Translational Oncology 14 (2021) 101184

Translational
On ;

Contents lists available at ScienceDirect

Translational Oncology

e 4

ELSEVIER

journal homepage: www.elsevier.com/locate/tranon

Original Research , 1) .

Check for

Genomic profiling of solid tumors harboring BRD4-NUT and response to | opnes’

immune checkpoint inhibitors

Jonathan W. Riess >, Shaila Rahman ™”, Waleed Kian ¢, Claire Edgerly d

Andreas M. Heilmann ¢, Russell Madison ¢, Shakti H. Ramkissoon ¢, Shai Shlomi Klaitman ¢,
Jon H. Chung 4 Sally E. Trabucco 4. Dexter X. Jin“, Brian M. Alexander ¢, Samuel J. Klempner °,
Lee A. Albacker‘, Garrett M. Frampton d, Laila C. Roisman ¢, Vincent A. Miller*,

Jeffrey S. Ross &1 Alexa B. Schrock ¢, Jeffrey P. Gregg %4 Nir Peled ¢, Ethan S. Sokol ¢,

Siraj M. Ali

2 UC Davis Comprehensive Cancer Center, Sacramento, CA, United States

b EQRx Inc, Cambridge, MA, United States

¢ Legacy Heritage Oncology Center/Larry Norton Cancer Institute, Soroka Medical Center, Ben-Gurion University, Beer Sheva, Israel

4 Foundation Medicine, Cambridge, MA, United States

€ Massachusetts General Hospital, Boston, MA, United States
f SUNY Upstate Medical University

ARTICLE INFO ABSTRACT

Keywords:
NUT midline carcinoma
NUT carcinoma

Background: The translocation t(15:19) produces the oncogenic BRD4-NUT fusion which is pathognomonic for
NUT carcinoma (NC), which is a rare, but extremely aggressive solid tumor. Comprehensive genomic profiling
(CGP) by hybrid-capture based next generation sequencing of 186+ genes of a cohort of advanced cancer cases

lé:iil\g; inhibitor with a variety of initial diagnoses harboring BRD4-NUT may shed further insight into the biology of these tumors
pD_Llp and possible options for targeted treatment.

BRD4 Case presentation: Thirty-one solid tumor cases harboring a BRD4-NUT translocation are described, with only

16% initially diagnosed as NC and the remainder carrying other diagnoses, most commonly NSCLC—NOS (22%)
and lung squamous cell carcinoma (NSCLC-SCC) (16%). The cohort was all microsatellite stable and harbored a
low Tumor Mutational Burden (TMB, mean 1.7 mut/mb, range 0-4). In two index cases, patients treated with
immune checkpoint inhibitors (ICPI) had unexpected partial or better responses of varying duration. Notably,
four cases — including the two index cases - were negative for PD-L1 expression. Neo-antigen prediction for
BRD4-NUT and then affinity modeling of the peptide-MHC (pMHC) complex for an assessable index case pre-
dicted very high affinity binding, both on a ranked (99.9%) and absolute (33 nM) basis.
Conclusions: CGP identifies BRD4-NUT fusions in advanced solid tumors which carry a broad range of initial
diagnoses and which should be re-diagnosed as NC per guidelines. A hypothesized mechanism underlying re-
sponses to ICPI in the low TMB, PD-L1 negative index cases is the predicted high affinity of the BRD4-NUT fusion
peptide to MHC complexes. Further study of pMHC affinity and response to immune checkpoint inhibitors in
patients with NC harboring BRD4-NUT is needed to validate this therapeutic hypothesis.

Background

NUT carcinoma (NC), formerly known as NUT midline carcinoma, is
an extremely rare and highly aggressive neoplasm with a median sur-
vival estimated as less than one year [1]. Morphologically, NC is poorly
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differentiated and may display squamous features but overall, the
appearance can be quite variable.

The seminal study of French demonstrated NC frequently (~60%)
harbors a t(15:19) rearrangement encoding the BRD4-NUT fusion and
this translocation is essential for the diagnostic criteria for a subset of NC
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[1,3]. Recent studies have further identified other subsets of NC as
harboring other rearrangements of NUTM1 (encoding NUT) fused with
other non-BRD4 5’ partners including BRD2, BRD3 and NSD3 together
composing approximately 30% of NC cases [2,4]. The diagnostic
workup consists of including NC on in the differential diagnosis as based
on clinico-pathologic features such as squamous morphology, and then
seeking FISH to definitively identify the NUTM1 translocation harbored
by a particular case.

Importantly, the development of a monoclonal anti-NUT antibody
(C52) for immunohistochemistry (IHC) to detect the strong ectopic
expression of NUT associated with the above NUTM1 rearrangements
has significantly enhanced the diagnostic screening for NC due to the
ease of IHC [5]. However, due to partial uptake of the diagnostic algo-
rithm and associated tools by pathologists, the incidence and prevalence
of NC is likely still significantly underestimated [2].

Clinical evidence for the efficacy of treatment regimens for advanced
NC is limited to retrospective case series, which has demonstrated some
survival benefit for cytotoxic chemotherapy [2,6]. Chief among possible
targeted therapies for NC are BET (Bromodomain and Extra-terminal)
inhibitors, of which MK-8628 have shown a high response rate but
limited duration of response in a compassionate use study of four NC
patients [7].

We report here a cohort of 31 solid tumor cases carrying NC and
other initial diagnoses that harbor BRD4-NUT fusions as identified by
clinical comprehensive genomic profiling (CGP) and highlight two index
patients that unexpectedly benefitted from PD-1 and PD-L1 inhibition.

Case series

We reviewed a large database of advanced cancer patients assayed
with DNA only NGC-based CGP baiting for BRD4 and identified BRD4-
NUT fusions in 0.02% (31/181,838) of cases. The original diagnoses
of these cases were NC (16%, 5/31), NSCLC—NOS (22%, 7/31), NSCLC-
SCC (16%, 5/31), adnexal carcinoma of the skin (6.5%, 2/31) as well as
other diagnoses for single cases (3% each) (Table 1). This cohort had a
median age of 43 years (range 21-81) and were 14 females and 17
males. 60% had BRD4-NUT as the only functional alteration and the

Table 1
Frequency of BRD4-NUT fusions in advanced cancer cases.
Disease Disease Count % of % of
Count BRD4-NUT Disease

lung non-small cell lung 4996 7 22.58% 0.14%
carcinoma (nsclc-nos)

lung squamous cell carcinoma 4895 5 16.13% 0.10%
(nscle-scc)

nut midline carcinoma 15 5 16.13% 33.33%

skin adnexal carcinoma 135 2 6.45% 1.48%

lung small cell undifferentiated 1723 1 3.23% 0.06%
carcinoma (sclc)

nasopharynx and paranasal 92 1 3.23% 1.09%
sinuses squamous cell
carcinoma (scc)

unknown primary (nos) 817 1 3.23% 0.12%

testis germ cell tumor (non- 108 1 3.23% 0.93%
seminoma)

salivary gland carcinoma (nos) 294 1 3.23% 0.34%

unknown primary melanoma 2590 1 3.23% 0.04%

nasopharynx and paranasal 177 1 3.23% 0.56%
sinuses undifferentiated
carcinoma

trachea squamous cell 6 1 3.23% 16.67%
carcinoma (scc)

breast carcinoma (nos) 9459 1 3.23% 0.01%

unknown primary germ cell 28 1 3.23% 3.57%
tumor

head and neck squamous cell 2245 1 3.23% 0.04%
carcinoma (hnscc)

thymus carcinoma 294 1 3.23% 0.34%

All 181,838 31 100.00% 0.02%

Translational Oncology 14 (2021) 101184

overall series had a mean of less than one (<1) other alteration per case
(Supplemental Table 1). The co-occurring alterations were predomi-
nantly point mutations, rarely copy number alterations, and no other
genomic rearrangements were observed. Consistent with the paucity of
point mutations, the median TMB of cases in this series was 1.7 mut/mb
and all cases were microsatellite stable (MSS) as well. None (0%) of the
BRD4-NUT fusion positive cases harbored evidence of HPV infection
(presence of virion DNA). Two cases in these series were known to be
treated with immune checkpoint inhibitors (ICPI) and are highlighted
below due to the unexpectedly efficacious responses relative to an
absence of known predictive biomarkers.

Case presentation: index patient #1

A 52-year-old African American never-smoker female was diagnosed
with Stage IV non-small cell lung cancer with high-grade neuroendo-
crine features, metastatic to lung, lymph nodes, bones, and liver (Fig. 1).
As small cell lung carcinoma (SCLC) was in the differential diagnosis,
limited molecular testing was performed for TP53 and RBI, both of
which were wild-type. The patient experienced disease progression on
cisplatin and etoposide, irinotecan, and docetaxel. Pathologic exami-
nation of a repeat biopsy showed both squamous and neuroendocrine
markers and the histologic diagnosis was changed to NSCLC-SCC. This
new biopsy was assayed by comprehensive genomic profiling (CGP) and
shown to harbor BRD4-NUTM1 (BRD4 exons 1-12 to NUTM1 exons 2-7,
t(15:19) (Fig. 3). A repeat biopsy 15 months later re-confirmed the
translocation and identified an additional truncating mutation in BCOR
(BCOR 5756*). TMB was 0.8 mutations per megabase (mut/mb) with
status of MSS. PD-L1 immunohistochemical (IHC) staining was negative
by two assays (Ventana SP142 and Dako 22C3).

Treatment with the anti-PD-1 ICPI nivolumab was initiated, and the
patient had a near-complete response as assessed on metabolic imaging
at the two-month mark (Fig. 1B). Imaging at four months demonstrated
progression at two skeletal foci, a rib and left iliac bone lesion, which
were each irradiated. Subsequently, the patient received additional
treatment including the nivolumab-ipilumumab combination on which
she rapidly progressed, and thereafter transitioned to hospice.

Case presentation: index patient #2

A 39-year-old previously healthy Caucasian female with a 13 pack-
year smoking history and a family history of lung cancer (maternal
grandmother) presented with a 5.5 x 7 cm right middle lobe tumor
protruding from the chest wall (Fig. 2A). Pathologic examination of a
core needle biopsy showed a poorly differentiated squamous cell carci-
noma of uncertain anatomic origin, positive for CK7, p63 and CK5/6,
and negative for TTF1, synaptophysin and chromogranin. Ki67 staining
was up to 70%. Staining for PD-L1 was rated at 1% and EGFR, ALK, and
ROS1 were wild-type by limited molecular testing. CGP was performed
and a BRD4-NUTM]1 fusion was identified, as well as TMB of 1 mut/mb
and MSS status along with CEBPA and AKT3 alterations.

Imaging by FDG-18 PET-CT indicated locally advanced disease
(Fig. 2B) with supraclavicular involvement, stage IIIA. The patient was
treated with combined chemo-radiation therapy of 4 cycles of cisplatin
and etoposide with 60 GY chest radiation. A partial response was noted
(Fig. 2C). Subsequently, a 5 cm consolidation developed at the right
middle lobe, with multiple pleural plaques and malignant pleural
effusion.

Atezolizumab with carboplatin-paclitaxel was started, as based on
safety data presented in the IMpower150 trial and palliative RT 8 Gy to
chest(5). The patient had a clinical and radiographic response to treat-
ment (Fig. 2D). Disease progression was observed five months after
initiating the combined immunotherapy-chemotherapy regimen
(Fig. 2E) and the patient passed away thereafter.
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Fig. 1. First index patient. A) Pathologic examination showed small blue cells that stained positive for KI67 (top right), but negative for synaptophysin and Keratin
AE1/3 (lower left and right). B) PET imaging of index case #1. Pre-treatment (top panel left) and two months nivolumab (top panel right).

Fusion peptide: MHC analysis

We modeled the neoantigenicity of the BRD4-NUT fusion and HLA
type of index case #1 to assess the affinity of the fusion peptide at the
junction of BRD4-NUT to patient-specific MHC using IEDB NetMHCpan
with methodology akin to a previous stud [8,9]. The neoantigenic
sequence flanking the breakpoint was included as input and binding
affinities for all the patient-specific HLA-A/B/C alleles were assessed.
For this patient, HLA-C*16:01 was predicted to bind the neopeptide of
the BRD4-NUT observed here: the fusion sequence VVSPP|ASAL (5
amino acids of BRD4 exon 13 and 4 amino acids of NUTM1 exon 2). This
peptide/HLA pair is predicted to have a strong binding affinity of 33 nM,
which is ranked as >99.9% compared to a set of random peptides.

To examine how frequently this specific BRD4:NUT fusion of index
case #1 is predicted to bind each HLA type, we ran binding predictions
for the VVSPP|ASAL neoantigen for all HLA-A/B/C types available in the
NetMHCPan 4.0 database (2915). 3.5% (103/2915) of HLA types were
predicted to strongly bind the fusion neoantigen (predicted affinity <50
nM). All the alleles predicted to strongly bind this sequence impacted
HLA-C and these strong binders clustered into only three HLA allele

groups (2-digit): HLA-C*03, HLA-C*12, and HLA-C*16. To understand
how frequently these alleles are represented in the population, we
examined a cohort of 4147 cancer patients with HLA allele predictions
available (predicted using OptiType); 32.7% (1357/4147) of patients
harbored at least one of the strong-binding HLA alleles above [10].

For the second index case, the fusion sequence could not be defini-
tively determined, as the BRD4 breakpoint identified by CGP was in
exon 13, and the NUTM1 breakpoint was 2.5 KB 5’ of NUTM1.

Discussion

The cases in this cohort are defined by the presence of BRD4-NUT,
which is now accepted as diagnostic for NC [11]. For example in the
first index case, consideration of an NC diagnosis came only on identi-
fication of the BRD4-NUT fusion after an initial diagnostic workup that
did not include NUT IHC. Similarly, the other cases in this series should
be re-evaluated for a diagnosis of NC, including the cases of cutaneous
specimens harboring BRD4-NUT as these may be metastatic NC [12].

Shifting focus to the prognostic implications of this rediagnosis, NC
carries an extremely poor prognosis with median overall survival
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Fig. 3. Schematic of BRD4-NUT translocation A) Genomic structure of translocation in index case #1 B) Predicted protein domain structure of BRD4 NUT fusion.

Fig. 2. Second index patient. A to E Left to Right (A)-Baseline before diagnosis, (B)-At diagnosis, (C)-Partial response to Cisplatin and Etoposide, (D)-Response to

Carboplatin-Paclitaxel and Atezolizumab, (E)-Disease progression.

reported as 5 months in a recent systematic review of 119 patients [1].
Chemotherapy does positively impact survival, but long-term control is
still needed. Given the great need for efficacious therapy, bromodomain
inhibitors of BRD4 are being developed as therapy for NC patients and
other diseases. These inhibitors are referred to as the BET inhibitors,
referring to the overarching Bromodomain and Extra terminal (BET)
family of proteins, all of which have two bromodomains, an extra ter-
minal domain (ET), and a C-terminal domain (CTD), of which BRD4 is
the canonical member. The BET inhibitors in clinical development
include BMS-986,158, TEN-010, Birabresib (MK-8628/0TX015), and
molibresib (GSK525762) as well as others. At present, these inhibitors
have modest response rates and duration of responses in early clinical
trials for confirmed NC patients. The birabresib phase Ib trial includes
responses for 3/10 patents in the receiving continuous dosing of 80 mg
or higher [13]. In the molibresib phase I, 2/19 NC patients had
confirmed partial responses (PR), and another two had unconfirmed PRs
[14]. Notably amongst all these cases, a NC patient harboring
BRD3-NUT receiving BMS-986,158 had 16% tumor regression that
persisted for 279 days [15].

The responses presented in this report suggest that immunotherapy
should be investigated as an additional therapeutic avenue for NC pa-
tients. The responses reported here are modest in duration relative to the
response of checkpoint inhibitors in other tumor types, but nonetheless
striking in that a response occurred given the status of the predictive
biomarkers of PD-L1 expression, TMB, Microsatellite stability in these
NC cases are all negatively correlated with ICPI response [16-21].
Interestingly, a near CR in patient 1 did not lead to a durable response,
unlike deep response correlated with durability in other types. One
limitation of the assessment of response for index patient 2, the response
cannot be formally solely attributed to the PD-L1 inhibitor atezolizumab
given the combination chemotherapy regimen administered.

We hypothesized that the fusion peptide from BRD4-NUT had a high

affinity to the MHC complex, as this affinity is predicted to correlate
with immune response. A recent Nature Medicine study demonstrated
that neoantigens derived from gene fusions can evoke potent a host cell
cytotoxic T-cell response, both as assessed experimentally in an index
case, and then as suggested by in silico analysis of a larger cohort of
cases [21]. This seminal study described a patient with head and neck
cancer that was low TMB, PD-L1, and MSS, but had an exceptional
response to an immune checkpoint inhibitor. The authors attribute this
response to the potency of the fusion neoantigen in the context of MHC
binding in evoking a T-Cell response as experimentally assessed. This
relationship between fusion neoantigen and HLA binding was supported
by an in-silico analysis of fusion neoantigens and pMHC affinity of other
head and neck cancer cases and immune checkpoint inhibitor responses.
In analogy to this seminal study, we sought to investigate the NC cases
here for their peptide MHC affinity.

For the first index case, [22] the junctional BRD4-NUT neopeptide
was modeled with an HLA binding affinity of 33 nM for this first index
case which is extremely high relative to random peptides which typi-
cally bind with an affinity of 20,000-40,000 nM. Importantly, as this
affinity is dependent on both fusion peptide sequence and HLA types,
HLA types with a high affinity for the neoantigen fusion of index case 1
are present in one-third of the advanced cancer population in a sampling
of the overall cancer database. This may suggest that for BRD4-NUT NC
cases that possess this neoantigenic fusion peptide, one third may have
the HLA type that permits high pMHC affinity and possibly correlate to
response to immune checkpoint inhibitors. Given the overall poor
prognosis of NC cases, further investigation is still warranted to explore
and validate this therapeutic hypothesis for even a subset of NC cases.
Notably however, as in Yang et al., this therapeutic hypothesis of a high
pMHC affinity fusion peptide may predict response to immune check-
point inhibitors and thus could be broadly applicable to any cancer
patient who harbors a fusion with high pMHC affinity. A cardinal test
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case could be alveolar soft parts sarcoma, given the recent findings of
preliminary anti-tumor activity in a trial of axitinib4+pembrolizumab in
this disease also characterized by low TMB and PD-L1 expression.

A limitation of the current study was the inability to assess of the
peptide:MHC affinity of the second index case as the specific fusion
sequence could not be resolved with the NGS platform used in this study.
The most updated version of the platform used for this study baits both
NUT as well BRD4 with DNA probes and may provide superior resolu-
tion of fusion peptides for NC cases, and a follow-up study. Other studies
have reported low TMB but response to immune checkpoint inhibitors in
NC and should be similarly assessed for pMHC affinity [23,24]. Another
limitation of this study is the modest duration of response in these index
cases (4 and 5 months), which is nonetheless clinically significant given
the projected short median survival of NC carcinoma patients (7
months).

Conclusions

NC is a likely underdiagnosed but highly aggressive carcinoma that is
de facto defined by NUT fusions, most frequently BRD4-NUT. CGP can
aid with diagnosis of this disease, as shown by possible reclassification of
80% of cases in this series as NC from their initial diagnoses as based on
identification of BRD4-NUT. The index cases suggests that identification
of BRD4-NUT may be relevant to benefit from checkpoint blockade if in
silico pMHC affinity is assessed high. Moreover, the mechanism of
sensitivity of BRD4-NUT-positive checkpoint blockade may lie in the
intersection of the fusion sequence and HLA type to yield high-affinity
PMHC binding. Future studies in this rare malignancy should replicate
and expand on these findings to help alleviate the otherwise very poor
prognosis of NC patients [18].
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Methods

Approval for this study, including a waiver of informed consent and a
HIPAA waiver of authorization, was obtained from the Western Insti-
tutional Review Board (Protocol No. 20,152,817). Next-generation-
sequencing (NGS) based comprehensive genomic profiling (CGP) was
prospectively performed on 181,838 cancer cases during routine clinical
care. CGP was conducted from formalin-fixed, paraffin-embedded tis-
sues using a hybrid capture-based next generation sequencing platform
(FoundationOne™) at a CLIA-certified, New York State and CAP-
accredited laboratory (Foundation Medicine, Cambridge, MA) on Illu-
mina HiSeq2500 instruments. 50 ng of DNA was extracted and adaptor-
ligated, and capture was performed for all coding exons of 186, 236 or
315 cancer-related genes and selected introns of 14, 19, or 28 genes
frequently rearranged in cancer. Captured libraries were sequenced to a
median exon coverage depth of >650x, and resultant sequences were
analyzed for base substitutions, short insertions, deletions, gene copy
number alterations (focal amplifications and homozygous deletions) and
gene fusions, as previously described [25,26]. For TMB (mutations per
megabase), the number of somatic mutations detected on comprehen-
sive genomic profiling (interrogating up to 1.1 Mb of the genome) was
quantified, and that value was extrapolated to the whole exome using a
validated algorithm [27]. Alterations likely or known to be oncogenic
drivers and germline polymorphisms were excluded.

Peptide MHC affinity was assessed as in a previous study [8,9]. The
patient-specific 4-digit MHC-I HLA types were determined with Opti-
Type, and binding affinity predictions were performed on the fusion
protein sequence with NetMHCPan 4.0 [10].

Binding predictions for the VVSPP|ASAL neoantigen (index case #1)
were performed for all HLA-A/B/C types available in the NetMHCPan
4.0 database (2915). 3% (105/2915) of HLA types were predicted to
strongly bind the fusion neoantigen (predicted affinity <50 nM); these
strong binders clustered into only three 2-digit HLA groups: HLA-C*03,
HLA-C*12, HLA-C*16 [28].
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