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Abstract

Diffuse large B-cell lymphoma (DLBCL) is the most common type of non-Hodgkin lymphoma and is a potentially
curable disease. However, it is heterogenous, and the prognosis is poor if the tumor cells harbor fusions involving
MYC and BCL2 or MYC and BCL6 (double-hit [DH] lymphoma), or fusions involving all three genes (triple-hit
[TH] lymphoma). Fluorescence in situ hybridization is currently the gold standard for confirming the presence of
DH/TH genotypes. However, the test is laborious and not readily available in some laboratories. Germinal center B
(GCB) signatures and dual expression of MYC and BCL2 are commonly used as initial screening markers (tradi-
tional model) in clinical practice. Our study proposes immunohistochemical markers for more conveniently and
accessibly screening DH/TH genotypes in DLBCL. We retrospectively reviewed the clinical and pathological param-
eters of patients with DLBCL. We assessed the proliferative index, apoptotic index, and tumor microenvironment
(TME), with regard to T cells and CD11¢c(+) dendritic cells, in formalin-fixed paraffin-embedded tissue. We then
generated a decision tree as a screening algorithm to predict DH/TH genotypes and employed decision curve anal-
ysis to demonstrate the superiority of this new model in prediction. We also assessed the prognostic significance
of related parameters. Our study revealed that GCB subtypes, a Ki67 proliferative index higher than 70%, and
BCL2 expression were significantly associated with DH/TH genotypes. Decreased CD11c(+) dendritic cells in the
TME indicated additional risk. Our proposed screening algorithm outperformed a traditional model in screening
for the DH/TH genotypes. In addition, decreased CD11c(+) dendritic cells in the DLBCL TME were an independent
unfavorable prognosticator. In conclusion, we provide a convenient, well-performing model that predicts DH/TH
genotypes in DLBCL. The prognostic significance of CD11c(+) dendritic cells in the TME might influence the
classification and development of immunotherapy for DLBCL in the future.
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Introduction is the most common type of non-Hodgkin lymphoma

worldwide [1]. Approximately 60% of patients are
Diffuse large B-cell lymphoma (DLBCL) is a highly  cured using the current standard regimen of rituximab
heterogeneous type of aggressive B-cell lymphoma and ~ plus cyclophosphamide, doxorubicin, vincristine, and
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prednisone [2]. However, approximately 10% of these
patients harbor rearrangements of MYC and BCL2,
MYC and BCL6 (double-hit [DH] lymphoma), or all
three genes (triple-hit [TH] lymphoma) [3,4] with a
median survival of 1 year [5,6]. Although a standard of
care has not been established, guidelines from the
National Comprehensive Cancer Network suggest that
more aggressive treatment regimens may improve out-
comes [7-9]. These cases are classified as a distinct
entity called ‘high-grade B-cell lymphoma with MYC
and BCL2 and/or BCL6 rearrangements’ (HGBL-DH/
TH) according to the World Health Organization
(WHO) classification system [1].

As a means of distinguishing HGBL-DH/TH from
other types of DLBCL, the detection of MYC, BCL2,
and BCL6 rearrangements using fluorescence in situ
hybridization (FISH) is currently the gold standard
[1,10]. However, the FISH test is expensive, laborious,
and inaccessible to some pathological laboratories [4].
Therefore, a more convenient and accessible screening
strategy for HGBL-DH/TH with DLBCL morphology
is an unmet clinical need [4,10].

Recently, two independent studies have established
the molecular differences in gene expression profiling
between HGBL-DH/TH and other types of DLBCL
[11,12]. HGBL-DH/TH tended to express higher levels
of MYC and its targets (proliferative phenotypes),
decreased expression of genes associated with apopto-
sis, and genes related to T cells and dendritic cells in
the tumor microenvironment (TME) [11,12]. Although
gene expression profiling, even a simplified approach,
may aid in the differentiation of HGBL-DH/TH from
other types of DLBCL, this method is still not practi-
cal for routine pathological examination [11,12].

The influence of TME on DLBCL was also demon-
strated by a recent study on immune-related gene
expression profiles. The study participants were patients
with high-risk DLBCL, and patients with HGBL-DH/
TH were excluded. The study demonstrated that a lower
proportion of myofibroblasts, CD4+ T cells, and den-
dritic cells correlated with poorer outcomes [13].
Whether these TME features could predict HGBL-DH/
TH is unclear.

In the present study, we explored the utility of
immunohistochemical (IHC) staining on pathological
samples for the examination of cellular proliferation,
apoptosis, T cells, and dendritic cells to distinguish
HGBL-DH/TH from other types of DLBCL. By deci-
sion tree analysis and decision curve analysis (DCA),
we established that the presence of germinal center B
(GCB) subtypes, a higher proliferative index, BCL2
expression, and a decreased number of dendritic cells
in the TME indicated improved performance in the
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screening of HGBL-DH/TH compared with the tradi-
tional GCB subtypes and the dual expression of MYC
and BCL2 (double-expressor lymphoma, DEL)
method. Moreover, a decrease in dendritic cells in the
TME was an independent unfavorable prognostic fac-
tor for overall survival.

Materials and methods

Cohort and specimen collection

This was a retrospective study conducted at the National
Taiwan University Hospital (NTUH) and National
Taiwan University Cancer Center (details provided in
supplementary material, Table S1). The cohort included
consecutive NTUH patients with newly diagnosed (de
novo and secondary) lymphoma with data on DLBCL
morphology and immunophenotypes but not data on
FISH findings, and the data covered the period from
May 2012 to December 2016 (cohort 1). To enrich the
small set of data on HGBL-DH/TH to improve model
training, we included an additional 12 patients with
FISH-confirmed HGBL-DH/TH and 21 with DLBCL,
not otherwise specified (NOS) (which meant no DH/TH
genotypes) for the period of January 2017 to May 2021
(cohort 2).

Formalin-fixed paraffin-embedded (FFPE) tissue
blocks and glass slides were obtained for each of the
patients. All slides were reviewed by a hem-
atopathologist (C-TY) according to the WHO diagnos-
tic criteria. The exclusion criteria were (1) patients
under 18 years old, (2) glass slides and/or FFPE blocks
unavailable for review, (3) cases not fulfilling the diag-
nostic criteria of either DLBCL or HGBL-DH/TH
according to the WHO classification system, and
(4) tumor cells of insufficient quality or quantity for
analysis. All the studies were designed and performed
under the guidance of the institutions’ research ethics
committees.

Clinical information

Clinical data at diagnosis were retrieved from electronic
medical records; these data included sex, age, date of
diagnosis, laboratory data at disease onset, findings
from imaging studies for staging, international prognos-
tic index (IPI) score, induction regimens, date of last
follow-up, and survival status at the last follow-up.

IHC study and chromogenic in situ hybridization

The THC staining markers included CD20, CD79a,
PAXS, CD3, CD5, cyclin D1, SOX11, CD10, BCLS6,
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MUMI1, MYC, BCL2, and CDl11c (see supplementary
material, Table S2 for details of the antibodies used in
this study). An Epstein—Barr virus-encoded small
RNA probe (DNP probe, Ventana, Tucson, AZ, USA)
and an ISH iView Kit (Ventana) were used for
Epstein—Barr virus detection. IHC and chromogenic in
situ hybridization were performed using an automated
immunostainer (BENCHMARK XT, Ventana).

At least one B-cell marker (CD20, CD79a, or
PAXS5) with diffuse (almost 100%) expression and
without T-cell marker (CD3) expression was used to
determine the B-cell lineage. If at least two of the
CDS5, cyclin D1, and SOX11 biomarkers were positive
(staining on >10% of the total tumor cells), pleomor-
phic mantle cell lymphoma was diagnosed and the
patient was excluded from the cohort [14]. Hans algo-
rithms were used to determine the -cell-of-origin
(COO) [1]; the thresholds for CD10, BCL6, and
MUMI1 were 30%, and the thresholds for MYC and
BCL2 were 40 and 50%, respectively [1].

Quantitative analysis of proliferation, apoptosis, T
cells, and dendritic cells using
immunohistochemistry

All the parameters were analyzed either through visual
inspection by pathologists (C-TY and/or KC), who
were blinded to the original diagnoses, or by digital
pathology (supplementary material, Table S3).

For digital pathology, the slides were scanned using
a 3D Histech P250 High-Capacity Slide Scanner
(3DHISTECH Ltd, Budapest, Hungary). A 4-mm? rep-
resentative region of interest (ROI) within the tumors
was selected by a pathologist (C-TY). These ROIs
were quantitatively analyzed using either QuPath soft-
ware [15] or StrataQuest software (TissueGnostics,
Vienna, Austria).

Proliferation was assessed by Ki67 proliferative
index, defined by the ratio of the Ki67-positive cell
count to the nucleated cell count (theoretical range: 0—
100%). Apoptosis was evaluated using activated
caspase-3 immunostaining. We defined the apoptotic
index as the ratio of activated caspase-3-positive areas
to the nucleated areas (theoretical range: 0-100%). We
chose to use the area ratio rather than count because a
single cell could produce apoptotic bodies of a hetero-
geneous size and number; thus, the total apoptotic body
area would better represent cellular apoptotic activity.
The proliferation—apoptosis ratio, which represents the
balance between proliferation and apoptosis, was also
calculated. The T-cell percentage was evaluated as the
ratio of the CD3-positive cell count to the nucleated cell
count (theoretical range: 0-100%). All slides were
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visually inspected and scored by one pathologist. In
addition, 10 randomly selected slides were scored by
another pathologist and/or through digital pathology.
The results were compared for interobserver reliability.
The dendritic cells were quantified by CD11c IHC,
which is a lineage-specific marker for classical den-
dritic cells [16]. The CD1l1c ratio was determined by
the CD11c-stained area to the colored area (equation
included in the extended method description in Sup-
plementary materials and methods, theoretical range:
0-1). The ratios were calculated using software
because the pathologists were relatively unfamiliar
with the CDllc staining pattern. After training, a
pathologist (C-TY) classified the CD11c slides without
any knowledge of the digital pathology results. The
pathologist’s interpretation was compared with the
software-produced result to assess accuracy.

FISH for MYC, BCL2, and BCL6 rearrangements

We evaluated the MYC, BCL2, and BCL6 rearrangements
using FISH and break-apart probes (Vysis MYC, BCL2,
BCL6 Break-Apart FISH Probe Kit, Abbott Molecular,
Des Plaines, 1L, USA). Tissue sections with a thickness
of 3 pm were cut from the FFPE blocks, pretreated with
a buffer for 65 min, and digested by protease IV for 75
min. Probes were hybridized on a ThermoBrite system
(Abbott) overnight, and 4',6-diamidino-2-phenylindole
(DAPI) was used for counterstaining.

Rearrangement was defined by the presence of adequate
cells with split signals, which was defined as a green signal
that was two signal diameters away from a red signal or
vice versa. Cells with independent green signals with no
red signal nearby, or vice versa, were also considered posi-
tive for split signals [17]. We used non-neoplastic tonsil
from 20 control individuals to determine the cut-off values,
which were defined to be three standard deviations from
the mean. In our laboratory, the values were 6, 7, and 7 for
the MYC, BCL2, and BCL6 probes, respectively, from the
100 cells counted.

Statistics

All statistical analyses were performed using R soft-
ware (version 4.0.2, R Core Team, 2020). The
Wilcoxon signed-rank test (or Student’s f-test),
Kruskal-Wallis test, Fisher’s exact test (or chi-square
test), and linear-by-linear test were used to compare
the clinical and pathological parameters (@ = 0.05)
according to the type of variable. Lugano stage and
IPI group were treated as ordinal variables.

The available-case method was used for missing
data based on a univariate analysis of the clinical and

J Pathol Clin Res 2022; 8: 436447



CDI Ic predicts DH/TH and survival in DLBCL

pathological parameters. For random forest, decision
tree, and DCAs, we adopted the method of multivari-
ate imputation by chained equations (R package mice,
v3.13.0) [18] to impute missing data.

A receiver operating characteristic (ROC) curve was
drawn and the area under the curve (AUC; a = 0.05)
was determined to identify potential predictivity
(R package ROCit, v2.1.1) [19]. The Youden index
was used to determine the cutoff for the Ki67 prolifer-
ative index, apoptotic index, T-cell percentage, and
CDl11c ratio. The interobserver reliability of the patho-
logical quantification was assessed using the Pearson
correlation coefficient or Cramer V coefficient
according to the type of variable.

To establish the model, we initially used the random
forest method to select the potential variables for
predicting HGBL-DH/TH and to minimize overfitting
(R randomForest package, v4.6-14) [20]. Subse-
quently, a screening strategy was determined using a
decision tree analysis (R rpart package, v4.1-16) [21].
A DCA was used to determine the improvement
yielded by our proposed model relative to that of a tra-
ditional model [22]. In brief, DCA is an analysis tool
to facilitate a decision of adopting a diagnostic test
based on a patient’s considerations on the benefit and
risk of a specific diagnostic procedure. The R source
code was derived from the Memorial Sloan Kettering
Cancer Center (NY, USA) [23]. A detailed explanation
of DCA is given in the extended methods in Supple-
mentary materials and methods.

A log-rank test was used to conduct a Kaplan—Meier
survival analysis with the aid of the survival (v3.3-1)
[24] and survminer packages (v0.4.9; a = 0.05) [25]
in R. A multivariate Cox regression was used to evalu-
ate the prognostic significance of the clinical and path-
ological parameters. Transplantation status was treated
as a time-dependent variable. The methods are detailed
in Supplementary materials and methods.

Results

Clinical features

Two cohorts participated in the study. Cohort 1 included
169 consecutive patients from a total of 539 (31.4%)
patients who were newly diagnosed with lymphoma
with  DLBCL morphology and immunophenotypes
(supplementary material, Figure S1). Cohort 2 included
an additional 12 patients with HGBL-DH/TH and
21 with DLBCL, NOS. Together, the cohorts com-
prised a total of 202 patients with DLBCL, including
19 patients with HBGL-DH/TH and 183 patients with

© 2022 The Authors. The Journal of Pathology: Clinical Research published by The Pathological Society

of Great Britain and Ireland and John Wiley & Sons Ltd.

439

DLBCL, NOS. The cases of HGBL-DH/TH comprised
eight cases of MYC/BCL2-DH, six cases of MYC/
BCL6-DH, and five cases of TH.

The clinical parameters of the participants are listed in
Table 1 (stratified by HGBL-DH/TH and DLBCL, NOS)
and supplementary material, Table S4 (stratified by
cohort 1 and cohort 2). The prevalence of HGBL-DH/
TH in the consecutive cohort (cohort 1) was 4.1%
(7/169; supplementary material, Table S4) and represents
the true prevalence of HGBL-DH/TH in patients with
DLBCL. Compared with DLBCL NOS, HGBL-DH/TH
was associated with a significantly higher level of lactate
dehydrogenase (73.7 versus 40.3%), higher rates of
Lugano stages 3 and 4 (100 versus 52.7%), more than
one site of extranodal involvement (57.9 versus 25.3%),
and, consequently, a higher rate of being in a high-risk
or moderate-to-high-risk IPI group (84.2 versus 38.8%).
These results indicate that HGBL-DH/TH exhibited
aggressive clinical behavior (Table 1). Patients with
HGBL-DH/TH also received aggressive induction regi-
men more frequently (31.6 versus 4.9%) (Table 1).

Pathological biomarkers

The pathological parameters of the patients are listed in
Table 2 and Figure 1. Data relating to pathological
parameters were missing (unavailable, especially in con-
sultation cases) for 1.2% of the patients (3.2% for
HGBL-DH/TH; 0.98% for DLBCL, NOS). Most
instances of HGBL-DH/TH featured the GCB subtype
of COO, which expressed MYC more frequently and
had a higher Ki67 proliferative index. The remaining
pathological parameters exhibited no statistical signifi-
cance in the univariate analysis (Table 2). The continu-
ous variables determined by the two pathologists had a
high concordance (supplementary material, Figure S2A—
C). In addition, we found no statistically significant dif-
ference of CD3(+) T cells or CD11c(+) dendritic cells
among tumor tissue from different organs (supplemen-
tary material, Figure S3).

Establishment of a screening model by random
forest and decision tree analysis

We used the ROC curve to determine the optimal
threshold for the continuous variables, including the
Ki67 proliferative index, apoptotic index, CD3 per-
centage, and CDllc ratio (supplementary material,
Figure S4). The optimal thresholds (Youden index)
were 70%, 2%, 25%, and 0.28, respectively. The
AUCs were 0.68, 0.52, 0.55, and 0.59, respectively.
Only the Ki67 proliferative index reached a significant
AUC above the diagonal line of 0.5 (95% confidence
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Table 1. Comparison of clinical parameters among the different types of lymphoma in the whole cohort (including cohort 1 and
cohort 2)

Parameter Total (N = 202)" HGBL-DH/TH (N = 19)* DLBCL, NOS (N = 183)* P value
Male sex, no. (%) 112 (55.4%) 12 (63.2%) 100 (54.6%) 0.63
Age, years
Median (IQR) 62.5 (20.7) 62.2 (21.5) 62.7 (20.5) 0.63
Range 25.1-97.6 44.3-87.0 25.1-97.6
B symptoms, no. (%) 79 (39.1%) 10 (52.6%) 69 (37.7%) 0.22
Elevated serum LDHT, no. (%) 85/195 (43.6%) 14 (73.7%) 71/176 (40.3%) 0.007**

Stage (Lugano), no. (%)

| 36/199 (18.1%) 0 (0%) 36/180 (20.0%) 0.0003**
1] 49/199 (24.6%) 0 (0%) 49/180 (27.2%)
] 31/199 (15.6%) 5 (26.3%) 26/180 (14.4%)
\% 83/199 (41.7%) 14 (73.7%) 69/180 (38.3%)
Extranodal sites >1, no. (%) 56/197 (28.4%) 11 (57.9%) 45/178 (25.3%) 0.006™
ECOG-PS >1, no. (%) 53/201 (26.4%) 6 (31.6%) 47/182 (25.8%) 0.59
IPI group, no. (%)
Low risk 72/194 (37.1%) 1 (5.3%) 71/175 (40.6%) 0.0003**
Low-intermediate risk 38/194 (19.6%) 2 (10.5%) 36/175 (20.6%)
High-intermediate risk 47/194 (24.2%) 9 (47.4%) 38/175 (21.7%)
High risk 37/194 (19.1%) 7 (36.8%) 30/175 (17.1%)
Induction regimen®, no. (%) 0.001*
Palliative 16 (7.9%) 0 (0%) 16 (8.7%)
Standard 171 (84.7%) 13 (68.4%) 158 (86.3%)
Aggressive 15 (7.4%) 6 (31.6%) 9 (4.9%)
Stem cell transplantation, no. (%) 25 (12.4%) 4 (21.1%) 21 (11.5%) 0.26

Significance level: *p < 0.05; **p <0.01; ™ p < 0.001.

ECOG-PS, Eastern Cooperative Oncology Group Performance Status; IQR, interquartile range; LDH, lactate dehydrogenase.

*The sample sizes are listed in each cell if there were missing data.

*Elevated serum LDH meant serum LDH above the upper normal limit of laboratory reference.

“The induction treatment regimen in our cohorts was stratified into ‘palliative’, ‘standard’, and ‘aggressive.” The ‘palliative’ category included patients who
received palliative treatment only or no treatment at all. The ‘standard’ category included R-CHOP (rituximab plus cyclophosphamide, doxorubicin, vincristine, and
prednisone), RB (rituximab and bendamustine), and other similar regimens. The ‘aggressive’ category included DA-EPOCH-R (dose-adjusted etoposide, prednisone,
vincristine, cyclophosphamide, and doxorubicin plus rituximab), R-hyperCVAD (rituximab plus hyperfractionated cyclophosphamide, vincristine, doxorubicin, and
dexamethasone), R-CODOX-M/R-IVAC (rituximab plus cyclophosphamide, vincristine, doxorubicin, and high-dose methotrexate alternating with rituximab plus
ifosfamide, etoposide, and high-dose cytarabine), and R-ESHAP (rituximab plus etoposide, methylprednisolone, cytarabine, and cisplatin).

Table 2. Comparison of pathological parameters among different types of lymphoma

Parameter Total HGBL-DH/TH (N = 19) DLBCL, NOS (N = 183) Pvaluet
CO0 = GCB, no. (%) 96 (47.5%) 18 (94.7%) 78 (42.6%) <0.0001**
EBER 6/201 (3%) 0 (0%) 6/182 (3.3%) 1
MYC IHC(+), no. (%) 74 (36.6%) 11 (57.9%) 63 (34.4%) 0.049*
BCL2 IHC(+), no. (%) 143/201 (71.1%) 17 (89.5%) 126/182 (69.2%) 0.068
Double expressor*, no. (%) 54 (26.7%) 9 (47.4%) 45 (24.6%) 0.052
Ki67 proliferative index, %
Median (IQR) 70 (40) 80 (30) 70 (38.75) 0.01*
Range 3-100 25-100 3-100
Apoptotic index, %
Median (IQR) 3 (3.5 3 (4.5) 3(3.25) 0.70
Range 1-25 1-15 1-25
Proliferation-apoptosis ratio
Median (IQR) 16.25 (16.67) 20 (30) 16 (15.42) 0.2
Range 1.33-100 6.67-100 1.33-100
CD3, %
Median (IQR) 10 (15) 15 (15) 10 (15) 0.71
Range 1-70 1-25 1-70
CD11c ratio
Median (IQR) 0.275 (0.4) 0.17 (0.265) 0.28 (0.4) 0.21
Range 0-1 0-0.81 0-1

Significance level: *p < 0.05; **p < 0.01; **p < 0.001.

EBER, epstein-Barr-virus-encoded small RNA; IQR, interquartile range.

*Pvalues in this column represented the univariate analysis of the difference between HGBL-DH/TH and DLBCL, NOS.
*Double expressor: concurrent MYC(+) and BCL2(+) by IHC.
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A

Figure 1. Representative images of potential IHC biomarkers. (A) A case of HGBL-DH with MYC and BCL2 rearrangements. Nuclear
staining irrespective of size was calculated (red horizontal arrow), whereas cytoplasmic staining was not counted (green vertical arrow).
The apoptotic index was approximately 1% (x400, activated caspase 3). (B) A case of DLBCL, NOS with MYC rearrangement. The apo-
ptotic index was approximately 10% (x400, activated caspase 3). (C) A case of HGBL-DH with MYC and BCL6 rearrangements. T-cell
percentage was approximately 5% (x200, CD3). (D) A case of DLBCL, NOS. T-cell percentage was approximately 30% (x200, CD3). (E) A
case of HGBL-TH. CD11c¢ ratio was 0.01 (x200, CD11c). (F) A case of DLBCL, NOS. CD11c ratio was 0.82 (x200, CD11c).

interval [CI]: 0.54-0.82). The use of the proliferation—  index alone. Therefore, we chose separate parameters
apoptosis ratio did not yield a clearer distinction  rather than a combination for further analysis. The
(AUC = 0.62) than the use of the Ki67 proliferative = CDl11c ratios determined by the pathologists accorded
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well with their software-determined counterparts (sup-
plementary material, Figures S2 D and S5).

We used the random forest method to select the var-
iables for a predictive model and to prevent overfitting
in the decision tree analysis. COO, Ki67 index, BCL2
expression, CD3, and CDl11c ratio were the key vari-
ables for predicting HGBL-DH/TH (supplementary
material, Figure S6). Subsequently, we employed a

C-T Yuan et al

decision tree analysis to establish an algorithm to pre-
dict HGBL-DH/THs (Figure 2A). In brief, a patient
with a DLBCL with a GCB COO, a Ki67 proliferative
index >70%, or high BCL2 expression exhibited a risk
of HGBL-DH/TH that was higher than the prevalence
of 4.1% in the general population (Figure 2A). Low
CDllc staining constituted an additional risk for
HGBL-DH/TH (Figure 2A). CD3 was discarded by
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Figure 2. Predictive models for HGBL-DH/TH and their benefit. (A) Decision tree analysis provided a simple algorithm for practical pur-
poses. Overall, GCB subtypes of COO, high Ki67 proliferative index equal to or more than 70%, and BCL2 expression had non-negligible
risk of HGBL-DH/TH. Additional CD11c-low phenotypes implied higher risk. The risk is provided in the bar plot below the ‘leaf .
(B) Traditional decision model by COO and DEL. (C) DCA of the real-world cohort (cohort 1) showed more net benefit using the new
model (in panel A) compared with the traditional model (in panel B). The analysis evaluated the net benefit (y-axis), which was the dif-
ference between true-positive rate and false-positive rate (the latter is weighted by a factor for tradeoff). The equation is included in
the extended methods in Supplementary materials and methods. The x-axis is threshold probability, which represents the risk cutoff
above which doing the FISH test would be considered. The threshold would differ among each shared decision-making by patients and
clinicians. The higher threshold means greater clinical concern about the FISH test (e.g. the expense). The lower threshold means more
clinical concern about missing HGBL-DH/TH. The light gray line ‘All’ indicates doing a FISH test for all DLBCLs. The slope changes
according to disease prevalence. The dark gray line ‘None’ indicates testing no cases for all DLBCL (and hence no net benefit). Overall,
the new model provided net benefit over the traditional model with a clinically relevant threshold probability less than 0.33. (D) Net
reduction plot in DCA. The new model provided FISH test reduction if the risk threshold was less than 0.33. The highest reduction was
approximately 20 per 100 patients for a threshold probability of 0.05.

© 2022 The Authors. The Journal of Pathology: Clinical Research published by The Pathological Society
of Great Britain and Ireland and John Wiley & Sons Ltd.
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the pre-pruning process in the decision tree analysis
(details of pre-pruning are described in the extended
methods in Supplementary materials and methods).

Validation of the screening model by DCA

To compare the predictive power of the new model
(Figure 2A) and the traditional model (Figure 2B) in a
real-world setting, we introduced a DCA and applied
it to the consecutive cohort (cohort 1). This served as
a better method for evaluating a screening model than
ROC curve analysis because the latter fails to account
for disease prevalence. In Figure 2C, the threshold
probability represents a diagnostic certainty above
which the patients would choose a further diagnostic
test (i.e. FISH in this context). Therefore, the lower
the threshold probability, the more likely the patients
would choose to receive the diagnostic test because
the side effects or risk of the procedure are considered
to be low. On the other hand, the y-axis represents net
benefit, which means the true-positive rate
(i.e. HGBL-DH/TH) minus false-positive rate (FISH
testing turns out to be DLBCL, NOS) times a
weighting factor (i.e. threshold probability/1 — thresh-
old probability) (see the extended methods in Supple-
mentary materials and methods). This weighting factor
serves as a compensation for the consequences of false
positivity. For example, if a patient has low threshold
probability, the weighting factor is small, implying a
minimal burden of false positivity and hence a greater
net benefit [22]. Our results showed that more HGBL-
DH/TH could be captured (Figure 2C) and more FISH
tests can be waived (Figure 2D) by the new model if
threshold probability is less than 0.33. For example,
suppose that a patient is willing to receive a FISH test
if the risk of HGBL-DH/TH reported by the screening

Table 3. Cost-benefit analysis, provided a risk above 15%
warrants FISH tests, of the real-world consecutive cohort 1t

Predictive model New* Traditional®

Positive predictive value 22.7% 33.3%

Negative predictive value 98.6% 97.5%

No. of FISH required 22 (13.0%) 9 (5.3%)
(screening percentage, %)

No. of HGBL-DH/TH captured 5 (71.4%) 3 (42.9%)

(sensitivity, %'")

*Cohort 1 contains 169 patients with DLBCL morphology, including 7 HGBL-
DH/TH.

*New model means the algorithm provided in Figure 2A. The risk of HGBL-DH/
TH more than 15% is considered to be positive and will receive FISH test.
$raditional model means GCB subtypes combined with MYC and BCL2 double
expression are considered to be positive and will receive FISH test.

IThe percentage is the number of FISH required out of total case number.
*The percentage is the number of HGBL-DH/TH captured out of total HGBL-
DH/TH case number.
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model is more than 15% (i.e. risk threshold is 0.15).
The new model is more likely to capture HGBL-DH/
TH (new versus traditional: 71.4 versus 42.9%) than
the traditional model, at the expense of a small
increased number of FISH tests (13 versus 5.3%;
Table 3). For another example with threshold proba-
bility of 0.05, our new model can reduce FISH tests

A Strata == DH/TH(-) == DH/TH(+)

Number at risk

-I 183 101 86 38 5
- |19 3 3 1 1
0 2 4 6 8
Time
B Strata == CD11c(H) == CD11c(L)
>1.00
8075 b
5050] ------------2 nr R, ST T TS
> Log-rank ' |—1
g 0251 ;255001
90.00
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Figure 3. Survival analysis of DLBCL. (A) Kaplan-Meier plot showing
significantly worse overall survival in the DH/TH(+) group. (B) Kaplan-
Meier plot showing significantly worse overall survival in the CD11c
(L) group. Long-term survival was reached in 70% of patients in the
CD11¢(H) group. (C) When DLBCL was stratified by CD11c and DH/TH
genotypes, the survival was worst in the CD11c(L) groups with DH/TH
genotypes. CD11¢(H), high CD11c group; CD11c(L), low CD11¢ group;
DH/TH(—), no DH/TH genotype; DH/TH(+), with DH/TH genotype.
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Table 4. Multivariate Cox regression of overall survival in DLBCL

Hazard ratio (95% CI) P value

IPI risk groupJr 3.24 (1.87-5.60) 0.00003***
Transplantation status® 1.80 (0.84-3.85) 0.13
Induction regimen®

Palliative versus standard 6.15 0.0016™

Aggressive versus standard 0.98 0.96
EBV 1.15 (0.32-4.20) 0.83
COO0 of GCB 0.80 (0.45-1.41) 0.44
MYC 1.08 (0.61-1.90) 0.80
BCL2 0.88 (0.48-1.62) 0.68
Ki67 less than 70% 1.32 (0.75-2.33) 0.33
Apoptotic index less than 2% 0.56 (0.30-1.04) 0.068
T-cell percentage less than 25% 2.65 (1.04-6.74) 0.041*
CD11c ratio less than 0.28 1.91 (1.08-3.40) 0.027*

DH/TH genotype 1.53 (0.65-3.63) 0.33

Significance level: *p <0.05; **p <0.01; **p < 0.001.

*IPI risk group was treated as an ordinal variable. The hazard ratio shown was
the linear term.

ransplantation status was treated as a time-dependent variable.

SInduction regimen was treated as a categorical variable, stratified into ‘pallia-
tive’, ‘standard’, and ‘aggressive.” The ‘palliative’ category included patients
who received palliative treatment only or no treatment at all. The ‘standard’
category included R-CHOP (rituximab plus cyclophosphamide, doxorubicin, vin-
cristine, and prednisone), RB (rituximab and bendamustine), and other similar
regimens. The ‘aggressive’ category included DA-EPOCH-R (dose-adjusted
etoposide, prednisone, vincristine, cyclophosphamide, and doxorubicin plus
rituximab), R-hyperCVAD (rituximab plus hyperfractionated cyclophosphamide,
vincristine, doxorubicin, and dexamethasone), R-CODOX-M/R-IVAC (rituximab
plus cyclophosphamide, vincristine, doxorubicin, and high-dose methotrexate
alternating with rituximab plus ifosfamide, etoposide, and high-dose cytarabine),
and R-ESHAP (rituximab plus etoposide, methylprednisolone, cytarabine, and
cisplatin).

(32.5 versus 43.8%) with capture of the same percent-
age of HGBL-DH/TH (85.7%) as the traditional model
(supplementary material, Table S5).

CD11c is an independent prognostic factor

Kaplan—Meier survival analysis demonstrated that
patients with HGBL-DH/TH had a statistically signifi-
cant worse overall survival rate (Figure 3A). Using
univariate analysis, we found that low CD11c staining
intensity in the TME was an unfavorable factor for
survival (Figure 3B,C). The result held true after
adjusting for other clinical and pathological parameters
(hazard ratio: 1.91; 95% CI: 1.08-3.40; p = 0.027 <
0.05; Table 4). CDl11c intensity, formulated as a con-
tinuous variable in regression analysis, remained
prognostically significant (for each 0.1 decrease in the
CDl Ic ratio: hazard ratio: 1.19; 95% CI: 1.04—1.35).

Discussion

In this study, we have demonstrated that the presence
of DLBCL with GCB subtypes, a Ki67 proliferative
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index above 70%, and the presence of BCL2 expres-
sion can be used to screen for HGBL-DH/TH; this
serves as an inexpensive and convenient method for
doing so. Furthermore, a lower number of CD11c(+)
dendritic cells indicated further risk of HGBL-DH/TH.
Notably, the number of CD11c(+) dendritic cells was
more closely associated with prognosis than the geno-
type of DH/TH irrespective of the IPI risk group. Our
findings provide a potentially meaningful platform for
the identification of HGBL-DH/TH.

Traditionally, DLBCL with GCB and DEL has been
regarded as a screening tool for HGBL-DH/TH in a
FISH-limiting setting [10]. However, two facts are not
accounted for in this approach. First, the reported preva-
lence of the disease is wide ranging (1-11%)
[10,26,27], which is probably caused by selection bias
in retrospective studies or clinical trials. The second is
the variation in the subjective threshold probability (the
risk cutoff above which doing the FISH test would be
considered) after shared decision-making by clinicians
and patients. In the present study, we used DCA, which
was demonstrated to be a better statistical method for
evaluating a screening model than ROC curve analysis.
DCA has been widely used for analyzing an optimal
clinical decision in recent years [22,28-30]. Our results
demonstrate that our proposed model has a better net
benefit than the traditional model across a wide range of
threshold probabilities. Although the positive predictive
value derived from the proposed model is lower than
that of the traditional model at certain threshold proba-
bilities, such as 0.15 (Table 3), the negative predictive
value, which reflects the missing of HGBL-DH/TH, is
superior and appears to be more clinically relevant. To
the best of our knowledge, this is the first study intro-
ducing DCA to an HGBL-DH/TH screening program.

Our proposed model was designed following a proof
of concept in the lymphomagenesis of HGBL-DH/TH.
MYC is a proto-oncogene not only providing highly
proliferative phenotypes, but also producing a more
pro-apoptotic effect [31]. The latter is offset by the
anti-apoptotic effect of overexpressed BCL2 or, poten-
tially, BCL6 [32,33]. Our study demonstrates that,
when an THC method is used, the Ki67 proliferative
index and BCL2 IHC are more powerful for the pre-
diction of HGBL-DH/TH than MYC IHC and the apo-
ptotic index. A recent study demonstrated a
discordance between MYC expression by IHC and
MYC rearrangement [34], supporting the limitation of
MYC IHC in a HGBL-DH/TH screening model. Ki67
has been demonstrated to be an unreliable marker for
screening HGBL-DH/TH, with a cutoff of 90% [5].
However, the cutoff was determined for predicting sur-
vival rather than DH/TH genotypes [5]. In our study,

J Pathol Clin Res 2022; 8: 436447



CDI Ic predicts DH/TH and survival in DLBCL

random forest selection and decision tree analysis pro-
vided evidence of the utility of Ki67 with lower cutoff
at 70% as a screening model.

Notably, the patients with HGBL-DH/TH not cap-
tured by our new model were primarily MYC/BCL6-
DH (three MYC/BCL6-DH and one MYC/BCL2-DH;
supplementary material, Table S6). The reasons for
this are unclear, but MYC/BCL6-DH may differ from
TH and MYC/BCL2-DH [1]. For example, the former
has more heterogenous morphology and an activated
B-cell signature [1]. The prognostic significance of
MYC/BCL6-DH is also doubtful [35]. In addition, lym-
phoma with a ‘pseudo-DH’ of BCL6 fused directly on
MYC (rather than an individual rearrangement with
immunoglobulin-related genes or other genes) has no
prognostic significance and is indistinguishable from
true HGBL-DH/TH using a conventional interphase
FISH test [36]. Our findings support the uniqueness of
MYC/BCL6-DH.

In tissue, CD11c(+) cells are mostly classical den-
dritic cells, one of the most common types of dendritic
cell [37]. Dendritic cells are crucial for native T-cell
differentiation, which is the main factor in antitumor
immunity, especially in antigen presentation [37]. Our
study demonstrates that a low number of CD11c(+)
dendritic cells in the TME predicts survival better than
the DH/TH genotype. Several lines of evidence sug-
gest an important prognostic significance of CD11c(+)
dendritic cells for lymphoma. First, higher levels of
CDl1lc in serum correlate with lower Lugano stages
and better overall survival [38]. Second, small cohorts
have demonstrated the survival benefit of high CD11c
expression in tumor tissue [39,40]. Third, the abun-
dance of dendritic cells is also an important prognostic
factor in non-DH/TH high-IPI risk DLBCL [13]. Nota-
bly, gene expression profiling has demonstrated that
TME-related genes, including those related to dendritic
cells, are markedly downregulated in HGBL [11,12].
Of these, CD1lc is one of the most differentially
expressed genes in molecular HGBL and the other
GCB DLBCLs (supplementary material, Figure S7)
[11]. This evidence supports our finding that simple
CDl11c IHC on pathology slides has prognostic value
for DLBCL and aids the identification of HGBL-
DH/TH.

This study has several limitations. First, selection
bias may be present because this is a retrospective
study in which only 30% of the consecutive cases
were eligible for multiple reasons (supplementary
material, Figure S1), especially exclusion of half of
the eligible cases due to specimen inadequacy. How-
ever, there were still 6.4% (13/202) of core biopsy
specimens and 5.4% (11/202) of endoscopic biopsy
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specimens included for model training. Second, the
number of HGBL-DH/TH cases remains low, making
our statistics less reliable. Third, we only explored the
T cells and dendritic cells in the DLBCL TME. A
broader overview of TME components may provide a
more powerful predictive platform for HGBL-DH/TH.
Fourth, we did not validate our results with an inde-
pendent cohort. Finally, the biological value of den-
dritic cells in DLBCL TMEs should be explored
further.

In summary, we have provided a simple and power-
ful algorithm for predicting DH/TH genotypes in
DLBCL using the predictors of the presence of GCB
COO, a Ki67 proliferative index above 70%, and
BCL2 expression. A decreased number of CD11c(+)
dendritic cells poses additional risk for DH/TH geno-
types and is an independent unfavorable prognostic
factor.
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