−/− Tregs further released a diverse array of
cytokines into the culture supernatant (IFNγ, IL-9, IL-2,
and TNFα), which could not be observed for WT Treg
cells, suggesting that these cells might be less suppressive compared with WT Treg cells (online supplemental
figure 3A,B). Of note TNFα showed a generally higher
concentration in all Th cell subsets generated from Cblb−/−
naïve T cells, although this difference was only significant
under Th1 polarizing conditions (online supplemental
figure 3C). Taken together, we observed that deletion of
Cblb favored Th9 cell differentiation. This was paralleled
by a clearly lower Treg frequency, indicating a potential
role of Cblb as a switch in the polarization between Th9
and Treg cells.
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Figure 2 IL-9 supresses Treg differentiation but not Treg function in Cbl-b deficient naïve T cells. Naïve WT or Cblb−/− CD4+
T cells were polarized to Treg cells by stimulation with plate-bound anti-CD3 antibodies, soluble anti-CD28 antibodies and a
cytokine cocktail (100 U/mL IL-2, 5 ng/mL hTGFβ). Additional anti-IL-9 blocking antibodies were added at concentrations of 5,
10 or 20 µg/mL. After 5 days in culture, cells were stained with fluorescently labeled antibodies and analyzed by flow cytometry.
(A) Cells were pre-gated on CD45+LD- cells. Frequency of Treg (CD25+Foxp3+) and (B) mean fluorescent intensity (MFI) of Foxp3.
(C) Exemplary histograms from analyzed WT and Cbl-b deficient Treg after 5 days of culture, showing expression of Foxp3
and CD25 in untreated control cells or after incubation with 5, 10 or 20 µg/mL anti-IL-9 neutralizing antibody, respectively. (D)
Naïve WT or Cbl-b deficient CD4+ T cells were polarized to Treg in the presence or absence of neutralizing anti-IL-9 (20 µg/mL).
At day 5 Treg were sorted (CD4+CD25hiCD45RBlow) and co-cultured with CD3-depleted splenocytes and CFSE-stained CD4+
conventional T cells (Tconv) at 1:1:1 ratio. Suppression of Tconv by Treg was measured by CFSE dilution after three more days
of culture. (E) Evaluation of suppression by WT and Cblb−/− Treg. Data is pooled from at least two independent experiments
and plotted as mean±SEM (n=4 biological replicates). (C/D) Data is representatively taken from one of at least two independent
experiments with at least n=4 biological replicates. Significance was calculated by two-way analysis of variance and multiple
comparison test, corrected by Sidak post hoc analysis, as recommended by GraphPad Prism software (*p<0.05, **p<0.01,
***p<0.001, ****p<0.0001). Cbl-b, casitas B-lineage lymphoma proto-oncogene-b; CFSE, carboxyfluorescein succinimidyl ester;
Foxp3, forkhead box P3; hTGF, human transforming growth factor; IL, interleukin; Treg, regulatory T cells; WT, wildtype.
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Figure 3 IRF4 and PU.1 expression is not altered in Cbl-b deficient Th9 cells. (A) WT and Cblb−/− naïve T cells were stained
using CFSE and differentiated for 3 days into Th9 cells or Treg. Viable cells were gated on IL-9 producing and non-producing
CD4+ T cells or CD25+Foxp3+ and CD25+Foxp3– cells, respectively. Representative histograms (n=3 biological replicates) of
the relative proliferation of the two observed populations is shown. (B) Mean fluorescence intensity (MFI) of IL-9 from viable
IL-9+ T cells (mean±SEM, n=6 biological replicates) were graphically plotted. (C/D) RNA was isolated from naïve CD4+ T cells
after 3, 6, 24 and 48 hours of Th9 cell culture. Complementary DNA was synthesized, and quantitative PCR was performed to
quantify the expression of IRF4 and SPI1 by using the ddct method with GAPDH as housekeeping gene. (E) Naïve WT or Cbl-b
deficient CD4+ T cells were polarized to Th9 cells for 72 hours and analyzed for expression of IRF4 and PU.1 proteins after
intracellular staining by flow cytometry. (F) Western blot analysis of Cbl-b, IRF4 and PU.1 protein expression after 3 days of Th9
cells differentiation or sole TCR stimulation (CD3/28). Data for (A) is representative taken from four independent experiments
with at least four biological replicates and (B) is pooled from four independent experiments and plotted as mean±SEM (n=6
biological replicates). (C/D) Data is pooled from at least two independent experiments (n=4 biological replicates). FACS plots in
(E) are representative of two to three independent experiments and at least four biological replicates. (F) is representative of at
least two independent experiments and four biological replicates. Cbl-b. casitas B-lineage lymphoma proto-oncogene-b; CFSE,
carboxyfluorescein succinimidyl ester; IL, interleukin; IRF4, interferon regulatory factor 4; TCR, T cell receptor; Treg, regulatory T
cells; WT, wildtype.
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Single-cell RNA sequencing of in vitro generated Th9 cells
To understand the differences between WT and Cblb−/−
Th9 cells we performed a microarray and proteomic analyses of in vitro differentiated Th9 cells (data not shown).
However, by virtue of these techniques, not discriminating between IL-9+ and other cells in the culture, we
could not identify candidates that could potentially
explain the phenotype of Cblb−/− Th9 cells, presumably
due to the relatively low frequency of IL-9 positive cells
in the culture and the technique-inherent limitation of
providing only integrals of protein and mRNA expression levels. Therefore, we performed single-cell mRNA
sequencing (45,000 cells with a depth of 80,000 reads
per cell) of in vitro differentiated Th9 cells in order to
deconvolute the cellular complexity of Th9 cell cultures
(figure 4A).
The global volcano plot depicts genes with the highest
log2 fold change (FC) values and highlights that Il13, Il9,
Gatm, Gm10093 and Lgals1 had the highest upregulation
in Cblb−/− compared with WT Th9 cells (online supplemental figure 5B). After 48 hours of Th9 cell differentiation, graph-based clustering led to the formation of six
major and one minor clusters shown in two-dimensional
t-
distributed stochastic neighbor embedding (tSNE)
space. All seven clusters were equally found in the WT
and Cblb−/− Th9 cultures (figure 4B and online supplemental figure 5A). Hence, knocking out Cbl-b shifts the
frequency of the diverse subsets rather than generating
novel T cell populations, with clusters 0 and 2 growing and
clusters 1 and 3 shrinking in Cblb−/− cultures (figure 4C).
The calculated cluster identities corresponded well to the
two-
dimensional representation in tSNE and Uniform
Manifold Approximation and Projection space (online
supplemental figure 5A). The six major and one minor
clusters express an array of marker genes, including
cluster 2, which showed the highest level of Il9 expression
and were allocated as Th9 cells (figure 4D). This cluster
was about three times larger in cultures from Cblb−/− mice
than WT mice, which is in line with the FACS analysis of
Schanz O, et al. J Immunother Cancer 2021;9:e002889. doi:10.1136/jitc-2021-002889

Th9 cultures shown in figure 1 (figure 4B,C). Besides
Il9, cluster 2 showed high expression of Batf3, Lta, and
Vim, all of which have previously been connected to
Th9 cell biology.5 45 In order to understand what distinguishes the cluster 2 Th9 cells in WT vs Cblb−/− cultures
(besides sheer cluster size), we investigated differentially
expressed genes (DEGs), with a particular look at the
top 100 genes with the highest expression differences
(log2 FC). Beyond the genes with the highest significant
upregulation in Cblb−/− cells compared with WT cells,
we identified Il13, Satb1, Cd53, Ntrk3, Ctla4, and others
(figure 4E,F). The genes with the highest downregulation in Cblb−/− cluster 2 cells are, for example, the unclassified genes Gm42031, Gm47283 and Ccl4, Irf8, or Coro2a.
Gene Ontology (GO) analysis of all cluster 2 DEGs (Padj
<0.05) revealed that the genes were most significantly
enriched for the Biological Processes ‘T cell activation’,
‘JAK-STAT cascade’, and ‘positive regulation of cytokine
production’ (figure 4G). Highly enriched molecular
functions were ‘cytokine receptor binding’ and ‘receptor
regulatory activity’, enriched cellular components (CCs)
are ‘mitochondrial outer membrane’, ‘external side of
plasma membrane’ and ‘outer membrane’. In addition
to GO analysis, we also looked at Enriched Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. The
most highly upregulated pathways are the ‘JAK-
STAT
signaling pathway’, ‘Cytokine-cytokine receptor interaction’ and ‘TNF signaling pathway’ (figure 4H). Finally, we
confirmed that Cbl-b and IL-9 were reversely regulated
(online supplemental figure 6E). Similar Cblb expression
levels were observed in all major clusters except for IL-9
positive cluster 2 (online supplemental figure 6B,D). The
latter exhibited significantly lower Cblb expression levels
than the remaining cell clusters (online supplemental
figure 6B,C,F).
Taken together, the sequencing approach revealed that
high Cblb expression limits the polarization of Th9 cells
by limiting Il9 expression. Consequently, deficiency for
Cblb in naïve T cells favors Th9 cell polarization and leads
to the generation of Th9 cells that show a different gene
expression profile and upregulation of pathways associated with T cell activation or cytokine stimulation. Therefore, we next wondered if Cblb−/− Th9 cells might also be
functionally different from WT Th9 cells.
Adoptively transferred Cblb−/− Th9 cells exert superior
antitumor activity
Based on our in vitro results, we next investigated whether
increased differentiation of Th9 cells from Cblb−/− versus
WT naïve T cells affected their ability to influence tumor
growth. As a tumor-antigen cancer model, we crossed
OT-II mice with Cblb−/− mice to generate OVA-specific
Cblb−/− Th9 cells and injected C57BL/6 mice with the
B16F10-OVA melanoma cell line. At days 5 and 10 of
the tumor experiments, 3×10ˆ6 in vitro differentiated
OT-II Th9 cells or OT-II*Cblb−/− Th9 cells were intravenously injected into the tumor-bearing mice (figure 5C).
Similar to WT and Cblb−/− Th9 cells, naïve OT-II T cells
9
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naïve T cells and after 3 hours of Th9 cell differentiation
but declined over time (figure 3D). However, no significant differences were observed between WT and Cblb−/−
cells. We also investigated IRF4 and PU.1 protein levels
through flow cytometry (FACS) and western blot (WB)
analysis. While IRF4 was clearly detectable but equally
expressed in WT and Cblb−/− Th9 cells, PU.1 was not as
strongly expressed and was consequently barely detectable by FACS and WB analysis (figure 3E,F). Nonetheless,
the frequency of PU.1+ cells (figure 3E) and PU.1 protein
levels (figure 3F) seemed to be slightly higher in Cblb−/−
Th9 cells, although this effect was not statistical significant. Because the results obtained for PU.1, especially
the detection by WB, did not wholly satisfy us and might
even be inadequate to explain the big differences in Th9
cell differentiation, we opted for a broader omics-based
analysis at the single-cell level to better understand the
observed changes during in vitro Th9 cell differentiation.
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Figure 4 Single-cell RNA sequencing of in vitro differentiated Th9 cells. (A) Naïve CD4+ T cells were isolated from murine
splenocytes (six biological replicates, 3×WT and 3×Cblb−/− mice) and cultured for 48 hours under Th9 polarizing. Subsequent
single-cell RNA sequencing was performed on 7500 cells per sample and at a depth of approximately 80,000 reads/cell. (B)
Graph-based clustering led to formation of six major and one minor clusters, which are shown in two-dimensional t-distributed
stochastic neighbor embedding (tSNE) space. (C) Distribution of cells across the six major clusters. (D) Top five marker genes
ranked by fold change per cluster. (E) Expression heatmap of the top 100 differentially expressed genes (DEGs) of cluster 2
sorted by foldchange (KO vs WT). (F) Volcano plot depicting differentially expressed genes in Cblb−/− CD4+ T cells of cluster 2.
Gray dots represent genes with non-significant difference in expression between Cbl-b−/− and WT cells (Padj ≥0.05). Red dots
represent genes with Padj <0.05 and |log2 FC|≥0.25 while blue dots represent genes with Padj|0.05 and |log2 FC|<0.25. Gene
names are shown for differentially expressed genes with Padj <0.05 and |log2 FC|≥0.75. Data points with p value below the
technical representation limit are displayed as triangles. Y-axis denotes ‘-log10 Padj‘ values while X-axis shows ‘log2 FC’ values.
(G) Gene ontology (GO) enrichment analysis of genes with differential expression between Cblb−/− and WT cells of cluster 2.
Enriched gene ontology terms are shown from the categories biological process, cellular component and molecular function.
(H) KEGG pathways enriched in Cblb−/− or WT cells of cluster 2, ranked by adjusted p values are depicted. (G/H) The gene ratio
corresponds to the number of DE genes annotated with a specific term divided by the total number of DE genes. The dot size
visualizes the absolute count of DE genes annotated with a term; dot color encodes the adjusted p value. Adj., adjusted; Cbl-b,
casitas B-lineage lymphoma proto-oncogene-b; DE, differentially expressed; FC, fold change; IFN, interferon; KEGG, Kyoto
Encyclopaedia of Genes and Genomes; KO, knock-out; TGF, transforming WT, wild type.
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Figure 5 In vitro generated Cblb−/− Th9 cells delay B16-OVA tumor growth in WT mice. Naïve (CD4+CD62L+CD44–) T cells
carrying the OT-II T cell receptor (OT-II) or the OT-II T cell receptor and additional deficiency for Cbl-b (OT-II*Cbl-b−/−) were
differentiated for 48 hours under Th9 polarizing conditions. (A) Representative plots (at least three independent experiments)
of intracellular IL-9 staining of OT-II and OT-II*Cblb−/− Th9 cells used for adoptive transfer experiments. (B) Frequency of
IL-9 positive cells after 48 hours of differentiation and IL-9 MFI of in vitro differentiated Th9 cells. Data is pooled from three
independent experiments (n=6 biological replicates) and significance is determined by unpaired t-test. (C) Schematic
representation of the experimental procedure. C57BL/6 mice are subcutaneously (s.c.) injected with 1×10∧5 B16F10-OVA
melanoma cells at day 0. At days 5 and 10 3×10∧6 OT-II Th9 cells or OT-II*Cblb−/− Th9 cells are adoptively transferred into tumor
bearing mice. Tumor growth (D) and survival (E) of mice in different experimental groups was closely monitored. Length, width
and height of each tumor was measured by using a caliper and tumor volume was calculated by using the following formula:
length×wide×height×π/6. Data is pooled from at least two independent experiments (mean±SEM) (n=8–12 mice). Significance
is calculated by two-way analysis of variance, corrected by Sidak post hoc analysis (D), and Mantel-Cox test (E) (*p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001). Cbl-b, casitas B-lineage lymphoma proto-oncogene-b; IL, interleukin; i.v., intravenous; MFI,
mean fluorescence intensity; WT, wildtype.
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IL-9 is critically involved in tumor-rejection in Cblb−/− mice
Cblb−/− mice spontaneously reject tumors, an observation
mainly attributed to tumor-specific CD8+ T cells that are
resistant to Treg-mediated suppression.39 Our data now
highlight that in addition to CD8+ T cells, Th9 cells and,
more specifically, IL-9 are involved in this tumor rejection
phenotype. Therefore, we subcutaneously injected either
WT or Cblb−/− mice with the melanoma cell line HCmel3
and measured Il9 mRNA expression in the tumor tissue by
quantitative PCR (qPCR) at day 30.43 Cblb−/− mice showed
significantly higher Il9 expression levels in the tumor
tissue in vivo, further suggesting a potential role for IL-9
in suppressing tumor growth in Cblb−/− mice (figure 6A).
In order to confirm this hypothesis, we treated HCmel3
injected Cblb−/− mice intravenously on days −1, 0, 1 and
every following third day with a neutralizing anti-IL-9 antibody (figure 6B). As expected,39 Cblb−/− mice injected with
control IgG showed significantly decreased tumor growth
(figure 6C) and smaller tumors (figure 6D,E). In contrast,
blocking IL-9 re-established cancer growth, even though
WT mice still had the most extensive tumors, indicating
that IL-9-independent pathways are also involved in cancer
growth suppression in Cblb−/− animals (figure 6C–E). To
understand differences in general tissue layout of the
tumors in WT, Cblb−/−, and anti-IL-9 treated Cblb−/− mice,
12

we performed a H&E stain and CD45 staining to visualize
the tumor infiltrating leukocytes (figure 6F). While we
observed big tumors with typical melanoma appearance
in WT mice, in Cblb−/− mice tumors were eradicated to
a high degree and hence structurally different. Despite
being not as small, tumors in anti-IL-9 treated Cblb−/−
mice structurally resembled tumors in Cblb−/− mice. CD45
staining revealed a low degree of immune cell infiltrate in
tumors of WT mice, while a high degree of CD45 expression in tumors of Cblb−/− mice indicated a high degree of
immune cells infiltration at this time point. CD45 expression in anti-IL-9 treated Cblb−/− mice were intermediate.
Next, to characterize these infiltrates in more detail,
we isolated tumor-
infiltrating lymphocytes (TILs) and
mapped their composition by flow cytometry (figure 6G).
While there could not be observed any differences for the
overall frequency of CD45+ immune cells infiltrating the
tumors by FACS, the frequency of T cells was significantly
higher in tumors isolated from Cblb−/− mice compared
with the one from WT mice (figure 6G). In-depth analysis of the infiltrating T cells revealed a higher CD8+/
CD8–Foxp3+ ratio and a lower CD4+/CD8+ ratio in Cblb−/−
mice than in WT mice, indicating the dominance of CD8+
T cells over Treg (Foxp3+) and CD4+ T cells within all
CD3+ T cells (figure 6G). Blocking of IL-9 led to a partial
reversal of these effects, lowering the CD8+/CD8–Foxp3+
ratio and increasing the CD4+/CD8+ ratio, indicating an
involvement of IL-9 in regulating the composition of T
cell subsets by modulating the frequency of specific T cell
subsets such as CD8+ T cells. Taken together, these data
confirm the in vitro observation that knocking out Cbl-b
leads to an increased expression of IL-9 in the tumor
microenvironment and that IL-9 is at least partly responsible for the tumor rejection phenotype of Cblb−/− mice.
Discussion
Cbl-b is an intracellular immune checkpoint that negatively regulates receptor tyrosine kinase signaling, thereby
limiting the antitumor reactivity of T and NK cells.35–39 46
Accordingly, the lack of Cblb in immune cells boosts their
ability to eradicate solid tumors involving CD8+ T and
NK cells.39 41 47 48 Cbl-b also regulates T helper cell polarization.42 49 Cblb is highly expressed in CD4+ and CD8+ T
cells, and its expression is tightly regulated by co-stimulatory and inhibitory molecules.31 32 The starting point of
our study was the considerably lower expression of Cblb
in Th9 cells than in Th0 and Treg cells. Hence, we speculated that besides the well-documented roles of Cbl-b in
the regulation of T cell activation, there might be a more
specific role for Cbl-
b in Th9 cell differentiation.50 51
The lack of generally stronger T cell activation signals
in Cblb−/− Th9 cells (ie, NFAT upregulation or increased
nuclear entry) further supports this assumption. We
showed that Th9 differentiation was more quickly and
efficiently initiated in the absence of Cbl-b. However, this
process is not dependent on deregulation of the known
Th9 transcription factors PU.1 and IRF4.3 4 Despite the
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generated from a Cblb−/− background exhibited improved
Th9 cell differentiation (when compared with WT OT-II
Th9 cells), as evaluated by intracellular staining for IL-9
and subsequent flow cytometry analysis (figure 5A/B;
after 48 hours of Th9 cell polarization, frequency of IL-9+
cells was almost doubled with 20% in OT-II Th9 cells vs
40% in OT-II*Cblb−/− Th9 cells). Injection of WT OT-II
Th9 cells slightly decreased tumor growth (at least in
this dosing schedule) but did not prolong the survival of
tumor-bearing mice (figure 5D,E). In contrast, Th9 cells
generated from OT-II*Cblb−/− mice showed significantly
inhibited tumor growth when compared with the group
that received WT OT-II Th9 cells (figure 5D). In line
with their increased antitumor reactivity, mice receiving
OT-II*Cblb−/− Th9 cells had significantly improved survival
compared with mice that received Cblb-proficient OT-II
Th9 cells (figure 5E). In order to understand whether
Th9 cells directly kill B16 tumor cells or if the effect is
indirect through other immune cells, we co-cultured in
vitro generated Th9 cells with a 1:1 mixture of B16-WT
and B16-OVA tumor cells, labeled with different concentrations of CFSE. Using this approach, we could not detect
any significant difference in the killing activities of either
OT-II Th9 or OT-II*Cblb−/− Th9 cells against B16-WT or
B16-
OVA cells (online supplemental figure 7), which
indicates an indirect effect rather than direct tumor cell
killing. Our data show that Cblb−/− Th9 cells, in contrast
to WT Th9 cells, can delay melanoma growth, presumably by acting on other immune cells. However, the exact
role of IL-9 in this context remains unclear. Therefore,
we next defined the role of IL-9 in the tumor rejection
phenotype of Cblb−/− animals.
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Figure 6 Repression of tumor growth in Cblb−/− mice depends partly on IL-9 (A) WT and Cblb−/− mice were injected s.c.
with 1×10∧5 HCmel3 tumor cells. Tumors were extracted at day 30, RNA was isolated, transcribed into complementary DNA
and quantitative PCR for IL-9 was performed using the ddct method and GAPDH as housekeeping gene. (B) Schematic
representation of experimental procedure. WT and Cblb−/− mice are intraperitoneally injected with 100–200 µg/mL anti-IL-9/
IgG kappa antibodies for three consecutive days, starting from a day (day −1) prior to subcutaneous injection of HCmel3 tumor
cells (day 0). Subsequently the mice are injected with anti-IL-9/IgG kappa antibodies every third day until they are sacrificed.
(C) Tumor growth of mice in different experimental groups was closely monitored. Length, width and height of each tumor
were measured using a caliper and tumor volume was calculated by using the following formula: length×wide×height×π/6.
(D) Tumors were extracted and weighed between days 28 and 35 or when termination criteria where reached. (E) Exemplary
photos of HCmel3 tumors at day 30 are shown. (F) Tumor samples were immersed in a zinc-based fixative (BD Pharmingen),
embedded in paraffin and stained with H&E according to standard protocols. Immunohistochemistry was performed with rat
anti-mouse CD45 mAb (30-F11) from BD Pharmingen. Representative pictures from the respective groups are shown. (G) Tumor
infiltrating lymphocytes (TILs) were isolated and stained with fluorescently labeled antibodies and analyzed by FACS. T cells
were quantified as percentage of all CD45+ cells. The ratio between CD8+ T cells and CD4+ Treg was calculated (CD8+/CD3+
(%) divided by CD8–Foxp3+/CD3+ (%)). CD4+/CD8+ ratio was calculated (CD4+/CD3+ (%) divided by CD8+/CD3+ (%)). Data is
representative for at least four independent experiments with (A) n=5–6 mice, (C) n=25–30 mice, (D) n=5–14 mice and (F) n=5–14
mice. Significance is calculated by unpaired t-test (A) or ordinary one-way analysis of variance (*p<0.05, **p<0.01, ***p<0.001,
****p<0.0001). Cbl-b, casitas B-lineage lymphoma proto-oncogene-b; IL, interleukin; i.v., intravenous; s.c., subcutaneous; WT,
wildtype.
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data suggest that Th9 cells might be more potent in inhibiting cancer than Th1, Th2, or Th17 cells.57 IL-9 and the Th9
cell-derived cytokine IL-21 can enhance mast cell activation,
promote the recruitment of dendritic cells, and support cytolytic functions of CTLs and NK cells. Of note, IL-9 can also
exert a tumorigenic role in hematological tumors, acting as
a lymphocyte growth factor and in solid tumors, promote
proliferation and migration of cancer cells.22 58 59 Our data
suggest that under physiological conditions Cbl-b limits the
differentiation of Th9 cells. Hence, targeting Cbl-b pharmacologically or genetically might represent an attractive way
to boost antitumor immunity. According to this idea, in vitro
differentiated OT-II*Cblb−/− Th9 cells exert significantly more
potent anti-cancer effects than WT OT-II Th9 cells. This effect
may be due to the increased frequency of IL-9+ cells in the
OT-II*Cblb−/− Th9 versus WT OT-II Th9 cultures and subsequent downstream effects of IL-9 on other immune cells such
as mast cells, NK cells, and other T cells.21 As chimeric antigen
receptor (CAR) T cells have recently entered the clinical
routine and IL-9-producing T9 CAR-T cells have increased
antitumor efficacy, additional blocking of Cbl-b could represent a tool to boost Th9 or T9 CAR-T cell polarization while
maintaining Treg levels.60–64 Cblb−/− mice show much higher
expression of IL-9 within tumor tissue, although we could
not (due to the extremely low frequency of intra-tumoral
Th9 cells) verify Th9 cells as a source of IL-9. CD8+ Tc9 cells
have also been shown to elicit more significant antitumor
potential than classical CTLs, an effect that also depends
on IL-9 production.65 We observed that naïve CD8+ T cells
under Th9 polarizing conditions developed into Tc9 cells
and that the frequency of IL-9 positive cells was significantly
higher in a Cblb−/− background (data not shown). Hence, the
source of enhanced IL-9 in tumors growing in Cblb−/− mice is
still of debate. Nonetheless, by neutralizing IL-9 in HCmel3
tumor-bearing Cblb−/− mice, we were able to verify that IL-9
is involved in the tumor-rejection phenotype of these mice.
The antitumor effects of Th9 or Tc9 cells involving IL-21 or
direct cytotoxicity might, however, additionally contribute to
the antitumor effects and were presumably not affected by
neutralizing IL-9. Th9 cell-derived IL-21 promotes CD8+ T
cell proliferation and increases the cytolytic function of NK
cells.56 Knockout of Cbl-b increased the frequency of tumor-
infiltrating T cells and shifted the T cell ratio to the dominance of CD8+ T cells over CD4+ T and Treg cells. Blocking
IL-9 partly reversed this effect, indicating a potential role of
IL-9 as a regulator of TIL composition.
In conclusion, our data demonstrate for the first time
that Cbl-b critically balances between Th9 cell and Treg
cell differentiation by limiting Th9 cell differentiation
and Il9 expression, presumably involving BATF3 through
the OX40/PI3K pathway. This observation is of in vivo
relevance, as resistance to tumor formation and rejection
of experimental tumors in Cblb−/− mice is mediated by
Th9 cells and IL-9. With regard to the new focus on Th9
cells or T9 CAR-T cells as T cell subsets with a very high
antitumor activity, Cbl-b, already previously proposed as
an immune checkpoint regulator and objective for therapeutic intervention in tumor therapy, might present
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hyperproliferation of T cells in the absence of Cbl-b,36 we
show that hyper-proliferation is mainly seen in IL-9− cells,
which does not explain increased IL-9+ cell frequency. We
propose that induction of BATF3, an activator protein 1
family transcription factor with high homology to BATF,
drives increased Th9 differentiation, as it has recently
been described to induce IL-9 expression.5 Using scRNA
sequencing and qPCR validation, we identified BATF3 as
one of the most prominently upregulated genes in Cblb−/−
versus WT IL-9+ cells. In broader terms, Cblb−/− IL-9+ cells
were highly enriched for GO terms like ‘T cell activation’,
‘positive regulation of cytokine production’ and ‘regulation of cell killing’, highlighting that these cells show a
different transcriptional profile and might therefore be
functionally different.
The initial T cell differentiation data and integration
of the scRNA sequencing results suggest that increased
Th9 differentiation is clearly paralleled by reduced Treg
abundance. In-depth analysis of our scRNA sequencing
data revealed a negative correlation between Cblb and Il9
expression at the per cell level, strengthening our hypothesis that Cbl-b might have a role in limiting Il9 expression. Functionally, blocking IL-9 in Cblb−/− Treg cultures
re-established proper Treg cell differentiation, suggesting
that high concentrations of IL-9 in trans inhibit Treg differentiation. However, a direct function of IL-9 in inhibiting
Treg differentiation is yet to be described, particularly as
IL-9 has recently been shown to potentiate Treg function
by activating STAT3/STAT5 and influencing the Th17/
Treg balance.52
In addition to its role in promoting IL-9 production
and Th9 cell polarization, BATF3 has been shown to
inhibit Treg differentiation by acting as a transcriptional
suppressor of the Foxp3 locus.53 It has also been shown
that OX40 signaling induces BATF3, hence inhibiting
Foxp3 expression, and also induces Th9 cell differentiation, which has been proposed to be regulated by the
non-canonical NF-κB pathway but could also involve
BATF3.5 12 53 OX40, a member of the TNFR superfamily of
receptors, forms a signaling complex with TNF receptor-
associated factor 2, protein kinase B, and phosphoinositide 3-kinase (PI3K) and functions as a co-stimulatory
signal to enhance the TCR signal.54 Cbl-b has been shown
to regulate the p85 subunit of PI3K negatively.55 Increased
recruitment of p85 to CD28 increases T cell activation in
Cblb−/− T cells.35 36 Similarly, p85 could enhance OX40
signaling in absence of Cbl-b, inducing the expression of
BATF3 and thus acting as a switch in balancing differentiation between Th9 and Treg cells. Besides OX40, other
TNF family members, such as TNFα, TL1A, and GITRL,
have been shown to promote the induction of Th9 cells.9
We could show that under all T helper cell polarization
conditions, Cblb−/− cells released more TNFα and that in
addition ‘TNF signaling pathway’ was one of the most
enriched KEGG pathways of cluster 2 in our scRNA
sequencing approach.
Several previous reports have highlighted the strong and
effective antitumor capacity of Th9 cells and IL-9.56 Some
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