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Highlights
e Targeted agents based on genetic subtyping improve
R-CHOP efficacy in DLBCL

e Inflammatory and immune-depleted tumors have greater
sensitivity to therapy

e Genetic subtype-guided immunochemotherapy is promising
first-line therapy in DLBCL
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In brief

Zhang et al. report findings from the
GUIDANCE-01 trial showing genetic
subtype-guided immunochemotherapy
(R-CHOP-X) improves complete
response rate, progression-free and
overall survival in diffuse large B cell
lymphoma (DLBCL). Among lymphoma
microenvironment subtypes,
inflammatory and immune-depleted
tumors may benefit from R-CHOP-X. This
mechanism-based tailored therapy dually
targeting genetic and
microenvironmental alterations is
effective and safe in newly

diagnosed DLBCL.
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SUMMARY

We report the results of GUIDANCE-01 (NCT04025593), a randomized, phase Il trial of R-CHOP alone or com-
bined with targeted agents (R-CHOP-X) guided by genetic subtyping of newly diagnosed, intermediate-risk,
or high-risk diffuse large B cell ymphoma (DLBCL). A total of 128 patients were randomized 1:1 to receive
R-CHOP-X or R-CHOP. The study achieved the primary endpoint, showing significantly higher complete
response rate with R-CHOP-X than R-CHOP (88% vs. 66%, p = 0.003), with overall response rate of 92%
vs. 73% (p = 0.005). Two-year progression-free survival rates were 88% vs. 63% (p <0.001), and 2-year overall
survival rates were 94% vs. 77% (p = 0.001). Meanwhile, post hoc RNA-sequencing validated our simplified
genetic subtyping algorithm and previously established lymphoma microenvironment subtypes. Our findings
highlight the efficacy and safety of R-CHOP-X, a mechanism-based tailored therapy, which dually targeted
genetic and microenvironmental alterations in patients with newly diagnosed DLBCL.

INTRODUCTION

Diffuse large B cell lymphoma (DLBCL) is the most common
subtype of non-Hodgkin lymphomas.' Although anti-CD20 anti-
body rituximab, cyclophosphamide, doxorubicin, vincristine,
and prednisone (R-CHOP) immunochemotherapy significantly
improve clinical outcomes of DLBCL, only approximately 60%
of patients with intermediate risk or high risk (International Prog-
nostic Index [IPI] > 2) achieve complete response (CR) upon
R-CHOP treatment.?® With the development of novel targeted
agents, clinical trials have focused on combination with
R-CHOP in these subsets of DLBCL patients. In the PHOENIX
trial, the B cell receptor (BCR) signaling pathway inhibitor ibruti-
nib plus R-CHOP provided survival benefit among non-germinal
center B cell (non-GCB) lymphoma patients under 60 years old
with IPl 2-5.% In the ROBUST trial, lenalidomide plus R-CHOP
improved prognosis of activated B cell (ABC) lymphoma patients
with IPI 3-5.° Meanwhile, in the ECOG-ACRIN E1412 trial, lena-
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lidomide plus R-CHOP reduced the risk of progression or death
in DLBCL regardless of GCB and non-GCB subtype.® Recently,
in the POLARIX trial, polatuzumab vedotin targeting surface an-
tigen CD79b, rituximab, cyclophosphamide, doxorubicin, and
prednisone prolonged survival of all patients with IPI 2-5.” These
results indicate that novel targeted agents plus immunochemo-
therapy are promising therapeutic approaches in DLBCL.
Molecular heterogeneity may influence clinical outcomes in
DLBCL.® Two whole-exome sequencing (WES) studies pro-
posed genetic subtypes with comparable genetic features,®'°
including MCD/C5 cluster, BN2/C1 cluster, and EZB/C3 cluster,
while subtypes such as N1,° TP53-associated/C2 cluster, and
SGK1-associated/C4 cluster were slightly different.’® Recent
studies have also proven the feasibility of simplified genetic sub-
typing with targeted sequencing of selected genes.""' In addi-
tion to genetic alterations of tumor cells, the tumor microenviron-
ment plays an essential role in DLBCL progression. Four major
lymphoma microenvironment (LME) categories have been
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Figure 1. GUIDANCE-01 trial consort table
See also Figure S1.

defined, including germinal center-like (GC), with cell types
commonly found in germinal centers, mesenchymal (MS) for
the abundance of stromal cells and extracellular matrix path-
ways, inflammatory (IN) for the presence of inflammatory cells
and pathways, and a depleted (DP) form by an overall lower
presence of microenvironment-derived gene expression.'®
However, a therapeutic approach that selects different targeted
agents based on multiple genetic subtypes has not been
investigated.

As for the rationale of the selection of potential targeted
agents, DLBCL with MCD-associated mutations are often sensi-
tive to Bruton’s tyrosine kinase (BTK) inhibitor ibrutinib.'* BN2
subtype is also notably enriched for BCR-NF-«kB aberrations.”'°
Histone acetyltransferases CREBBP/EP300 mutations enriched
in EZB subtype can be targeted by histone deacetylase (HDAC)
inhibitors.'>'® Demethylating agent decitabine is effective in
acute myeloid leukemia (AML), myelodysplastic syndrome
(MDS), and DLBCL patients with TP53 mutations.'”"'® For N1
and unclassified subtypes, we applied lenalidomide for its po-
tential clinical efficacy in both GCB- and ABC-DLBCL.>%"° In
this study, we investigated genetic subtype-guided targeted
agents plus R-CHOP (R-CHOP-X) in a randomized, phase 2 clin-
ical trial, to evaluate efficacy and safety and to explore genetic
and LME subtypes that could benefit from R-CHOP-X in patients
with newly diagnosed intermediate-risk or high-risk DLBCL.
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RESULTS

Patient characteristics

Between July, 2019 and December, 2020, 134 patients were
screened and treated with 1 cycle of standard R-CHOP. Four pa-
tients did not meet eligibility because of suspected central ner-
vous system involvement by flow cytometry of cerebrospinal
fluid (n = 1) and insufficient DNA concentration for targeted
sequencing (n = 3), and 2 patients withdrew consent before
randomization. Therefore, a total of 128 patients were randomly
assigned 1:1 to the R-CHOP-X arm (n = 64) and the R-CHOP arm
(n = 64), as shown in Figures 1 and S1. All 128 randomized pa-
tients were included in the efficacy and safety analyses. The me-
dian time from diagnosis to treatment was 18 days (19 days in the
R-CHOP-X arm and 17 days in the R-CHOP arm). The median
time from enrollment to response to classifying patients accord-
ing to genetic subtypes was 14 days (range, 6-19). No patient
had treatment delay in the second cycle due to timely results
of genetic subtyping. Patient characteristics are summarized in
Tables 1 and S1. Baseline clinical and pathological characteris-
tics were comparable between the 2 groups with a median age of
64 years (range, 25-74). Most patients presented relatively high-
risk disease: 77% with Ann Arbor stage Ill or IV, 80% with
elevated serum LDH level, 52% with 2 or more extranodal
involvement sites, and 65% with IPI 3-5. Among 29 patients
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Table 1. Patient characteristics

Characteristics Total (n = 128) R-CHOP-X (n = 64) R-CHOP (n = 64) p value
Age (year): median (range) 64 (25-74) 64 (29-74) 64.5 (25-74) 0.905
Time from diagnosis to treatment (day): median (range) 18 (2-84) 19 (2-55) 17 (2-84) 0.547
Sex-Male: n (%) 67 (52%) 32 (50%) 35 (65%) 0.595
Stage llI-IV: n (%) 99 (77%) 47 (73%) 52 (81%) 0.291
Elevated LDH: n (%) 102 (80%) 53 (83%) 49 (77%) 0.380
Extranodal sites >2: n (%) 66 (52%) 33 (52%) 33 (62%) >0.999
ECOG performance status 0-1: n (%) 106 (83%) 54 (84%) 52 (81%) 0.639
IPI 3-5: n (%) 83 (65%) 42 (66%) 41 (64%) 0.853
Cell of origin: n (%)

GCB 23/84 (27%) 12/42 (28%) 11/42 (26%) 0.330
ABC 42/84 (50%) 18/42 (43%) 24/42 (57%)

Unclassified 19/84 (23%) 12/42 (28%) 7/42 (17%)

MYC/BCL2 double expression: n (%)

Yes 46 (36%) 24 (38%) 22 (34%) 0.713
No 82 (64%) 40 (63%) 42 (66%)

FISH: n (%)

MYC/BCLS6 re-arrangement 1 (1%) 12%) 0 >0.999
MYC/BCL2 re-arrangement 0 0 0 -
17p13 deletion 19/117 (16%) 10/57 (18%) 9/60 (15%) 0.709
Genetic subtype: n (%)

MCD-like 26 (20%) 13 (20%) 13 (20%) >0.999
BN2-like 23 (18%) 11 (17%) 12 (19%)

N1-like 5 (4%) 3 (5%) 2 (3%)

EZB-like 3 (2%) 1(2%) 2 (3%)

TP53Mut 21 (16%) 11 (17%) 10 (16%)

NOS 50 (39%) 25 (39%) 25 (39%)

See also Table S1.

R-CHOP, rituximab, cyclophosphamide, doxorubicin, vincristine, and prednisone. R-CHOP-X, R-CHOP plus targeted agents. LDH, lactate dehydro-
genase. ECOG, Eastern Cooperative Oncology Group. IPI, International Prognostic Index. GCB, germinal B cell. ABC, activated B cell. TP53™", TP53

mutations.

with Ann Arbor stage Il, 27 patients had elevated serum LDH
level and 5 patients had 2 extranodal sites. Among 84 patients
with available RNA-sequencing (RNA-seq) data, 71% of patients
presented with non-GCB phenotype (ABC and unclassified). As
assessed by immunohistochemistry, 36% of patients presented
with MYC/BCL2 double expression. One patient presented with
MYC/BCL6 re-arrangement lymphoma, and no patient had
MYC/BCL2 re-arrangement. Simplified 20-gene algorithm was
established (STAR methods) to categorize patients into MCD-
like (26/128, 20%), BN2-like (23/128, 18%), N1-like (5/128,
4%), EZB-like (3/128, 2%), TP53 mutations (TP53™") (21/128,
16%), and not otherwise specified (NOS) (50/128, 39%).

Clinical efficacy

Primary endpoint

The CR rate (CRR) at the end of the treatment was 88% (56/64,
95% Cl, 79 to 96) in the R-CHOP-X arm and 66% (42/64, 95% ClI,
54 to 78) in the R-CHOP arm (p = 0.003). The study met its pre-
specified primary endpoint. In terms of genetic subtypes, CRRs
of MCD-like, BN2-like, N1-like, EZB-like, TP53™", and NOS
were 85% (95% Cl, 62 to 100), 91% (95% ClI, 71 to 100),

100%, 100%, 82% (95% ClI, 55 to 100), and 88% (95% ClI, 74
to 100) in the R-CHOP-X arm, and 54% (95% CI, 23 to 85),
67% (95% ClI, 35 to 98), 50%, 0, 60% (95% ClI, 23 to 97), and
80% (95% ClI, 63 to 97) in the R-CHOP arm, respectively (Fig-
ure 2A). The difference observed within each genetic subtype
was exploratory.

Secondary endpoints

The overall response rate (ORR) at the end of the treatment was
92% (95% Cl, 85 to 99) in the R-CHOP-X arm, and 73% (95% Cl,
62 to 85) in the R-CHOP arm (p = 0.005). The ORRs were
improved in most of the genetic subtypes (Figure 2B). With a me-
dian follow-up of 36 months, median progression-free survival
(PFS) and overall survival (OS) were not reached. Two-year
PFS rates were 88% (95% ClI, 77 to 94) and 63% (95% CI, 49
to 73) (HR 0.28, 95% CI 0.14-0.55, p < 0.001) for R-CHOP-X
and R-CHOP, respectively (Figure 2C). In addition, 2-year OS
rates were also superior for R-CHOP-X, as compared to
R-CHOP (94% [95% Cl, 84 to 98] vs. 77% [95% ClI, 64 to 85],
HR 0.23, 95% CI 0.10-0.50, p = 0.001) (Figure 2D). The results
of exploratory subgroup analysis of PFS and OS were shown
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Figure 2. Response and outcomes of GUIDANCE-01 cohort
(A) Subgroup analysis of complete response rate according to genetic subtypes.
(B) Subgroup analysis of overall response rate according to genetic subtypes.

(C) Kaplan-Meier analysis of progression-free survival according to treatment arms. Survival curves were compared by log rank test. HRs and 95% Cls were
estimated by Cox Proportional hazards model. A two-sided p value of <0.05 was considered statistically significant.
(D) Kaplan-Meier analysis of overall survival according to treatment arms. Survival curves were compared by log rank test. HRs and 95% Cls were estimated by
Cox Proportional hazards model. A two-sided p value of <0.05 was considered statistically significant. See also Figure S2.
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Table 2. Common > grade 3 treatment-related adverse events and adverse events of interest

R-CHOP-X (n = 64)

R-CHOP (n = 64)

Adverse event Grade 1-2 Grade 3 Grade 4 Grade 1-2 Grade 3 Grade 4
Hematological adverse events: n (%)

Neutropenia 12 (19%) 14 (22%) 38 (59%) 16 (25%) 13 (20%) 35 (65%)
Thrombocytopenia 5 (8%) 13 (20%) 7 (11%) 5 (8%) 3 (5%) 4 (6%)
Anemia 13 (20%) 16 (25%) = 14 (22%) 13 (20%) =
Febrile neutropenia - 13 (20%) - - 7 (11%) -
Non-hematological adverse events: n (%)

Infection 10 (16%) 4 (6%) 10 (16%) 3 (5%)

Nausea or vomiting 13 (20%) - - 14 (22%) - -
Increase in liver enzymes 12 (19%) 1(2%) - 11 (17%) 2 (3%) -

Lung infection 6 (9%) 4 (6%) - 7 (11%) 3 (5%) -
Peripheral sensory neuropathy 6 (9%) - 7 (11%) - -

Rash 2 (3%) - - - - -
Interstitial lung disease - 2 (83%) - - 1 (2%) -
Gastrointestinal bleeding - 1(2%) - - 2 (3%) -
Sepsis - 1(2%) - - - -
Thromboembolic event 1(2%) - - - -

See also Table S2.

R-CHOP, rituximab, cyclophosphamide, doxorubicin, vincristine, and prednisone. R-CHOP-X, R-CHOP plus targeted agents.

in Figures S2A and S2B. Notable subgroups that did not show a
clear benefit with R-CHOP-X included patient with 60 years of
age or younger, patients with intermediate-low risk of IPI, patient
with GCB subtype, and patients with NOS genetic subtype. Of 17
patients who died in this trial, 16 deaths were due to progressive
disease, and 1 death due to heart failure and severe pulmonary
infection 3 months after treatment.

Subsequent treatment for lymphoma

In the R-CHOP-X arm, among the 3 patients with partial
response (PR), 2 received radiotherapy of the residual lesion re-
vealed by final positron emission tomography-computed tomog-
raphy evaluation, and 1 underwent splenectomy and was path-
ologically confirmed with DLBCL. Among the 3 patients with
stable disease (SD), 2 received chimeric antigen receptor T cell
(CART) therapy and achieved CR, and 1 died from disease pro-
gression. Two patients with progressive disease (PD) were
salvaged with second-line chemotherapy and died from disease
progression. In the R-CHOP arm, among the 5 patients with PR,
3 received radiotherapy and 2 received second-line treatment.
Among the 7 patients with SD, 4 received second-line treatment
followed by autologous hematopoietic stem cell transplantation
and achieved CR, and 3 died from disease progression
(including 1 received CAR T therapy). Among the 10 patients
with PD, 3 received CAR T therapy and died from disease pro-
gression, and 7 received second-line therapy and 6 died from
disease progression.

Safety and dose intensity

Common hematological and non-hematological adverse events
(AEs) are summarized in Table 2. For hematological toxicities,
grade 3-4 neutropenia was the most common AEs in both
groups (81% [52/64] in the R-CHOP-X arm and 75% [48/64] in
the R-CHOP arm). Grade 3-4 thrombocytopenia was observed
in 31% (20/64) of the R-CHOP-X arm and 11% (7/64) of the

R-CHOP arm. Grade 3 anemia was observed in 25% (16/64) of
the R-CHOP-X arm and 20% (13/64) of the R-CHOP arm. No
grade 4 anemia was reported. Febrile neutropenia occurred in
20% (13/64) of the R-CHOP-X arm and 11% (7/64) of the
R-CHOP arm and was of grade 3 in maximum. Despite the
increased rates of cytopenia and thrombocytopenia, R-CHOP-
X did not result in increased grade 3 pulmonary infection (6%
[4/64] vs. 5% [3/64]) or gastrointestinal bleeding complications
(2% [1/64] vs. 3% [2/64]), as compared to R-CHOP. Overall
infection rates of all grades were 22% (14/64) and 20% (13/64)
in R-CHOP-X and R-CHOP, respectively. No treatment-related
mortality was observed.

Despite increased AE rates, similar dose intensity of chemo-
therapy was maintained between the R-CHOP-X and the
R-CHOP arms (Table S2). In the R-CHOP-X arm, dose interrup-
tion of ibrutinib was reported in first 3 patients receiving ibrutinib
560 mg daily, 1 for grade 4 thrombocytopenia, 1 for grade 4 neu-
tropenia, and another for grade 3 febrile neutropenia. After the
protocol amendment in which ibrutinib was modified to
420 mg daily, these 3 patients were treated with ibrutinib
420 mg daily, and dose interruption of ibrutinib was reported in
24% (5/21) of the next 21 patients, 2 for grade 4 thrombocyto-
penia, 2 for grade 4 neutropenia, and 1 for grade 3 gastrointes-
tinal bleeding, but no further dose reduction was reported.
Dose interruption of lenalidomide was reported in 7% (2/28) of
patients due to grade 4 neutropenia. Dose reduction of lenalido-
mide, tucidinostat, and decitabine was not reported. The propor-
tion of patients who received >90% overall dose intensity was
79% (19/24) for ibrutinib, 93% for lenalidomide (26/28), 100%
for tucidinostat (1/1), 100% for decitabine (11/11), 100% (64/
64) for rituximab, vincristine, and prednisone, and 95% (61/64)
for cyclophosphamide and doxorubicin. Rate of treatment
discontinuation was 5% (3/64), of which 2 patients were due to
stable disease at interim evaluation after 3 cycles, and 1 patient
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due to heart failure after giant thymoma resection. In the
R-CHOP arm, the proportion of patients who received >90%
overall dose intensity was similar as that of the R-CHOP-X
arm. Rate of R-CHOP discontinuation was 19% (12/64), of which
11 patients were due to stable or progressive disease at interim
evaluation, and 1 patient because of pulmonary infection.

Biomarker analysis

Simplified 20-gene algorithm for genetic subtyping

To validate the simplified 20-gene algorithm, we analyzed the
genetic features of the BC Cancer (BCC), Haematological Malig-
nancy Research Network (HMRN), and National Cancer Institute
(NCI) cohorts. As shown in Figure S3, excluding TP53™" cases
from the simplified 20-gene algorithm, A53 cases and ST2 cases
from the LymphGen algorithm, all the 4 subtypes (MCD-like,
BN2-like, N1-like, and EZB-like subtypes in the simplified
20-gene algorithm; and MCD, BN2, N1, and EZB subtypes in
the LymphGen algorithm) matched in 94% of patients in the
BCC cohort, 93% of patients in the HMRN cohort, and 90% of
patients in the NCI cohort. The main discordance occurred
when patients assigned to the BN2 subtype by LymphGen
were assigned to the MCD-like subtype by the simplified
20-gene algorithm (5 patients in the BCC cohort, 11 patients in
the HMRN cohort, and 6 patients in the NCI cohort).

To further confirm our rationale in the selection of potential tar-
geted agents in each subtype, we analyzed the genomic and
transcriptomic data of tumor samples from newly diagnosed
DLBCL patients previously reported,”® including WES and
whole-genome sequencing (WGS) of 325 patients and RNA-
seq data available from 184 of the 325 patients. According to
the simplified 20-gene algorithm, 184 patients with both WES/
WGS and RNA-seq data available were categorized into MCD-
like (n = 29), BN2-like (n = 24), N1-like (n = 9), EZB-like (n = 15),
and TP53™" subtype (n = 23). Gene expression data showed
that NF-kB activation (NFkB-11) was observed in MCD-like
(p = 0.006) and BN2-like subtypes (p = 0.012), indicating the po-
tential response to BTK inhibitor ibrutinib (Figure S4A). As re-
vealed by gene set enrichment analysis, histone deacetylation
signaling pathway was significantly upregulated in EZB-like sub-
type (p = 0.006, Figure S4B), indicating the potential response to
HDAC inhibitor tucidinostat. Histone methyltransferase activity
of histone H3 on lysine 9 (H3K9me3), which played an important
epigenetic role on DLBCL progression through modulating
endogenous retrovirus (ERV) expression, interferon-gamma
(IFN-y) production, and T cell activation,”' was significantly up-
regulated in TP53™" subtype (p = 0.015), and related to downre-
gulated IFN-y production (p = 0.002), type | IFN production
(p = 0.002), and T cell activation (p = 0.002) pathways (Fig-
ure S4C). Further detected by quantitative real-time PCR,
ERV levels were significantly decreased in TP53™" subtype
(ERVL-E p < 0.001, MER21C p < 0.001, HERVK11 p = 0.002,
HERV16 p = 0.018, Figure S4D), as compared to those with

¢ CellP’ress

wild-type TP53, suggesting the potential response to demethy-
lating agent decitabine. Since no significant oncogenic signaling
features were enriched in N1-like or NOS subtype, lenalidomide
with broad anti-lymphoma activity was applied.

An overview of genomic signatures according to genetic sub-
types for patients in GUIDANCE-01 cohort was provided in Fig-
ure 3A and Table S3. Twenty-one patients had TP53™ and
referred as TP53™" subtype. Among patients with wild-type
TP53, mutations in MYD88, CD79B, PIM1, MPEG1, BTG1, and
TBL1XR1 were enriched in patients with MCD-like subtype. Mu-
tations of CD70, DTX1, TNFAIP3, and NOTCHZ2 were enriched in
patients with BN2-like subtype. N1-like subtype patients had
typical NOTCH1 mutations, and EZB-like subtype patients
were detected with mutations of EZH2, EP300, STAT6, CREBBP,
MTOR, and TNFRSF14. As detected by fluorescence in situ
hybridization (FISH) analysis, 87% (20/23) of BN2-like patients
presented with BCL6 re-arrangement. All of 3 EZB-like patients
presented with BCL2 re-arrangement but without MYC re-
arrangement. Schema diagram of our simplified 20-gene algo-
rithm for genetic subtyping in this study is illustrated in Figure 3B.

Furthermore, we analyzed gene expression profile using RNA-
seq data of 84 patients in this trial (Figure 3C and Table S4). With
similar expression patterns observed in 184 patients used for es-
tablishing the simplified 20-gene algorithm, the subtypes ex-
hibited distinct signatures in terms of malignant processes, B
cell differentiation, and transcription factors. Briefly, MCD-like
subtype expressed high level of cell proliferation (Prolif-11, p =
0.028), MYC oncoprotein (MYCUp-4, p = 0.010), ABC-DLBCL
signatures (ABCDLBCL-2, p < 0.001), and genes induced by
IRF4 (IRF4Up-7, p = 0.002), but lack of GCB-DLBCL signatures
(GCBDLBCL-3, p = 0.004). EZB-like subtype expressed GCB-
DLBCL signatures (GCBDLBCL-3, p = 0.018) and genes induced
by TCF3 (TCF3Up-2). The subtypes also differed from oncogenic
signaling pathways. NF-kB activation (NFkB-11) was highest in
MCD-like (p = 0.042), and NOTCH repression (NotchDn-2) was
lowest in BN2-like subtype (p = 0.045), while P53-targeted genes
(p53up-1) were inhibited in TP53™! subtype. As detected by
FISH analysis, deletion of 17p13 (del17p) was available in 117
of the 128 patients. Among these 117 patients, 19 were found
to have del17p, including 8 patients with TP53™! (3 randomized
to decitabine plus R-CHOP and 5 randomized to R-CHOP),
3 MCD-like (1 randomized to ibrutinib plus R-CHOP and 2 ran-
domized to R-CHOP), 2 BN2-like (both randomized to ibrutinib
plus R-CHOP), 2 N1-like (1 randomized to lenalidomide plus
R-CHOP and 1 randomized to R-CHOP), and 4 NOS subtype
(3 randomized to lenalidomide plus R-CHOP and 1 randomized
to R-CHOP). No significant differences of PFS and OS were
observed between R-CHOP-X arm and R-CHOP arm among
these del17p patients.

Lymphoma microenvironment subtypes
The LME categories were applied in 84 patients with RNA-seq
data. Among all, 9 (11%), 27 (32%), 23 (27%), and 25 (30%)

Figure 3. Genomic signatures according to genetic subtypes in GUIDANCE-01 cohort

(A) Genomic alterations of patients with distinct genetic subtypes. Mutational status of 18 genes of the simplified 20-gene algorithm, 3 gene re-arrangements by
FISH analysis, cell of origin classification by RNA-seq analysis, and MYC/BCL2 double expression status by immunohistochemistry are shown.

(B) Schema of the simplified 20-gene algorithm for DLBCL genetic subtype classification with simulated given patients.

(C) Gene expression signatures of patients with distinct genetic subtypes. Signature scores shown in bar plots were normalized with robust Z score method and
error bars denote SEM. p values were derived from Wilcoxon rank-sum test. See also Figures S3, S4, Tables S3, and S4.
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Figure 4. Lymphoma microenvironment (LME) features according to genetic subtypes in GUIDANCE-01 cohort

(A) Heatmap of 4 LME clusters of GUIDANCE-01 cohort.

(B) Association of LME categories and genetic subtypes, and related treatment response. Upper: Association of LME categories and genetic subtypes. No
genetic subtype was significantly enriched in specific LME categories showed by Fisher’s exact test (p > 0.05). Lower: The pie plot showed the number of patients
with CR/PR or SD/PD in each LME subtype. The bar plots on its left/right side showed the corresponding genetic subtypes.
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patients were categorized into GC-, MS-, IN-, and DP-LME,
respectively (Figure 4A). No genetic subtype was significantly
enriched in specific LME categories (Figure 4B). The ORRs
were significantly higher in patients with DP-LME in the
R-CHOP-X arm than those in the R-CHOP arm (100% vs.
54%, p = 0.015) (Figure 4B). PFS and OS of IN- and DP-LME pa-
tients in the R-CHOP-X arm were significantly superior to those
in the R-CHOP arm (Figure 4C). We also identified signatures
associated with LME subtypes (Figure 4D and Table S5). Prolif-
eration signature (Prolif-11) and MYC activity (MYCUp-1) were
increased in DP-LME (p < 0.001 and p < 0.001, respectively)
and decreased in GC-LME (p = 0.004 and 0.013, respectively).
Meanwhile, LME subtypes differed in cell differentiation, with
DP-LME highly expressing activated B cells (ABCDLBCL-4,
p = 0.020) and IN-LME expressing memory B cell signature
(Bmem-3, p < 0.001). Accordingly, DP-LME highly expressed
transcription factors IRF4 (IRF4Up-7, p = 0.019) and OCT2
(OCT2Up-1, p < 0.001). Among oncogenic signaling pathways,
NF-kB (NFkB-11, p < 0.001) and MYD88-targeted genes
(MYD88Up-2, p < 0.001) were upregulated in IN-LME, while
BCR signature (BCRactUp-1, p < 0.001) was upregulated in
DP-LME. In terms of tumor microenvironment, GC-LME ex-
pressed signature of follicular dendritic cells (FDC-1, p =
0.005), total T cells (PanT-2, p = 0.018), CD4" T cells (CD4T-2,
p = 0.003), GC T helper cells (GCThUp-4, p = 0.004), and
regulatory T cells (Treg-4, p = 0.007). MS-LME expressed
stromal-related signature (Stromal-1, p < 0.001). IN-LME ex-
pressed signatures of CD8* T cells (CD8T-5, p < 0.001), neutro-
phils (Neutro-1, p < 0.001), and macrophages (MPhage-1,
p < 0.001, M Phage-2, p < 0.001, and MPhage-3, p < 0.001).
And DP-LME lacked all immune cell signatures.

DISCUSSION

Recent molecular profiling studies lead to a novel and reproduc-
ible categorization of DLBCL genetic subgroups defined by spe-
cific oncogenic programs,” raising the possibility of designing a
genetic subtype-guided targeted approach in treating DLBCL.
Here, we reported the efficacy and safety of individualized immu-
nochemotherapy guided by genetic subtypes (MCD-like, BN2-
like, N1-like, EZB-like, TP53™", and NOS) in newly diagnosed
DLBCL patients. This randomized phase 2 trial showed higher
response rate and survival in the R-CHOP-X arm than in the
R-CHOP arm. Meanwhile, the safety profile of R-CHOP-X is
manageable, without new clinically significant or unexpected
toxicity. The only protocol amendment was ibrutinib from 560
to 420 mg daily, which improved the intensity and the compli-
ance of the immunochemotherapy. To prevent possible treat-
ment delay caused by targeted sequencing analysis, the first cy-
cle of R-CHOP was given to reduce the tumor burden, before a
simplified genetic subtyping algorithm was applied to ensure the
randomization at the second cycle of R-CHOP, thereby allowing
rapid initiation of treatment and subsequent enroliment of high-
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risk patients. The percentage of intermediate-high or high-risk
IPI patients was 65% in our GUIDANCE-01 ftrial, higher than
recent major randomized trials in newly diagnosed DLBCL,
such as GOYA, PHOENIX, REMoDL-B, and ROBUST tri-
als.>*52% Although this trial was not designed or powered to
compare PFS or OS in patient subgroups, the exploratory sub-
group analysis suggested a benefit with R-CHOP-X in patients
older than 60 years of age, patients with intermediate-high or
high risk of IPI, patients with non-GCB subtype as observed in
POLARIX trial, and patients with classifiable genetic subtypes.
Moreover, the simplified 20-gene algorithm we used can be
output using targeted sequencing and FISH analysis instead of
WES/WGS, which simplifies the process of data analysis and en-
sures its application in clinical trials and timely use of targeted
agents based on genetic subtypes. Therefore, genetic sub-
type-guided targeted agents combined with R-CHOP are effec-
tive, safe, and clinically feasible in newly diagnosed DLBCL. With
the encouraging results of the POLARIX trial,” this genetic sub-
type-guided treatment of targeted agents combined with Pola-
R-CHP (Pola-R-CHP-X) may further improve the clinical out-
comes for intermediate-risk or high-risk DLBCL patients.
Recent genomic studies illustrated molecular heterogeneity of
DLBCL and delineated patients with distinct genetic sub-
types.®?* We propose a simplified 20-gene algorithm to select
targeted agents for individualized therapy. As revealed by post
hoc RNA-seq, oncogenic signaling pathways varied from ge-
netic subtypes were in accordance with the GenClass and the
LymphGen models.?** Interestingly, with the primary endpoint
achieved, our study showed that genetic subtypes well corre-
sponded to the sensitivity of targeted agents. Briefly, DLBCL
with MCD-associated mutations are often sensitive to ibrutinib
both in experimental models and in genomic analysis from the
PHOENIX trial.'*?* Ibrutinib is also potentially effective in N1
subtype.?® BN2 subtype is related to the activation of NF-«xB
signaling pathway, and preclinical studies have shown that tu-
mors belonging to this subtype are also suppressed by ibrutinib
in murine xenografts.”* However, we cannot rule out the discrep-
ancy from the phenotypic heterogeneity of BN2, including ABC-,
GCB-, and unclassified DLBCL.®'%** Lenalidomide shows po-
tential clinical effect in ABC-DLBCL and GCB-DLBCL, as re-
ported in the ROBUST trial and the REMARC trial.>'® Lenalido-
mide is also effective in DLBCL with inflammatory gene
alterations, including NOTCH pathway mutations.”® These re-
sults may explain why we applied lenalidomide plus R-CHOP
in N1-like and NOS subtypes. Moreover, EZB-like subtype is
characterized by upregulated histone deacetylation signaling
pathway and renders lymphoma cells sensitive to HDAC inhibitor
tucidinostat.”” The low proportion of EZB-like subtype was
consistent with previous reports of relatively lower frequency
of EZH2 mutations in Chinese populations than in Western pop-
ulations.”®?° It is well established that decitabine is largely
applied to treat MDS and AML patients who had TP53 muta-
tions.'”*° In TP53™* AML, decitabine can induce IFN response

(C) Kaplan-Meier analysis of progression-free survival and overall survival according to LME categories with different treatment arms. HRs and 95% Cls were
estimated by Cox Proportional hazards model. A two-sided p value of <0.05 was considered statistically significant.

(D) Gene expression signatures of patients with distinct LME subtypes. Signature scores shown in bar plots were normalized with robust Z score method and error
bars denote SEM. p values were derived from Wilcoxon rank-sum test. See also Table S5.
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via transcriptional activation of ERVs through the stimulator
of IFN genes 1-dependent pathway.®' In TP53™ DLBCL, we
also found that the underlying mechanism of action of decitabine
in combination with doxorubicin (a key cytotoxic agent in
R-CHOP) was involved in an ERV-dependent manner, involving
the inhibition of H3K9me3 occupancy on ERVs, subsequent
enhancement of ERV activation, and unleashed IFN program.?’

Lymphoma cells deploy genetic and epigenetic mechanisms
to evade microenvironmental constraints of DLBCL. Decitabine
also modulates the tumor microenvironment of TP53™ DLBCL
through enhancing T cell-mediated antitumor response.’® Pa-
tients with IN- and DP-LME, originally presented the worst
prognosis upon R-CHOP treatment, benefited from R-CHOP-
X (mainly treated with ibrutinib and lenalidomide). As expected,
the IN-LME was composed of CD8"* T cells, neutrophils, and
macrophages, all of which could be targeted by ibrutinib and
lenalidomide.®** The DP-LME, contrasting with the other
LMEs, was characterized by an overall lower presence of
microenvironment-derived cells, but increased proliferation
gene signatures.'® Lenalidomide induces cell-cycle arrest and
inhibits malignant B cell proliferation through regulation of cy-
clin-dependent kinases.®* Meanwhile, our study showed that
activation of BCR signaling pathway in DP-LME was counter-
acted by ibrutinib. Finally, it is worthy to point out that NOS pa-
tients could be further divided according to LME classification,
providing an alternative option for targeted agents in this sub-
set of DLBCL lack of genetic features.

Limitations of the study

This study has limitations. First, the data were collected in a single
institution, unblinded, and the relatively limited sample size
might lead to possible selection bias. However, when we per-
formed LME classification that was not prespecified, the distribu-
tion of LME subtypes remained balanced between R-CHOP-X
and R-CHOP arms. Secondly, the individualization of targeted
agents was not powered to detect a difference in each genetic
subtype. A multicenter, randomized, phase 3 trial within each
genetic subtype is currently ongoing (NCT05351346) to
address this.

In conclusion, our findings demonstrate efficacy and safety of
R-CHOP-X, a mechanism-based tailored therapy, which dually
targets genetic and microenvironmental alterations in patients
with newly diagnosed DLBCL.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Biological samples

Patient tumor biopsies from GUIDANCE-01 trial This paper NCT04025593
Critical commercial assays

GeneRead DNA FFPE Tissue Kit Qiagen Cat# 56704
QlAamp DNA Mini Kit Qiagen Cat# 51306
RNeasy Mini Kit Qiagen Cat# 74104
VAHTS mRNA-seq V3 Library Prep Kit Vazyme Cat# NA210-01
FreeZol Reagent Vazyme Cat# R711-01
HiScript Ill RT SuperMix for gPCR (+gDNA wiper) Vazyme Cat# R323-01
ChamQ Universal SYBR qPCR Master Mix Vazyme Cat# Q711-03

Dynabeads MyOne Streptavidin T1
Qubit RNA HS Assay Kit

Thermo Fisher
Thermo Fisher

Cat# 65601
Cat# Q32852

Deposited data

Human genome reference GRCh37

Human transcriptome reference GRCh38

1000 Genomes project data

COSMIC v77
Molecular Signatures Database
Raw RNA-seq data

Genome Reference
Consortium

Ensembl

The International Genome

Sample Resource
COSMIC
Liberzon et al.”®

This paper

http://hgdownload.soe.ucsc.edu/

http://ftp.ensembl.org/pub/release-106/fasta’homo_
sapiens/cdna/

RRID: SCR_006828

https://cancer.sanger.ac.uk/cosmic
https://www.gsea-msigdb.org/gsea/msigdb
GSA-Human database (HRA003285)

Software and algorithms

FastQC (version 1.11.4)

Burrows-Wheeler Aligner (version 0.5.9-tpx)
Trimmomatic (version 3.6)

Samtools (v0.1.18),

Picard (v1.93)

Genome Analysis Toolkit (v4.1.4.0)

Annovar software (version 2017-07-17).
Funseq 2.1.2

Kallisto (v0.46.0)

R package tximport (v1.24.0)

R package preprocessCore (v1.58.0)

R package limma (v3.48.3)

GSEA software

SPSS software (v23.0)

GraphPad Prism software (v8.0.2)
LymphGen algorithm

LME

Simplified 20-gene algorithm

Babraham Institute

Li and Durbin®®
Bolger et al.*®
Danecek et al.®’
Broad Institute
McKenna et al.*®
Wang et al.*°

Fu et al.*°

Bray et al.”’

Soneson et al.*

Bioconductor

Ritchie et al.**

Subramanian et al.”’
SPSS Inc.
GraphPad Prism
Wright et al.>*
Kotlov et al."®

This paper

https://www.bioinformatics.babraham.ac.uk/projects/
fastqc/

https://bio-bwa.sourceforge.net/
https://github.com/usadellab/Trimmomatic
https://github.com/samtools/samtools
https://broadinstitute.github.io/picard/
https://gatk.broadinstitute.org/hc/en-us
https://annovar.openbioinformatics.org/en/latest/
https://github.com/gersteinlab/FunSeq2
https://github.com/pachterlab/kallisto

https://www.bioconductor.org/packages/release/
bioc/html/tximport.html

https://www.bioconductor.org/packages/release/
bioc/html/preprocessCore.html

https://www.bioconductor.org/packages/release/
bioc/html/limma.html

https://software.broadinstitute.org/cancer/software/
gsea/wiki/index.php/Main_Page
https://www.ibm.com/spss
https://www.graphpad.com/

Wright et al.**

https://github.com/BostonGene/LME
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Wei-Li
Zhao (zhao.weili@yahoo.com).

Materials availability
This study did not generate new unique reagents.

Data and code availability
o Raw RNA-seq data have been deposited at GSA-Human database (Accession number HRA003285). Accession numbers are
listed in the key resources table.
® The original R code of the simplified 20-gene algorithm for genetic subtyping has been deposited at Zenodo. DOls are listed in
the key resources table.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study design and participants

This was an open label, single-center, randomized, phase 2 trial (Figure S1). Patients aged 18-80 years with newly diagnosed, his-
tologically confirmed CD20-positive DLBCL, Eastern Cooperative Oncology Group (ECOG) performance status of 0-2, IPI risk of in-
termediate or high (IPI >2), and adequate organ function were eligible for study participation. Exclusion criteria were primary central
nervous system lymphoma, hepatitis B virus (HBV-DNA) or human immunodeficiency virus positivity, other active malignancy or
serious medical conditions that could interfere with study treatment. The study protocol is provided as Data S1.

The study was approved by ethics committee and institutional review board of Shanghai Ruijin Hospital. Written informed consent
was obtained from all participants in accordance with the Declaration of Helsinki. The study was registered on ClinicalTrial.gov
(NCT04025593).

Pathological diagnosis was established according to the 2016 World Health Organization classification.** FISH of BCL2, BCLS,
and MYC re-arrangements were performed for each patient. FISH of TP53 gene (chromosome 17p13) deletion was performed for
117 of the 128 patients with adequate tumor tissues. The diagnosis of DLBCL was reviewed and confirmed by experienced pathol-
ogists (H.M.Y. and C.F.W.). Cell of origin subtype was assessed by RNA expression using Lymph2Cx assay for 84 of the 128 patients
with RNA-seq data.*®

METHOD DETAILS

Procedures
All patients were treated with 1 cycle of standard R-CHOP regimen (rituximab 375 mg/m? intravenously on Day 0, cyclophosphamide
750 mg/m?2, doxorubicin 50 mg/m?, and vincristine 1.4 mg/m? [maximum 2.0 mg] intravenously on Day 1, prednisone 60 mg/m?
[maximum 100 mg] orally on Days 1-5 of every 21-day cycle) after diagnosis, and were stratified by genetic subtypes and randomly
assigned 1:1 to R-CHOP-X or R-CHOP for the remaining 5 cycles. In R-CHOP-X arm, patients with MCD-like and BN2-like subtypes
received oral ibrutinib 560 mg on Days 1-21 of each cycle. Considering high frequency of severe adverse events of elderly patients in
previously reported randomized phase 3 study” and safety profiles observed in the early enrolled 3 patients receiving ibrutinib, pro-
tocol amendment was made in August 2019, in which the dose of ibrutinib was changed from 560 mg to 420 mg daily. Patients with
N1-like and NOS subtypes received oral lenalidomide 25 mg on Days 1-10 of each cycle, the dose and schedule of which were
consistent with previous clinical trials in newly diagnosed DLBCL.“®*” Patients with EZB-like subtype received oral tucidinostat
20 mg twice a week for 2 weeks of each cycle, the dose and schedule of which were consistent with our previous phase Il trial in
newly diagnosed DLBCL.“® Patients with TP53™" subtype received intravenous decitabine 10 mg/m? Days —5 to —1 followed by
standard R-CHOP of every 21-day cycle, the dose and schedule of which were consistent with our previous phase Il trial in newly
diagnosed DLBCL."®

G-CSF prophylaxis (pedfilgrastim 6 mg subcutaneously) was given from the second cycle of chemotherapy if grade >3 neutro-
penia was present in the first cycle. Primary prophylaxis of acyclovir and sulfamethoxazole were given to prevent cytomegalovirus
and pneumocystis jiroveci infection. Lamivudine or entecavir was administered in occult carriers of HBV to prevent HBV reactivation.
Tumor lysis prophylaxis and radiation therapy were performed for patients with bulky disease, or with residual disease at the end of
treatment, at the discretion of physicians. Absolute neutrophil count >1,500/mL and platelet >75,000/mL at the time of retreatment
were required, respectively. Targeted agents, including ibrutinib, lenalidomide, and tucidinostat, were not held or reduced midcycle
regardless of grade 3 non-hematological AEs, grade 4 hematological AEs, or febrile neutropenia. Decitabine was reduced in case of
treatment delay for more than 7 days because of grade 3 non-hematological AEs, grade 4 hematological AEs, or febrile neutropenia.
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Outcomes

The primary endpoint was CRR assessed by PET-CT at the end of the treatment. Secondary endpoints were PFS, OS, ORR, and safety.
PET-CT scans were independently reviewed by nuclear medicine physicians (X.F.J. and B.L.) who were blinded to patient randomization.
Treatment response was assessed according to Lugano 2014 criteria.”® Interim efficacy was evaluated by PET-CT after 3 cycles. Pa-
tients who had achieved a complete or partial response received another 3 cycles. Patients who did not achieve CR or PR stopped
receiving R-CHOP-X or R-CHOP at this point and were required with tumor biopsy. Final evaluation was performed by PET-CT at the
end of the last cycle of treatment. CT of the neck, thorax, abdomen, and pelvis was repeated every 3 months thereafter to monitor disease
progression until 1 year, then every 6 months until 2 years, and every year until 5 years. PFS was measured from the time of random
assignment to date of progression, relapse, death from any cause, or date of last follow-up. OS was measured from the time of random
assignment to death of any cause or date of last follow-up. Patients were monitored weekly for AEs, which were graded for severity with
the National Cancer Institute Common Terminology Criteria for Adverse Events, Version 4.0 (NCI CTCAE v4.0).

Sample processing
Formalin-fixed paraffin-embedded (FFPE) tumor biopsy samples were obtained from all patients before treatment for pathology re-
view and targeted DNA sequencing. Fresh frozen samples were preserved for patients with residual tissue available from the baseline
biopsies for post-hoc RNA-seq.
Genomic DNA was extracted from FFPE samples using a GeneRead DNA FFPE Tissue Kit (Qiagen, Hilden, Germany) according to
the manufacturer’s descriptions. Total RNA was extracted from fresh frozen samples using Trizol and a RNeasy Mini Kit (Qiagen).
Before sequencing, genomic DNA was cut into fragments with ~200 bp using a focused ultrasonicator (No. M220, Covaris,
Woburn, MA, USA). DNA quantity was determined using a Nanodrop 8,000 UV-Vis spectrometer (NanoDrop Technologies, Wilming-
ton, DE, USA), Qubit 2.0 Fluorometer (Life Technologies, Carlsbad, CA, USA), and 2200 TapeStation Instrument (Agilent Technolo-
gies, Santa Clara, CA, USA). RNA quality was assessed by RNA 6000 NanoChip using 2100 Bioanalyzer (Agilent Technologies) and
RNA concentration was measured using Qubit RNA HS Assay Kit by Qubit 2.0 Fluorometer (Life Technologies, Grand Island, NY,
USA) according to the manufacturer’s instructions.

DNA-sequencing

Targeted sequencing was performed on FFPE tumor samples of all patients using NovaSeq (lllumina, San Diego, CA, USA), covering
the CDS regions of 18 genes of the simplified 20-gene algorithm (BTG1, CD70, CD79B, CREBBP, DTX1, EP300, EZH2, MPEGT,
MTOR, MYD88, NOTCH1, NOTCH2, PIM1, STAT6, TBL1XR1, TNFAIP3, TNFRSF14, and TP53). Library was constructed by lym-
phoma-associated gene mutation detection kit (Shanghai Rightongene Biotechnology Co., Ltd., Shanghai, China).

RNA-sequencing

RNA-seq was performed on qualified frozen tumor samples of 84 patients. Double-stands cDNA was synthesized with the VAHTS
mRNA-seq V3 Library Prep Kit for lllumina (Vazyme, Nanjing, China), purified and submitted to the pre-PCR reaction to establish the
pre-library. Qualified DNA library was captured using Dynabeads MyOne Streptavidin T1 magnetic beads, followed by post-PCR re-
action to obtain the final library. After quality control, High-throughput RNA-seq was performed using lllumina NovaSeq dual-end
sequencing (2 x 150 bp) (lllumina, California, USA).

Sequence alignments and variant calling
For all types of sequencing data, the FastQC (version 1.11.4, https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) software
was used to assess the quality of raw sequencing data.

The paired-end reads of targeted sequencing were aligned to the Human Genome Reference Consortium build 37 (GRCh37) using
Burrows-Wheeler Aligner (BWA, version 0.5.9-tpx). The average depth of 69 capture and 59 amplicon targeted sequencing data were
335.5X (IQR 215.75X - 488.5X) and 1998X (IQR 1431X - 2736.5X), respectively.

Raw sequencing data were processed by using Trimmomatic (version 3.6) software to remove sequencing adapters and low-
quality reads referring to the joint sequence fragments of the 3’ end and low-quality fragments with Q value <25 and fragments
with <35 bp. Samtools (v0.1.18),°” picard (v1.93), and Genome Analysis Toolkit (GATK, v4.1.4.0) were used for BAM file handling,
local realignment, base recalibration and calling variants, respectively. Mutations in the coding region were annotated using the An-
novar software (version 2017-07-17).%°

Variants with depth >10 and VAF >0.05 were first filtered with variants detected by pooled results of 42 peripheral blood samples
used as control samples in our previous study.?® Then, the non-synonymous SNVs, indels and splicing sites were preserved with
following criteria: (1) reported as somatic mutations in our previous studies®”°%°"; (2) commonly considered as hotspot mutations
like MYD88-2%5P; (3) categorized into tier | and Il variants according to Guideline for Evidence-Based Categorization of Somatic Var-
iants®?; (4) not observed in 1000 genome (1KG) project, observed in less than 0.01 in databases of 1KG project, or observed in less
than 0.05 in databases of 1KG project associated with recurrently observation (n > 5) in hematological tumors in the COSMIC (v77)
database. Variants were excluded with following criteria: (1) categorized into tier IV variants according to Guideline for
Evidence-Based Categorization of Somatic Variants; (2) observed in paired peripheral blood samples by sanger sequencing. Sanger
sequencing or digital PCR were conducted to confirm variants with critical VAF. Visual inspection was used to verify the final mutation
annotation file (Table S3) and exclude potential false results.
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Genetic subtyping

The simplified 20-gene algorithm employed the Partitioning Around Medoids (PAM) clustering strategy to assign DLBCL samples into
one of the pre-defined genetic subtypes: TP53™", MCD-like, BN2-like, N1-like, and EZB-like. This classification was based on mu-
tation data of 18 genes and re-arrangement data of 2 genes assessed using FISH analysis (i.e., BCL2 and BCL6). Candidate mutated
genes were identified through WES and WGS of 325 patients, and their biological function were supported by RNA-seq data available
from 184 patients. If any significant difference of relevant gene expression signature between the mutant and the wild-type patients
was observed, the candidate mutated gene was considered functional (Table S6).

To generate the primary subtypes, clustering supervised by seed features (MYD88, CD79B, BCL6 fusion, NOTCHZ2, BCL2 fusion,
EZH2, and NOTCH1) was first applied to the 325 patients, supported by 1000-times bootstrap. Subsequently, 18 genes with signif-
icantly different mutation patterns among these subtypes, along with re-arrangement data of BCL2 and BCL6, were identified as
clustering features. Patients with TP53 mutations were assigned to a specific subtype with high priority. The set of features consid-
ered for possible association with each class was similar to those used in the GenClass algorithm: TP53™" (TP53 mutations), MCD-
like (MYD88, CD79B, PIM1, MPEG1, BTG1, TBL1XR1 mutations), BN2-like (BCL6 fusion, NOTCHZ2, CD70, DTX1, TNFAIP3 muta-
tions), N1-like (NOTCH1 mutations), and EZB-like (BCL2 fusion, EZH2, TNFRSF14, CREBBP, EP300, MTOR, STAT6 mutations).

To validate the simplified 20-gene algorithm, we used 3 well-established datasets that were previously genetically categorized with
LymphGen. These datasets included: 1) the BC Cancer (BCC) cohort, consisting of 320 newly diagnosed DLBCL patients with avail-
able clinical and genomic data from a targeted sequencing panel and FISH data,>® 2) the UK population-based Haematological Ma-
lignancy Research Network (HMRN) cohort, consisting of 928 DLBCL patients from a real-world study with available clinical and
panel-based DNA sequencing data,'’ and 3) the NCI cohort, consisting of 489 DLBCL patients from the doGAP database.”*” In
the NCI cohort, BCL2 translocation and BCL6 fusions results derived from RNA-seq were used as replacements due to the lack
of FISH results during patient classification using the simplified 20-gene algorithm. All patients from the 3 validation cohorts, including
the classification results of LymphGen algorithm and simplified 20-gene algorithm, were listed in Table S7.

Gene expression quantification and preprocessing

The paired-end RNA-seq reads were pseudo-aligned to GRCh38 transcriptome (http://ftp.ensembl.org/pub/release-106/fasta/
homo_sapiens/cdna/Homo_sapiens.GRCh38.cdna.all.fa.gz) using Kallisto (v0.46.0)*" with default parameters and quantified as
counts and transcripts per million (TPM). The original Kallisto outputs were integrated with R package “tximport” (v1.24.0)*? and
the counts/TPM of all alternative splicing transcripts of a gene were summed to represent the gene expression level. Protein coding
genes, |IG-C/V/D/J genes and TR-C/V/D/J genes were preserved, whereas histone- and mitochondrial-related genes were removed,
resulting in ~20,000 genes for downstream analysis. Before LME classification and gene expression signatures calculation, log2
transformed TPM data (log2TPM) were processed with R package “preprocessCore” (v1.58.0), which implemented the quantile
normalization described before®® and removed batch effect caused by sequencing time, which was confirmed by PCA analysis,
with R package “limma” (v3.48.3).*

Lymphoma microenvironment, gene expression signatures and cell of origin

Patients were classified into 4 LME subtypes'® with scores of 25 functional gene expression signatures and a KNN supervised model
trained by a cohort of 4656 DLBCL patients (https://github.com/bostongene/Ime). Gene expression signatures from SignatureDB
(https://gdc.cancer.gov/about-data/publications/DLBCL-2018) were calculated with ssGSEA method®® and compared between ge-
netic or LME subtypes. Cell of origin was distinguished in patients with RNA-seq data using expression of signatures identified in
Lymph2Cx assay.*®

Differential expression analysis and gene set enrichment analysis

Low expression genes with mean counts <5 were removed. Then, quantile normalized and batch-adjusted logCPM (log2 trans-
formed counts-per-million) were used for differential expression analysis (DEA) using R package “limma” (v3.48.3).*° The gene list
ranked by decreasing logFC (log2 fold-change) and ontology terms from gene ontology were used for gene set enrichment analysis
(GSEA) that was implemented in R package “clusterprofiler” (v4.4.4).°” Significantly enriched pathways were furtherly verified by
GSEA software (Broad Institute, version 4.2.3).58:°

Quantitative real-time PCR

Total RNA was extracted using FreeZol Reagent (Vazyme, Nanjing, China). Complementary DNA was synthesized using HiScript Ill
RT SuperMix for gPCR with gDNA wiper (Vazyme, Nanjing, China). Quantitative real-time PCR (qRT-PCR) was performed by ChamQ
Universal SYBR gPCR Master Mix (Vazyme, Nanjing, China) on LightCycler 480 System (Roche Diagnostic, Indianapolis, USA) with
primers against ERVL-E, MER21C, HERVK11 and HERV16. Relative expressions were calculated using ,nCT method. Primer se-
quences were provided as follows: ERVL-E, forward: 5'-TCTCTATTGATGCCTTTATGAGT-3, reverse: 5'-AGCATTGTGCTGTTTGT
GAT-3'. MER21C, forward: 5'-GGAGCTTCCTGATTGGCAGA-3', reverse: 5'-ATGTAGGGTGGCAAGCACTG-3’. HERVK11, forward:
5'-GGCTTGGTCCACAGATACAC-3/, reverse: 5'-TGCCTTGAATAGAGTGACCA-3’. HERV16, forward: 5'-CACCAGAAGGTCACCAG
ATA-3, reverse: 5'- CTGTTGGGGAGTCCAGTTCT-3'.
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Randomization and masking

We used computer-assisted permuted-block randomization-with a block size of 4 and allocation ratio of 1:1 (R-CHOP-X, R-CHOP)
for patients with different genetic subtypes and assigned patients in terms of the randomization results. The randomization sequence
was generated by a statistician with no clinical involvement in the trial (R.J.M.). Investigators registered patients and assigned them
based on the randomization sequence. Investigators and patients were not masked to treatment assignment.

QUANTIFICATION AND STATISTICAL ANALYSIS

The objective of this study was to compare the efficacy and safety of R-CHOP-X with R-CHOP in newly diagnosed DLBCL patients.
For sample size, we estimated that 65% of patients in the R-CHOP arm and 85% of patients in the R-CHOP-X arm would achieve CR.
Sixty-four patients per group were required to show this difference with 5% significance (two-sided) and 76% power. Efficacy and
safety analyses were by intention to treat. Genetic subgroup analysis was not prespecified in the sample size calculation. The differ-
ence in response or outcome observed within each genetic subgroup was exploratory. Statistical analyses were performed by Sta-
tistical Package for the Social Science (SPSS) 23.0 software (SPSS Inc., Chicago, IL, USA). Survival estimates were calculated by
Kaplan-Meier method and survival curves were compared by Log rank test. Hazard ratios (HRs) and corresponding 95% confidence
intervals (95%Cls) were estimated by Cox Proportional hazards model. A two-sided p value of <0.05 was considered statistically
significant. Differences of normalized gene expression in 2 groups were analyzed using Mann-Withney test. Association of LME cat-
egories and genetic subtypes, and differences of treatment response between R-CHOP-X and R-CHOP arms within individual ge-
netic or LME subgroup were analyzed using Fisher’s exact test.
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