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ABSTRACT

Despite the opposite roles of Tbet and Foxp3 in the immune system as well as in tumour biology, recent
studies have demonstrated the presence of of CD4" T cells, expressing both, Thet and Foxp3. Although
Tbet™Foxp3™ T cells are currently a subject of intense research, less is known about their biological
function especially in cancer. Here we found a considerable accumulation of TbettFoxp37CD4™ T cells,
mediated by the immunosuppressive cytokine TGFS in the lungs of tumour bearing mice. This is in line
with previous studies, demonstrating the important role of TGFB for the immunopathogenesis of cancer.
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By gathering results both in murine model and in human disease, we demonstrate that, the conversion of
IFNy producing anti-tumoral T-bet+Th1 CD4+4 T cells into immunosuppressive Tbet and Foxp3-PD1
co-expressing regulatory cells could represent an additional important mechanism of TGFg-mediated

blockade of anti-tumour immunity.

Introduction

Lung cancer represents the leading cause of cancer deaths
worldwide, being responsible for more than one million deaths
every year."” Recent studies suggest that immunotherapy could
be a promising approach to improve the prognosis for this
disease.>® The recognition and elimination of tumour cells by
the immune system requires the presence of Tbet (Tbx21), a
transcriptional regulator that induces the differentiation of Thl
cells and promotes the production of cytolytic effector mole-
cules by CD8" T cells and NK cells.*® Accordingly, Tbet-defi-
ciency leads to significantly increased lung tumour growth in
mice.” Tbet is an immune cell specific member of the T-box
protein family, which is encoded by the Tbx21 gene and is
expressed by different kinds of immune cells that contribute to
tumour rejection.*® The significance of Tbet-mediated effects
for efficient anti-tumour immune responses is supported by a
previous study, demonstrating that Tbet-deficiency leads to sig-
nificantly increased tumour development in a murine model of
lung cancer.’” Furthermore, we recently demonstrated that
reduced mRNA levels of TBX2I in the lungs of patients with
non-small cell lung cancer are associated with increased tumour
diameters, pointing out that Tbet-dependent immune responses
are not only of high relevance for the limitation of tumour
growth in a murine model, but also in human lung cancer.”
Despite of the general ability of the immune system to recognize
and eliminate malignancies, tumour cells have evolved numerous
strategies to escape immune-mediated eradication.'®"" One of the
main mechanisms, which tumour cells are thought to use for this

purpose is the induction and the recruitment of regulatory T cells
(Tregs).'"'? Regulatory T cells play an important role for the main-
tenance of immunological homeostasis. They hamper overshooting
pro-inflammatory responses and inhibit immune reactions against
innocuous environmental antigens or self-antigens. However, they
are also suggested to block tumour cell directed immune
responses.'>** In accordance with this assumption, an increased
amount of regulatory T cells could be detected in the peripheral
blood of patients with different kinds of cancer, including lung car-
cinoma. In addition to that, an increased ratio of regulatory to
effector T cells at the tumour site correlates with poor prognosis for
the patients.15 17 Moreover, various murine model studies con-
firmed the tumour promoting role of regulatory T cells."'® A char-
acteristic feature of regulatory T cells is the expression of the
transcription factor Foxp3 that is required for the definition of the
Treg cell phenotype as well as for their suppressive function.'”" In
spite of the opposite roles of Tbet and Foxp3 in the immune system
as well as in tumour biology, recent studies have revealed the exis-
tence of CD4" T cells, which express both, Tbet and Foxp3.>**
Although Tbet*Foxp3™ T cells are currently a subject of intense
research, less is known about the biological function of these cells
as well as their role in diseases. In the present study we focused on
the role of Tbet and Foxp3 co-expressing CD4™ T cells in a murine
model of lung carcinoma, in which we observed a considerable
accumulation of this cell subtype and finally provided evidences of
this cell lineage expansion and immunosuppressive properties in
human cells derived from lung tissues after surgery from patients
affected by NSCLC.
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Results

Accumulation of Foxp3 co-expressing TbettCD4+
T-cells in lung cancer

In this study we analyzed CD4" T cell responses in a murine
model of lung cancer. For this purpose we induced lung tumour
growth in mice via intravenous injection of luciferase express-
ing LL/2-luc-M38 lung carcinoma cells (Fig 1a). Here we found
that tumor progression is associated with an increase of Foxp-
3+CD25+ expressing CD4™" T cells in the lung and a reduced
percentage of them in the spleen, whereas their numbers in the
lymph nodes remain unchanged before and 15 days after the
tumour induction (Fig. 1a). Thl mediated immune responses
play a major role for tumour cell rejection.”® Therefore, we next
analyzed Thl associated factors, expressed by CD4+ T-cells in
naive as well as tumour- bearing mice at different time points

after lung carcinoma induction. Interestingly, we found that
more than 40% of all Tbet+ CD4+ Tcells in the lungs of tumor
bearing mice co-expressed Foxp3 and CD25 (Fig. 1b) indicating
a loss of anti-tumour effector function of T-bet+ T cells
(Fig. 1b). Similarly to Foxp-3+ T cells, we observed a signifi-
cant increase of T-bet-expressing CD4+ T cells, infiltrating the
lungs of tumour-bearing mice simultaneously to their decrease
in the spleen (Fig. 1c) and an expansion of Foxp-3 co-expres-
sion along with T-bet in tumour infiltrating CD4+ T cells by
using different gating strategies (Fig. 1d,e). We further observed
a significant expansion of Tbet™Foxp3® T cells during the
tumour development, exclusively in the lung, as well as a posi-
tive correlation between the percentage of these double positive
cells and the lung tumor growth (Fig. 1f, g). These data support
the notion that anti-tumour T-bet+ CD4+ T cells are targeted
and silenced by the tumour cells.
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Figure 1. Lung cancer is associated with Foxp3 induction in Thet* CD4" T-cells a.Experimental procedure: Lung tumor induction in mice occured via intravenous injection
of LL/2 M38 tumor cells. Tumor growth was measured at day 8, 11 and 13 after tumor induction by an in vivo bioluminescence imaging system detecting luciferase activ-
ity. The experiment ended at day 14 to 16. b-d. Accumulation of Thet-+Foxp3+CD4+ T cells in lung tumor bearing mice: b. Increased percentage of Thet+ cells gated
on Foxp3+4CD25+CD4+ T cells in the lung of tumor-bearing as compared to naive control mice. c. Increased percentage of Thet+ cells gated on CD4+ T cells in the
lung of tumor-bearing as compared to naive control mice, whereas no induction was observed in the spleen or the lymph nodes (LN). Flow cytometry analysis of Tbet+
expressing CD4-+ T cells in whole cell suspensions from the lungs, the spleens and the lymph nodes of naive (untreated) as well as tumour bearing (LL/2-luc-M38) WT
mice after the iv. injection of LL/2-luc-M38 lung carcinoma cells (N-lung = 4-11; N-spleen = 4-9; N lymph nodes = 4-13). (d-g) Increased percentage of
Tbet+Foxp3+CD4+ T cells in the lung of tumor-bearing mice increased with progressing lung tumor growth. d Flow cytometry analysis of Foxp3 expressing cells gated
on Thet"CD4™ T cells in the lungs of naive and tumour-bearing WT mice (N = 13-14). e Flow cytometry analysis of Tbet and Foxp3 ;co-expressing cells gated on CD4* T
cells in the lungs, the spleens and the lymph nodes of naive (day 0) as well as tumour bearing WT mice (Njung = 4-11; Ngieen = 4=9; Niymph nodes = 4-13). f.Percentage of
Thet and Foxp3 co-expressing cells gated on CD4™ T cells in the lungs of WT mice at day 0 to 15 after the tumour induction assessed via flow cytometry (N = 4-11). g
Correlation between the percentage of Tbet and Foxp3 co-expressing cells gated on CD4™ T cells in the lungs of tumor bearing WT mice and the tumor load, measured
as the total photon flux per second (N = 12). Bar charts indicate mean values +/- s.e.m. using students two-tailed t-test “P = 0.05; **P = 0.01; ***P = 0.001.



Increased IL-10 but not IFN-gamma production
in the supernatants of total lung cells isolated from lung
tumour-bearing mice

We next asked whether the number of T-bet+Foxp3- T cells is
increased in tumour and would compensate for the fact that an
increased fraction of the cells produce less Thl cytokines. To this
aim we analyzed the number of T-bet+Foxp3- T cells gated on
lung CD4+ T cells and found them significantly induced in the
lung of mice bearing-tumour (Fig 2a,b). However, by looking at
the IFN-gamma production from total lung cells from tumour-
bearing mice after anti-CD3 and anti-CD28 antibodies challenge,
we found a small, not significant, induction of total lung IFN-
gamma in mice bearing-tumour (Fig 2c). Overall the total
amount of IFN-gamma in the lung of mice bearing is very low.
There has been the suggestion that Tbet and Foxp3 co-expressing
cells might be Tregs that specifically suppress Th1 responses. The
fact that there is an increased number of Tbet+Foxp3- cells but
no increase of Thl cytokines, may support this assumption.

By contrast, we found a strong significant induction in IL-10
in the supernatants of total lung cells from tumour-bearing
mice (Fig 2d). In conclusion, there is not a compensation of
IFN-gamma production in T-bet4Foxp3+ T cells in the lung
of tumour-bearing mice, rather T cells in the lung of tumour
bearing mice release the immunosuppressive cytokine IL-10.

The role of TGFf for Foxp3 induction in Tbet' CD4" T-cells

Previous studies suggest that Tbet™Foxp3*CD4" T cells can
develop from Foxp3™ regulatory T cells through IFNy and
STAT1-mediated conversion.””> Moreover, we reasoned that the
tumour-microenvironment is generally characterized by high
levels of anti-inflammatory cytokines, such as TGFp. Different
kinds of tumour cells, including lung carcinoma cells, are able
to produce TGFB.>”*® Moreover, it is well known that TGFS
induces the expression of Foxp3 in naive T cells.”** We there-
fore asked, if the expansion of Tbet"Foxp3™ cells in the lungs
of tumour-bearing mice could be attributed to a TGFS-depen-
dent induction of Foxp3 expression in T-bet+ Thl cells. This
hypothesis is supported by our finding that Tbet"CD4™ T cells
express higher levels of TGFBRII than Tbet”CD4™ T-cells in
the lungs of tumour-bearing mice (Fig. 3a). To investigate the
ability of TGFp to induce Foxp3 expression in Tbet"CD4" T
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cells, we cultured CD4"CD62 L* splenocytes from naive WT
mice under Thl polarizing conditions for 5 days. These fully
differentiated Thl cells were incubated in the presence or
absence of TGFg for additional 2 days. Here we observed a sig-
nificant up-regulation of Foxp3 in TGFp-treated Th1 cells, sup-
porting the notion that TGFS could induce Tbet*Foxp3*CD4"
T cell development (Fig. 3b-d). Notably, we also observed that
TGF-beta given before Thl differentiation was more efficient
in inducing Foxp-3+T-bet+ CD4+ T cells than at day 5 when
Th1 were already differentiated. This property of TGF-beta was
further confirmed by the finding that the numbers of
Foxp3*Tbet" double positive CD4*T cells was strongly
reduced in tumour-bearing hCD2-AKTBRII mice, expressing a
truncated form of the TGFBRII on their T-cells as compared to
wild-type mice (Fig. 3e).

Increased survival of hCD2 AKTBRII as compared to wt
lung tumour-bearing mice

To demonstrate that Foxp-3-T-bet double positive cells are not
able to limit the tumour, we analyzed the lung tumour develop-
ment in the absence of TGF-beta signaling in T cells. In prelimi-
nary analysis we found that our model of lung tumour is
characterized by induction of tumour infiltrating CD4+ T cells
carrying the TGF-beta RII (Fig 4a). Moreover, interrupted TGFf
signaling in T cells leads to decreased tumour load (Fig. 4b) and
increased survival (Fig 4c) accompanied by induced anti-tumoral
immune responses as shown by the observation that CD4+ T cells
isolated from the lung of TGFBRII transgenic mice produce
increased levels of IFNy, TNFa and IL-2 upon in vitro stimulation
with «CD3 and «CD28 antibodies as compared to those isolated
from WT littermates (Fig 4d-g).

The impact of Tbet and Foxp3 co-expression on the T cell
phenotype

Tbet " Foxp3"CD4™" T cells are characterized by the co-expression
of two transcription factors that are responsible for the establish-
ment of opposite T cell phenotypes. In fact, Tbet is the master reg-
ulator of Th1 cells, whereas Foxp3 controls the development and
the function of regulatory T cells, while it inhibits the expression
of some Tbet-induced factors, as for example IFNy and
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Figure 2. Increased IL-10 but not IFN-gamma production in the supernatants of total lung cells isolated from lung tumour-bearing mice a. Representative FACS analysis of
the increased percentage of Thet+Foxp3- lung CD4+ T cells in the lung of tumor- bearing as compared to naive control mice. b. FACS analysis of T-bet+/Foxp3- cells
gated on lung CD4+ T cells in the lung of mice bearing tumour (N = 4,5; p = 0.0118). c. IFN-gamma, p = 0.128) and d.IL-10 (p = 0.0001) production from total lung cells
from mice bearing-tumour after anti CD3 and CD28 antibodies challenge (N = 10 per group). Bar charts indicate mean values +/- s.e.m. using students two-tailed t-test

P =0.05; "*P = 0.01; **P = 0.001.
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Figure 3. TGFB induces Foxp3 expression in Toet"CD4" T-cells a Flow cytometry analysis of TARIl expression on Thet positive and Thet negative CD4™ T cells in the lungs
of tumour-bearing WT mice (N = 16). b Experimental design of Flow cytometry analysis of Foxp3 induction in CD47CD62L™ T cells, isolated from the spleens of naive WT
mice, cultured under Th1 polarizing conditions for 5 days and subsequently cultured in the presence or absence of TGFS for another 2 days (N = 3). ¢,d Flow cytometry
analysis of Foxp3 expressing cells gated on Thet"CD4™ T cells as well as Thet"Foxp3™ (e) Foxp3+-Thet+ cells gated on CD4™ T cells in the lungs of tumour-bearing WT

and hCD2-AKTARIl mice (N = 9-13).

IL-2.">'®! This leads to the question which T cell phenotype and
function is induced in the presence of both, Tbet and Foxp3. In
order to clarify whether the Tbet"Foxp3*CD4" T cells found in
the lungs of tumour-bearing mice exhibit regulatory or rather
pro-inflammatory properties, we analyzed the expression of typi-
cal Treg- and Thl- associated markers. We found that Tbet and
Foxp3 double positive CD4™ T cells show a higher expression of
typical Treg-factors, such as ICOS, GITR, CD103, CTLA4 and IL-
10 as compared to CD4" T cells, which express either Tbet or
Foxp3. Interestingly, a higher percentage of Tbet" Foxp3"CD4" T
cells is positive for the inhibitory receptor PD-1 as compared to
Foxp3*CD4™" T-cells without Tbet, although there is no difference
compared to Tbet"CD4™ T cells without Foxp3 (Fig. 5a, c).

The subsequent analysis of Thl-associated markers revealed
that only a small proportion of Tbet"Foxp3™CD4™" T-cells
express IL-12RB2 in contrast to CD4™ T-cells expressing T-bet
alone. Accordingly, Tbet*Foxp3* T-cells produce less IFN-y
and TNFa as compared to Tbet™Foxp3~ cells. Nevertheless,
the expression of these Thl-hallmark factors is significantly
higher in cells, co-expressing T-bet and Foxp3, as compared to
Foxp3™ cells that dont express T-bet. Unlike the other analyzed
Thl-markers, CXCR3 expression does not differ between the
Tbet"Foxp3*CD4" and the Foxp3 negative Tbet*CD4™ T cell
population (Fig. 5b, c). This is in line with previous studies,
which indicate that the presence of Tbet in Foxp3"CD4" Treg
cells is required for CXCR3 induction and thus the migration
of Foxp3™ Treg cells to the site of Th1 inflammation.>** In pre-
vious studies, Tbet"Foxp3*CD4* T cells are being described as
a specific kind of regulatory T cells.”»**** In accordance with
this our results indicate that, despite the presence of Tbet,

Tbet"Foxp3"CD4" T-cells are characterized by regulatory,
rather than pro-inflammatory properties.

The role of Tbet expression in regulatory T cells has been
investigated in numerous studies. On the one hand, it has been
demonstrated that Tbet-deficient Treg cells are characterized by
reduced survival as well as an inability to inhibit Th1-mediated
inflammation after the adoptive transfer into Scurfy mice.”> On
the other hand, there are a number of studies indicating that
Tbet-deficiency does not affect the suppressive function of regu-
latory T cells.**>** Here we demonstrate that a higher percentage
of Tbet"Foxp3™CD4™ T cells co-express regulatory markers as
compared to CD4" T cells, expressing Foxp3 alone (Fig. 5a, c).
To analyze their regulatory function, we performed an in vitro
suppression assay with tumour-derived WT and Tbet ™/~ regula-
tory T cells. In order to specifically test the capacity of WT and
Tbet ™'~ Treg cells to suppress tumour infiltrating effector cell,
we used CD4"CD25~ conventional T cells (T,,), isolated from
the lungs of tumour bearing WT mice as responder cells. Indeed,
we observed a reduced ability of tumour derived Tbet '~ Treg
cells to suppress the cell proliferation of T, cells (Fig. 5d, e).
This is in line with some previous studies, indicating that the
expression of Tbet in regulatory T cells could be required for the
specific suppression of Thl-mediated immune responses that are
known to be important for successful anti-tumour immunity.*’

Induction of Foxp-3 and TGF-beta in the lung of human
subjects affected by NSCLC.

We next performed translational analysis in human lung sam-
ples obtained after surgery because of lung cancer (NSCLC).
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Figure 4. Increased survival of hCD2 AKTARII as compared to wt lung tumour bearing mice a. Flow cytometry analysis of the percentage of TGFARII expressing CD4+ T

cells in the lungs of naive and tumor-bearing wild-type (WT,

) mice (n(naive) = 10, n(LL/2) = 11)b. Tumour load analysis at day 8, 11 and 13 after intravenous injection of

LL/2-luc-M38 lung carcinoma cells in WT and hCD2 AKTARII mice via the measurement of photone flux per second (N day8 = 10-12; N day11 = 14-16; N day13 = 14—
16). . Percentage of survival after the intravenous injection of L1C2 tumour cells into WT and hCD2 AKT BRIl mice. d. Flow cytometry analysis of Tbet and IFNy co-express-

ing cells gated on CD4+ T cells in in the lungs of tumour-bearing WT and hCD2 AKTARII mice (N = 4-9). e-g ELISA analysis of IFNy (e

), TNFa (f) and IL-2 (g) levels in the

supernatants of CD4™ T cells, isolated from the lungs of tumour-bearing WT and hCD2-AKTARII mice and cultured for 40 h in the presence of «CD3 and «CD28 antibodies

(Nieny =
**P=0.01; """P = 0.001.

In this cohort of patients we recently described and reported
clinical characteristics,”>?*® we found an induction of FOXP3
and TGF-betal in the tumoural region as compared to their
control tumour-free lung region (Fig 6a-c). Moreover, we
found a direct positive correlation between TGF-beta and
Foxp3 (Fig 6d), confirming the murine data on the Foxp-3
inducing properties of TGF-beta 1.

To add functional studies, we analyzed activated SMAD3
(pSMAD?3) expression downstream of TGF-beta Receptor
(Fig 6e). Consistent with TGF-beta induction in the tumoural
region here pSMAD3 was found induced along with Foxp-3 at
the protein level (Fig 6e, f).

Similarly, at the cellular level, by Immunohistochemistry,
Foxp-3 + T cells were found induced in the tumoural region of
these patients (Fig 6g).

Identification of Foxp3+T-bet+ T cells in human lung
carcinoma samples

We next isolated immediately after surgery, T cells infiltrating
the lung tumour and analyzed the presence of Foxp-3+T-

10-12; Ninre = 9-12; N, = 9-16). N values are given per group. Bar charts indicate mean values +/- s.e.m. using students two-tailed t-test “P = 0.05;

bet+T cells in their tumoural versus the control region (Fig 7).
Consistent with the murine data, we found an induction of
Foxp-3+T-bet+ CD4+ T cells in the tumoural region as com-
pared to the control region of these patients (Fig 7a-f). More-
over, in the tumoural region of patients with NSCLC, 50% of
the T-bet positive cells expressed IFN-gamma whereas when
Foxp-3 was co-expressed with T-bet this percentage dropped
down to the 8% similar to Foxp-3+T-bet negative CD4+ T
regulatory cells (Fig 7g, h).

Discussion

Upon antigen binding, naive CD4" T cells can differentiate into
distinct subtypes, such as Thl, Th2, Th17 but also peripheral
regulatory T cells (iTregs). The development of each T cell
subtype can be induced by a specific cytokine milieu and is
characterized by the expression of lineage specific hallmark
transcription factors, such as Tbet, Gata3, RoryT or Foxp3.
Previous studies have shown that the expression of these master
transcription factors not only promotes the differentiation of
the respective T cell phenotype, but also inhibits alternative
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using students two-tailed t-test “P = 0.05; **P = 0.01; ***P = 0.001.
differentiation ~pathways.®*>*”**  Moreover, it has been
assumed that the differentiation of naive T cells is irreversible.
However, recent studies have proved the existence of CD4" T
cells that co-express two or more key transcription factors of
different T cell subtypes.”>”>* For instance, it has been discov-
ered that Thl inducing conditions are associated with the
development of CD4™" T cells, co-expressing the Treg transcrip-
tion factor Foxp3 and the Thl hallmark factor Tbet. Thus,
Tbet"Foxp3™* T cells can be induced in a murine model in vivo
via treatment with an agonistic «CD40 antibody.** In the pres-
ent study we found that the induction of lung carcinoma
growth in a murine model is associated with increased amounts
of Tbet expressing CD4" T cells in the lungs. About 40 % of
these Tbet"CD4™ T cells in the tumour bearing lungs co-
expressed Foxp3. The analysis of Tbet*Foxp3*CD4" T cells
regarding the expression of Treg and Thl associated markers
leads to the conclusion that, despite the presence of Tbet, this T
cell subtype is characterized by regulatory, rather than pro-
inflammatory properties. The results of previous studies indi-
cate that the expression of Tbet in regulatory T cells could be

required for the expansion of these immunosuppressive cells
which limit Thl-mediated immune responses, known to be
important for successful anti-tumour immunity.”> In accor-
dance with this, we demonstrated that tumour infiltrating Tbet
deficient Treg cells have a reduced ability to suppress the prolif-
eration of responder CD4*" T cells, derived from the tumour
site.

It has been shown before that Tbet™Foxp3™ T cells can be
the result of the conversion of Foxp3™ T cells into Tbet express-
ing Treg cells in an IFNy and STAT1 dependent manner.*
Moreover, our results indicate that this cell type can also
develop from Tbet"CD4*Thl cells due to the action of the
immune suppressive cytokine TGFB. The connection between
the immunosuppressive function of TGFS and cancer has been
demonstrated in several previous studies. For instance, it has
been shown that TGFS could be responsible for increased num-
bers of immature dendritic cells at the tumour site, and thus for
insufficient presentation of tumour antigen, leading to T cell
anergy.*"*> Moreover, it has been shown before, that the inter-
ruption of TGFB signaling in T cells is associated with an
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Figure 6. Foxp3 correlated with TGF-beta 1 expression in the lung tissue samples from patients with non-small cell lung cancer. a-d.Comparison between Foxp-3 and
TGFbetal mRNA expression inthe tumoral lung region (TU), taken from the solid tumour, and the tumour free control region (CTR), which is at least 5 cm away from the
solid tumour.d. Correlation between Foxp-3 and TGF-beta mRNA levels in those lung tissues. e and f. Western blot analysis performed with proteins isolated from the
lung of patients as previously described and incubated with anti pSMAD3 and anti Foxp-3 antibodies.>?g. Inmunohistochemistry performed with anti Foxp-3 antibodies
in lung tissue arrays from our cohort of patients with NSCLC and control lung tissue array obtained from healthy subjects and quantified as recently described.>®

improved ability to fight tumour cells in a murine model for
melanoma as well as thymoma. Furthermore, it has been dem-
onstrated that TGFS promotes tumour growth through the
inhibition of CD8" T cell production of effector molecules,
such as IFNy, Perforin and Granzyme B.*>** Our results indi-
cate that the conversion of IFNy producing anti-tumoral Thl
cells into immunosuppressive Tbet and Foxp3 co-expressing
regulatory T cells could represent an additional mechanism of
TGFS-mediated blockade of anti-tumour immunity. Moreover,
we found that TGF-beta given in naive cells during Th1 devel-
opment induces a higher number of T-bet+Foxp-3+ T cells as
compared to its action on mature Thl cells. These Thl cells
expressing Foxp-3 and PD1 and other immune-suppressive
markers could promote tumour growth. Thl cells expressing-
Foxp-3-PD1 are generated by the tumour cells via TGF-beta
and are then targeted by the lung tumour cells expressing
PDLI, thus evading the immune responses.’>’®* Although
further analysis in this direction are needed, altogether we con-
clude that the accumulation of Tbet"Foxp3TCD4" T cells at
the tumour site could contribute to the immunopathogenesis
of lung cancer. Thus targeting these cells could be a good ave-
nue to improve current immune-therapy against lung cancer.
In our translational studies in human samples we could dem-
onstrate the increased number of these cells in the tumoural

region of patients with non small cell lung cancer. Functionally,
we show a direct correlation between TGF-beta and Foxp-3 in
the lungof patients with NSCLC. These data indicate the pres-
ence of immunosuppressive cells induced by TGF-beta which
directly correlate with T-bet in the tumoural region of patients
with NSCLC. Further studies in this direction are underway in
our laboratories. Thus, these data support an increase suppres-
sive function of T-bet+Foxp-3+T cells in NSCLC that is rele-
vant for anti tumour immunotherapies.

Experimental procedures
Human subjects and study population

This study was performed at the University of Erlangen in Ger-
many and was approved by the ethics review board of the Uni-
versity of Erlangen (Re-No: 56_12B; DRKS-ID: DRKS00005376).
Patients, who were suffering from NSCLC, underwent surgery
and gave their approval to being enrolled in this study. Patients’
confidentiality was maintained. The diagnosis of lung cancer was
based on pathological confirmation. The histological types of
lung cancer were classified according to the classification of the
World Health Organization (WHO), formulated in 2004. The
staging of lung cancer was based on the Cancer TNM Staging
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Figure 7. Percentage of Foxp3+Thet+CD4+ T cells suppressed IFN-gamma production in lung cells isolated from lung tissue samples obtained after lung surgery in
patients with non-small cell lung cancer. FACS analysis and comparison between the cells isolated from the tumoral lung region (TU), taken from the solid tumour, and
the tumour free control region (CTR), which is at least 5 cm away from the solid tumour (N = 8).

Manual, formulated by the International Association for the
Study of Lung Cancer (IASLC) in 2010. Tissue samples were
taken from the tumoural area (TU: solid tumour tissue), the peri-
tumoural area (PT: up to 2 cm away from the solid tumour) as
well as from the tumour free control area (CTR: at least 5 ;cm
away from the solid tumour) of the surgically removed lung
material. Most of the material and methods related to the human
studies where recently reported in details.>>>**3%

Total cells isolation from human lung samples

Samples were cut into very small pieces using scalpels
(1-3 mm®). The shredded material was then subjected to colla-
genase/DNase digestion (20 ml solution per 1 g of material)
and incubated over night at 37°C under constant shaking
(300 r.p.m). The digestion solution contained 4.8 pg/ml colla-
genase (Liberase TM Research Grade REF 05 401 119 001,
Roche Diagnostics, Mannheim, Germany) and 15 pug/ml
DNase (Roche Diagnostics, Mannheim, Germany), dissolved in
PBS. In order to get a single cell suspension the digested mate-
rial was sieved through a cell strainer (70 ;m). The cell suspen-
sion was centrifuged (10 min, 1000 rpm, 4°C) and the
supernatant was discarded. The cells were resuspended in
10 ml of hypotonic solution (Ammonium-Chloride-Potassium
buffer (ACK)) and immediately centrifuged again (5 min,
1000 rpm, 4°C) to quickly remove the ACK lysis buffer. This
was followed by cell resuspension in 10 ml of PBS+EDTA+1%
Penicilin/Streptomycin and centrifugation (10 min, 1000 r.p.
m., 4°C). Cells were finally resuspended in PBS+ EDTA+ 1%
Penicilin/Streptomycin+ 5% FCS.

Mice

Balb/c wild-type (WT), CD2-AKTFSRII and Tbet ™'~ were bred
and maintained under specific pathogen-free conditions in our
animal facility (Center of Molecular Inflammation and Cancer
Research, Erlangen). CD2-AKTFSRII and Tbet™'~ mice were
previously described.>” All experiments were performed
according to institutional animal care guidelines under our eth-
ical grant 54-2532.1-36/13.1.

Cell Lines

The LL/2-luc-M38 cell line (Bioware cell line, Caliper Life-
Science, Waltham, Massachussets, USA) was cultured in
DMEM medium (Gibco, Invitrogen, Darmstadt, Germany),
supplemented with 10 % of fetal calf serum (FCS) (PAA Labo-
ratories, Colbe, Germany) and 1% of the antibiotics penicillin
and streptavidin (Pen/Strep) (PAA Laboratories, Colbe,
Germany) at 37°C and 5% of CO,.

L1C2 lung adenocarcinoma cells were cultured in RPMI
medium (Gibco, Invitrogen, Darmstadt, Germany) enriched
with 10% FCS (Biofluids, Rockville, MD) and 1% of the antibi-
otics penicillin and streptavidin (Pen/Strep) (PAA Laboratories,
Colbe, Germany) at 37°C and 5% of CO,.

A20 B cell lymphoma cells were generously provided by PD.
Dr. S. Wirts (Medical Clinic I, Friedrich —Alexander University
Erlangen-Niirnberg). The cells were cultured in ISCOVE
medium (Lonza, Koln, Germany), supplemented with 5 % of
FCS (PAA Laboratories, Colbe, Germany), 1 % of Pen/Strep
(PAA Laboratories, Colbe, Germany), 1 % of Pyruvate (PAA



Laboratories, Colbe, Germany) and 0,1 % of B-Mercaptoetha-
nol (Roth, Karlsruhe, Germany) at 37°C and 5% of CO,,

Murine model for lung adenocarcinoma and tumour
load analysis

The Lewis lung carcinoma model was induced via injection of
5 x 10° LL/2-luc-M38 cells, resuspended in 200 ul of DMEM
medium (Gibco, Invitrogen, Darmstadt, Germany) without
supplements, into the tail vein of 6-8 week old female mice.
Mice were sacrificed at day 5 to 16 after tumour cell injection.
Tumour load was analyzed in vivo at day 8, 11 and 13 after
injection of LL/2-luc-M38 cells. For that purpose mice were
injected with 150 ul of Luciferin solution (15 mg/ml) intraperi-
toneally (i.p.) (Promega, Madison, Wisconsin, USA). After
10 min of incubation, mice were anaesthetized using isoflurane
and luminescence was measured by the Ivis Imaging System, as
previously described (Bioware cell line, Caliper LifeScience,
Waltham, Massachussets, USA).’ Briefly, the analysis was done
in a logarithmic scale mode. For quantification of the tumour
load the total flux (photons per second) was determined.

For the induction of L1C2 derived lung tumours, 2 x 10°
cells, resuspended in 200 ul of RPMI (Gibco, Invitrogen,
Darmstadt, Germany) without supplements were injected into
the tail vein of the mice.

Flow cytometry analyses (FACS)

Flow cytometry analyses were performed with 1 x 10° total cells
per sample and staining. The cells were washed with PBS, followed
by incubation (30 min., 4°C, in the dark) with the respective mas-
ter mix of antibodies against surface proteins, solved in PBS (ad
80 wl). For FACS analyses of surface markers alone, the cells were
washed with PBS and resuspended in PBS + EDTA (Lonza, Koln,
Germany). No fixation and permeabilization was performed in
that case. For FACS analysis of intracellular molecules, the cells
were fixed and permeabilized with Fixation and Permeabilization
solutions according to manufacturers protocol (eBioscience,
Frankfurt, Germany) and incubated (30 min, 4°C, in the dark)
with antibodies against intracellular proteins, solved in Permeabi-
lization buffer (eBioscience, Frankfurt, Germany) (ad 80 ul). After
a final washing step with Permeabilization buffer (eBioscience,
Frankfurt, Germany) the cells were resuspended in PBS + EDTA
(Lonza, Koln, Germany). For the analysis of cytokine expression
by flow cytometry, whole lung cells were cultured with 5 ptg/ml
plate bound anti-mouse CD3 antibody (BD Biosciences, Heidel-
berg, Germany) and 2 pg/ml soluble anti-mouse CD28 antibody
(BioLegend, Fell, Germany) at 37 °C and 5 % of CO, for 24 h and
incubated with Phobol-12-myristate 13-acetate (PMA) (Sigma-
Aldrich Chemie, Munich, Germany), Ionomycin (Sigma-Aldrich
Chemie, Munich, Germany) and the protein transport inhibitor
Golgi Stop (BD Biosciences, Heidelberg, Germany) for 4 h. The
subsequent flow cytometry measurements were performed via
FACS Calibur and analyzed using Cell Quest Pro version 4.02
(BD Biosciences, Heidelberg, Germany). The following antibodies
were used during this study: anti-mouse CD4 FITC (BD Bioscien-
ces, Heidelberg, Germany), anti-mouse CD4 PerCP (BD Bioscien-
ces, Heidelberg, Germany), anti-mouse CD4 PE (BD Biosciences,
Heidelberg, Germany), anti-mouse CD4 APC (BD Biosciences,
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Heidelberg, Germany), anti-human CD4 FITC (eBioscience, San
Diego, USA), anti-human/mouse T-bet PE (BD Biosciences, Hei-
delberg, Germany), anti-human/mouse Foxp3 APC (Miltenyi
Biotec, Bergisch-Gladbach, Germany), anti-mouse TSRII PerCP
(R&D Systems, Wiesbaden, Germany), anti-mouse IFNy FITC
(BD Biosciences, Heidelberg, Germany), anti-mouse TNF-« FITC
(BD Biosciences, Heidelberg, Germany), anti-mouse CXCR3
FITC (eBioscience, Frankfurt, Germany), anti-mouse IL12RA2
Alexa488 (R&D Systems, Wiesbaden, Germany), anti-mouse IL-
10 FITC (BD Biosciences, Heidelberg, Germany), anti-mouse PD-
1 PE (BD Biosciences, Heidelberg, Germany), anti-mouse CTLA4
PE (BD Biosciences, Heidelberg, Germany), anti-mouse CD103
FITC (Miltenyi Biotec, Bergisch-Gladbach, Germany), anti-mouse
GITR FITC (eBioscience, Frankfurt, Germany), anti-mouse ICOS
FITC (eBioscience, Frankfurt, Germany), anti-mouse CD25
PerCP (BD Biosciences, Heidelberg, Germany) antibodies.

Isolation of murine lung CD4+ T-cells

Single cell suspension from murine lungs were prepared as pre-
viously described.*® Isolation of CD4" T-cells from total lung
cells was performed using anti-mouse CD4 Microbeads (Milte-
nyi Biotec, Bergisch-Gladbach, Germany) by positive selection
according to manufacturers protocol. CD4™ T-cells were cul-
tured in RPMI medium (Gibco, Invitrogen, Darmstadt,
Germany), supplemented with 10% FCS (PAA Laboratories,
Colbe, Germany) and 1% Pen/Strep (PAA Laboratories, Colbe,
Germany), at 37 °C and 5 % CO,, in the presence of 5 ug/ml
plate bound anti-mouse CD3 antibody (BD Biosciences, Hei-
delberg, Germany) and 2 pg/ml soluble anti-mouse CD28 anti-
body (BD Biosciences, Heidelberg, Germany). Supernatants
and cells were harvested after 40 h of cell culture for further
analyses.

Isolation of naive CD4"CD62 L™ T cells

CD4"CD62 L* naive T cells were isolated from splenic whole
cell suspensions via magnetic activated cell sorting (MACS)
using the mouse CD47CD62 L™ T cell isolation Kit II (Miltenyi
Biotec, Bergisch-Gladbach, Germany) according to man-
ufacturers instructions. The isolated cells were used for in vitro
T cell differentiation assays, as described below.

In vitro Th1 cell differentiation and TGFj treatment

In order to analyze T cell differentiation, CD4"CD62 L* T cell
were cultured in RPMI medium (Gibco, Invitrogen, Darmstadt,
Germany), supplemented with 10 % FCS (PAA Laboratories,
Colbe, Germany) and 1 % Pen/Strep (PAA Laboratories, Colbe,
Germany), at 37°C and 5 % CO, in the presence of 5 ug/ml
plate bound anti-mouse CD3 antibody (BD Biosciences, Hei-
delberg, Germany) and 2 pg/ml soluble anti-mouse CD28 anti-
body (BD Biosciences, Heidelberg, Germany).

For Thl differentiation, the cells were additionally treated
with 100 ng/ml IL-2 (PeproTech, Hamburg; Germany), 5 g/
ml anti-IL-4 antibody (11B11 anti-IL-4 mAb, produced by
hybridoma cells, kindly provided by Prof. Dr. med. E. Schmitt,
Mainz, Germany) and 12 ng/ml IL-12 (PeproTech, Hamburg;
Germany). After 3 days in culture the cells were split,
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transferred to a new culture plate and restimulated with the
Th1-polarizing cocktail as described above as well as with
5 wg/ml plate bound anti-mouse CD3 antibody (BD Bioscien-
ces, Heidelberg, Germany) and 2 pg/ml soluble anti-mouse
CD28 antibody (BD Biosciences, Heidelberg, Germany) for
another 2 days. To test the influence of TGFg on Th1 differen-
tiated cells, 30 ng/ml of recombinant TGFf (PeproTech, Ham-
burg; Germany) was added to the cell culture after the Thl
induction (at day 5) and incubated for additional 2 days. At
day 7 the cells were harvested for flow cytometry analysis.

Enzyme-linked immunosorbent assay (ELISA)

Sandwich ELISA sets were used for the detection of IL-2 (BD
Biosciences, Heidelberg, Germany), TNF-o (BD Biosciences,
Heidelberg, Germany), IL-10 and IFN-y (BD Biosciences,
Heidelberg, Germany) in the cell supernatants, according to
manufacturers protocols.

Isolation of lung infiltrating CD4+CD25" and CD4"CD25
T cells

Isolation of CD4™ T-cells from a single cell suspension of
murine lungs was performed via positive selection using anti-
mouse CD4 Dynabeads (Life Technologies, Darmstadt,
Germany) according to manufacturers protocol. Dynabeads
were removed from the isolated CD4" T cells by mouse CD4
Detachabeads (Life Technologies, Darmstadt, Germany) follw-
ing the manufacturers instructions. CD257CD4™ T cells were
separated from the CD25 CD4" fraction by magnetic sorting
of the bead-free CD4" T cells using the mouse CD25
Microbead Kit (Miltenyi Biotec, Bergisch-Gladbach, Germany)
as described in the manufacturers protocol as well as in previ-
ous studies.”” CD4"CD25" and CD4"CD25™ T cells were used
in an in vitro suppression assay, described below.

In vitro Treg-suppression assay

CD4"CD257 T cells, isolated from the lungs of tumour-bearing
wild-type mice served as responder cells and were labeled with
2,5 uM of CFSE using the Cell Trace CFSE Cell Proliferation
kit (Invitrogen, Karlsruhe, Germany) according to man-
ufacturers instructions. Labeled CD4*CD25™ responder cells
(1 x 10°) were co-cultured with CD47CD25" Treg-cells (1 x
10°), isolated from tumour-bearing wild-type or Thet '~ mice.
To stimulate the cell proliferation the culture also included
mitomycin-treated A20 cells (1 x 10*) and 5 pg/ml of soluble
anti-mouse CD3 antibody (BD Biosciences, Heidelberg,
Germany). The cells were cultured in RPMI medium, supple-
mented with 10 % FCS and 1 % Pen/Strep for 96 h at 37 °C
and 5 % CO,. Afterwards, the cells were harvested and the
CFSE dilution in CD4"CD25 responder cells was measured
using the FACS Calibur and analyzed using Cell Quest Pro ver-
sion 4.02 (BD Biosciences, Heidelberg, Germany).

Statistical evaluation

Statistical analysis excluding correlations were done with the
Student’s t- test ("p < 0,05™p < 0,01; *p < 0,001) and

presented as mean valuest=SEM. Correlations were examined
by importing data, in XY-tables of GraphPad Prism 7 software,
diagram it with linear regression curve and perform the two
tailed

Pearson correlation analysis to get the r and p value ("p <
0,05;,"p < 0,01;"p < 0,001).
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