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Paraneoplastic neurological disorders result from an autoimmune response against neural self-
antigens that are ectopically expressed in neoplastic cells. In paraneoplastic disorders associated to
autoantibodies against intracellular proteins, such as paraneoplastic cerebellar degeneration (PCD),
current data point to a major role of cell-mediated immunity. In an animal model, in which a neo-
self-antigen was expressed in both Purkinje neurons and implanted breast tumor cells, immune
checkpoint blockade led to complete tumor control at the expense of cerebellum infiltration by T
cells and Purkinje neuron loss, thereby mimicking PCD. Here, we identify 2 potential therapeutic
targets expressed by cerebellum-infiltrating T cells in this model, namely a4 integrin and IFN-y.
Mice with PCD were treated with anti-a4 integrin antibodies or neutralizing anti-IFN-y antibodies
at the onset of neurological signs. Although blocking a4 integrin had little or no impact on disease
development, treatment using the anti-IFN-y antibody led to almost complete protection from
PCD. These findings strongly suggest that the production of IFN-y by cerebellum-invading T cells
plays a major role in Purkinje neuron death. Our successful preclinical use of neutralizing anti-IFN-y
antibody for the treatment of PCD offers a potentially new therapeutic opportunity for cancer
patients at the onset of paraneoplastic neurological disorders.

Introduction
Paraneoplasticneurological disorders are rare immune-mediated diseases that develop in the setting of malig-
nancy and offer a unique prospect to analyze the interplay between tumor immunity and autoimmunity (1).
In those diseases, the pathogenic adaptive immune response targets proteins, so-called onconeural antigens,
which are expressed physiologically by neural cells and aberrantly by tumor cells (2). Highly specific anti-
neuronal autoantibodies in the serum and cerebrospinal fluid (CSF) represent key diagnostic biomarkers
of these diseases. Paraneoplastic cerebellar degeneration (PCD) is characterized by the selective loss of
Purkinje neurons in the cerebellum (3). The hallmark of PCD is the production of high titers of antibod-
ies against intracellular proteins of Purkinje cells, most frequently cerebellar degeneration-related antigen
(CDR2/CDR2L), also known as Yo antibodies (4). It has also been reported that effector cytotoxic CD8
T cells able to produce IFN-y in response to CDR2 circulate in the blood and CSF of patients (3). PCD
develops mostly in female patients with gynecologic (ovarian or breast) carcinomas that express the Pur-
kinje neuron—specific CDR2/CDR2L protein (3-5). Although the occurrence of PCD is rare (about 10
new cases/year in France) (6), the risk for such complication may increase with application of immuno-
therapy for these malignancies (7, 8), thereby pointing to paraneoplastic neurological disorders as poten-
tial side effects of immune checkpoint blockade. Consistent with this hypothesis, the development of PCD
after CTLA-4 blockade was observed in a mouse model expressing a model onconeural antigen both in
Purkinje neurons and in implanted breast cancer cells (9). The enhanced tumor control by immune check-
point therapy was obtained at the expense of autoimmune PCD, with accumulation of T cells within the
cerebellum and subsequent neurodegeneration (9).

To identify therapeutic approaches for PCD, for which there is currently no specific and effective
treatment, we used a preclinical validation approach using our recently developed animal model of PCD.
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‘We observed abundant IFN-y secretion by cerebellum-infiltrating T cells upon recognition of the model onco-
neural antigen. This initiated a feed-forward loop through upregulation of MHC class I molecules on
Purkinje cells, rendering them vulnerable to direct killing by antigen-specific CD8 T cells. Antibody-
mediated neutralization of IFN-y in the mouse PCD model resulted in protection of Purkinje neurons from
immune-mediated killing, identifying a potential therapeutic option for patients at the early stages of PCD.

Results

Identification of therapeutic targets in a preclinical model of PCD. We used a mouse model of PCD, thereafter
called L7-HA-PCD, in which a neo—self-antigen (hemagglutinin; HA) is expressed both in Purkinje neu-
rons and in implanted breast tumor cells. In this model, anti-CTLA-4 mAb therapy enhances tumor con-
trol at the expense of autoimmune PCD (9). Moreover, cerebellum-infiltrating CD8 T cells elicit neuronal
cell death, and accordingly, they are in close contact with soma and dendrites of Purkinje neurons (Figure
1A) (9). Since this model could mimic key aspects of the human disease, we reasoned that it could also be
useful to identify and validate therapeutic targets in vivo. By comparing expression of effector molecules
by cerebellum-infiltrating T cells vs. their peripheral counterparts, we searched for molecules expressed by
the disease-relevant T cells. We focused on molecules involved in CD8 T cell migration to the CNS and in
CDS8 T cell effector functions that could be therapeutically targeted. The 04 integrin (CD49d) was strongly
expressed on approximately 40% of CD4 and CD8 T cells invading the cerebellum of L7-HA-PCD mice,
whereas T cells in the secondary lymphoid organs expressed lower levels of this integrin (Figure 1B).
Additionally, cerebellum-infiltrating T cells from L7-HA-PCD mice released abundant IFN-y upon rec-
ognition of HA, the model onconeural antigen (Figure 1C). In contrast, few CD4 T and almost no CD8
T cells from the spleen or cervical lymph nodes (cLN) of L7-HA-PCD mice reacted ex vivo to HA pep-
tides (Figure 1C). To investigate whether an IFN-y—mediated signaling cascade was activated in Purkinje
neurons, we assessed both phosphorylation and nuclear translocation of the transcription factor STAT1,
a key signaling molecule downstream the IFN-y receptor. Purkinje neuron nuclei (10 of 10 neurons) in
L7-HA-PCD mice, but none (out of 10) in control animals, showed strong nuclear staining for phosphor-
ylated STAT1 (pSTAT1) (Figure 1D). These observations suggest a T cell-driven IFN-y receptor/pSTAT1
signaling pathway in Purkinje neurons. Upregulation of MHC class I molecules on Purkinje cells was
previously noted in the L7-HA-PCD model and was associated with CD8 T cell-mediated killing (9).
To evaluate the link between IFN-y signaling and MHC class I expression in Purkinje neurons, we used
cerebellar slice cultures. Upon treatment with IFN-y, a clear expression of MHC class I molecules became
detectable at the cell surface of all 33 Purkinje neurons, whereas none (out of 20) express detectable levels
of MHC class I in the absence of IFN-y (Figure 1E). Finally, in the cerebellum of 2 postmortem samples
of patients with PCD, although the Purkinje cells were totally eliminated, few focal areas with inflamma-
tion and pSTAT1" neurons and glial cells were identified (Figure 1F). In the cerebellar peduncle of the
anti-Yo case, 0.9 neurons/mm? and 12 glial cells/mm? stained for pPSTAT1. In the molecular and granular
layer of the anti-Ma2 case, 2.0 neurons/mm? and 9.5 glial cells/mm? stained for pSTAT1. No staining for
pSTAT1 was found in control cerebellum.

Altogether, our findings identified 04 integrin and IFN-y as potential therapeutic targets in our mouse
model, and we, thus, designed in vivo experiments to validate or invalidate them.

Treatment with anti-o4 integrin mAb or CCR5 antagonist shows no efficacy in the PCD model. Since anti-o4
integrin therapy is efficient and approved for another immune-mediated central neurological disease,
namely multiple sclerosis (10), we evaluated whether treatment with anti-o4 integrin mAb could pro-
tect Purkinje neurons from immune-mediated death in the L7-HA-PCD model. L7-HA-PCD recipients
were treated with an anti-o4 integrin mAb (PS/2) or a control IgG starting on day 10 after the disease
induction (Supplemental Figure 1A; supplemental material available online with this article; https://
doi.org/10.1172/jci.insight.127001DS1). In both groups, the tumor remained well controlled (Figure
2A). However, mice treated with the anti-o4 integrin mAb exhibited a similar weight loss (Figure 2B)
and reduced motor coordination (Figure 2C) compared with the IgG-treated control animals, suggesting
unabated PCD. Indeed, loss of Purkinje neurons was as profound in anti-o4 integrin—treated mice as in
control mice (Figure 2D). As a reference, the mean (+ SD) number of Purkinje cells was 29.88 * 2.48/
mm in 28 WT mice (9), very similar to values reported by others (11, 12). T cell infiltration in the cere-
bellum was modestly and not significantly (P = 0.27) decreased in mice treated with the anti-04 integrin
mAb (324.4 £ 125.5/mm?, n = 8 mice) vs. mice treated with the control antibody (511.3 £ 134.8/mm?;
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n = 8 mice). Using an established and efficient treatment regimen (13), these data indicate that the anti-a4
integrin therapeutic approach is not efficient at blocking ongoing disease, at least in our model of PCD.
The CCR5 chemokine receptor has been implicated in immune cell recruitment in several inflammatory
diseases of the CNS (14). Although it was not highly expressed on cerebellum-infiltrating T cells at day
16 (Supplemental Figure 2A), we investigated whether CCRS signaling was required for disease devel-
opment. Treatment of L7-HA-PCD mice with a CCRS5 antagonist (SP12-RANTES) starting on day 10
after disease induction did not block development of PCD and Purkinje neuron destruction, as shown in
Supplemental Figure 2, B-E. This antagonist was, however, efficient to restrict brain inflammation but not
spinal cord inflammation in a model of experimental autoimmune encephalomyelitis (EAE) following
juvenile virus infection in mice (D. Merkler [Department of Pathology and Immunology, University of
Geneva, Switzerland], personal communication).

Neutralization of IFN-y at PCD onset prevents clinical manifestations and elimination of Purkinje neurons. Since
interfering with T cell migration did not mitigate pathology, we thought of an alternative strategy that
would aim at interfering with the effector mechanisms of CNS-infiltrating T cells. As IFN-y release and
signaling occurred within the cerebellum, we decided to test the effect of IFN-y inhibition. L7-HA-PCD
mice were treated with a neutralizing anti-IFN-y antibody (XMG1.2) or an isotype control from day 10
after disease induction onward, hence avoiding interference with the induction and expansion of the HA-
specific T cell response and the immune-mediated tumor control (Figure 3A). Strikingly, IFN-y neutraliza-
tion protected mice from the clinical manifestations of PCD, namely weight loss (Figure 3B), and reduced
motor performance (Figure 3C). In addition, histological analysis revealed that IFN-y blockade prevented
T cell-mediated Purkinje cell death (Figure 3D). These results show that administration of the anti—IFN-y
antibody at the onset of clinical disease halted the development of PCD without impairing the antitu-
mor response. However, IFN-y blockade from induction of disease (day 0) in L7-HA mice prevented the
development of the beneficial antitumor immune response, resulting in the absence of PCD development
(Supplemental Figure 3, A-D).

Given the importance of IFN-y in the development of the mouse model of PCD, we investigated
whether the HA-specific CD8 T cells, which are in close interaction with the Purkinje neurons, could
be an essential cellular source of IFN-y. For that, we transferred IFN-y—deficient HA-specific CD8
together with HA-specific CD4 T cells. The lack of IFN-y on these specific cells did not abrogate PCD
progression (Figure 3E).

T cell infiltration is reduced in the cerebellum of L7-HA-PCD mice treated with anti—IFN-y mAb. To under-
stand the mechanisms whereby neutralization of IFN-y inhibited PCD development, we analyzed
quantitatively and qualitatively the cerebellum-infiltrating T cells. On day 20, reduced CD3* T cell
infiltration was observed in the cerebellum of mice treated with anti—-IFN-y mAb from day 10 onward
compared with mice treated with the isotype control (Figure 4A). We next compared the number,
phenotype, and functional property of cerebellum-infiltrating T cells from L7-HA-PCD mice treated
or not treated with anti-IFN-y mAb by flow cytometry (Supplemental Figure 1B). Sixteen days after
PCD induction, a marked reduction in the numbers of cerebellum-infiltrating CD4 and CD8 T cells
was observed in L7-HA-PCD mice treated with anti-IFN-y mAb (Figure 4B). The CD4 CD8 Thyl.2*
CNS-infiltrating cells could be innate lymphoid cells, y3T cells, or ap CD8 T cells that have down-
regulated the CD8 molecule (15). Upon IFN-y neutralization, cerebellum-infiltrating CD8 T cells
expressed high levels of the 04 integrin chain, potentially contributing to their residual recruitment
within the CNS (Figure 4C). We then assessed the functional potential of antigen-specific T cells in
L7-HA-PCD mice treated or not treated with anti-IFN-y mAb. In both groups, a similar proportion
of cerebellum-infiltrating CD4 and CD8 T cells reacted ex vivo to HA peptide by producing IFN-y
(Figure 4D). As a potential consequence of reduced density of MHC class [-HA peptide complexes
on Purkinje cells, we assessed both proliferation and death of cerebellum-infiltrating T cells. Although
there was no difference in the proportion of T cells expressing the proliferation marker Ki67 (Fig-
ure 4E), a nonsignificant trend for increased cell death was noted for cerebellum-infiltrating CD8 T
cells (Figure 4F). No difference was observed in the frequency of CD107a*CD4*, CD107a*CD8"*, and
Granzyme B*CD8" cells between the XMG1.2- and isotype-treated mice (Figure 4, G and H). Overall,
these data suggest that the anti-IFN-y antibody treatment resulted in partial but significant inhibition
of T cell accumulation into the cerebellum of L7-HA-PCD mice.

https://doi.org/10.1172/jci.insight.127001 3
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Figure 1. Identification of therapeutic targets in a mouse model of PCD. (A) Left: CD8 (red) and Calbindin (green) in the cerebellum of a L7-HA-PCD mouse,
20 days. Scale bar: 25 pm. Right: enlargement of left shows 2 T cells in close apposition to a calbindin* Purkinje cell. Scale bar: 10 um. (B) Flow cytometry

of a4 integrin (CD49d) expression on CD4 and CD8 T cells (CD90.2*) from the cerebellum and secondary lymphoid organs of L7-HA-PCD mice, 16 days after
4T1-HA tumor challenge and anti-CTLA-4 mAb (aCTLA-4) therapy. Left: dotted line, spleen; gray, cervical lymph nodes (cLN); solid line, cerebellum. Right:
frequency of CD49d-positive cells among CD4 and CD8 T cells from spleen, cLN, and cerebellum of 5 L7-HA-PCD mice. Paired 2-tailed t test, ***P < 0.001.
(C) Flow cytometry of IFN-y expression in CD4* and CD8* T cells from the cerebellum and secondary lymphoid organs of L7-HA-PCD mice, following in

vitro stimulation with the HA | | and HA_, . peptides for 16 hours. Left: dotted line, spleen; gray, cLN; solid line, cerebellum. Right: frequency of IFN-y-
expressing cells in CD4 and CD8 T cells (CD90.2*) from 8 L7-HA-PCD mice. Paired 2-tailed t test, ***P < 0.001. (D) pSTAT1 (brown) and calbindin (blue-gray)
on cerebellar sections of WT (left, WT; not expressing HA in Purkinje cells) and L7-HA-PCD mice (middle). Scale bar: 10 um. Staining for Calbindin (green)
and pSTAT1 (red) shows upregulation of pSTAT1in the nucleus of a Purkinje cell (right). Scale bar: 7.5 um. (E) Left: ex vivo cerebellar slices from L7-HA mice
treated or not with IFN-y (100 U/ml) for 24 hours and stained with an anti-calbindin antibody (green) and an anti-H2-K¢ antibody (red). Scale bar: 20 um.
Right: densitometric analysis of calbindin and H2-K¢ staining of Purkinje cells. Yellow lines: segments of Purkinje cells submitted to densitometric analysis
of calbindin and H2-Kd staining (right panels). (F) Top left: pSTAT1 staining in the cerebellum of an anti-Ma2 case. Bottom left: enlargement of top left.
pSTAT1 upregulation in the nuclei of microglial cells, astrocytes, and some of the granular neurons. Top right: local pSTAT1in the cerebellar peduncle of an
anti-Yo case. Bottom right: pSTAT1is upregulated in various glial cells. In addition, pSTAT1 can be seen in the nucleus of a neuron (arrowhead). Scale bar: 50
um (top left and right) and 20 um (bottom left and right).
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Figure 2. Treatment with an anti-04 integrin mAb shows no efficacy in the PCD model. (A) Tumor size, (B) mouse weight loss, and (C) rotarod
cumulative score (left) and performance on day 20 (right) of L7-HA-PCD mice treated with PS/2 (anti-a4 integrin mAb) or control IgG2b from day 10
after the induction of disease onward (n = 8/group, 2 independent experiments). (D) Left: representative staining for calbindin (violet) and nuclear
counterstaining with hematoxylin (blue) on cerebellar sections from a control WT mouse, and from L7-HA-PCD mice treated with isotype control

or PS/2. Scale bar: 100 um. Right: quantitative assessment of Purkinje cell density in L7-HA-PCD mice treated with IgG2b or PS/2 (n = 8/group, 2
independent experiments). The shaded area represents the normal range in WT mice, meaning mean + 2SD.

Discussion
Using a mouse model of PCD, we show that Purkinje neurons— attacked by IFN-y—producing cytotoxic
CDS8 T cells — signal through the IFN-y receptor, as shown by phosphorylation and nuclear translocation of
STAT1. As a result, Purkinje neurons increase their expression of MHC class I molecules and may exhibit
higher vulnerability to cytotoxic T cell attack (16). Blocking this process using an IFN-y—neutralizing anti-
body prevented destruction of the neurons and limited T cell infiltration of the cerebellum. Our present study
identifies IFN-y as a targetable molecule in the mouse model of PCD and, possibly, in the human disease.
Human PCD, which is likely mediated by autoimmune response of T cells against Purkinje cell
antigens CDR2/CDR2L, is characterized by development of severe cerebellar dysfunction (5). The onset
is rapid, and patients are often harshly incapacitated and bedridden 3 months after the diagnosis, due to
progression of ataxia, dysarthria, and, in some cases, nystagmus (17). The involvement of T cells has
been suggested in this severe autoimmune neurological disease. Indeed, postmortem lesions show a clear
immune cell infiltration of the cerebellum, mostly by CD8 T cells (18). Interestingly, IFN-y—producing
CDS8 T cells have been detected in the blood of patients with PCD upon stimulation with CDR2 peptides
(3). Additionally, CDR2/CDR2L-specific CD8 cytotoxic T cells are present in the CSF of PCD patients
(3, 19), and they can kill target cells in an HLA-restricted manner (20). In addition to activated CD8 T
cells, macrophages, NK cells, and CD4 Th1 T cells can also secrete large amounts of IFN-y (21, 22).
IFN-y likely plays a critical role in other autoimmune diseases, such as systemic lupus erythematous
(SLE), multiple sclerosis, and Rasmussen encephalitis (23-25). The locally released IFN-y profoundly
alters the biology of neurons, promoting phagocyte recruitment through their production of chemokines
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Figure 3. IFN-y neutralization at disease onset prevents Purkinje cell loss and clinical disease. (A) Tumor size, and (B) mouse weight loss of
L7-HA-PCD mice treated with XMG1.2 (neutralizing anti-IFN-y mAb) or control IgG1 from day 10 onward (n = 23 per group, 4 independent experi-
ments; 2-way ANOVA post-hoc Sidak’s multiple comparison test, **P < 0.01). (C) Rotarod performance of L7-HA-PCD mice treated with XMG1.2 or

control IgG1 (n = 16 mice per group

, 3 independent experiments; Mann-Whitney U test, *P < 0.05; **P < 0.01). (D) Histological analysis at day 20 of

the cerebellum of L7-HA-PCD mice treated with XMG1.2 or IgG1, from day 10 onward. Left: representative staining for calbindin (brown) and nuclear

counterstaining with hematoxylin

(blue). Scale bar: 100 um. Right: quantitative assessment of Purkinje cell density in L7-HA-PCD mice treated with

XMG1.2 or IgG1 (n = 23 mice per group from 4 independent experiments; Mann-Whitney U test, ***P < 0.01). (E) IFN-y deficiency in Purkinje cell-
specific CD8 T cells does not prevent the development of the PCD mouse model. Left, tumor size; middle, weight; and right, Purkinje cell density in
L7-HA-PCD mice transferred with HA-specific CD4 T cells and either IFN-y-sufficient or IFN-y-deficient (CD8 IFN-y-KO) HA-specific CD8 T cells; n =
10-11 mice per group, 2 independent experiments.
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and upregulation of MHC class I expression in neurons that renders them susceptible to CD8-mediated
killing (16, 26, 27). Notably, upregulation, phosphorylation, and nuclear translocation of STAT1 were
observed in the surviving Purkinje cells of PCD mice, indicative of IFN-y signaling within neurons.
Recently, it was shown that neuronal STAT1 signaling upon CD8 T cell attack is crucial for synaptic loss
and neurological disease. Animals lacking STAT1 in neurons were therefore protected from neurodegen-
eration and synapse loss (27). To reinforce the importance of the IFN-y pathway in the pathophysiology
of PCD, we showed pSTAT1" areas in the cerebellum of the Ma2 and Yo patients.

Immune cell infiltration into the CNS can be prevented by blocking 04f1 integrin in murine model of
multiple sclerosis (MS) (28, 29). Natalizumab, a humanized o4 integrin blocking antibody, was developed for
the treatment of relapsing-remitting MS, where it efficiently prevents entry in the CNS of activated T cells,
but also of B cells and myeloid cells (30). Moreover, CD8 T cell migration into the CNS has been shown to
rely on the 041 integrin in murine models of CNS autoimmunity (13, 31). In our PCD mouse model, the
a4 integrin is expressed on CD4 and CD8 T cells within the cerebellum; therefore, we considered treating
with anti-a4 integrin antibody PS/2 at the onset of PCD. PS/2 administration did not provide any significant
improvement in terms of clinical readouts and did not prevent T cell infiltration and killing of Purkinje cells.
Different homing molecules may have a nonredundant role, depending on regional location of CNS lesions
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Figure 4. Cerebellar infiltration by T cells is reduced in PCD mice treated with anti-IFN-y mAb. (A) Representative IHC for CD3* cells (brown) with
nuclear counterstaining with hematoxylin (blue) on cerebellar sections from L7-HA-PCD mice treated with XMG1.2 (neutralizing anti-IFN-y mAb) or
control IgG1. Scale bar: 100 um. (B) Left: representative flow cytometry staining at day 16 for CD4 and CD8 gated on live cerebellum-infiltrating T cells
(CD90.2*) from L7-HA-PCD mice treated with XMG1.2 or IgG1. Right: absolute numbers of CD4 and CD8 T cells infiltrating the cerebellum of L7-HA-PCD
mice treated or not with XMG1.2 (n = 12 per group, 3 independent experiments; Mann-Whitney U test, **P < 0.01; ***P < 0.001). (C) Expression of

the a4 integrin (CD49d) on CD4 and CD8 T cells from the cerebellum of L7-HA-PCD mice treated with XMG1.2 or IgG1 (n = 8 per group, 2 independent
experiments; Mann-Whitney U test, *P < 0.05). Frequency of IFN-y* cells (D), proliferating (Ki67*) cells (E), and dead cells (F) among cerebellum-
infiltrating CD4 and CD8 T cells of L7-HA-PCD mice treated with 1gG1 or XMG1.2 (n = 8 per group, 2 independent experiments). Geomean of CD107a cells
(G) and frequency of Granzyme B*CD8" cells (H) among cerebellum-infiltrating T cells of L7-HA-PCD mice treated with 1gG1 or XMG1.2 (n = 8 per group, 2
independent experiments).

and on the nature of immune cells responsible for tissue damage. Indeed, a different pattern of VCAM1
upregulation occurs in the spinal cord and cerebellum during EAE (32), which could relate to the lack of
effect of anti—04 integrin mAb in our model of cerebellar inflammation. Moreover, mouse Th17 cells can
enter the CNS in an 04 integrin—independent mechanism, whereas Th1 cells strongly depend on 04 integrin
for their entry (33, 34). We cannot, however, rule out a possible beneficial effect of anti—a4 integrin therapy
in human PCD. Indeed, a patient with limbic encephalitis and anti-Hu antibodies, developing after anti-
PD1 and anti-CTLA-4 therapy, responded well to natalizumab (35). Our data suggest that other molecules
involved in T cell migration to the CNS could be involved. For example, a chemokine receptor, CCR5, has
been suggested in CD8 T cell-driven neuroinflammation, as exemplified in viral encephalitis (14). We postu-
lated that trafficking of T cells into the CNS could be hampered by use of a CCR5 antagonist 5P12-RANTES
in the PCD model. However, the treatment with 5P12-RANTES did not ameliorate the disease. This could
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be explained by the weak expression of CCRS5 on T cells that infiltrated in the cerebellum of PCD mice and/
or by the redundancy in molecules important for T cell trafficking to the CNS. For instance, the levels of
CXCL10, an IFN-y—induced chemokine, are elevated in the CSF of PCD patients; therefore, the CXCL10/
CXCR3 axis may contribute to the trafficking of T cells into the cerebellum of PCD patients (36). Further-
more, cytotoxic T cells encountering their antigen and producing IFN-y in the CNS may be responsible
for the increased levels of CXCL10 in the CSF from patients with PCD (36).

In the PCD preclinical model, we observed a marked antigen-specific production of IFN-y by
cerebellum-infiltrating T cells, and the therapeutic data indicate that IFN-y plays a key role in the dis-
ease process. Since IFN-y deficiency in HA-specific CD8 T cells did not abrogate the disease (Figure
3E), IFN-y production by antigen-specific CD4 T cells and/or host CD8 T cells is sufficient for PCD
progression in the mouse model.

Treatments using corticosteroids, plasmapheresis, i.v. immunoglobulin, rituximab, and more aggres-
sive immunosuppressive approaches, such as tacrolimus or cyclophosphamide, are often ineffective in
patients with PCD because irreversible neuronal damage occurs rapidly and in the early phase of the
disease (37-39). The present study establishes that blocking of IFN-y is a promising approach against
PCD and possibly other T cell-mediated paraneoplastic neurological diseases. IFN-y neutralization in
our mouse model led to complete protection of Purkinje cells from cytotoxic T cells. The PCD mice were
treated from day 10 onward, a time point at which the tumor had already been rejected. This feature dif-
fers from the human disease in which the tumor, although frequently small or undetectable at the time of
PCD onset, eventually manifests. Importantly, IFN-y is an essential effector cytokine for tumor immune
rejection, and loss of IFN-y production by T cells allows tumor growth and persistence (40). Differing
from the usual form of human PCD, CTLA-4 blockade was needed to elicit our mouse model. It is,
however, striking that an increasing number of studies now report on the development of paraneoplastic
neurological diseases upon administration of immune checkpoint blockade (7, 41, 42). Anti-CTLA-4
mAb administration, which in our mouse model was required to elicit full control of tumor growth and
also development of PCD, is known to increase IFN-y production by T cells (43, 44). However, when mice
were treated with anti-IFN-y mAb from the induction of disease (day 0), uncontrolled growth of tumor
developed. Additionally, the mice did not develop PCD, since the occurrence of PCD is intimately linked
to an effective antitumor immune response. Cancer in patients with PCD is often diagnosed because of the
neurological signs and sometimes presents a long period of tumor invisibility, becoming detectable years
after PCD onset (45).

Interestingly, even though the PCD was abrogated in mice treated with anti-IFN-y antibody at onset of
disease, some T cells were nevertheless present in the cerebellum. These T cells did not differ qualitatively
in terms of proliferation and IFN-y production when compared with those from untreated animals. Of
note, CD8 T cells in this condition presented significantly higher expression of 04 integrin when compared
with the CD8 T cells from cerebellum of the IgG-treated group. It has been shown that antigen-specific T
cells from both IFN-y/~ and IFNGR ™~ mice express higher levels of a4 integrin in comparison with WT
controls (46). The increased expression of a4 integrin is also reported in T cells from mice treated with the
anti-IFN-y neutralizing antibody XMG1.2 (47). This raises the possibility that this VCAM-1/04p1 integrin
pathway of T cells recruitment might be employed in the absence of IFN-y, leading to T cell migration
into the cerebellum. This could explain why anti-IFN-y therapy resulted in incomplete inhibition of T cell
trafficking into the antigen-expressing site.

This study establishes IFN-y as an essential molecule that drives PCD pathology in a mouse
model of PCD. Together with our proof-of-principle for antibody blockade in PCD mice, these find-
ings delineate a reasonable route for clinical translation. A humanized IFN-y blocking antibody
previously demonstrated efficacy and safety in clinical trials for Crohn’s disease (48). Likewise, anti—
IFN-y antibody has been tested for SLE, in which the IFN-y blockade led to diminishing levels
of CXCL10, a key chemokine associated with lupus disease activity (49). Therefore, a plausible
disease-promoting cascade involves IFN-y and CXCL10 production that may result in recruitment
of additional T cells into tissue. IFN-y can also promote immune cell recruitment into the CNS
by enhancing VCAMI1 expression on brain endothelial cells. Another feed-forward loop driven by
IFN-y is the increased expression of MHC class I molecules on neurons (27, 50), which become
susceptible to cytolytic granule-mediated cytolysis. Targeting IFN-y, therefore, could help break this
loop, blocking further T cell homing to the CNS. Recently, the US Food and Drug Administration
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(FDA) granted the Breakthrough Therapy Designation for Emapalumab, a fully human monoclonal
anti-IFN-y antibody, for the treatment of primary hemophagocytic lymphohistiocytosis, a syndrome
of excessive immune activation and progressive immune-mediated organ damage due to genetic
defects in cell-mediated cytotoxicity (51). This could facilitate the exploratory administration of
anti-IFN-y antibody for PCD patients.

Methods
Mice. L7-HA, 6.5-TCR, CL4-TCR, and CL4-TCR IFN-y—KO mice have been described previously (52-55).
All mice were on a BALB/c background. Mice were kept in specific pathogen-free conditions.

Adoptive T cell transfer and induction of PCD in the mouse model. Naive HA-specific CD25-CD62L*CD4*
and CD62L*CD8" T cells were purified as described (9). Briefly, spleen and cLN were isolated from 6.5-
TCR and CL4-TCR transgenic mice. Single cell suspensions were generated, and CD4 or CD8 T cells
were enriched using Dynabeads Untouched mouse CD4 or CDS cells kit (Invitrogen). Tregs were deplet-
ed from the CD4 population by incubating with the anti-CD25 (clone PC61) mAb (in house) . Naive T
cells were selected by using CD62L microbeads (Miltenyi Biotec).

CD25CD62L*CD4*" and CD62L*CD8* T cells (1 x 107 each) were adoptively transferred into L7-HA
mice or littermate controls. The same day, L7-HA or control mice were injected s.c. in the flank with 1 x
10° 4T1 breast cancer cells that express HA of the PR8/34 influenza virus (4T1-HA cells) resuspended
in 100 pl of PBS. To induce the PCD model, L7-HA mice implanted with the 4T1-HA tumor cells were
injected 1.p. with anti-CTLA-4 mAb (clone UC10-4F10-11; 100 pg/ injection) (in house) every other day
starting from the day of T cell transfer and 4T1-HA implantation (day 0), as previously described (9).

Treatments. All treatments were administered i.p. from day 10 after induction of PCD in L7-HA mice
onward. The anti—o4 integrin mAb (clone PS/2, BioXCell) was injected every 3 days (250 pg/injection). The
anti-IFN-y mAb (XMG1.2; 100 pg/injection) (gift from Novimmune) was given every other day. Where
indicated, mice were treated with XMG1.2 from day 0. Novimmune provided the XMG1.2 and IgG control.

The CCRS5 antagonist (5P12-RANTES, 10 pg/injection) was injected every other day.

Clinical assessment. Tumors were measured daily during 20 days with a Vernier caliper, and the tumor
size (width X length) was expressed in mm?. Mice were evaluated daily for weight loss and neurological
signs. Motor coordination was assessed with Rotarod (Bioseb) with acceleration from 4—40 rpm over a
600-second period. For training, mice were tested on 7 consecutive days. During the investigation period
(from days 0-20), the latency to fall was measured daily. The value at day 0 represents the 100% value for
the latency to fall. The cumulative score was calculated by the sum of latency to fall (in seconds) from
days 0-20.

Purification of cerebellum-infiltrating mononuclear cells and flow cytometry analyses. Sixteen days after PCD
induction, mice were perfused with PBS, and their cerebellum and secondary lymphoid organs were dis-
sected. Cerebellar homogenates were digested for 40 minutes at 37°C with digestion buffer (RPMI 1640,
collagenase D 2 mg/ml, DNAse I 0.2 mg/ml, N-a-Tosyl-L-lysine chloromethyl ketone hydrochloride 0.02
mg/ml) (Sigma). Cells were then collected with a Percoll gradient separation. Spleen and cLN were dis-
sociated, and RBCs were lysed with lysis buffer (0.15 M NH4 CL, 1l mM KHCO3, 0.1 mM Na2 EDTA,
0.5 M, pH 7.2) (all from Sigma). Mononuclear cells were collected and used for flow cytometry staining.

The following fluorescent dye—conjugated antibodies were used for flow cytometry staining: anti-
Thyl.2 (53-2.1, BD Biosciences), anti-CD8a (53-6.7, BD Biosciences), anti-CD4 (RM4-5, BD Bio-
sciences), anti-IFN-y (XMG1.2, BD Biosciences), anti-CD49d (R1-2, BD Biosciences), anti-CCR5
(HM-CCRS5, Thermo Fisher Scientific), anti-Ki67 (B56, BD Biosciences), anti-CD107a (1D4B, Thermo
Fisher), and anti-granzyme B (NGZB, Thermo Fisher Scientific) antibodies. For IFN-y, granzyme B
and CD107a staining, mononuclear cells were stimulated with HA_, _ or a control H-2-K¢-binding
peptide (Cw3,, ) for CD8 T cells, and HA |, or a control H-2-IA%-binding peptide (OVA,, ...) for
CD4 T cells in presence of 5 pg/ml of APC anti-CD107a and Monensin for 16 hours, prior to staining
with antibodies against surface proteins followed by fixation and permeabilization and staining. Data
were recorded on BD Fortessa (BD Biosciences) and analyzed with the FlowJo software (Tree Star Inc.).

IHC. Staining of cerebellar sections were performed as described (56, 57) using anti—calbindin D28K
(1:2000, catalog CD38, Swant), anti—calbindin D28K (1:1000, catalog C9848, Sigma), anti-CD3 (1:200,
SP7, Zytomed), anti-CD8 (1:100, 4SM15, Thermo Fisher Scientific), and anti-pSTAT1 (1:75, catalog
9167, Cell Signaling Technology) as primary antibodies. Quantification of Purkinje neurons per mm of
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Purkinje cell layer was determined from equally sized cerebellar cortex regions and normalized for the
length of the Purkinje cell layer, as described previously (9).

Organotypic cerebellar slice culture. Organotypic cerebellar slice cultures were performed as described pre-
viously (58). Briefly, 300-um thick cerebellar parasagittal slices were cut from L7-HA pups (P9-P10) and
cultured in Millicell (MilliporeSigma) membranes. After 7 days, the slices were treated or without IFN-y
(100 U/ml) for 24 hours. The fluorescence stainings were performed using rabbit anti—calbindin D28K
(1:2000, Swant) and mouse anti-H-2K¢ (1:500, Thermo Fisher Scientific) as primary antibodies, followed
by anti—rabbit Alexa Fluor 594 (1:1000) or anti-mouse Alexa Fluor 488 (1:1000; Invitrogen) secondary anti-
bodies. Organotypic cerebellar slices were mounted in Mowiol (MilliporeSigma), and images were acquired
with 2-photon LSM 7 MP microscope (Zeiss). The images were analyzed by Image J (Image J 1.48v, NIH).

Statistics. Statistical analyses were performed using the Student’s ¢ test (2-tailed) or with the
Mann-Whitney U test, depending on whether data distribution was normal or not. For tumor size and
weight loss, data were analyzed using the 2-way ANOVA (post-hoc Sidak’s multiple comparison test).
The analyses were performed on Prism 6 (GraphPad Software). Groups were considered statistically
different at P < 0.05. The data are represented as mean + SEM.

Study approval. All procedures involving animals were in accordance with the European Union guidelines
and were validated by the Paris ministry—approved ethics committee (Ministere de I’Education Nationale,
de I’Enseignement Superieur et de la Recherche) for animal welfare (APAFIS#4278-2016022510595289 v7).
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