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Clinicopathologic and genetic features of starry-sky pattern
in Rituximab-treated double expressor
diffuse large B-cell lymphoma
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Abstract

Double expressor lymphoma (DEL) is a subset of diffuse large B-cell lymphoma (DLBCL)
characterized by the co-expression of MYC and BCL2 proteins with a poor prognosis.
However, there are no standard criteria for evaluating the morphologic features of DEL. We
aimed to analyze the prognostic value of the starry-sky pattern (SSP) and its correlation with
clinicopathologic and genetic features in 158 DEL cases. The SSP was significantly associated
with aggressive parameters, including c-MYC overexpression, CD5 expression, higher
International prognostic index (IPI), and higher age-adjusted IPI. In the univariate survival
analyses, the presence of SSP was associated with unfavorable progression-free survival (PFS)
(p = 0.030), and tended towards an adverse overall survival (OS) (p = 0.065). However, when
c-MYC was overexpressed, SSP was significantly correlated with inferior OS (p = 0.025). In
the multivariate survival analysis, SSP was also associated with poor PFS (p = 0.049).
Additionally, next-generation sequencing data revealed DEL with SSP was significantly
associated with the KMT2D mutation and had different genetic mutation profiles from DEL
without SSP. In conclusion, SSP may represent morphologic characteristics of aggressiveness

in DEL.

Keywords: Double expressor lymphoma, Starry-sky pattern, Diffuse large B-cell lymphoma,
c-MYC, Prognosis, KMT2D
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Introduction

Diffuse large B-cell lymphoma (DLBCL) exhibits a broad spectrum of clinicopathological
and genetic features that reflect its underlying biological heterogeneity.'” Based on gene
expression profiling, DLBCL can be stratified into two distinct cell-of-origin (COO) subtypes:
germinal center B-cell-like (GCB) and activated B-cell-like (ABC).

Patients with high-risk DLBCL subtypes may have poor outcomes, including higher rates of
relapsed or refractory disease following front-line immunochemotherapy R-CHOP (rituximab
plus cyclophosphamide, doxorubicin, vincristine, and prednisone).*> Double expressor
lymphoma (DEL) is a high-risk subtype of DLBCL characterized by the overexpression of the
c-MYC and BCL2 proteins without underlying gene rearrangement. Although DEL is not a
distinct biological entity in the 5th edition of the WHO Classification of Tumours of
Haematopoietic and Lymphoid Tissues and the International Consensus Classification (ICC)
of Mature Lymphoid Neoplasms, it accounts for approximately 30% of DLBCL cases and is
associated with an aggressive clinical course and an increased risk of central nervous system
(CNS) relapse.®’

Genomic research on DLBCL has identified diverse molecular mechanisms underlying the
disease and has contributed to the identification of important genetic alterations with
therapeutic and prognostic implications.® Several gene alterations, including TP53, MYDSS,
CDKN24, or BCL2, are significantly associated with worse prognosis in DLBCL.*'! Recent
studies have revealed that DEL can occur in GCB and ABC subtypes, arising from
heterogeneous molecular and genomic backgrounds, but it is more frequently observed in the
ABC subtype.'®* However, the clinicopathological and molecular features of DEL remain
poorly characterized due to limited research.

The "starry-sky" pattern (SSP) is a characteristic feature almost exclusively observed in
hematolymphoid neoplasms, particularly in Burkitt lymphoma; however, it has also been
observed in other lymphoma subtypes, including DLBCL. Although uncommon, the SSP is
evident in 5-10% of DLBCL cases."? The "starry" component is characterized by scattered
tingible body macrophages with abundant pale cytoplasm mixed with a background of

monomorphic lymphoma cells.'* The tingible bodies are intracellular remnants of degenerated



cells resulting from phagocytosis of dead and dying neoplastic cells. Therefore, the presence
of SSP indicates high rates of mitosis and apoptosis.'*

The underlying mechanism of SSP in hematolymphoid malignancies remains elusive, and
research in the area is lacking. However, a correlation between SSP and MYC rearrangement
has been observed.'? Bouroumeau et al. identified an association between the SSP in DLBCL
and c-MYC overexpression, correlating with better survival in c-MYC-positive-DLBCL."
Despite the potential importance of SSP in lymphoma, very few studies have investigated its
histopathological characteristics in DEL. Therefore, our study aimed to elucidate the

relationship between SSP and various clinicopathologic and molecular features of DEL.



Materials and methods

Patient selection and clinical parameters

We retrospectively reviewed 654 patients primarily diagnosed with DLBCL by excisional
biopsy, surgical resection, or needle biopsy treated at Asan Medical Center between January
2013 and December 2021. All patients underwent rituximab-based chemotherapy for first-line
treatment. Among them, we identified 158 patients (24.1%) diagnosed with DEL. We defined
MYC or BCL2 expression as positive when more than 40% or 50% of cells, respectively,
showed expression, per previous reports.' Corresponding medical records were reviewed to
obtain clinical information. Overall survival (OS) was defined as the date of death or the date
of final follow-up from the day of initial diagnosis. Progression-free survival (PFS) was
defined as the day of progression, recurrence, patient death, or final follow-up from the day of

initial diagnosis.

Morphological analysis

Morphological analysis was performed on entire slides using hematoxylin and eosin staining,.
We evaluated the proportion of tumor cell areas showing a "starry-sky" appearance while
defining the presence of SSP as more than 10% of the tumor cell area. A representative image
of SSP is presented in Figure 1A. Additionally, we assessed the presence of tumor necrosis
and cytological subtypes according to the WHO classification, which included centroblastic,

immunoblastic, and anaplastic.



Figure 1. Representative image for SSP and DEL. (A) Tingible body macrophages in the
background of tumor cells are notable features of SSP (hematoxylin & eosin [H&E], x200);
(B) Strong nuclear staining for c-MYC is indicative of ¢c-MYC overexpression in the SSP
group. (immunohistochemistry [IHC], x200); (C) Membranous staining for CD5 in the SSP
group (IHC, x200); (D) Ki-67 for the SSP group (IHC, x200) (E) H&E images for the non-
SSP group; (F) Weak expression for c-MYC in the non-SSP group (IHC, x200); (G) Negative
staining for CD5 in the non-SSP group (IHC, x200); (H) Ki-67 for the non-SSP group (IHC,
%200).
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Immunophenotypic evaluation

Immunohistochemistry (IHC) was performed on 4 um thick sections cut from whole slide
levels using a OptiView DAB IHC Detection Kit on the BenchMark XT automatic
immunostaining device (Ventana Medical Systems, Tucson, AZ, USA) according to the
manufacturer's instructions. Seven antibodies were used for each slide: c-MYC, BCL2, BCLG6,
CD10, CD5, MUM-1, and Ki-67 (See Supplementary Appendix, Table S1). Detection of EBV
was performed on paraffin sections using the BenchMark XT automatic immunostaining
device (Ventana Medical Systems, Tucson, AZ, USA) according to the manufacturer's
instructions. Sections were visualized by Ventana EBER ISH iView Blue Detection Kit
(Catalog n0.800-092, Ventana) and INFORM EBER probe (Catalog no.800-2842, Ventana).
For c-MYC and BCL-2, the immunoreactive score (IRS) described by Remmele and Stenger
was calculated.'>'® The IRS was determined by multiplying the percentage of positive cells by
staining intensity, which was interpreted as a 4-tier score, ranging from 0 (no expression) to
3+ (strong expression). We classified high IRS as more than the median value of each IRS.
BCL-6 expression was considered high when 30% or more of the tumor cells were
immunoreactive for BCL-6. The Ki-67 labeling index was determined by dividing the number
of positive nuclei by the total number of counted nuclei (%) under high magnification (400x)
in the highest labeling area, which was estimated by eyeballing. The cut-off value for a high
Ki-67 labeling index was set at 85% based on the studies of Yoon et al.'” IHC staining was
scored blindly by two pathologists (H.J.S. and H.G.), and discordant cases were subjected to
joint proofreading. Antibodies against BCL6, CD10, and MUM-1 were used to classify

subtypes based on the Hans algorithm.'®

Fluorescence in situ hybridization (FISH) analysis

We retrospectively reviewed the results of FISH studies and targeted next-generation
sequencing (NGS) results performed for diagnostic purposes. In total, 114, 71, and 67 FISH
cases were reviewed for MYC, BCL2, and BCL6 genes, respectively. FISH was performed
using the Vysis LSI dual-color break-apart rearrangement probes (Abbott, Abbott Park, IL,
USA) per the manufacturer’s protocol. Sixty tumor cells were evaluated for translocation and

copy number gain of the corresponding genes using the process used for routine diagnosis.



The cut-off value for showing rearrangement was at least 10% of the tumor cells exhibiting
split signals and copy number gain (CNG) was adopted from a recent study, indicating that

CNGs are tumor cells with three or more copies. '’

Targeted NGS

For DNA extraction, we used 6-um-thick slices from each formalin-fixed paraffin-embedded
(FFPE) tissue section. We performed targeted NGS on 22 cases using the [llumina MiSeq
platform (Illumina, San Diego, CA, USA) with OncoPanel Lymphoma version 1.2, which
which was developed and validated by our institution and interrogates the complete exonic
sequence of 258 genes and introns of seven genes involved in rearrangement based on previous
literature on DLBCL.2*#*!%%° The specific genes are listed in Supplementary Table 2. Two
hundred nanograms of genomic DNA was fragmented by sonication (Covaris Inc., Woburn,
MA, US) to an average size of 250 bp, followed by size selection using Agencourt AMPure
XP beads (Beckman Coulter, Brea, CA, USA). A DNA library was prepared by sequential
reactions of end repair, A-tailing, and ligation with a TruSeq adaptor, using a SureSelectXT
Reagent kit (Agilent Technologies, Santa Clara, CA)). Each library was addressed with
sample-specific barcodes of 6 bp and quantified using Qubit dsDNA HS Assay Kit
(ThermoFisher Scientific, Waltham, MA, USA). Eight libraries were pooled to a total of 750
ng for hybrid capture using an Agilent SureSelectXT custom kit (OP_AMCv3 RNA bait;

Agilent Technologies).

Statistical analysis

All data analyses were conducted using the SPSS Statistics software (Version 24.0; IBM
Corp., Armonk, NY, USA) and R version 4.0.5 (R Foundation for Statistical Computing,
Vienna, Austria). The chi-squared and Fisher's exact tests were used to compare categorical
variables. The Student’s #-test and Mann—Whitney U test were used for comparison of
continuous variables. The Kaplan—-Meier method was used to calculate OS and PFS, and the
log-rank test was employed to compare survival between groups. Univariate and multivariable
regression analyses were performed using the Cox proportional hazard model. Statistical

significance was considered when p-values were lower than 0.05.
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Results

Baseline characteristics of all patients

The baseline characteristics of the 158 patients enrolled in this study are summarized in Table
1. The median age of the patients was 67 years (range, 24-93), and sex was evenly distributed,
with a slight predominance of female patients (52.5%). One hundred and fifty-three cases
(96.8%) were classified as DLBCL-NOS, and one was classified as primary diffuse large B
cell lymphoma of the CNS. The remaining four cases were DLBCL arising from follicular
lymphoma or post-transplant lymphoproliferative disease. All patients received rituximab-
based chemotherapy as frontline treatment. Based on the Hans algorithm, approximately three-
fourths of the cases were classified as the ABC subtype, reflecting a higher frequency of this

subtype in DEL.

Morphologic analyses

The SSP was observed in one-fourth of the DEL cases (42/158, 26.5%). The distribution of
SSP in DEL was heterogeneous, ranging from 10% to 90% of the tumor area. All cases showed
diffuse effacement of architecture by tumor cells. Coagulative necrosis was observed in 41
cases (26%). Most cases (89.9%) exhibited centroblastic features, followed by immunoblastic

(7.6%), and anaplastic (2.5%) features, according to morphologic variants.



Table 1. Baseline characteristics of the enrolled patients

Non-SSP
Total SSP group
Patient characteristics group P-value
(N=158) (n=42)
(n=116)
Age at diagnosis (years) 64.3+14.0 64.9+12.7 64.1+14.5 0.284
Sex 1.000
Male 75 (47.5%) 20 (47.6%) 55 (47.4%)
Female 83 (52.5%) 22 (52.4%) 61 (52.6%)
DLBCL subtype (Hans algorithm) 0.838
GCB 41 (25.9%) 10 (23.8%) 31 (26.7%)
Non-GCB 117 (74.1%) 32 (76.2%) 85 (73.3%)
Extranodal involvement 82 (51.9%) 24 (57.1%) 58 (50.0%) 0.474
Bone marrow involvement 33 (20.9%) 10 (23.8%) 23 (19.8%) 0.263
Serum LDH elevation 91 (57.6%) 27 (64.3%) 64 (55.2%) 0.364
Presence of B-symptoms 28 (17.7%) 6 (14.3%) 22 (19.0%) 0.639
Ann Arbor staging classification 0.213
I 21 (13.3%) 3 (7.1%) 18 (15.5%)
II 30 (19.0%) 6 (14.3%) 24 (20.7%)
I 14 (8.9%) 6 (14.3%) 8 (6.9%)
v 93 (58.9%) 27 (64.3%) 66 (56.9%)
IPI risk group 0.285
Low 20 (12.6%) 2 (4.8%) 18 (15.5%)
Low-int. 15 (9.5%) 2 (4.8%) 13 (11.2%)
High-int. 90 (57.0%) 27 (64.3%) 63 (54.3%)
High 33 (20.9%) 11 (26.1%) 22 (19.0%)
Number of relapsed patients 33 (20.9%) 11 (26.2%) 22 (19.0%) 0.377
CNS relapse 12 (7.6%) 2 (4.8%) 10 (8.6%) 0.518
Follow-up period (months) 30.0+24.6 22.3+19.0 32.8+25.8 0.039
Double-hit lymphoma 9 (5.6%) 3 (7.1%) 6 (5.1%)
Triple-hit lymphoma 1 (0.6%) 1 (2.3%) 0 (0%)




Values are represented as number (%) or mean + standard deviation (SD), unless otherwise indicated.
GCB: germinal center B-cell like; ABC: activated B-cell like; IPI: International Prognostic Index; CNS: central

nervous system.

Clinicopathological and immunophenotypic parameters associated with SSP

The main clinicopathologic parameters according to the presence of SSP are summarized in
Table 2. The SSP was significantly correlated with high IRS for c-MYC (p = 0.027) in DEL
(Figure 1B). In addition, c-MYC expression in tumor cells was significantly higher in SSP
group than Non-SSP group. (p < 0.001, Mann-Whitney test; Supplemantary Fig. 1A). We,
additionally, further divided into two groups with a > 70% cutoff for c-MYC high expression,
according to the previous reports®** : 45 cases c-MYC high expression (= 70%) and 113 c-
MYC intermediate expression (> 40% and <70%). The SSP extent (the ratios of the proportion
of tumor cell areas showing the SSP) is significantly increased in the c-MYC high expression
group. (p = 0.036, Mann-Whitney tests; Supplemantary Fig. 1B)

CDS5 expression of tumor cells in DLBCL is an aggressive prognostic factor." We observed
CDS positivity in 23 cases (14.6%), the expression of which was associated with the SSP in
DEL (p = 0.046) (Figure 1C). Interestingly, 113 (71.5%) cases showed a high Ki-67 labeling
index; however, Ki-67 labeling index did not show statistically significant difference between
SSP group and non-SSP group (p = 0.842) (Figures 1D&H). Only two cases presented a
positive EBER ISH result in a few small lymphocytes. Additionally, the presence of the SSP
in DEL showed a significant association with higher IPI and age-adjusted IPI (p = 0.029 and

0.030, respectively).
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Table 2. Comparison of clinicopathologic parameters between the SSP and non-SSP groups

SSP group Non-SSP group
Clinicopathologic parameters P-value
n=42) (n=116)
BCL2 (IRS) 0.720
High 20 (47.6%) 60 (51.7%)
Low 22 (52.4%) 56 (48.3%)
¢-MYC (IRS) 0.027
High 25 (59.5%) 46 (39.7%)
Low 17 (40.5%) 70 (60.3%)
BCL6 (IHC) 0.747
Positive (=30%) 38 (90.5%) 107 (92.2%)
Negative (<30%) 4 (9.5%) 9 (7.8%)
CD5 (IHC) 0.046
Positive 10 (23.8%) 18 (11.2%)
Negative 32 (76.2%) 24 (88.8%)
Ki67 labeling index (%) 0.842
High (285%) 31 (73.8%) 82 (70.7%)
Low (<85%) 11 (26.2%) 34 (29.3%)
IPI 0.029
High (3-5) 38(90.5%) 85 (73.3%)
Low (0-2) 4 (9.5%) 31(26.7%)
Age-adjusted IPI 0.030
High (2-3) 30 (71.4%) 60 (51.7%)
Low (0-1) 12 (28.6%) 56 (48.3%)

Values are represented as number (%). IRS: immunoreactive score; IHC: immunohistochemistry.
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FISH analyses

Nine cases of double-hit lymphoma and one case of triple-hit lymphoma were identified
through FISH analysis. Among these cases, four (44%) showed starry-sky morphology.
Among a total of 114 cases in which MYC FISH was performed, MYC translocation was
observed in 23.3% (7/30) of SSP cases and 22.6% (19/84) of non-SSP cases. Copy number
gain of the MYC gene was observed in three cases (10%) with SSP and 11 cases (13.1%)
without SSP. However, no statistically significant correlation was found between SSP and gene
rearrangement or copy number status in MYC. Although we analyzed gene rearrangement or
copy number status in BCL2 and BCL6, we did not observe any association with SSP. (See

Supplementary Material, Table S3).

Targeted NGS analyses according to SSP

The NGS sequencing results for 22 DEL cases were analyzed and correlated with SSP
morphology (Figure 2). The most frequent mutated gene was CDKN2A4 (8/22, 36.3%),
followed by CDKN2B, PIM1, and TP53, which were in line with mutational profiles of the
non-SSP group. In contrast, KMT2D (6/8, 75.0%) and MYD8S8 (3/8, 37.5%) mutations were
the most frequently mutated genes in the SSP group. SSP DEL was significantly associated
with KMT2D mutations, as six out of eight cases showed KMT2D mutations compared with
only one out of 14 DEL cases without SSP (odds ratio [OR] = 38.96, p = 0.006). Among them,
three were nonsense mutations, and two were frameshift mutations. The remaining showed the
splice-site mutations. However, the presence of SSP was not significantly correlated with any
specific mutational profile except for KMT2D. Interestingly, CCND3, TCF3, and ID3 gene
mutations, which are frequently mutated in sporadic Burkitt lymphoma, were not found in all

9 SSP DELs, but infrequently found in non-SSP DELs (8%, 1/13, each).
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Figure 2. Targeted NGS analysis of 22 DEL cases.
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Survival analysis of morphologic features in double expressor lymphoma

The results of the univariate survival analyses according to the status of SSP in the rituximab-
treated patients of DEL are presented in Figures 3A—B. The patients with SSP had significantly
lower PFS than those without (»p = 0.030). However, there was no statistically significant
difference in OS between the two groups, although the presence of SSP tended to have a

marginal statistical significance (p = 0.064).
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Figure 3. (A-B) Kaplan—Meier survival curves for (A) OS and (B) PFS show a significantly
shorter PFS for the SSP group than that for the non-SSP group. The OS of the SSP group was
also inferior compared to that of the non-SSP group; (C-D) Survival curves for c-MYC
overexpression status; (C) OS for the SSP group is significantly worse than that of the non-

SSP group. (D) PFS was not significantly different.
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Additionally, in the c-MYC high group, the presence of SSP had a significant association
with lower OS (p = 0.025) and marginal significance on poor PFS (p = 0.058) (Figure 3C-D).
We also evaluated the impact of other morphologic features, such as cell type and tumor
necrosis on OS and PFS, but found no significant correlation (Supplementary Figure 1A-D).
Our findings indicate that SSP could have a unique morphologic feature, stratifying survival

outcomes in patients in DEL.
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In addition, the prognostic difference between OS and PFS was not significant in the ABC
subgroup (Supplementary Figures 3A—B). In the univariate Cox proportional hazard analyses,
SSP was identified as a unique histologic feature showing a superior prognostic impact on OS
and PFS (Table 3). Multivariate survival analyses were conducted to confirm the prognostic
relevance of the presence of SSP (Table 3). Patients in the SSP group displayed significantly
poorer PFS in the adjustment of age-adjusted IPI risk group, old age, and B-symptom status
(hazard ratio [HR]: 1.801, 95% confidence interval [CI]: 1.003-3.235, p = 0.049). The SSP
group also exhibited a tendency for poor OS (HR: 1.759, 95% CI: 0.934-3.315, p = 0.081).
Only the high-risk group of the age-adjusted IPI classifier and B-symptom status was
associated with significantly poor OS and PFS, which could be attributed to the relatively

small number of enrolled cases.
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Table 3. Univariate and multivariate Cox proportional hazard

progression-free survival

analysis for overall survival and

Univariate analysis

Multivariate analysis

Parameter
Hazard ratio (95% CI) P-value Hazard ratio (95% CI) P-value

PFS
Presence of starry-sky pattern 1.764 (1.0004-3.101) 0.049 1.801 (1.003-3.235) 0.049
Age > 60 years 1.437 (0.800-2.582) 0.225 1.482 (0.820-2.681) 0.193
Age-adjusted IPI 2-3 (vs. 0-1) 3.060 (1.633-5.734) <0.001 2.410 (1.253-4.633) 0.008
B-symptom 2.688 (1.493-4.840) <0.001 2.276 (1.224-4.233) 0.009
Necrosis 1.311 (0.731-2.353) 0.364 -
Cell type: Centroblastic 1 -

Immunoblastic 1.046 (0.377-2.903) 0.931 -

Anaplastic 0.750 (0.103-5.435) 0.776 -
(O]
Presence of starry-sky pattern 1.779 (0.964-3.281) 0.065 1.759 (0.934-3.315) 0.081
Age > 60 years 1.593 (0.834-3.040) 0.158 1.635 (0.851-3.138) 0.140
Age-adjusted IPI 23 (vs. 0-1) 4.492 (2.087-9.672) <0.001 3.499 (1.581-7.745) 0.002
B-symptom 3.005 (1.591-5.676) <0.001 2.313 (1.189-4.498) 0.014
Necrosis 1.380 (0.734-2.595) 0.318 -
Cell type: Centroblastic 1 -

Immunoblastic 1.210 (0.433-3.381) 0.716 -

Anaplastic - - -
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Discussion

Our study aimed to evaluate the clinicopathologic and genetic characteristics and prognostic
significance of the morphologic features, particularly the SSP, in R-CHOP-treated DEL. In
this study, SSP was identified in 26.5% of cases—more than double the cases in DLBCL."**
DEL showed higher IPI, age-adjusted IPI, and ABC-subtype predominance, in line with
previous reports. *>*>2° Although the SSP indicates a high turnover rate in lymphoma, our
study did not identify a correlation with a high Ki-67 labeling index. The mean Ki-67 labeling
index in our DEL cohort was 86.4% (standard deviation 10.6%), significantly higher than the
average value in DLBCL. Interestingly, the SSP and non-SSP groups showed a high Ki-67
labeling index in over 70% of cases, suggesting that the high proliferation rate of DEL may
have reduced the difference between the groups.

While Oliveira et al. demonstrated a correlation between MYC gene translocation and SSP in
the DLBCL group, we did not find such an association in our DEL group study.’' However,
we did observe a significant correlation between c-MYC overexpression and SSP in DEL (p =
0.027). Previous literature has shown similar results in that c-MYC overexpression in DLBCL
was significantly associated with the presence of SSP."

Previous studies have identified CD5 expression as an independent prognostic factor in
DLBCL, which is correlated with concurrent expression of BCL2 and ¢-MYC.*?** Our study
found that CDS5 positivity in DEL is associated with SSP. This finding is consistent with
previous reports that CDS5 expression is associated with aggressive clinical behavior and poor
prognosis in DLBCL.

We found no correlation between SSP and gene rearrangement or copy number status in the
FISH studies. Therefore, we suggest that starry-sky appearance is possibly related to the
activation of MYC and BCL2 proteins outside of gene rearrangement. In sporadic Burkitt
lymphoma , ID3-TCF3-CCND3 pathway genes were frequently mutated, which are involved
in cell survival and proliferation, and these mutations are thought to contribute to the
development of characteristic SSP.* In contrast, genetic alterations of DEL reflect cumulative
mutations involving B-cell receptors and NFkB pathways, such as MYD88, CD79B, and

PIM>*** which were also identified in our studies. We also found a significantly higher
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frequency of KMT2D mutation in DEL with SSP. Given that KM7T2D mutations may promote
overgrowth by distrubing the expression of tumor suppressor genes that control B-cell
activating pathways, SSP in DEL may represent tangible body macrophage-mediated tumor
growth.* Tumorigenesis may be enhanced by the maintenance of an anti-inflammatory
microenvironment during tumor progression and the production of IL-10 by tissue-based
macrophages may increase B-cell survival factors. However, we could not find a correlation
with other genetic mutations, especially related to apoptosis and the cell cycle in Burkitt
lymphoma, although we found a relatively high Ki-67 proliferation index in our DEL cases.
We suggest that the proliferation-related mechanism in DEL is different from Burkitt
lymphoma, and therefore, the mechanism underlying the SSP may also differ between the two
entities. In addition, we also observed the possibility that SSP in DEL may have a different
genetic mutation profile than non-SSP. Further studies with larger sample sizes are needed to
confirm the association between starry-sky appearance and specific genetic mutations in DEL.

Xu-Monette et al. discovered that MYC/BCL2 double-expression had a significant adverse
prognostic impact only within the EZB genetic subtype and LymphGen-unclassified subtype
according to LymphGen classification.”> Additionally, they observed that KMT2D mutation
had adverse prognostic significance in DEL cases but not non-DEL cases, and the most
frequent KMT2D mutations were associated with EZB subtype.”*** Given that the EZB
genetic subtype is enriched in the GCB subtype based on the gene-expression subgroup and
the ABC subtype is more frequent in DEL, we indicated the prognostic significance of KM7T2D
mutation in DEL would be associated with the presence of SSP rather than the Hans
classification.*®

Bouroumeau et al. showed that c-MYC-positive DLBCL with SSP had better OS than those
without SSP and suggested a negative effect of c-MYC overexpression on survival could be
lost by SSP, indicating that high levels of apoptosis could be a protective factor in c-MYC-
positive DLBCL." However, when compounded by BCL2 co-expression, our study revealed
SSP has an adverse effect on survival; additionally, SSP was associated with inferior prognosis
in cases with c-MYC overexpression in DEL. Although the biological mechanisms of DEL
remain unclear, SSP in DEL represents malignant outgrowth accelerated by c-M YC expression.

A complementary multivariate analysis on a larger cohort could strengthen the link between
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these variables.

Our study has several limitations. First, there would be potential interpretation bias in
assessing the presence and extent of SSP. To minimize the representativeness issues caused by
selection bias, we reviewed the entire slides from the collected cases. Second, the sample size
of cases with NGS data was relatively small, which may not fully reflect the genetic
heterogeneity of DEL. We could not evaluate the prognostic impact of KMT72D mutation in
our cohort due to the limited number of cases. Additionally, our study was retrospective in
nature, and selection bias may have influenced our results. Therefore, larger prospective

studies are needed to confirm our findings and investigate the clinical significance of SSP.
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Conclusion

We suggest SSP in DEL may associated with KMT2D mutations in different molecular
backgrounds from Burkitt lymphoma. Given that the presence of SSP has been associated with
aggressive clinicopathologic and genetic markers, starry-sky appearance may represent
morphological characteristics of aggressiveness in DEL and may be a useful marker for
identifying inferior prognosis. We suggest that identifying SSP may have important

implications for pathologists when evaluating histologic samples.
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Supplementary Appendix

Table S1. Antibodies used for immunohistochemistry

Medical Systems Inc.)

Antibody (clone) Type Dilution Retrieval solution Source
BCL2 (124) Mouse monoclonal 1:25 Ventana CC1 (Ventana Dako
Medical Systems Inc., | (Glostrup, Denmar
Tucson, AZ, USA) k)
¢-MYC (EP121) Rabbit monoclonal 1:50 Ventana CC1 (Ventana Cell Marque
Medical Systems Inc.) | (Rocklin, CA, US
A)
BCL6 (GI191E/A8) Mouse monoclonal 1:50 Ventana CC1 (Ventana Cell Marque
Medical Systems Inc.)
CD10 (56C6) Mouse monoclonal 1:100 Ventana CC1 (Ventana Novocastra
Medical Systems Inc.) (Newcastle, UK)
CDS5 (4C7) Mouse monoclonal 1:100 Ventana CC1 (Ventana Novocastra
Medical Systems Inc.)
MUM-1 (MUM1P) Mouse monoclonal 1:100 Ventana CC1 (Ventana Dako
Medical Systems Inc.)
Ki-67 (MIB1) Mouse monoclonal 1:200 Ventana CC1 (Ventana Dako
Medical Systems Inc.)
Cyclin D1 (SP4) Mouse monoclonal 1:100 Ventana CC1 (Ventana Cell Marque

25




Table S2. Specific gene list for targeted next-generation sequencing

DNA Gene List: Entire Exonic Sequence for the Detection of Base Substitution, Insertions/Deletions,
and Copy Number Alterations

ABLI, ABL2, ACTB, AKT 1, ALK, ANKRD11, ANKRD26, APC, ARIDIA, ASXLI1, ATM, ATR, AURKA,
AURKB, B2M, BAPI, BCLI0.

BCLI11B, BCL2, BCL2L2, BCL6, BCL7 A, BCOR, BCORLI, BCR, BIRC3, BRAF, BRCAI, BRCA?2,
BTGI, BTK, CALR, CARDI11, CBFB, CBL, CCNDI, CCND2, CCND3, CCNEI, CCR4, CCT6B, CD22,
CD274, CD28, C

D58, CD794, CD79B, CDK12, CDK4, CDK6, CDKS, CDKNIB, CDKNIC, CDKN24, CDKN2B,
CDKN2C, CEBPA, CHD4, CHEK1, CHEK?2, CHUK, CITA, CKS1B, CRBN, CREBBP, CRLF2, CSFIR,
CSF3R, CTLA4, CUL4B, CXCR4, DDBI1, DDX3X, DDX41, DIS3, DKK1, DNMT 1, DNMT3A4, DUSP2,
DUSPY, EED, EGFR, EGRI, EP300, EPOR, ERG, ET NKI, ET S1, ETVI, ETVS5, ETV6, EZH2,
FAMA46C, FAS, FBXW7, FGFRI, FGFR3, FLT3, FOXOI, FOXO3, FOXPI, FYN, GAT Al, GATA2,
GATA3, GNA13, GNAI2, HDACI, HDAC4, HDAC?7, HIST 1HIC, HIST I1HID, HIST 1HIE, HIST
1H2AC, HIST 1H2AG, HIST 1H2AL, HIST 1H2AM, HIST 1H2BC, HIST 1H2BJ, HIST 1H2BK, HIST
1H2BO, HIST 1H3B, HRAS, ID3, IDHI, IDH?2, IKBKB, IKBKE, IKBKG, IKZF1, IKZF2, IKZF3, IL2RB,
IL7R, IRAK1, IRAK4, IRF1, IRF4, IRFS8, ITK, JAKI, JAK2, JAK3, JUN, KDM6A, KIT, KLHL6, KMT2A,
KMT2B, KMT2C, KMT2D, KRAS, LEFI, LILRBI, LTB, LUC7 L2, LYN, MAF, MAG, MALT 1, MAP2K]1,
MAP2K2, MAP2K4, MAP3K1, MAP3K14, MAP3K6, MAP3K7, MAPKI, MCLI, MDM?2, MDM4,
MEDI12, MEF2B, MEF2C, MET, MPL,

MTOR, MUC2, MYC, MYCL, MYCN, MYDS88, NCKAPS5, NF1, NF2, NFATC2, NFKBIA, NOT CHI,
NOT CH2, NPM1, NR3CI1, NRAS, NT5C2, NTRK2, NTRK3, P2RYS, PAX5, PCLO, PDCDI, PDCDI11,
PDCDILG2, PDGFRA, PDGFRB, PHF6, PIK3CA, PIK3CD, PIK3CG, PIK3RI1, PIK3R2, PIMI,
PLCGI, PPP3CA, PPP3B, PPP3CC, PRKCB, PRPF40B, PT EN, PT K2, PTK2B, PT PN11, RAD2],
RARA, RASSFS5, RB1, RHOA, RUNXI, SETBPI, SET D2, SF1, SF3A41, SF3B1, SH2B3, SMC14, SMC3,
SMO, SOCS1, SPP1, SRSF2, STAG2, STAT3, STAT5B, SYK, TALI, TBLIXRI1, TCF3, TET2, TNFAIP3,

TP53, TSLP, TYK2, U2AF1, U2AF2, VAV, WHSCI, WT1, XP01, ZFHX4, ZRSR2

DNA Gene List: For the Detection of Select Rearrangements

ALK, BCL6, TP63, DUSP22, MYC, BIRC3, BCL2
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Table S3. FISH studies according to the presence of SSP

Variable SSp Non-SSP p-value
MYC translocation (N=114) (N=30) (N=84)

Present 7 (23.3%) 19 (22.6%) 1.000
Absent 23 (76.7%) 65 (77.4%)

MYC copy number gain

Present 3 (10%) 11 (13.1%) 758
Absent 27 (90%) 73 (86.9%)

BCL?2 translocation (N=71) (N=18) (N=53)

Positive 4 (22.2%) 7 (13.2%) 452
Negative 14 (77.8%) 46 (86.6%)

BCL2 copy number gain

Positive 5 (27.8%) 5 (9.4%) 109
BCL6 translocation (N=67) (N=17) (N=50)

Positive 3 (17.6%) 16 (32.0%) 356
Negative 14 (82.4%) 34 (68.0%)

BCL6 copy number gain

Positive 2 (11.8%) 3 (6.0%) 595
Negative 15 (88.2%) 47 (94.0%)
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Supplementary Figure 1. Correlation between SSP and c-MYC expression
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Supplementary Figure 2. Survival analyses according to morphologic subtype and the

presence of tumor necrosis
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Supplementary Figure 3. Survival analyses in ABC subgroup according to SSP
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