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Patient outcomes for steroid-dependent or -refractory chronic graft-versus-host diesease
(cGVHD) are poor, and only ibrutinib has been US Food and Drug Administration (FDA) ap-
proved for this indication. cGVHD is often driven by the germinal center (GC) reaction, in which
T follicular helper cells interact with GC B cells to produce antibodies that are associated with
disease pathogenesis. The transcriptional corepressor B-cell ymphoma 6 (BCL6) is a member of
the Broad-complex, Tramtrack, and Bric-abrac/poxvirus and zinc finger (BTB/POZ) transcrip-

® BCL6 expression is
necessary in donor
marrow B and T cells
for a GC reaction in
c¢GVHD mice.
® A small-molecule tion factor family and master regulator of the immune cells in the GC reaction. We demonstrate
inhibitor of BCL6-
mediated
transcriptional
repression presents
a novel therapeutic
strategy for cGVHD.

that BCL6 expression in both donor T cells and B cells is necessary for cGVHD development,
pointing to BCL6 as a therapeutic cGVHD target. A small-molecule BCL6 inhibitor reversed
active cGVHD in a mouse model of multiorgan system injury with bronchiolitis obliterans
associated with a robust GC reaction, but not in cGVHD mice with scleroderma as the

) prominent manifestation. For cGVHD patients with antibody-driven cGVHD, targeting of BCL6
represents a new approach with specificity for a master GC regulator that would extend the
currently available second-line agents. (Blood. 2019;133(1):94-99)

and subsequent lung, liver, and gut, but not skin, fibrosis with
bronchiolitis obliterans (BO) as a prominent manifestation.® This
model simulates active cGVHD patients who have circulating TFH
cells with an activated phenotype, increased CXCL13 indicative of

Introduction

Chronic graft-versus-host disease (cGVHD) is a leading cause of
long-term morbidity and mortality after allogeneic hematopoi-
etic stem cell transplantation.” Animal models have allowed for
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greater understanding of the pathology of disease and have
been instrumental in developing therapeutic interventions for
patients. No 1 model faithfully recapitulates the entire range of
clinical, pathophysiological, and immune-mediated events seen in
human cGVHD; thus, several preclinical models have been de-
veloped to represent various patient characteristics including cGVHD
with or without scleroderma (generally antibody mediated).?

For cGVHD without scleroderma, bone marrow (BM) with low
T-cell doses given to conditioned allogeneic recipients can cause
chronic T-cell-mediated antigenic stimulation and coordinated
interactions of T follicular helper (TFH) cells, germinal center (GC)
B cells, and T follicular regulatory (TFR) cells.® The net effects are
GC formation, plasma cell generation with antibody deposition,
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TFH cells, and the capacity to promote B-cell maturation.*

The transcriptional repressor B-cell lymphoma 6 (BCL6) is a master
regulator of GC reactions, essential for development and function
of TFH, TFR, and GC B cells.>"® BCL6 has unique roles in each cell
type. BCL6 allows GC B cells undergoing somatic hypermutation
and DNA double-stranded breaks during class-switch recombina-
tion to better tolerate this stress by suppressing DNA damage
responses and checkpoint genes." BCL6 also regulates pathways in
the B-cell receptor (BCR) and CD40 signal transduction cascades in
mature B cells.'? In TFH cells, BCLé represses promoters involved
in T-cell function, specifically controlling cell migration and alter-
native cell-fate inhibition." Mice deficient in Bcl6 are unable to form
GCs and therefore do not produce high-affinity antibodies.™
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Figure 1. BCL6 expression in donor T and B cells is necessary for development of BO ¢cGVHD. B10.BR mice were conditioned with cyclophosphamide (120 mg/kg per day
intraperitoneally) on days —3 and —2, and with irradiation (8.3 Gy by radiograph) on day —1 before transplantation. On day 0, mice were transplanted with either TCD B6 BM (BM
only) or B6 TCD BM with purified B6 T cells (¢<GVHD) to establish cGVHD. (A-C) An additional group received TCD BM with BCL6 KO T. (A) Pulmonary function tests, measuring
airway resistance, total lung elastance, and compliance were performed on day 56 after transplant. Mice receiving BCL6 KO T cells did not develop pulmonary dysfunction like
that of the cGVHD controls. (B) Frequency of splenic GC B cells and TFH cells were analyzed by flow cytometry on day 56 posttransplant. GC B cells and TFH cell frequencies were
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Figure 1. (continued) decreased in the mice that received the BCL6 KO T cells. (C) Collagen deposition as identified by trichrome staining (original magnification X20) of
lung sections harvested day 56 posttransplant. Mice that received KO T cells had reduced collagen deposition in their lungs. (D) Immunoglobulin G (IgG) deposition in lungs of
mice that received BCL6 KO T cells was significantly reduced (IgG in Fitc and Dapi; original magnification X20). (E-H) Transplant was performed as described above with
the addition of mice that received either TCD, BCL6"" X CD19-Cre BM (BCL6 KO BM) alone or with purified B6 T cells. cGVHD was assessed as above. (E) Mice that received
BCL6 KO BM with WT T cells did not develop pulmonary dysfunction. (F) Frequency of TFH and GC B cells from spleens of mice that received BCL6 KO BM with WT T cells
was reduced. (G) Collagen deposition in the lung was decreased in mice that received the BCL6 KO BM with WT T cells (Masson's trichrome stain; original magnification x20).
(H) Deposition of IgG in lungs (IgG in Fitc and Dapi; original magnification X20). Data from 1 experiment with 4 to 6 mice per group. An unpaired Student t test was used when
comparing 2 groups. Error bars indicate standard error of the mean (SEM). Significance: *P < .05; **P < .01; ***P < .001.

We assessed the requirement of BCL6 expression in both
donor T cells and B cells, as sources of BM-derived GC and
splenic-derived TFH precursors, respectively, in a murine BO
cGVHD model.? Furthermore, we used a small-molecule,
peptidomemitic BCL6 inhibitor, 79-6, for treating established
disease in both BO and sclerodermatous cGVHD models.

Study design

Mice and transplantation

C57BL/6 (B6; Charles River) and B10.BR mice were housed in
a pathogen-free facility and used with institutional animal care com-
mittee approval. B6—B10.BR (BO c¢GVHD) and B10.D2—Balb/c
(scleroderma cGVHD) models, including disease severity
assessments, were used as described.?'>¢ For BO cGVHD,
cyclophosphamide-treated (120 mg/kg per day, days —3 and —2),
irradiated (8.3 Gy by radiograph, day —1) recipients received,
on day 0, B6 T-cell-depleted (TCD) BM = 0.75 X 10° purified
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splenic T cells. Where indicated, BM or splenic T cells from BCL&™ X
CD19-Cre or BCL6 knockout (KO) mice was compared with wild-
type (WT) cells. For scleroderma cGVHD, irradiated (7 Gy, day —1)
recipients received B10.D2 BM = 1.8 X 106 CD4* and 0.9 X 10¢
CD8* T cells on day 0.

cGVHD analyses

Pulmonary function tests assessing cGVHD-associated BO were
performed as described.® Flow cytometry, fluorescent micros-
copy, trichrome staining,®'* histopathology,’” and skin scoring
for the scleroderma model'® were performed as described.

Results and discussion

BCL6 expression is required in both donor T and
B cells for BO cGVHD

Given the importance of BCL6 in regulating GC reactions in
response to foreign antigen exposure, we sought to determine
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Figure 2. Inhibition of BCL6 corepression activity can treat established BO cGVHD not sclerodermatous cGVHD. (A-E) BO cGVHD was established and assessed as
described above. On days 28 to 56, mice were treated with vehicle or 50 mg/kg 79-6. (A) Pulmonary function test results demonstrate that 79-6 is able to improve pulmonary
function compared with cGVHD control. (B-C) Frequency of GC B cells not TFH is decreased in mice treated with 79-6. (D) Immunoglobulin deposition in the lung had a trend
toward being decreased (IgG in Fitc and Dapi; original magnification X20). (E) Collagen deposition in the lung was reduced with 79-6 treatment (Masson's trichrome stain;
original magnification X20). (F) Histopathology scores of hemotoxylin and eosin—stained tissue sections demonstrated that 79-6 did not improve organ damage in liver and
colon. (A-B) Data are pooled from 3 experiments, 4 to 7 mice per group per experiment. (C) Pooled from 2 experiments, 5 to 8 mice per group per experiment. (D-F) Representative
from 1 experiment, 3 to 5 mice per group. (G-) Sclerodermatous cGVHD was induced in Balb/c recipients treated on day 21 with irradiation (7 Gy by radiograph) and infusion of
B10.D2 BM alone (BM only) or with B10.D2 purified T cells (scleroderma). With the appearance of significant difference in skin scores (~day 21), mice began treatment with 50 mg/kg
79-6. (G) Analysis of frequency of GC B cells in spleens taken day 50 after transplant. Frequency of GC B cells in scleroderma mice demonstrates that the GC center is not a significant
contributor to this disease. (H) Skin scores were determined twice weekly as described.”® Treatment with 79-6 was unable to improve skin manifestations of disease. () Cytokine
analysis from pooled (2 mice per sample) lymph node harvested at day 50 after transplant. Cells were stimulated with phorbol myristate acetate (PMA)/ionomycin for 5 hours and
then stained. 79-6 treatment did not change the frequencies of IL-17A* or IFNg* CD4" cells from that of scleroderma controls. (G-I) Data are pooled from 2 experiments, 7 to
10 mice per group per experiment. The unpaired Student t test was used when comparing 2 groups. Error bars indicate SEM. Significance: *P < .05; **P < .01; ***P < .001.
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Figure 2. (Continued).

whether BCL6 expression in donor T or B cells is required for the
GC reactions in murine cGVHD. B10.BR mice were transplanted
with WT BM and WT or BCL6 KO T cells. Recipients of KO T cells
did not develop BO pulmonary dysfunction (Figure 1A) and had
reduced GC B-cell and TFH cell frequencies (Figure 1B). Pul-
monary macrophage infiltration along with antibody deposition
in the lung results in pulmonary fibrosis and BO.?2° Pulmonary
collagen and immunoglobulin deposition were reduced in mice
receiving BCL6 KO T cells (Figure 1C-D). These results agree
with earlier findings that interleukin-21 (IL-21) KO and ICOS-KO
donor T cells do not cause cGVHD,® consistent with donor TFH
support of GC formation as disease initiators.

To examine the role of BCL6 in donor BM-derived B cells, B10.
BR mice were given WT or BCL6" X CD19-cre (BCL6 KO) BM
plus or minus WT T cells. Mice receiving BCL6 KO BM and WT
T cells did not develop pathogenic pulmonary dysfunction
(Figure 1E). GC B-cell and TFH frequencies (Figure 1F) and lung
collagen deposition (Figure 1G) were significantly decreased. In
addition, there was a trend toward statistically reduced (P = .065)
immunoglobulin deposition in the lungs (Figure TH). These data
indicate that BCL6 in T and B cells is required for development
of BO c¢cGVHD and that inhibiting either population could be
beneficial for therapy.

A small-molecule inhibitor of BCL6 ameliorates
established murine cGVHD with BO

The finding that BCL6 expression is necessary in donor cells for
cGVHD development suggests that targeting BCL6 might be
therapeutically advantageous. In diffuse large B-cell lympho-
mas (DLBCLs), BCL6 expression is often upregulated and the gene
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signature is similar to that of a GC B cell. Computer-aided drug
design led to the development of compound 79-6, which binds
to the Broad-complex, Tramtrack, and Bric-abrac (BTB) domain of
BCL6, the site of corepressor (silencing mediator of retinoid or
thyroid hormone receptors, nuclear receptor corepressor, BCL6
corepressor) binding critical for repressor activity and DLBCL cell
survival.’® As expected by highly specific BCL6 vs non-BCL6 BTB
domain binding, 79-6 kills DLBCL cells in vitro and in vivo.?'

B10.BR mice received WT BM and WT T cells. On day 28, after
cGVHD was established, mice were treated with 79-6 or vehicle. Mice
treated with 79-6 had improved pulmonary function (Figure 2A).
Treatment with 79-6 also resulted in significantly decreased splenic
GC B-cell frequencies (Figure 2B), and plasma cell frequencies in the
lung (data not shown). Correspondingly, there was a trend toward
decreased immunoglobulin deposition in the lungs of mice treated
with 79-6 (P = .08; Figure 2D). Pulmonary collagen deposition was
less in 79-6-treated mice (Figure 2E). However, treatment did not
result in the improvement in damage observed in liver and colon
associated with disease, as assessed by histological scoring'
(Figure 2F). Splenic TFH frequencies were not significantly reduced
in 79-6-treated mice, although TFR-to-TFH ratios were improved in
some mice (Figure 2C). Thus, despite the dependency on BCL-6
expression for donor TFH and TFR generation,? the major effect
of 79-6 appears to be directly on the GC B cells in this model.

To assess 79-6 efficacy in sclerodermatous cGVHD, BALB/c recipients
were given B10.D2 BM = 2.7 X 10¢ T cells."®?* The systemic and
cutaneous inflammatory response caused by pSTAT3*CD4+ T cells
results in a Th1-dependent and Th17-associated sclerodermatous
c¢GVHD.Z The skin is infiltrated with transforming growth factor 81
(TGF-B1)-expressing mononuclear cells, elevated C-C chemokines,

PAZ et al
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and macrophage infiltration.” Our findings indicate that a GC
reaction appears unnecessary (Figure 1G) for cGVHD de-
velopment in this model, agreeing with recent findings.?* No
improvement in outcome, as determined by cutaneous score,
was seen following 79-6 (Figure 2H). IL-17A and interferon-y
(IFNw), significant contributors to skin ¢cGVHD in this model,
remained increased in treated mice (Figure 2I).

In this study, we have shown that mice receiving BCL6 KO T or
B cells failed to develop BO cGVHD. Importantly, a small-molecule
BCLé inhibitor (79-6) was effective in limiting cGVHD in this GC-
dependent model. In contrast, in a cytokine-dependent sclero-
derma model with systemic and cutaneous inflammation, 79-6 was
ineffective in treating cGVHD. This provides support that BCL6
inhibition could be a novel treatment or prophylaxis for cGVHD and
potentially other immune diseases in which the GC has a role.
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