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Direct and indirect anti-leukemic properties

of activity-on-target interferons for the treatment

of T-cell acute lymphoblastic leukemia

T-cell acute lymphoblastic leukemias (T-ALL) are rare ag-
gressive hematologic tumors resulting from the malignant
transformation of T-cell progenitors in the thymus.! T-ALL
treatment currently consists of high-dose multi-agent
chemotherapy, potentially followed by hematopoietic
stem cell transplantation for high-risk patients.? Unfor-
tunately, even with such a harsh and long treatment re-
gime, the outcome of T-ALL patients with primary
refractory or early relapsed leukemia remains poor. Novel
therapeutic strategies to treat those high-risk patients re-
main an important unmet medical need.®> Type-I interfe-
rons (IFN-1) have a long history in the treatment of cancer,
including hematologic malignancies.* The pleiotropic anti-
cancer effects induced by IFN-I result from a combination
of: (i) direct cancer cell growth inhibition by inducing cell
cycle arrest, apoptosis, and differentiation; and (ii) indirect
effects by the activation of the immune system involving
antigen presentation by dendritic cells and priming of cy-
totoxic CD8* T cells.® As such, this cytokine, with both di-
rect and indirect immunostimulatory anti-cancer effects,
is unique in its kind. Nevertheless, IFN-I therapy experien-
ced variable and unpredictable success in the clinic. Its
clinical application is severely impeded by a complex pat-
tern of adverse side-effects, due to the multifaceted pat-
tern of activity of IFN-1.° Therefore, safe exploitation of
the anti-cancer potential of IFN-I requires strategies to
direct its activity to selected target cells only.

To document the direct anti-cancer effect of IFN-I on
T-ALL, we stimulated nine human T-ALL cell lines with in-
creasing concentrations of recombinant human interferon
alpha-2 (hIFNa2) for 4 days and measured the effect on
their in vitro growth. A variable anti-proliferative effect
was observed, with no correlation between sensitivity to
IFN-1 and immunophenotype or molecular subtype (Online
Supplementary Figure S7). Consistent with previous stu-
dies,”® the anti-proliferative effect was associated with
activation of the JAK/STAT1 pathway as documented by
the increased levels of phosphorylated STAT1 (pSTAT1) de-
termined by flow cytometry. We hypothesized that eleva-
ted pSTAT1 levels upon IFN-I stimulation could be used
as a biomarker to stratify between IFN-I-sensitive and
non-sensitive T-ALL patients. To validate our findings in
primary T-ALL patients’ material, we stimulated three pa-
tient-derived xenografts (PDX) samples with 100 ng/mL
hIFNa2 for 30 min and quantified pSTAT1 levels (Figure 1A).
As for the cell lines, a variable response to IFN-1 was ob-
served. Subsequently, we transplanted the IFN-I-respon-
sive (PDX#1) and non-responsive (PDX#3) PDX samples

into immunodeficient NOD-scid IL2Rg"" (NSG) mice. As
soon as evidence of leukemia progression was observed
(>5% human CD45* [hCD45*] cells in peripheral blood),
mice (5 mice/group) were treated for 7 consecutive days
with intraperitoneal injections of 30 mg hIFNa2/mouse or
vehicle (100 uL phosphate-buffered saline). A significant
anti-leukemic effect was observed only for the IFN-I-re-
sponsive PDX#1, with a decrease in the percentage of
hCD45* cells in the peripheral blood at the end of the
7-day treatment regime and a prolonged leukemia-free
survival of the mice (Figure 1B). Of note, IFNa2 has strict
species specificity and human IFNa2 is unable to activate
the mouse receptor complex,™ indicating that the obser-
ved anti-leukemic effects can only be due to cell-intrinsic
direct effects on the human leukemia cells.

To further document the indirect immune-mediated anti-
leukemic properties of IFNa2, we generated an experi-
mental T-ALL model that could be exploited to monitor
leukemia progression both in an immunocompetent back-
ground as well as an immunodeficient background. To do
this, we intercrossed the Lck-cre®*;Pten™™ spontaneous
murine T-ALL model™ with a ROSA26-eGFP/luciferase re-
porter line™ on a pure C57BL/6 background and derived
eight primary murine T-ALL cell lines from diseased mice
(Online Supplementary Figure S1C). As for the human T-
ALL cell lines, a variable anti-proliferative effect with in-
creased percentages of apoptotic cells was observed
when murine T-ALL were treated for 3 days in vitro with
increasing concentrations of recombinant mouse interfe-
ron alpha-2 (mIFNa2) (Online Supplementary Figure S1D,
E). Subsequently, we transplanted the murine T-ALL cell
lines in both immunodeficient NSG as well as immuno-
competent syngeneic mice and treated them with intra-
peritoneal injections of 30 ug mIFNa2/mice or vehicle for
7 consecutive days (Figure 1C). As the injected T-ALL lym-
phoblasts express the eGFP-Firefly luciferase reporter
from the Rosa26 promoter, leukemic burden could be ef-
ficiently monitored using in vivo bioluminescence imaging."
mIFNa2 treatment resulted in a significant reduction of the
leukemic burden, and prolonged survival of both immuno-
deficient and immunocompetent mice transplanted with
murine T-ALL.

Notably, the therapeutic efficacy of mIFNa2 was consi-
stently higher in the presence of an intact immune system
(Figure 1C), suggesting an additive immune-mediated anti-
leukemic effect. To uncouple these direct and putative in-
direct anti-leukemic properties of mIFNa2, we used our
recently developed cell-type specific Activity-on-Target
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Figure 1. Anti-leukemic effects of interferon alpha-2 on the progression of human and murine T-cell acute lymphoblastic
leukemia in vivo. (A) Flow cytometric analysis of phospho-STAT1 (pSTAT1) levels in three established T-cell acute lymphoblastic
leukemia (T-ALL) patient-derived xenografts (PDX) after 30 min. ex vivo stimulation with 100 ng recombinant human interferon
alpha-2 (hIFNa2). (B) Direct anti-leukemic effects of recombinant hIFNa2 treatment (7 consecutive days with 30 ug/mouse)
versus vehicle on type | interferon-responsive (PDX#1) and non-responsive (PDX#3) T-ALL patient-derived xenograft model
transplanted in NSG mice (5 mice/group). Effect on leukemia progression was measured by flow cytometric quantification of the
percentage of hCD45" cells in peripheral blood (left) and Kaplan-Meier survival curves (right). (C) Anti-leukemic effects of
recombinant murine interferon alpha-2 (mIFNa2) treatment (7 consecutive days; 30 ug/mouse) versus vehicle control
(phosphate-buffered saline, PBS) on in vivo progression of murine T-ALL cell line transplanted in immunodeficient NSG animals
or immunocompetent syngeneic C57BL/6 animals. Leukemia burden was quantified via in vivo bioluminescence imaging during
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interferons (AcTaferons; AFN).”?" To obtain these AFN, we
fused the hIFNa2%?R a human IFNa2 mutation that ena-
bles binding to the murine interferon receptor complex
with a 100-fold reduced affinity compared to wild-type
(WT) mIFNa2, to VHH single domain antibodies targeting
the murine CD8 (mMCD8-AFN). We specifically chose the

mMCD8-AFN, as this CD8a epitope is not only present on
40% of T-ALL cases, but also on mouse classical dendritic
cell type 1 (cDC1) which are particularly important for eli-
citing a CD8* cytotoxic T lymphocyte response to kill can-
cerous cells upon IFNa2 stimulation.? Evaluating the
therapeutic effects of the mCD8-AFN on both CD8* versus
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Figure 2. mCD8-AFN has direct but no indirect immune-mediated anti-leukemic effects on murine T-cell acute lymphoblastic
leukemia. (A) Anti-leukemic effect of mMCD8-AFN treatment (7 consecutive days; 30 ug/mouse) versus vehicle (phosphate-
buffered saline, PBS) on in vivo progression of CD8 and CD8" murine T-cell acute lymphoblastic leukemia (T-ALL) cell lines
transplanted in immunodeficient NSG mice or (B) in syngeneic C57BL/6 mice. Leukemic burden was quantified via in vivo
bioluminescence imaging during treatment regime (right) and Kaplan-Meier survival curves (left).
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Figure 3. mClec9A-AFN has indirect but no direct anti-leukemic effects on murine T-cell acute lymphoblastic leukemia. (A)
Anti-leukemic effect of mClec9A-AFN treatment (7 consecutive days; 30 mg/mouse) versus vehicle (phosphate-buffered saline,
PBS) on in vivo progression of CD8~ and CD8* murine T-cell acute lymphoblastic leukemia (T-ALL) cell lines transplanted in
immunodeficient NSG mice or (B) in syngeneic C57BL/6 mice. Leukemic burden was quantified via in vivo bioluminescence
imaging during treatment regime (right) and Kaplan-Meier survival curves (left).

CD8~ T-ALL in an immunocompetent versus immunodefi-
cient background, allowed us to dissect the roles of the
direct versus indirect anti-leukemic actions of IFNa2. To
compare our results to those of a WT IFNa2 with a similar
molecular weight as the AFN, we coupled this cytokine to
a single-domain antibody targeting Bcll10, an epitope that
is absent in mice (MIFNa2-WT). As expected, the mCD8-
AFN had only an anti-proliferative effect on the CD8" T-
ALL and not on the CD8~ T-ALL cell lines in vitro (Online
Supplementary Figure S2A-C), confirming its cell-specifi-
city. To evaluate the cell-specific direct anti-leukemic pro-
perties of mMCD8-AFN on the growth of murine CD8*
T-ALL in an in vivo context, we transplanted both CD8* and
CD8~ T-ALL cell lines into immunodeficient NSG mice. As
expected, the mCD8-AFN had a significant direct anti-leu-
kemic effect only on the CD8* T-ALL cell line, with a signi-
ficant decrease of bioluminescence during the treatment
and prolonged survival (Figure 2A). Of note, the direct anti-
leukemic effect of the mCD8-AFN was more efficient than
that of WT mIFNa2 (Online Supplementary Figure S3). As

AFN do not efficiently bind the ubiquitously expressed in-
terferon receptor complex, they will not be cleared from
the circulation before reaching their desired target popu-
lation. This so-called ‘sink-effect’ can explain the impro-
ved direct anti-leukemic effect seen with the AFN.

As the CD8a epitope of the mCD8-AFN is also present on
cDC1 cells, which have been shown to be superior in an-
tigen cross-presentation, and on effector CD8*T cells ne-
cessary to kill tumor cells, we hypothesized that the
mMCD8-AFN would also be able to induce an indirect anti-
leukemic response. To test this, we repeated the experi-
ment in an immunocompetent background. As an indirect
immune-mediated effect would be independent of the im-
munophenotype of the T-ALL cells, we hypothesized that,
in this setting, we would observe an anti-leukemic effect
of the mCD8-AFN on both CD8- and CD8* T-ALL. However,
no effect could be seen on the CD8~ T-ALL, only on the CD8*
T-ALL (Figure 2B), indicating that mCD8-AFN has only direct
anti-leukemic T-ALL properties, and is not able to induce
an indirect immune-mediated anti-leukemic response.
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The inability of mCD8-AFN to elicit an immune-mediated
anti-leukemic response could be either due to mature
T-cell aplasia and leukemia progression in these mice,
or due to the intrinsic nature of the AFN. We therefore
tested the anti-leukemic properties of a second AFN,
mClec9a-AFN, which we previously used to efficiently in-
duce a cDC1-mediated anti-tumor response in the con-
text of melanoma, breast carcinoma and lymphoma.” As
Clec9A is not expressed in normal or malignant T cells,
no direct anti-leukemic properties could be observed in
vitro (Online Supplementary Figure S2A-C) or in vivo in
immunodeficient NSG mice (Figure 3A). To evaluate the
indirect immune-mediated anti-leukemic effects of
mClec9A-AFN, we repeated the experiment in syngeneic
C57BL/6 mice (7 mice/group). This time, a significant in-
direct effect on leukemic progression could be seen in
the transplanted mice, irrespective of whether they were
transplanted with CD8* or CD8~ T-ALL (Figure 3B). These
data demonstrate that mClec9A-AFN is able to induce a
strong immune-mediated anti-tumor response. However,
we currently cannot explain why we saw a difference
between the ability of mCD8-AFN and mClec9A-AFN to
induce an indirect immune-mediated anti-leukemic ef-
fect. In the mouse, the Clec9A-epitope is also present
on CD8 immune cell subtypes, which may contribute to
the immune response. Alternatively, binding of the CD8-
AFN on cytotoxic CD8* T cells may (partially) hamper
their cytotoxic functions, although the anti-CD8 single-
domain antibody that was used for the design of the
mCD8-AFN was demonstrated to be a non-neutralizing
antibody."”

Finally, the adverse side-effects (body weight loss and he-
matologic deficiencies) observed in mice treated with
mIFNa2-WT were significantly reduced in mice treated
with the AcTaferons (Online Supplementary Figure S2D, E),
as shown before.”2®

In summary, we used preclinical mouse models of
T-ALL to show that immunocytokines with cell-specific
activity can preserve the anti-leukemic properties of
IFNa2 with a concomitant reduction of systemic toxic
side-effects. As such, these AcTaferons can be used as a
direct anti-leukemic agent in combination with classical
chemotherapy, or as off-the-shelf targeted immunothe-
rapy for T-cell malignancies.
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