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Abstract

We previously examined the utility of rituximab-bendamustine (RB) in patients with
follicular lymphoma (FL) exhibiting less than optimal responses to 2 cycles of the
R-CHOP chemotherapy regimen. The aim of this study was to identify molecular
biomarkers that can predict prognosis in RB-treated patients in the context of the
prospective cohort. We first analyzed the mutational status of 410 genes in diagnostic
tumor specimens by target capture and Sanger sequencing. CREBBP, KMT2D, MEF2B,
BCL2,EZH2, and CARD11 were recurrently mutated as reported before, however none
was predictive for progression-free survival (PFS) in the RB-treated patients (n = 34).
A gene expression analysis by nCounter including 800 genes associated with carcino-
genesis and/or the immune response showed that expression levels of CD8* T-cell
markers and half of the genes regulating Thl and Th2 responses were significantly
lower in progression of disease within the 24-mo (POD24) group (n = 8) than in the no
POD24 group (n = 31). Collectively, we selected 10 genes (TBX21, CXCR3, CCR4, CD8A,
CD8B, GZMM, FLT3LG, CD3E, EOMES, GZMK), and generated an immune infiltration
score (lIS) for predicting PFS using principal component analysis, which dichotomized
the RB-treated patients into immune 1S"8" (n = 19) and 11S'°" (n = 20) groups. The
3-y PFS rate was significantly lower in the 115" group than in the [1S"" group (50.0%
[95% Cl: 27.1-69.2%] vs. 84.2% [95% Cl: 58.7-94.6%], P = .0237). Furthermore, the IIS
was correlates with absolute lymphocyte counts at diagnosis (r = 0.460, P = .00355).
These results suggest that the T-cell-associated immune markers could be useful to
predict prognosis in RB-treated FL patients. (UMIN:000 013 795, jRCT:051 180 181)

Abbreviations: ALCs, absolute lymphocyte counts; B, bendamustine; CR, complete response; Cru, complete response unconfirmed; CTLs, cytotoxic T cells; FDCs, follicular dendritic
cells; FFPE, formalin-fixed paraffin-embedded; FL, follicular lymphoma; FLIPI, Follicular lymphoma International Prognostic Index; G, obinutuzumab; GELF, Groupe d'Etude des

Lymphomes Folliculaires; GEP, gene expression profiling; HR, hazard ratio; I1S, immune infiltration score; infi

[e" immune infiltration"&"; infi low.

1'% immune infiltration'"; OS, overall

survival; PFS, progression-free survival; POD24, progression of disease within 24 mo; R, rituximab; RB, rituximab-bendamustine; ROC, receiver operating characteristic; SNVs, single
nucleotide variants; TAMs, tumor-associated macrophages; Tfh, T follicular helper; TME, tumor microenvironment; Treg, regulatory T.
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1 | INTRODUCTION

Follicular lymphoma is the most common indolent subtype of B-cell
non-Hodgkin Iymphomas.1 The majority of FL patients present with
advanced stages,! and those with high tumor burden and/or disease-
related symptoms require immunochemotherapy.

To date, several chemotherapy regimens, including CHOP (cy-
clophosphamide, doxorubicin, vincristine, and prednisone), CVP
(cyclophosphamide, vincristine, and prednisone), and bendamustine
(B) in combination with anti-CD20 monoclonal antibodies such as
rituximab (R) or obinutuzumab (G)*® have been recommended as
front-line therapies in several guidelines.“'8 Most of the FL patients
receiving these front-line immunochemotherapy regimens can ob-
tain long-term survival benefit.” However, c¢. 10%-20% of the pa-
tients experience progression of disease within 24 mo of diagnosis or
treatment initiation (which is called POD24), and these patients have
a substantially increased risk of death within 5y after diagnosis?’12

Given the heterogeneity of disease courses, several clinical risk
stratification models, including FLIPI-1 and FLIPI-2, PRIMA-PI, and
FLEX were proposed to predict the clinical outcomes of FL patients
such as PFS and 0S.1%¢ However, most of these models have lim-
ited value to predict POD24. In addition, accumulated findings from
genetic and GEP analyses showed that several molecular risk models
mainly based on the intrinsic tumor properties, such as m7-FLIPI,Y
POD24-PI'*® and 23-GEP score,'”?° were useful tools to identify FL
patients at high or low risk of progression after treatment with im-
munochemotherapy. In addition, a gene expression signature based
on the extrinsic tumor environment, particularly focusing on the
TME of FL, was established to predict POD24.}* However, most of
these models were mainly based on the data from the patients who
received R-CHOP or R-CVP, and few reports are available to predict
the prognosis of FL patients receiving B-based regimens.

We previously conducted a multicenter prospective phase 2
(CONVERT) trial, and demonstrated the utility of RB in patients with
advanced FL exhibiting less than optimal responses to the initial 2
cycles of R-CHOP therapy.?! In addition, we reported that peripheral
lymphopenia (<869/uL) before treatment was an independent poor
prognostic factor for RB-treated FL patients in both our trial and valida-
tion cohorts.?* The main object of this study was to identify molecular
biomarker(s) that could predict outcomes of the RB-treated FL patients

in the context of the prospective cohort by genetic and GEP analyses.

2 | MATERIALS AND METHODS
2.1 | Study design and patients

The design and characteristics of the registered patients in the
CONVERT trial have been described previously.?! All patients initially

received 2 cycles of standard R-CHOP. Patients who achieved CR/
CR unconfirmed (CRu) according to Cheson's morphological criteria
1999%2 (defined as an optimal response [OR] group) further received
4-6 cycles of R-CHOP treatment. The remaining patients who failed
to achieve CR/CRu (defined as a non-OR [nOR] group), subsequently
received 6 cycles of RB (R 375 mg/m? d1, B 90 mg/m? d1-2) every
28d.

This study was designed and conducted according to the
Declaration of Helsinki and was registered in UMIN (000 013 795)
and jRCT (051 180 181). All patients provided written informed con-
sent. The protocol, informed consent forms, and any amendments
were approved by the institutional review boards of each hospital
and certified review board.

2.2 | Target capture sequencing assay

DNA was extracted from FFPE samples using a DNA storm kit (Cell
Data Sciences, Inc). The targeted DNA library for panel sequenc-
ing that was comprised of c. 1.65 Mb coding regions of all exons in
409 genes (Table S1) was constructed using an Oncomine Tumor
Mutation Load Assay (Thermo Fisher Scientific) according to the
manufacturer's protocol. The purified libraries were pooled and
then sequenced with an lon Torrent S5 instrument and lon 550
Chip Kit (Thermo Fisher Scientific). DNA sequencing data were ac-
cessed through the Torrent Suite v.5.10 program (Thermo Fisher
Scientific). Reads were aligned against the hg19 human reference
genome, and variants were analyzed with the use of lon reporter
v.5.10 (Thermo Fisher Scientific). Raw variant calls were manu-
ally checked using the Integrative Genomics Viewer (IGV; Broad
Institute, MA). In this analysis, we defined the following criteria
for the sequence quality: (1) the uniformity of amplicon coverage
of >60%, and (2) the minimum quality criterion was 80% of tar-
get bases with 2100x sequencing coverage. The mutations were
filtered with the exclusion of: (1) Fisher exact test, P-value >107%,
(2) Phred QUAL score of <99, and (3) allele frequency in tumor
<0.025, and missense SNVs with an allele frequency of 0.45-0.55
in copy-neutral regions, unless they were listed in the COSMIC da-
tabase (v.70) or reported to be mutated in FL. Germline mutations
were excluded using the NCBI dbSNP build 131 and UCSC genome

browser database.?%2*

2.3 | Sanger sequencing analysis

Exons 2 and 3 of MEF2B were analyzed using the PCR primers de-
signed with Primer3 software. The MEF2B coding exons 2 and 3
were amplified using PCR. After visual confirmation of amplifica-
tion, the PCR product was submitted for Sanger sequence analysis
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as previously described.?® The sequences of the PCR primers used in

this study are shown in Table S2.

2.4 | The m7-FLIPI score calculation

The m7-FLIPI score was calculated using the calculator presented
at the German Low-Grade Lymphoma Study Group official internet
site (www.glsg.de/m7-flipi/). The same cut-off level as used in the
original publication was applied to determine high-risk and low-risk
categories (m7-FLIPI scores 20.8 and <0.8, respectively).'”

2.5 | Gene expression profiling analysis

RNA was extracted from FFPE samples using an RNA storm kit
(Cell Data Sciences, Inc). Details of the nCounter assay (NanoString
Technologies, Seattle, WA, USA) have been reported previously.?*2
In this study, a customized pan-cancer immune-profiling panel
(NanoString Technologies), which consists of 770 genes related to
cancer or immune cells and an additional 30 genes (Table S3), was
used for nCounter-based gene expression measurements. The data
were analyzed using nSolver 4.0 software (NanoString) and JMP ver-
sion 13.0 software (SAS Institute).

2.6 | Immune infiltration score calculation

To generate an IS for predicting PFS, we performed a principal
component analysis, which used orthogonal rotation to extract the
components whose eigenvalues were greater than 1.0 (SPSS statis-
tics v.24.0). Subsequently, a multivariate Cox proportional hazards
analysis for PFS was performed with the extracted components
as explanatory variables. Finally, the IIS was calculated as the sum
of the score matrix of each gene. Expression levels from selected
genes were multiplied by z-score. ROC analyses were performed to
determine the optimal cut-off values of the IIS to predict PFS by the
Youden index calculation algorithm. The formula of the IIS was as
followed: (CD8A x 0.161 + CD3E x 0.160 + CD8B x 0.157 + EOMES x
0.157 + GZMK x 0.153 + CXCR3 x 0.139 + GZMM x 0.132 + FLT3LG
x 0.121 + TBX21 x 0.075 + CCR4 x 0.072).

2.7 | Statistical analysis

The cut-off date for this analysis was December 31, 2019. The sur-
vival analysis was performed using a Kaplan-Meier method, which
was evaluated by log-rank test. Fisher exact test and Benjamini-
Hochberg correction for multiple testing were used for between-
category data comparisons. For the comparison of 2 continuous
variables, data were tested by Wilcoxon rank sum test. Spearman
correlation coefficients were estimated as continuous variables.

Statistical analyses were performed with R 4.1.0 software (The R

Foundation for Statistical Computing), and a P-value < .05 was con-

sidered statistically significant.

3 | RESULTS

3.1 | Patient characteristics and clinical outcomes
In total, 56 patients initially received 2 cycles of R-CHOP. Then, 13
patients (23.2%), who achieved CR/CRu (OR group), continued R-
CHOP for further 4-6 cycles. The remaining 43 patients (76.8%),
who were judged as nOR, received RB as the protocol treatment.
The FFPE samples were available for extraction of DNA and/or RNA
in 50/56 cases (89.3%, [OR n = 10, nOR n = 40]) for this study. The
baseline characteristics of these 50 cases are shown in Table 1. The
median treatment cycle of RB in the nOR group (n = 40) was 6 cycles
(range, 2-6), and 30/40 cases (75.0%) completed 6 cycles of RB. At a
median follow-up time of 47.4 mo (range: 3.20-79.3), the PFS and OS
rates at 3 y in all cases (n = 50) were 71.0% (95% Cl: 56.0%-81.7%)
and 93.5% (95% Cl: 81.2%-97.9%), respectively (Figure S1A, B). The
3-y PFS rates were 87.5% in the OR group (95% Cl: 38.7%-98.1%)
and 67.5% in the nOR group (95% Cl: 50.7%-9.7%), respectively, with
no statistically significant difference (P =.213).

We next investigated whether FLIPI could be applied in the
nOR group (n = 40). The proportions of patients in the low-, in-
termediate-, and high-risk groups by FLIPI were 5.0% (2/40) and
37.5% (15/40), and 57.5% (23/40), respectively (Table 1). The high-
risk group tended to have an inferior 3-y PFS rate (60.9%, [95%
Cl: 38.3%-77.4%]) compared with the low-risk group (100% [95%
Cl: NA]) and the intermediate-risk group (73.3%, [95% Cl: 43.6%-
89.1%]), but without a statistically significant difference (P = .323)
(Figure S1C).

3.2 | Mutational landscape of the whole population
To investigate the mutational landscape in this cohort, we performed
the target capture sequence using tumor samples from the above-
described 50 cases. Eight cases (OR n = 2, nOR n = 6) were excluded
from this analysis because of their poor DNA qualities. Therefore, 42
cases (OR n = 8, nOR n = 34) were analyzed on the targeted panel
for 409 genes, in which most of the recurrently mutated genes in
FL were included except MEF2B. MEF2B encodes a transcriptional
activator and is mutated in 10%-20% of FL and its mutational status
is applied in m7-FLIPI.%” Therefore, we analyzed its mutation status
by Sanger sequencing independently. In this analysis, we focused on
exon 2 and exon 3 of MEF2B, because most of MEF2B mutations in
FL were scattered around these regions.?® As a result, MEF2B muta-
tions were identified in 13/42 cases (31.0%), all consisting of L67R
in the exon 3, in which the mutated site was reported to play an
important role in the interaction with EP300 proteins.28 The double
mutations with L67R and G2R in exon 2 were identified in 1 case
(Figure 1A and Table S4).
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TABLE 1 Patient characteristics

Age (y)
Median [range]
Sex n(%)
Female
Male
Grade n (%)
1
2
3a
Stage n (%)
Il
I
v
B symptoms n (%)
Bone marrow
involvement n (%)
Bulky disease >7 cm
n (%)
GELF criteria
Low
FLIPI n (%)
Low
Intermediate
High
FLIPI-2 n (%)
Low
Intermediate
High

When the results from target capture sequencing and Sanger se-
guencing were combined, a total of 34 genes was found to be recur-
rently mutated (in 22 cases), including 107 non-synonymous SNVs,
19 multiple mutations, 16 frameshift insertions or deletions, 13
stop-gain mutations, and 7 non-frameshift insertions or deletions.
Overall, 37/42 cases (88.1%) had at least 1 coding mutation within
410 genes with a median of 4 mutations per patient (range 0-10)
(Figure 1A), and the average depth of sequencing coverage in the 37
cases was 882x (103-3999x). The most recurrently mutated genes
were CREBBP (59.5%), KMT2D (38.1%), MEF2B (31.0%), BCL2 (28.6%),
EZH2 (21.4%), CARD11 (16.7%), TNFRSF14, and EP300 (14.3% each),
APC (11.9%), with the landscape closely resembling the previous re-
portsl*29'3° (Figure 1B). Positions and types of somatic mutations in
these genes are shown in Figure S2 and Table S4.

3.3 | Association of mutation profile with clinical
outcomes in the nOR group

Among recurrently mutated genes, their mutation frequencies (in
>10%) in the OR and nOR groups are shown in Table 2. Next, we

All (n = 50) OR (N =10) nOR (N = 40) P-value

62.5[36.0,78.0] 64.0[54.0,78.0] 65.0[36.0,76.0] 622

29 (58.0) 6(60.0) 23 (57.5) 1

31 (42.0) 4(40.0) 17 (42.5)

12 (24.0) 1(10.0) 11 (29.7) .532
23 (46.0) 6(60.0) 17 (45.9)

12 (24.0) 3(30.0) 9(24.3)

3(6.00) 0(00.0) 3(7.50) .036
17 (34.0) 7 (70.0) 10 (25.0)

30 (60.0) 3(30.0) 27 (67.5)

9(18.0) 3(30.0) 6(18.2) 1

27 (54.0) 4(30.8) 23 (57.5) 164
18 (36.0) 0(0.00) 18 (45.0) .009
2(4.00) 1(10.0) 1(2.50) .363
3(6.00) 1(10.0) 2(5.00) .07
22 (44.0) 7 (70.0) 15(37.5)

25(50.0) 2(20.0) 23 (57.5)

0(0.00) 0(0.00) 0(0.00) .308
27 (54.0) 7(70.0) 20 (50.0)

23 (46.0) 3(30.0) 20(50.0)

analyzed whether mutation status influenced the outcomes in the
nOR group (n = 34). As shown in Figure 2A, the mutation status
of the specific gene did not influence PFS significantly in univari-
ate analyses. We also evaluated the influence of gene mutations on
POD24; however, there were no statistically significant differences
between the 2 groups (Figure 2B). Interestingly, no POD24 event
occurred in RB-treated patients with CARD11 mutations in the nOR
group. In addition, the cases with CARD11 mutations tended to have
a better 3-y PFS rate than unmutated cases but with no statistically
significant difference (100% vs. 59.3%, P = .174) (Figure 2C).

3.4 | Association of m7-FLIPI with
clinical outcomes

We next investigated whether m7-FLIPI could be applied to this
total cohort (n = 42). As expected, no cases (0/8) in the OR group
were classified into the high-risk category in the m7-FLIPI compared
with 29.4% (10/34) in the nOR group but without a significant dif-
ference (P = .165) (Table 2). The high-risk group tended to have an
inferior 3-y PFS rate compared with the low-risk group (76.8% [95%
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Cl: 57.4%-88.2%)] vs. 60.0% [95% Cl: 25.3%-82.7%]) but without a
significant difference (P = .104) (Figure 3A).

Next, we focused on RB-treated patients (n = 34) in the nOR
group. In this group, the proportion of cases in the low- and high-risk
categories in m7-FLIPI was 70.6% (24/34) and 29.4% (10/34), respec-
tively (Table 2). At a median follow-up time of 48.7 mo (4.07-79.3),
the 3-y PFS rates were 70.8% in the low-risk group (95% Cl: 48.4%-
84.9%) and 60.0% in the high-risk group (95% Cl: 25.3%-82.7%),
without a significant difference (P = .264) (Figure 3B). Among 24
cases in the low-risk group, 4 cases experienced POD24 (16.7%),
while 3 from 10 cases in high-risk group experienced POD24 (30%)
without a significant difference (OR: 0.467, [95%Cl: 0.0830-2.62],
P =.394) (Figure 3C).

3.5 | Association of the 23-gene expressions with
clinical outcomes

We next analyzed gene expression levels using the FFPE samples
from the above-described 50 patients. Two cases (OR n = 1, nOR
n = 1) were excluded from this analysis because of their poor RNA
qualities. Therefore, 48 cases (OR n = 9, nOR n = 39) were ana-
lyzed by the nCounter system. Sample quality was assessed by

mRNA levels of 40 housekeeping genes in each sample (Table S3).
It has been previously reported that the GEP score based on the
expression of 23 genes was associated with clinical outcomes
of FL cases,'” which was confirmed by the following study.20
Furthermore, the 23 genes could identify 2 main clusters char-
acterized by high or low expression associated with favorable or
poor outcomes.?® So, we subjected our 48 cases to hierarchical
clustering using these 23 genes. Consistent with the previous re-

19.20 we could identify 2 main clusters (cluster 1 and cluster

ports,
2) (Figure 4A), however, at a median follow-up time of 47.4 mo
(3.2-79.3), 3-y PFS rates did not differ significantly between the 2
clusters (74.7% [95% Cl: 55.6%-86.5%] vs. 60.0% [95% Cl: 31.8%-
79.7%), P = .436) (Figure 4B).

Next, we compared 3-y PFS rates between clusters 1 and 2 in
the RB-treated 39 patients. At a median follow-up time of 46.1 mo
(3.2-79.3), the patients in cluster 2 tended to have an inferior 3-y PFS
rate compared with those in cluster 1 (50.0% [95% Cl: 18.4%-75.3%)]
vs. 72.4% [95% Cl: 52.3%-85.1%]) but without a significant differ-
ence (P =.263) (Figure 4C). We further compared the expression of
23 genes between 8 patients with POD24 and 31 patients without
POD24. Although these genes were reported to portend good or
poor risk, the expression levels of these genes were almost equiva-
lent in the 2 groups (Figure S3).
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TABLE 2 Mutation frequencies of
recurrently mutated genes in all cases, OR

G
group, and nOR group enes

APC n (%)
ARID1A n (%)
BCL2 n (%)
CARD11 n (%)
CREBBP n (%)
EP300 n (%)
EP400 n (%)
ERBB2 n (%)
EZH2 n (%)
FOXO1 n (%)
KMT2D n (%)
MEF2B n (%)
SYNE1 n (%)
TNFRSF14 n (%)

m7FLIPI n (%)

3.6 | Association of the T-cell-associated gene
expression with clinical outcomes

In this trial, we previously reported that a low ALCs was an inde-
pendent poor prognostic factor for RB-treated patients.?! Because
lymphopenia was considered to reflect an immune-suppressive
state, we applied a customized pan-cancer immune-profiling panel,
which consisted of 800 genes related to cancer development and/
or immune reactions, to the RB-treated case in the nOR group
(n = 39). As a result, a total of 33 genes, including 2 upregulated
(CD79a and POU2F2) and 31 downregulated genes (each with log,
fold change > |0.5|, and corrected [-log,,P] > 1.5) were differen-
tially expressed in the POD24 group (n = 8) compared with the no
POD24 group (n = 31). Of interest, the top genes downregulated
in the POD24 group were markedly enriched with T-cell-associated

genes (Figure 5A).

Cancer Science RyIo s ana

Mutation nOR

presence All(n=42) OR(N = 8) (N =34) P-value
Absence 7(88.1) 7 (87.5) 30(88.2) 1
Presence 5(11.9) 1(12.5) 4(11.8)

Absence 0(95.2) 8(100.0) 32 (94.1) 1
Presence 2 (4.80) 0(0.00) 2 (5.90)

Absence 0(71.4) 7 (87.5) 23 (67.6) 402
Presence 2(28.6) 1(12.5) 11 (32.4)

Absence 35(83.3) 8(100.0) 27 (79.4) .312
Presence 7 (16.7) 0(0.00) 7 (20.6)

Absence 7 (40.5) 5(62.5) 12(35.3) .235
Presence 5(59.5) 3(37.5) 22 (64.7)

Absence 6(85.7) 8(100.0) 28 (82.4) .576
Presence 6(14.3) 0 (0.00) 6(17.6)

Absence 38(90.5) 8(100.0) 30(88.2) .572
Presence 4 (9.50) 0(0.00) 4(11.8)

Absence 38(90.5) 7 (87.5) 31(91.2) 1
Presence 4 (9.50) 1(12.5) 3(8.80)

Absence 33(78.6) 8(100.0) 25(73.5) 168
Presence 9 (21.4) 0(0.00) 9 (26.5)

Absence 40(95.2) 8(100.0) 32(94.1) 1
Presence 2 (4.80) 0 (0.00) 2(5.9)

Absence 6(61.9) 7(87.5) 19 (55.9) 127
Presence 16 (38.1) 1(12.5) 15 (44.1)

Absence 29 (69.0) 5(62.5) 24 (70.6) .686
Presence 13 (31.0) 3(37.5) 10 (29.4)

Absence 38(90.5) 7 (87.5) 31(91.2) 1
Presence 4 (9.50) 1(12.5) 3(8.80)

Absence 6(85.7) 7 (87.5) 29 (85.3) 1
Presence 6(14.3) 1(12.5) 5(14.7)

Low 2(76.2) 8(100.0) 24 (70.6) 165
High 0(23.8) 0(0.00) 10 (29.4)

Therefore, we further compared the expression levels of
molecules specific for various types of T cells (Th1, Th2, and
Th17, Tfh, Treg, natural killer (NK), and CD8" T cells) and of im-
mune checkpoint markers between the 2 groups. Interestingly,
the expression levels of CD8* T-cell marker genes (CD8A, CD8B,
FLT3LG, EOMES, GZMM, GZMK) except for PRF1 were significantly
lower in the POD24 group compared with the no POD24 group
(Figure 5B). Furthermore, about half of the genes related to Thl
and Th2 responses in T cells were downregulated in the POD24
group compared with those in the no POD24 group (Figure S4).
Among them, expression levels of several genes that had been
reported to regulate differentiation (EOMES,¥32 TBX-21%%) or
migration (CXCR3%%3%) of CD8* T cells were significantly lower in
the POD24 group. Unexpectedly, CCR4, known to be mainly ex-
pressed on Treg cells, was downregulated in the POD24 group. In

contrast, NK cell markers and immune checkpoint markers were
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FIGURE 2 Association of mutation
profile with clinical outcomes in the nOR
group. A, Forest plot for progression-free
survival in univariate analyses. HR, hazard
ratio. Mut, mutations. B, Frequencies

of mutations in 34 recurrently mutated
genes in cases with or without POD24 in
the nOR group (n = 34). C, Kaplan-Meier
curves for progression-free survival of
cases with or without CARD11 mutations
in the nOR group (n = 34). Log-rank P-
values are shown in the graphs. Wt, wild
type. Mut, mutations

FIGURE 3 Association of m7-FLIPI
with clinical outcomes. Comparison

of progression-free survival between
the cases in the low-risk and high-risk
categories classified by m7-FLIPI for

(A) all cases (n = 42) and (B) nOR group
(n = 34). Log-rank P-values are shown

in the graphs. Int, intermediate. C, The
proportions of the low-risk and high-risk
categories classified by m7-FLIPI in the
cases with and without POD24 in the nOR
group (n = 34). P-values by Fisher exact
test are shown in the graphs
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almost equivalently expressed in the 2 groups (Figures 5B and S4).
So, we speculated that the prognosis of the FL patients might be
influenced by CD8™" T-cell infiltration.

3.7 | Association of the immune infiltration score
with clinical outcomes

Next, we selected 10 genes (TBX21, CXCR3, CCR4, CD8A, CD8B,
GZMM, FLT3LG, CD3E, EOMES, GZMK) by manual curation that are
involved in differentiation and/or migration of CD8% T cells and
performed unsupervised hierarchical clustering. As a result, we

could dichotomize 39 RB-treated cases into immune infiltration&"

(infil"&") and infiltration'®" (infil'®") clusters (Figure 6A). Of note,
POD24 was observed in 8/20 (40%) cases in the infil'®" cluster, and
no POD24 event occurred in the infil™&"
ference (P = .0084) (Figure 6B).

Next, we attempted to generate an IIS using these 10 genes.

cluster with significant dif-

For this purpose, we conducted a principal component analysis on
39 cases in the nOR group and extracted 3 principal components
(Table S5). Eventually, principal component 1 had a prognostic
value for PFS (HR 0.382, 95% Cl: 0.170-0.856, P = .0194; Table Sé6).
So, we calculated the IIS using this component. The IIS ranged
from -1.986 to 2.937, and a score of -0.197 was determined as
the optimum threshold to separate these cases into 11" (n = 20)
and 11S"8" (0 = 19) groups from ROC analysis (specificity = 0.624,
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sensitivity = 0.786, AUC = 0.719; Figure S5). The 3-y PFS rate was
significantly lower in the 115" group compared with in the 115"
group (50.0% [95% Cl: 27.1%-69.2%] vs. 84.2% [95% Cl: 58.7%-
94.6%], P = .0237) (Figure 6C). We also examined the relationship
between the lIS and ALCs in these 39 patients and found that the 1I1S
was correlated with ALCs (r = 0.460, P = .00355; Figure 6D).

3.8 | Association of the T-cell-associated gene
expression with their mutation profile

We next analyzed whether gene mutations influenced the expres-
sion of T-cell-associated genes in 40 patients. However, the frequen-
[high

% and infi

cies of mutations were roughly the same between infi
clusters in most genes (Figure 7A). For example, the mutation fre-
quencies in CREBBP,%® EZH2,%” and TNFRSF14,% which are known
to regulate the tumor microenvironment, did not differ significantly

between the 2 clusters.

Finally, we investigated whether the IIS was correlated with ALCs
using all cases (n = 48) and found that the IIS was correlated with
ALCs also in this population (r = 0.349, P =.0156; Figure 7B). Of note,
the mean number of ALCs was significantly lower in the ls'ow group
(1120/pL) than in the 1IS"&" group (1560/pL) (P = .0198) (Figure 7C).
Furthermore, the proportion of cases with low ALCs (<869/uL) was
higher in the 115" group than in the 11S"&" group (41.7% vs.8.33%,
OR: 7.86 [95%Cl, 1.49-41.3], P = .0173) (Figure 7D).

4 | DISCUSSION

In this study, we attempted to identify biomarker(s) that can predict
clinical outcomes of RB-treated FL patients. At first, we examined
gene mutation profiles in our patients. As a result, we found that
types of mutated genes and their frequencies were roughly the same
as previously reported,l’zt"30 and we found that none of those muta-
tions influenced PFS in univariate analyses. Among them, mutations
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of CARD11, which functions as a positive regulator of the NF-xB
pathway in normal B and T lymphocytes, were detected in 16.7%
of the cases. A CARD11 mutation was more frequently observed in
transformed FL than in untransformed FL2%%? and counted as a poor
prognostic factor in m7-FLIPI.Y In accordance with these results,
all patients harboring CARD11 mutations did not show optimal re-
sponses to the initial 2 cycles of R-CHOP and were classified into
the nOR group. However, all these patients achieved and maintained
CR at least for 3 y by the early conversion to RB treatment. These
results raised the possibility that the negative impact of CARD11 mu-
tations observed under R-CHOP treatment might be canceled by RB
treatment.

We also assessed whether m7-FLIPI is useful to predict progno-
sis of our RB-treated FL patients. Although the 3-y PFS rate tended
to be higher in the m7-FLIPI low group than in the m7-FLIPI high
group, this difference was not significant. Also, whereas m7-FLIPI
was reported to be able to predict POD24 in R-CHOP-treated FL pa-
tients, POD24 was observed regardless of m7-FLIPI risk group in our
BR-treated cases. It must be noted that the results reported in this
study may lack statistical power due to the small number of cases.
In accordance with our results, however, m7-FLIPI had no prognostic
value in RB-treated or GB (G + B)-treated FL patients, as reported in
a randomized phase Ill (GALLIUM) trial.®*° Together, these results
suggested that m7-FLIPI may not be an accurate prognostic factor in
FL patients treated with B-based regimens.

A GEP score based on the expression of 23 genes was initially es-
tablished to predict clinical outcomes in FL patients,19 and based on
the 23-gene expression panel, it was possible to identify 2 main clus-
ters associated with favorable or poor outcome in the subsequent
study.?? However, these studies included only a few patients treated
with RB. Subsequently, this model was shown to have no prognos-
tic value in the RB-treated or GB-treated cohort in the GALLIUM
study.41 In accordance with this result, we found that the 3-y PFS
rates did not differ between the patients in cluster 1 and cluster 2.
However, cluster 2 patients tended to have an inferior 3-y PFS rate
compared with cluster 1 patients. Considering the small number of
patients in this study, further studies are needed to draw a definite
conclusion as to the efficacy of this model in predicting the progno-
sis of B-treated FL cases.

Several lines of evidence indicated that FL cells depend on the
interactions with non-malignant cells that constitute the TME for
their growth and survival.»*? Particularly, because of the indolent
feature of FL cells, the prognosis of FL is substantially affected by
the TME, which consists of various types of T lymphocytes (CTLs,
Tregs, and so on), B lymphocytes, and TAMs. These cells act as pos-
itive or negative regulators of the immune response in FL, thereby
influencing the clinical outcomes in this disease. At first, Dave and
colleagues showed that FL patients with high levels of immune in-
filtration in tumoral tissues had a better prognosis compared with
those with low immune infiltration.**> However, this study was
conducted before the R era, including some patients who initially
received a watch-and-wait approach. Another study showed that a
cytotoxic effector T-cell signature based on a signature containing
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6 genes (GZMA, GZMB, PRF1, IFN-y, EOMES, and CD8A) could be a
prognostic factor, in which the “inflamed” subset (effector T—cellhigh)
showed better PFS than the “uninflamed” subset (effector T-
cell'®").4* More recently, Tobin and co-workers analyzed the im-
mune infiltration profile in FL cases with or without POD24, and
observed that a low expression of immune effectors (TNFa, CD4),
checkpoints (programmed death-ligand 2 [PD-L2]), or macrophage
markers (CD68), were associated with POD24. Among them, PD-L2
was the most sensitive marker in identifying patients with a poor
prognosis.’! However, most of the patients enrolled in these studies
received R-CHOP/R-CVP.

To elucidate the roles of the immune microenvironment in RB-
treated FL patients, we applied a customized pan-cancer immune-
profiling panel consisting of 800 genes to the RB-treated cases in
the nOR group. As a result, we found that CD8" T-cell markers such
as CD8A, CD8B, FLT3LG, GZMM, and GZMK, were downregulated in
the POD24 group, while markers for NK/T cells and immune check-
point molecules were almost equivalently expressed in cases with
or without POD24. Among the genes downregulated in the POD24
group, GZMM and GZMK, which are commonly expressed in CTLs
and NK cells, have pro-apoptotic activities on tumor cells.*® A low
expression of GZMM and GZMK in tumor tissues has been associated
with an unfavorable prognosis in cutaneous melanoma,*® and GZMK
was also found to be downregulated in the process of FL transfor-
mation.*’ Together, these results suggested that anti-FL immune
responses may be weakened in RB-treated FL patients undergoing
POD24. However, future studies using high-throughput technolo-
gies, such as single-cell transcriptome sequencing, multicolor im-
munohistochemistry, and imaging mass cytometry are needed to
determine which T-cell subpopulations indeed express each cyto-
toxic molecule.

In the presented study, some genes related to differentiation
(EOMES, "3 TBX-21°%%) or migration (CXCR3%4%%) of CD8* T cells were
also significantly downregulated in the POD24 group. Unexpectedly,
CCR4 was also downregulated in the POD24 group. This result
seems to be somewhat unreasonable because targeting therapies
against CCR4 were expected to have great potential in cancer im-
munotherapies through depletion of Tregs.*® However, using single-
cell transcriptome sequencing, a recent study has reported that the
expression of CCR4 was positively correlated with CTLs signature
and a good prognosis in patients with nasopharyngeal carcinoma.*?
Collectively, we further classified RB-treated cases into infil"®" and
infil® clusters using the 10 manually selected genes. POD24 was
observed in 8/20 (40%) cases in the infil'®" cluster, while none of
infil"'&" cases underwent POD24 (P =.0084). Furthermore, we gen-
erated the IIS using principal component analysis based on the 10
genes. The 3-y PFS rate was significantly lower in the ls'ow group
than in the 11S"8" group (P = .0237). These results suggested that
our model would be useful for predicting clinical outcomes includ-
ing POD24 in RB-treated FL patients. Although it has already been
shown that an increased number of CD8* T cells in neoplastic folli-
cles of FL was associated with a favorable prognosis,50 CD8* T cells
present in neoplastic follicles are functionally heterogeneous and
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include some exhausted T cells with inhibitory receptors (ie, PD-1,
LAG3).%! So, to identify truly functional CTLs against FL cells among
CD8™ T cells by immunohistochemistry in daily practice, we should
identify several surface markers and utilize them in combination.
Furthermore, it should be noted that our RB-treated patients con-
stituted a unique population, namely those who received RB after
2 cycles of R-CHOP. Therefore, future studies are required to de-
termine whether our results are applicable to de novo FL patients
treated with a B-based regimen as the 1st-line treatment using larger
prospective cohorts.

To clarify molecular mechanisms underlying the difference in in-
fil'" and infil"&" immune profiles, we compared the frequency of
mutations in both clusters. However, the frequencies of mutations
[high

[low clusters in most

were roughly the same between infil'°" and infi
genes, especially those that regulate the TME such as CREBBP, EZH2,
and TNFRSF14. These results raised the possibility that epigenetic
regulation might be different between the 2 clusters. Of importance,
the only significant clinical parameter related to the ls'ow group was
lymphopenia, which we had previously identified as a poor prognos-
tic marker for RB-treated patients.?! These results suggested that
lymphopenia at diagnosis may reflect reduced T-cell-mediated im-
mune reactions in the TME and that it may be possible to substitute
this for the immune profiling utilized in this study.

In conclusion, we here found that the expression of CD8% T-
cell markers was significantly lower in RB-treated patients with
POD24 than those without POD24. Furthermore, FL cases were
classified into 115" and 11S"8" groups based on the expression of
T-cell-associated genes, which was useful to predict the prognosis of

RB-treated FL patients.
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