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Abstract

Purpose: Tumor-infiltrating B lymphocytes (TIL-Bs) have demonstrated prognostic and
predictive significance in solid cancers. In this study, we aimed to distinguish TIL-Bs from
malignant B-cells in diffuse large B-cell lymphoma (DLBCL) and determine the clinical and
biological significance.

Patients and Methods: A total of 269 patients with de novo DLBCL from the International
DLBCL R-CHOP Consortium Program were studied. Ultra-deep sequencing of the
immunoglobulin genes was performed to determine B-cell clonotypes. The frequencies and
numbers of TIL-B clonotypes in individual repertoires were correlated with patient survival,
gene-expression profiling (GEP) data, and frequencies of DLBCL-infiltrating immune cells
quantified by fluorescent multiplex immunohistochemistry at single-cell resolution.

Results: TIL-B abundance, evaluated by frequencies of normal B-cell clonotypes in the
immunoglobulin repertoires, showed remarkably positive associations with significantly better
survival of patients in our sequenced cohorts. DLBCLs with high versus low TIL-B abundance
displayed distinct GEP signatures, increased pre-memory B cell state and naive CD4 T cell
state fractions, and higher CD4" T-cell infiltration. TIL-B frequency, as a new biomarker in
DLBCL, outperformed the germinal center B-cell-like/activated B-cell-like classification and TIL-
T frequency. The identified TIL-B-high GEP signature, including genes highly expressed in
normal germinal center B cells and T cells and those upregulated during T-dependent B-cell
activation, showed significant favorable prognostic effects in several external validation cohorts.
Conclusions: TIL-B frequency is a significant prognostic factor in DLBCL and plays a crucial
role in antitumor immune responses. This study provides novel insights into the prognostic

determinants in DLBCL and TIL-B functions with important therapeutic implications.

Statement of translational relevance:
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Tumor-infiltrating B lymphocytes (TIL-Bs) have shown significantly favorable prognostic effects
in solid cancers where TIL-Bs are easily quantifiable. This study provides the first evidence that
the total frequency of TIL-Bs in the immunoglobulin repertoires and clonotypic diversity have a
significant prognostic impact in DLBCL, the most common B-cell lymphoma. The stratification by
TIL-Bs was also biologically significant, demonstrating prominent GEP signatures, increased
tumor-infiltrating CD4 T cells (by fluorescent mIHC), specific cell state enrichment (by EcoTyper
bulk GEP analysis), and alteration of PD-1’s prognostic effects. The remarkable ability of TIL-B
frequency to stratify DLBCL patients will inform studies on predictive biomarkers and
mechanisms underlying the prognostic significance of GCB/ABC classification. The important
role of normal B cells in antitumor immunity may underlie their clinical significance in DLBCL,
which has significant implications for current and future therapies (such as BCR-targeted

therapies, CAR T-cell therapy, and bispecific antibodies).
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Introduction

Tumor-infiltrating B lymphocytes (TIL-Bs) have received renewed attention. Unlike T cells, which
can only recognize processed neoantigens presented on major histocompatibility complexes
(MHC; or CD1 for NKT) to T-cell receptors (TCRs) and require co-stimulatory signals from
antigen-presenting cells (APCs) for activation, B cells use their surface immunoglobulins to
directly bind native antigens, proteins, polysaccharides, lipids, and nucleic acids, and can
become activated either T-independently or T-dependently (1, 2). Unlike TCRs, B-cell receptors
(BCRs) can undergo somatic hypermutation (SHM) and isotype switching in germinal centers
(GCs) after T-dependent B-cell activation. Finally, plasmablasts and plasma cells (effector B

cells) differentiated from activated B cells secrete antibodies.

High density of TIL-Bs and mature tertiary lymphoid structures, which are ectopic lymphoid
aggregates in non-lymphoid tissues, have consistently shown favorable prognostic effects in
solid cancers (3, 4). The diversity of BCR repertoires is also correlated with better prognosis in
some solid tumors in a previous study using TCGA RNA-seq data of 9522 tumors (5). Tumor-
reactive antibodies have been discovered in a few studies, and are associated with unfavorable
(6) or favorable (7) clinical outcomes. Intriguingly, the antibodies discovered to date are
predominantly against self-antigens (8), suggesting a break in peripheral B-cell tolerance that
can be caused by increased self-antigen concentrations and lead to “epitope spreading” (9)
involving T cells and linked recognition. It is proposed that activated self-reactive B cells can
combat cancer immunoediting, in that they can prime polyclonal T cells with broad linked

antigen reactivity through epitope spreading (8).

The clinical significance TIL-Bs in B-cell lymphomas is unknown, as TIL-Bs are not easily

identifiable. Diffuse large B-cell lymphoma (DLBCL) arising from mature B cells is the most
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common lymphoma. DLBCL can be classified into two major cell-of-origin subtypes by gene
expression profiling (GEP), GC B-cell-like (GCB) and activated B-cell-like (ABC) (10), and
various genetic (11, 12) and lymphoma ecosystem (LE) (13) subtypes. With the standard
treatment, rituximab, cyclophosphamide, doxorubicin, vincristine, and prednisone (R-CHOP),
~40% of DLBCL patients are not cured. Autologous stem-cell transplantation and chimeric
antigen receptor (CAR) T cells improve DLBCL prognosis; however, resistance mechanisms

and common relapses after CAR-T therapies (14, 15) remain to be better understood.

A recent single-cell RNA-sequencing (scRNA-seq) study identified TIL-Bs in 17 DLBCL cases
based on gene-expression data (16). The average frequency was 7.5% (range in 13 positive
cases: 1-60%). Naive and memory subclusters of TIL-Bs, but not most of malignant B-cell
subclusters (16), highly expressed 3 gene signatures of normal GC B-cells: precursor-memory
(preM), INT (intermediate dark-zone/light-zone stage)-d, and INT-e (17). Another study detected
TIL-Bs in one of 4 scRNA-seq DLBCL cases with a frequency of 10.7%, estimated by doubling
the proportion of kappa/lambda light chain—non-restricted B-cell clusters, and in 4 of 9 flow
cytometry DLBCL cases with an average frequency of 2.43% (range in 4 positive cases: 0.1-

11.7%) (18).

Mature B cells have clonotypic immunoglobulins with unique gene rearrangements of
immunoglobulin heavy (IGH) and light chain gene segments and differences in SHMs (19, 20).
In this study, we performed immunoglobulin gene (IG) ultra-deep sequencing, distinguished
normal B cells from DLBCL cells through clonotype analysis, and analyzed the frequencies and

clonotypic diversity of bulk TIL-Bs for their prognostic and immunological effects in DLBCL.

Patients and Methods
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Patients

The study cohort from the International Lymphoma Consortium Program included 269 patients
with de novo DLBCL treated with R-CHOP. Based on bulk GEP data (GSE31312), 107 and 108
cases of the study cohort were classified as GCB and ABC (21), respectively, and 171 cases
were assigned to a LE subtype (15, 1, 9, 26, 9, 58, 30, 14, 9 cases as LE1 to LE9, respectively)
using Lymphoma EcoTyper software (13). Based on genetic alterations identified by targeted
next-generation sequencing (NGS) (22), 71 cases were genetically subtyped using the
LymphGen algorithm (23). This study was conducted in accordance with the principles of the
Declaration of Helsinki. Material transfer agreements and data collection protocols were
approved as minimal to no risk or exempt by the institutional review board of each participating

institution.

Ultra-deep IG sequencing

DNAs extracted from formalin-fixed, paraffin-embedded (FFPE) diagnostic tissue sections
underwent |G ultra-deep sequencing using the immunoSEQ™ platform (Adaptive
Biotechnologies, Seattle, WA) as described previously (24). The IGH and IG kappa or lambda
light chain (IGKI/L) loci were independently analyzed by hsIGH and hsIGKL assays, respectively,

with an average of 260ng of genomic DNA and 162.08x sequencing depth of coverage.

After NGS, the raw sequencing data were processed by a complexity filter and nearest neighbor
algorithm to remove technical failures and correct sequencing errors. Specific V, D, and J genes
were identified according to criteria established by the International ImMMunoGeneTics (IMGT)
collaboration with a standard algorithm to identify V, D, and J gene segments. When a specific
gene could not be identified unambiguously, the V, D, or J family gene was listed, or as
“‘unresolved”. Point mutations occurring in the IG variable regions (IGV) were identified by
comparisons with IMGT germline sequences.
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Sequence results were clustered into distinct clonotypes with perfectly matched nucleotide
sequences in the complementarity determining region 3 (CDR3) region using altorithms from
Adaptive Biotechnologies (which have been replicated by others in BioConductor
[RRID:SCR_006442]). The translated amino acid sequence was identified as productive, out-of-
frame, or containing a premature stop codon. For a clone to be included in the results, its unique
nucleotide sequence must be identified at least twice by the sequencer. The frequency of each
clone (the percentage of normalized reads divided by the total number of normalized reads) was
reported by ImmunoSEQ analyzer to determine the relative expansion in individual sequence
repertoires. Clones with >5% frequency in a sequence repertoire were identified as index-
trackable sequences. Shannon’s entropy was calculated from the frequencies of all productive

sequences divided by the logarithm of the total number of unique productive sequences.

Multiplex immunofluorescence

Fluorescent multiplex immunohistochemistry (mIHC) was performed using a MultiOmyx™
immunofluorescence platform (NeoGenomics Laboratories, Inc., Aliso Viejo, CA) for a large
DLBCL cohort including 218 cases in this study. FFPE tissue microarrays were stained with 13
antibodies conjugated to either cyanine 3 (cy3) or cyanine 5 (cy5) and 4',6-diamidino-2-
phenylindole (DAPI) in eight staining rounds. Stained images were collected on an INCell
analyzer 2200 microscope (GE Healthcare Life Sciences) equipped with high-efficiency
fluorochrome-specific filter sets for DAPI, cy3, and cy5 and analyzed in multiple stages by
applying a rigid registration algorithm, nuclear segmentation algorithms, morphologic and shape
algorithms, and tissue-quality algorithms as described previously (25). PD-1 (antibody
RRID:AB_2894867), PD-L1 (RRID:AB_2827816), PD-L2 (RRID:AB_2799999), and CTLA-4
(RRID:AB_10988256) expressions in B cells (CD20"; RRID:AB_2144403), T cells (CD3";
RRID:AB_2631163), macrophages (CD68"; RRID:AB_627158), and NK cells (CD56;
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RRID:AB_2864402) were evaluated by co-expression analysis. T-cell infiltration was evaluated
by T-cell count divided by the total counts of PAX5" cells, CD3" cells, macrophages, and NK

cells in each sample.

GEP analysis

GEP was performed using the Affymetrix GeneChip Human Genome HG-U133 Plus 2.0 (21) A
Bayesian model was used to classified GCB/ABC subtype (21). CEL files were pre-processed
and normalized using the Robust Multi-chip Average (RMA) implemented in R package affy
(release 3.16). Two-class unpaired Significance Analysis of Microarrays (SAM;
RRID:SCR_010951) was performed to identify significantly differentially expressed genes
(DEGSs) using R package samr (version 3.0). CLUSTER 3.0 software (RRID:SCR_013505) and
JAVA TREEVIEW (RRID:SCR_016916) were used to cluster and visualize differential
expression. Expression Analysis Systematic Explorer (EASE, a desktop version of DAVID;
RRID:SCR_013361) software was used to categorize over-represented biological pathways

using Gene Ontology terms.

Statistical analysis

The overall survival (OS) and progression-free survival (PFS) durations were calculated from
the time of diagnosis to death from any cause and to progression or death from any cause,
respectively, or censored at the last follow-up. Univariate survival analysis was performed using
the Kaplan-Meier method. Multivariate analysis was performed using the Cox model. Fisher's
exact test was used to compare the frequencies of the categorical variables. The
unpaired/paired 2-tailed t test, unpaired two-sided Mann-Whitney U test, and Wilcoxon
matched-pairs signed rank test were used to compare the distribution and mean/median values
between two groups. Statistical analyses were performed using GraphPad Prism version 9 and
IBM SPSS version 26.0. P-values of <0.05 were considered statistically significant.
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Data availability

Major IGH sequencing data are provided in a Supplementary Excel file. GEP data have been
deposited in Gene Expression Omnibus (GEO) GSE31312. mIHC and other generated data are

available from the corresponding authors on reasonable request.

Results

Frequencies of normal B-cell clonotypes in the IGH repertoires are highly prognostic in

DLBCL

High throughput ultra-deep sequencing of IGH genes was performed using multiplexed forward
and reverse primers to amplify all rearranged VDJ and DJ sequences in the DNA samples.
Bioinformatics pipelines were used to determine clonotypes, normalize the sequence read
counts, and calculate the frequency of each clonotype in individual sequence repertoires. A
predominant productive IGH-VDJ sequence in a repertoire was identified as the diagnostic
clonotype (successfully in 138 cases and analyzed for SHM and prognostic significance in our
previous study (24)), representing expanded malignant B cells. Its derivative sequences were
also likely from neoplasms, while other clonally unrelated productive IGH-VDJ clonotypes were

identified as normal B-cell clonotypes likely derived from non-transformed TIL-Bs.

For example, in Figure 1A, a diagnostic IGH sequence (SHM") and 2 derivative sequences with
additional SHMs were identified as neoplastic B-cell clonotypes, and 42 unrelated productive
VDJ sequences were identified as normal B-cell clonotypes. Since mature B cells in secondary
lymphoid organs should have only one successful VDJ rearrangement, other types of IGH

sequences (DJ-only; VDJ with nonsense or out-of-frame mutations) could be derived from non-
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functional alleles originally rearranged during B cell development or failure of VDJ sequencing
using FFPE tissues. Figure 1B shows the frequencies of the five sequence types in the
138individual repertoires. The mean (Figure 1C) and median frequencies of bulk normal B-cell

clonotypes were 8.48% and 3.94%, respectively.

In these 138 DLBCL cases, frequencies of bulk normal B-cell clonotypes showed significant
effects on OS and PFS across a wide range of cutoffs (20.019%-16.7% for high frequencies vs.
0% to <16.35% for low frequencies). Figure 2A shows the OS/PFS using two cutoffs: 1% and
2.4%. The effects remained highly significant after excluding four patients with DLBCL/high
grade B-cell lymphoma with MYC and BCLZ2 rearrangements (26) from the study cohort
(Supplementary Figure 1A) and in multivariate analysis adjusted for clinicopathological

parameters (Supplementary Tables 1-2).

High normal B-cell clonotype frequencies display prominent immune gene signatures

Bulk GEP data of DLBCL cases with and without high frequencies (22.4%) of normal B-cell
clonotypes were compared, resulting in 427 significantly DEGs (348 DEGs using a 1% cutoff;
Supplementary Figure 1B, Supplementary Tables 3-4), suggesting the biological

meaningfulness of the stratification.

Immune response was the most enriched Gene Ontology biological process (Supplementary
Table 5). Among the top DEGs visualized in Figure 2B, FDCSP (a regulator of B-cell responses
(27); 19.9 fold), CXCL13 (B-cell chemoattractant; 11.7 fold), and CD71C (presenting lipid and
glycolipid antigens; 8.2 fold) showed the highest upregulation. T-cell signature was especially
enriched, including CCL19 (T/B cell migration (1, 2); 5.3 fold upregulation), ENPP2 (T cell/

dendritic cell (DC) migration (28, 29)), IL7R (important for B-cell development and T-cell
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especially memory T-cell survival (1, 2)), CCL21 (T-cell chemoattractant), many TCR-signaling
genes, T-helper (Th) 2 response-related genes including IL4R, MAF (highest in follicular Th
[Ten] and Th17 cells), and DEF6, Th1 response-related genes including STAT4, IL2RG, and
IL12RB1, CD84 (SLAM family member), CD40LG (CD40L), CD27 (co-stimulatory for CD8" T
cell activation (1); memory B-cell marker), FOXP3 (regulatory T cell [Treg] marker), and
BCL11B (30). In addition, CTLA4, TIGIT, NLRC3, DGKA (31), and RASA3 (32) which suggest
immunosuppression and EVI2B potentially relevant for B-cell activation (33) were also

upregulated.

As Figure 2C illustrates, these genes are those upregulated during T-dependent B-cell
activation (Supplementary Table 4) (1, 2). In this process, B/T cells are positioned by
chemokines: CXCL13 in B-follicles, EBI2 ligand in outer follicle and interfollicular regions (34),
CCL19 and CCL21 in T-cell zones. B cells present processed antigens to antigen-specific CD4
T cells that are activated independently by dendritic cells (DCs). Upon antigen recognition, the
SLAM family and SAP binding are induced to prolong B cell: T cell interactions. Upon TCR
stimulation, activated T cells express CD40L and cytokines to help with B-cell activation.
Consequently, activated B cells proliferate and differentiate, first in extrafollicular foci and
subsequently GCs, where B cells interact with follicular dendritic cells (FDCs) and Tgy cells
expressing cytokines and co-stimulators, and some activated Th cells develop into Tey cells (1,

2).

To further understand the cellular differences manifested in bulk GEP, we implemented
Lymphoma EcoTyper to assign the cell states in each DLBCL (Supplementary Figure 1C).
DLBCLs with high frequencies (22.4%) of normal B-cell clonotypes had significantly increased

frequencies of the LE7 ecotype, B cell state S2 (preM (13)), CD4 T cell state S3 (naive), Tey cell
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state S3 (HLA-A, RPS7, and RPL13A upregulation might contribute to the assignment), and
endothelial cell state S3 hich were associated with favorable clinical outcome significantly in
three to four DLBCL cohorts by a previous study (13), and significantly less frequent assignment
(according to the most abundant cell state) of B cell state S5 (plasmablast (13); this cell state
also expresses gene sets of normal dark-zone GC B cells (17)), Tey cell state S1, and
endothelial cell state S1. In addition, DLBCLs with versus without >1% normal B-cell clonotypes
had a higher frequency of mast cell state S1 (Figure 2D, Supplementary Figure 1D). However,
the software does not differentiate malignant and normal B cells. The gene signature
upregulated in TIL-B-high patients (Supplementary Figure 1B) included both PreM-upregulated

and PreM-downregulated (LCK, CD27, IL4R, TOX, SH3KBP1, SNX29P2) gene signatures (17).

The prognostic effects of TIL-B frequencies outweigh that of GCB/ABC

In the prognostic analysis within the GCB/ABC subtypes, high frequencies of normal B-cell
clonotypes showed significantly favorable effects in both subtypes (Figure 3A). In contrast, the
GCB/ABC subtypes had no significant prognostic effects in either the TIL-B-low or TIL-B-high

patient groups, although they had starkly distinct GEP (Supplementary Figure 2).

The GCB subtype had a significantly higher proportion of TIL-B-high patients than the ABC
subtype. We further differentiated SHM  (likely naive B cells; however, we acknowledged that
not full IGV genes were sequenced) and SHM" IGHV clonotypes (possibly memory/GC B-cells
or plasmablasts), and found that the ABC compared with GCB subtype had a significantly lower
median frequency of SHM clonotypes, and that ABC-DLBCLs had more SHM" than SHM

normal B-cell clonotypes (Figure 3A).

A prominent GEP signature was identified for high TIL-B frequencies in GCB-DLBCL
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(Supplementary Figure 3A, Supplementary Table 6). In contrast, in ABC-DLBCL, only a small
number of DEGs showed statistical significance. TIL-B-low ABC cases had heterogeneously
high expression of immune genes (Figure 3B, Supplementary Figure 3A-B), suggesting
expression by other mechanisms compounding the analysis. We further compared patients with
high vs. low frequencies of both SHM* and SHM  normal B-cell clonotypes. DEGs significant in
both ABC- and GCB-DLBCL (Figure 3C-D, Supplementary Table 7) included CXCL13, IL7R,
CCL21, BCL11B, LPAR1, FOXP3, CTLA4, CD226 (which can attenuate Treg suppressive
capacity (35)) and MAF (Th2 responses/Ten/Th17). Only the signature identified in GCB-DLBCL
included many genes involved in antigen degradation and presentation (which could suggest

epitope spreading in TIL-B-high patients).

A53, MCD, and ST2 genetic subtypes showed significantly lower frequencies of normal B-cell
clonotypes; however, the numbers of cases were too small. Only in the EZB subtype, high

frequencies of normal B-cell clonotypes showed significant prognostic effects (Figure 3E).

Clonotypic diversity of TIL-Bs show significant favorable prognostic effects and immune

gene signatures

High frequencies of normal B-cell clonotypes were significantly associated with high Shannon’s
entropy and normal B-cell clonotype numbers (P < 0.0001). Shannon’s entropy correlated with
significant prognostic effects (Supplementary Figure 4A), but not with GEP signatures. The
number of normal B-cell clonotypes showed significant prognostic effects (significant with a wide
range of cutoffs, 22 to 262) and distinct GEP signatures (Figure 4A, Supplementary Figure 4A-
B; cutoff, 210 clonotypes) resembling those of normal B-cell clonotype frequencies in overall
DLBCL and the GCB/ABC subsets. Additional DEGs identified included SH2D1A (SAP (1)),

KLRK1 (NKG2D), RORA (Th17; paradoxically, IL17F was downregulated), PECAM1 (CD31),
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etc. (Supplementary Table 8).

Furthermore, ABC had lower normal B-cell SHM  clonotypic diversity than the GCB subtype.
The diversity status of normal B-cell SHM  and SHM" clonotypes (cutoff, 25) was consistent in
most GCB-DLBCL cases. In contrast, 12 ABC-DLBCL cases were high in SHM®-clonotypic-
diversity yet low in SHM -clonotypic-diversity and had poor OS (Figure 4B; in 9 cases, the total
frequencies of normal B-cell SHM" clonotypes were low). SHM -clonotypic-diversity-high cases
almost always had =5 SHM" clonotypes of normal B-cells; SHM -clonotypic-diversity-low GCB-
DLBCL cases almost always had <5 SHM" clonotypes of normal B-cells. Normal B-cell SHM
clonotypic diversity correlated with significantly higher frequencies of bulk normal B-cell
clonotypes and better patient survival in both GCB- and ABC-DLBCL (Supplementary Figure
5A). In contrast, in ABC-DLBCL, normal B-cell SHM" clonotype diversity was not associated
with significant prognostic effects, nor with significantly higher frequencies of total or SHM

normal B-cell clonotypes as in GCB-DLBCL (Supplementary Figure 5B).

To further characterize the bulk TIL-Bs, we evaluated the clonal dominance and affinity potential
of the top three expanded normal B-cell clonotypes (Figure 4C). The high dominance of these
clonotypes in the normal B-cell compartment was associated with significantly poorer survival
and lower frequencies/diversity of the bulk normal B-cell clonotypes (Figure 4C, Supplementary
Figure 6A-C). The SHM status of the second/third largest normal B-cell clonotype was
associated with less clonal expansion and lower frequencies of bulk normal B-cell clonotypes,
and SHM percentage 21.28% of the second largest clonotype was associated with significantly
poorer survival (Supplementary Figure 6B-C). However, only the dominance of the largest
clonotype showed a significant GEP signature (Supplementary Figure 6A), whose up/down-
regulation was opposite to the signatures identified by high frequencies/diversity of bulk normal
B-cell clonotypes (Supplementary Table 8).
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Comparisons among genetic subtypes showed some but not very significant differences in
clonotype numbers, clonal dominance and SHM% of the second largest clonotypes, yet the
case numbers were very small (Supplementary Figure 6D). We did not find significant
associations between numbers of mutated genes by targeted NGS and Shannon’s entropy or

normal B-cell clonotype numbers/frequencies.

Increased TIL-B frequencies are associated with increased CD4" T cell infiltration in

DLBCL

To visualize and quantify DLBCL and immune cells, fluorescent mIHC was performed on FFPE
tissues (25). Figure 5A shows the H&E staining of lymph node tissues and three representative
multispectral images of fluorescent mIHC for the example case in Figure 1A (a GCB-DLBCL,;
EZB subtype with BCL2 and BCL6 but not MYC gene rearrangements). In the immune
landscape, we noticed some CD20"PAX5 cells (enlarged circles in Figure 5A) clustered next
to some CD4"'CD3 CD68 cells (36). We speculate that these CD20"PAX5 cells were normal
pre-plasma cells in the GC light zone or at an even more differentiated stage, based on previous
studies using normal reactive lymphoid tissues: PAX5 immunohistochemistry found that plasma
cells were PAX5-negative (37), as well as the bulk of centrocytes within the GC light zone, likely
pre-plasma cells as they were IRF4" and Blimp-1" indicating a commitment to the plasma cell
lineage (38). In previous CD20 staining studies, most plasmablasts/plasma cells were CD20-
negative (39); however most tonsil plasma cells were CD20" (40), and TLR9 stimulation of
CD27" memory B cells isolated from tonsils or the peripheral blood in vitro generated CD20"
pre-plasmablasts and subsequent CD20" plasmablasts/plasma cells favoring IgM secretion

(41).
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We analyzed the digitally quantified immune-cell data (25) and found that high frequencies of
normal B-cell clonotypes were associated with significantly higher counts and frequencies of
CD3'CD4" T cells (also significant for Treg, memory, FOXP3 , and CD45RO CD4 TIL-T
subsets), as well as a higher percentage of FOXP3" and CTLA-4" within the CD3"CD4" TIL-T
subset (Supplementary Figure 7A), but not with CD3"CD8", macrophages, or NK cells. The

clonotypic diversity of TIL-Bs showed similar, but less significant, associations.

Analysis in GCB/ABC-DLBCL found that in GCB-DLBCL, high frequencies and diversity of
normal B-cell clonotypes were associated with significantly increased CD3"CD4" and CD3"CD8"
TIL-Ts. In ABC-DLBCL, only high frequencies (but not the diversity) were associated with
significantly increased CD3*CD4" TIL-Ts (Figure 5B, Figure 4C, Supplementary Figure 7A).
The high dominance of the largest normal B-cell clonotype was associated with significantly
lower frequencies and counts of both CD3"CD4" and CD3*CD8" cells in overall DLBCL and the

GCB/ABC subtypes (Figure 4C, Supplementary Figure 7B).

Owing to these associations, we performed two-factor prognostic analyses as shown in Figure
5C and Supplementary Figure 7C. TIL-B-low patients had poorer survival regardless of
sufficient or deficient CD4/CD8 T-cell infiltration (using the cutoff from our previous study (25)).
However, patients with sufficient TIL-Bs but not CD4 TIL-Ts (only 4 cases) also had significantly

poorer OS, suggesting that both TIL-Bs and TIL-Ts were important.

We also examined the prognostic effects of PD-1 (owing to the clinical significance) in the
context of TIL-B abundance. PD-1 expression (in T cells or B cells) exhibited significant adverse
effects in TIL-B-low patients (Figure 5C, Supplementary Figure 8A). In contrast, in TIL-B-high
ABC-DLBCL, PD-1* expression in CD20" B cells (cutoff, 25%; not differentiating malignant and
normal B cells) and high PD-1"CD4"CD3" cell densities (absolute cell counts divided by the area
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of imaged regions) were associated with significantly better OS and higher frequencies of
normal B-cell clonotypes (Figure 5C, Supplementary Figure 8B). Such significantly favorable

prognostic effects of PD-1 expression were not observed in TIL-B-high GCB-DLBCL.

Normal B-cell clonotype analysis in other sequenced cases also reveals significant

favorable prognostic effects and gene signatures

IGH ultra-deep sequencing also resulted in sequence repertoires for 79 DLBCL cases, but with
a predominant (median, 87%) DJ-only sequence without a productive VDJ sequence meeting
the diagnostic clonotype criteria (24). As frequencies of all productive IGH-VDJ sequences in
these repertoires were low, their total frequencies were used to estimate TIL-B frequencies for
these ‘DJ-only’ cases, which turned out to show similar prognostic (favorable, Supplementary
Figure 9A) and biological effects (including immune-response-enriched GEP signatures and
increased CD4" TIL-Ts, Supplementary Table 5, Figure 5D, Supplementary Figure 9B-C) as in
the ‘VDJ’ clonotype cases. Uniquely in these DJ-only cases but not their GCB subset (Figure
3D), estimated TIL-B-high status was associated with downregulation of BLNK, IRF4 (possibly
attributable to the association with GCB subtype; Figure 5D, Supplementary Table 9), and

CD79B (Supplementary Table 10).

Moreover, we estimated TIL-B abundance by IG light-chain clonotypes (median/mean:
3.1%/8.2%) in 163 cases with a diagnostic IGK/L sequence identified (24). Similar prognostic
and biological effects of normal B-cell clonotypes with the median as the cutof are shown in

Supplementary Figure 10 and Supplementary Table 11.

In cases with both IG heavy and light chain clonotypes analyzed (Figure 6A), normal B-cell

groups were discordant in 29% of IGH-VDJ cases and 38% of DJ-only cases, which could be
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caused by different cutoffs for TIL-B-high, differences between IGK/L and IGH in gene
rearrangements and the number of gene segments (light-chain clonotypes are more shared

(20)), receptor editing (1, 2, 42), and other analytical factors.

Importantly, using IGK/L cases that were not included in the IGH cohort as a validation cohort,

frequencies of normal B-cell clonotypes showed significant prognostic effects (Figure 6A).

Gene signatures identified by TIL-B frequencies show significant prognostic effects in

external DLBCL cohorts

As no TIL-B data are available from previous DLBCL studies, to validate the role of TIL-Bs in
external DLBCL cohorts, we used an indirect approach using gene signatures associated with
TIL-B-high. We performed unsupervised clustering in NCI’'s RNA-seq cohort (11) and two GEO
datasets (GSE10846 and GSE98588) using gene signatures identified by TIL-B-high status in
our 138 VDJ cases, 79 DJ-only cases, and 163 IGK/L cases (referred as Signatures 1, 2, and 3,
respectively), and correlate visualized clusters to the survival of patients treated with R-CHOP-
like regimens. Each Signature showed significantly favorable effects in 2-3 validation cohorts
(Figure 6B-C; Supplementary Figures 11-14); Signature 1 was probably the best. In
GSE98588, Signature 1 was association with “host response (HR)” subtype (43) and a lower
frequency of “BCR/proliferation” subtype; in GSE10846, the ABC subtype was associated with

low Signature 1 expression (Figure 6C, Supplementary Figure 12).

To better understand the biology of these signatures, we performed similar unsupervised
clustering in another GEO dataset, GSE12195, which had purified GC centroblasts and
centrocytes as normal controls. Compared with Signatures 2-3, Signature 1 (Figure 6D) had a

much higher proportion of genes highly expressed in normal GC B-cells (62% vs. 27.2% in
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Signature 2 and 22% in Signature 3. Supplementary Figures 13A, 14A). Only Signature 2 had
GC B-cell signature genes that were downregulated in TLB-high DLBCL cases (including BLNK,

CD79 and IRF4; Supplementary Figure 13A-C).

Furthermore, we performed clustering in GSE65135 with purified B cells and T cells from tonsils
as normal controls for disaggregated follicular lymph node biopsies and peripheral blood
mononuclear cells (PMBCs) from DLBCL and extranodal marginal zone lymphoma (EMZL)
patients, which resulted in further dissected signatures. Most of the dissected B-cell signature
subsets in Signature 1 (Figure 6E) and Signature 3 (Supplementary Figures 14B) but not
Signature 2 (Supplementary Figure 13B) overlapped with their T-cell signature subsets.
Signature 1 also included a B-cell signature subset not overlapping with the T-cell signature
(yellow box in Figure 6E), but differed from Signature 2 in upregulation in TIL-B-high patients.
Signatures 2 and 3 had a higher proportion of T-cell signature subsets (56.9% and 51%,
respectively) than Signature 1 (32.8%). For genes not expressed in B and T cells, PMBC
signatures (cyan boxes in Figure 6E and Supplementary Figures 13B, 14B) were identified,
which accounted for a higher proportion of Signature 1 (11.6%) than Signatures 2 and 3 (6.5%
and 6% respectively) and were mainly involved in antigen presentation (ubiquitin, ubiquitin

ligases, proteasome/lysosomal degradation, endocytosis, trafficking, sorting) and adhesion.

Discussion

In this study, we assessed TIL-B-high status in DLBCLs based on the frequencies of normal B-
cell clonotypes in IGH sequence repertoires, and found that high frequencies were significantly
associated with not only favorable prognostic effects, but also distinct GEP signatures, B/CD4

T/endothelial cell states, and increased CD4" TIL-Ts (our immunophenotyping panel did not

20| Page

€202 1990100 €0 U0 18sn Aysianiun B1og(ey Aq Jpd pGG L-€2-109/EGEGIEE /PSS L-E2-HOD ZEYO-8L0L/8S ) L 0L/10P/3pd-0[oi1ie/SaL1e0uBOUI O BI0"SeuInofioee;/:djly WOy papeojumod



498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522

523

evaluate DCs). The prognostic and biological effects of TIL-B-high status were consistent
across different patient cohorts, supporting that TIL-B frequency is a new prognostic biomarker
in DLBCL and an important player in anti-lymphoma immune responses. Both clonotypic
diversity and clonal expansion after TIL-B activation might contribute to the high frequency of
TIL-Bs. The cutoff used in this study, 2.4% of individual IGH repertoires, could indicate 2.4%-
4.8% of total B-cells (as the repertoires may include different second alleles; Figure 2C). To
calculate TIL-B frequencies, we once used the counts of productive IGH-VDJ sequences as the
denominators, which also resulted in significant prognostic effects with an optimal cutoff of
24.5%, yet the GEP analysis identified less significant DEGs (Supplementary Figure 15,
Supplementary Table 4, which also had very significant prognostic effects in two validation GEO
cohorts; data not shown), therefore we adopted the current evaluation method to stratify
patients. It is possible that in some cases, normal B-cell clonotype frequencies in the entire
sequence repertoire may correlate better with the TIL-B abundance, probably because our DNA

samples were extracted from FFPE tissues with increased cross-linking and fragmented DNAs.

Despite the association of TIL-B-high status with increased TIL-Ts, our results suggest that TIL-
Bs are not simply bystanders of antitumor T-cell responses. In our cohort, a large number of
patients with sufficient TIL-Ts but not TIL-Bs had as poor survival as TIL-T-deficient patients;
TIL-T abundance itself showed much less prognostic significance in our cohorts with limited
cutoff options and significance only in ABC- but not GCB-DLBCL (Supplementary Figure 16);
ABC compared with GCB subset of TIL-B-low cases had increased CD8" T cells
(Supplementary Figure 10C) but not improvement in OS/PFS. Likewise, in GSE10846 and the
NCI validation cohort (11), T-cell gene signature alone did not predict good prognosis (white

boxes in Figure 7B and Supplementary Figures 11, 14).

B-cell functions include antigen presentation, T-cell priming (44) (controversial) and
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differentiation, generation of CD4 T-cell memory (45), antibody-mediated immune responses,
transcytosis (46), and suppression of myeloid-derived suppressor cells (47), which vary among
different B-cell subsets. Non-protein antigens (polysaccharides, lipids, and nucleic acids) may
activate extrafollicular B-cell responses without T-cell help, whereas in T-dependent B-cell
activation, B cells internalize protein antigens and present processed protein fragments, which
are different from the epitopes recognized by BCRs, on their MHC-class Il to Th cells. Our
results suggest that T-dependent B-cell activation was the main contributor to the favorable
prognostic effects of TIL-Bs, as cases with TIL-B'TIL-T  or high dominance of the largest
normal B-cell clonotype likely expanded T cell-independently had poor prognosis. TIL-Bs may
be important for T-cell responses, as CD4 TIL-Ts were significantly increased in TIL-B-high
cases, many T-cell activation and Th response genes were upregulated, and PD-1 expression
had adverse prognostic effects in TIL-B-low patients. However, we did not observe significant
associations of TIL-B clonotype frequencies/diversity with genomic mutation numbers
(neoantigens numbers), suggesting that complex linked recognition may underlie the
association between TIL-B and TIL-T frequencies. The T-dependent antigens for B-cell

activation in DLBCL warrant further investigation.

The identification of TIL-B biomarker in DLBCL has significant implications. It could inform
biomarker studies to consider TIL-Bs as a confounding factor, albeit low abundance, owing to
their critical role. For example, the prognostic difference between GCB and ABC in our IGH
sequencing cohort appeared to result from the higher proportion of TIL-B-high patients in GCB-
DLBCL; however, validation studies are needed. Moreover, it could inform treatment strategies.
For example, many genes related to antigen degradation and processing were upregulated in

TIL-B-high patients, suggesting that proteasome inhibitors may dampen TIL-B functions.

A previous study showed that a single dose of rituximab did not significantly affect the CD19" B-
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cell percentage in secondary lymphoid organs as in the peripheral blood, and the remaining B
cells (CD19°CD20 ) predominantly had a switched memory phenotype (IgD CD27") with
altered Ig subclass production after stimulation (48). A recent study (49) found that CD20 is an
organizer of the IgD-class nanocluster (including CD19, CD81, CD40, etc.) and a gatekeeper of
the resting B-cell state (so is IgD (50)), and rituximab treatment of Ramos and naive human B
cells resulted in transient B-cell activation (49). In GSE65135, BCR-related genes and IL4R
were downregulated immediately after rituximab treatment in one EMZL patient's PMBCs;
however, some genes in the B-cell signature were upregulated (C7160rf54, RASSF5, TES,
TXNIP, GVINP1, Figure 6D), so were GIMAP4, GIMAP6, GIMAP7, GIMAP8, and SAMHD1 in

the T-cell signature (Supplementary Figures 13-14).

In summary, we showed for the first time that high frequencies of DLBCL-infiltrating normal B
cells (associated with clonotypic diversity) have significant favorable prognostic and
immunological effects in a large cohort of DLBCL patients. We conclude that normal B-cell
activation and function through interactions with T cells are critical for optimal antitumor immune
responses and clinical outcome of patients with DLBCL, and have significant clinical and

therapeutic implications.
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Figure legends

Figure 1. Composition of immunoglobulin heavy chain gene (IGH) sequence repertoires
amplified from DNA samples extracted from DLBCL diagnostic tissues. (A) Left: A scatterplot
illustrating the diverse clonotypes in an example IGH repertoire, which included a predominant
productive IGH sequence and its two derivative sequences likely derived from lymphoma cells,
other productive IGH sequences likely derived from normal B cells, unproductive VDJ
sequences due to either out-of-frame insertion/deletions or mutations resulting in premature
Stop codons, and DJ-only sequences (V genes were inferred from IMGT) that could be derived
from non-functional alleles or fragmented V genes in FFPE tissues. Note: The size of dots
reflects, but are not scaled to, the normalized read count of each sequence. Middle: A stacked
column chart showing the fraction of five categories of IGH sequences in this repertoire
calculated by the normalized sequence read counts. Right: a column chart showing the
normalized read counts of normal B-cell-derived clonotypes (range, 2-532 cell counts [2 was the
cutoff to be included in the clonotype analysis]. For comparison, counts for the diagnostic
clonotype and two derivative clonotypes were 11,709, 37 and 8, respectively). The somatic
hypermutation (SHM) status of each clonotype is indicated below the chart. (B) A heatmap to
visualize the Log2 transformed frequencies of five categories of sequences calculated from
normalized read counts in individual IGH repertoires of 138 patients with DLBCL. Each column
represents one patient’'s repertoire. (C) A pie chart showing the mean frequencies of five

categories of IGH sequences in the 138 repertoires.

Figure 2. Prognostic and gene expression profiling (GEP) analyses for the frequencies of
normal B-cell IGH clonotypes in 138 patients with DLBCL. (A) Overall survival (OS) and
progression-free survival (PFS) curves for high frequencies of normal B-cell clonotypes using a
2.4% cutoff and OS using a 1% cutoff. (B) Heatmap showing the significantly differentially

expressed genes between patients with and without high frequencies (22.4%) of normal B-cell
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clonotypes with g < 0.01 and local false discovery rate <0.025 by SAM. (C) lllustration of T-
dependent B-cell activation suggested by the GEP signature associated with high frequencies of
normal B-cell clonotypes. For simple illustration, molecules associated with T:B cell interaction
and activation are depicted on a same T cell and a same B cell, even though the Tgy cell is not
extrafollicular. Most molecules illustrated are included the heatmap in panel B, except for IL6ST
with a higher g (0.0157, local false discovery rate: 0.0257), EBI2 and SAP which are significant
in other TIL-B-associated signatures identified in this study (Supplementary Table 4 and
Supplementary Table 8). (D) Comparisons between DLBCLs with and without high frequencies
(22.4%) of normal B-cell clonotypes regarding B cell state (S) abundance and the T cell state
assignment for DLBCL cases. Significance: **: P < 0.01; ***: P < 0.005. In the scatter plot, each
dot represent one patient. The stacked column chart shows the proportion of patients with a T
cell state assignment according to the most abundant T cell state in that case. Abbreviation:

U.C. unclassified.

Figure 3. Prognostic and GEP analyses for normal B-cell IGH clonotypes in DLBCL cell-of-
origin and genetic subtypes. (A) Left: High frequencies of normal B-cell clonotypes showed
significant favorable prognostic effects in both GCB and ABC subtypes, whereas GCB/ABC cell-
of-origin did not show significant effects in two groups stratified by normal B-cell clonotype
frequencies. Right: Scatter plots showing the distribution (dots) and mean (bars) frequencies of
SHM  IGH normal B-cell clonotypes in GCB and ABC subtypes of DLBCL; in the ABC subtype,
SHM" IGH normal B-cell clonotypes had higher frequencies of SHM® than SHM  IGH normal B-
cell clonotypes by Wilcoxon matched paired signed rank test. (B) Scatter plots showing the
distribution and mean transcriptional expression levels of immune genes in GCB/ABC patients
with high/low frequencies of normal B-cell (B,) clonotypes. ABC compared with GCB patients
with B, Low status had heterogeneously higher expression of immune genes. P values by

Mann-Whitney test (2-tailed) are also provided. The expression values on the y axis are median

29| Page

€202 1990100 €0 U0 18sn Aysianiun B1og(ey Aq Jpd pGG L-€2-109/EGEGIEE /PSS L-E2-HOD ZEYO-8L0L/8S ) L 0L/10P/3pd-0[oi1ie/SaL1e0uBOUI O BI0"SeuInofioee;/:djly WOy papeojumod



777
778
779
780
781
782
783
784
785
786
787
788

789

790

791

792

793

794

795

796

797

798

799

800

801

centered log2(Robust Multi-chip Average [RMA] expression measure) processed and
normalized by R package affy. (C) Heatmap visualizing differentially expressed genes (DEGSs)
between ABC-DLBCL cases with both high frequencies of SHM  and SHM" IGH normal B-cell
clonotypes and those with both low. These genes were not statistically significant in SAM
analysis. (D) Left: Heatmap of significant DEGs of GCB-DLBCL cases with frequencies of
SHM  and SHM" IGH normal B-cell clonotypes both being high vs. both low (g < 0.01, local
false discovery rate < 0.03). Right: Heatmap showing significant DEGs of high vs. low
frequencies of productive VDJ clonotypes in the sequence repertoires of ‘DJ-only’ GCB-DLBCL
cases. (E) A scatter plot showing the distribution (dots) and mean (bars) frequencies of normal
B-cell clonotypes in genetic subtypes. Due to the small case numbers, A53, MCD and ST2
cases were combined for statistical significance in comparisons. P values by Mann-Whitney test
(2-tailed) are also provided. High frequencies of normal B-cell clonotypes correlated with

significantly better OS in the EZB genetic subtype.

Figure 4. Prognostic and GEP analyses for IGH clonotypic diversity of TIL-Bs in 138 patients
with DLBCL. (A) High IGH clonotypic diversity of TIL-Bs (=10 clonotypes) was associated with
significantly better survival. (B) Survival analysis for IGH clonotypic diversity of TIL-Bs
dissecting SHM® and SHM clonotypes in GCB- and ABC-DLBCL. With a cutoff of 25
clonotypes for high diversity, the diversity status of SHM* and SHM™ normal B-cell clonotypes
was consistent in most GCB-DLBCL cases; in contrast, 28.6% of ABC-DLBCL cases with =5
SHM" clonotypes (12 patients) had low-diversity (<5) of SHM  clonotypes of normal B cells and
significantly poorer survival. The scatter plot on the right side of survival curves in ABC-DLBCL
shows that the ABC subtype had significantly lower numbers of SHM IGH normal B-cell
clonotypes compared to the GCB subtype (unpaired ¢ test; P value by Mann-Whitney test is also
provided). (C) Top: A plot showing mutation status of the top 3 most expanded normal B-cell

clonotypes in 131 patients with normal B-cell clonotypes (each column represents one patient).
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Middle: High dominance of the largest normal B-cell clonotype in bulk TIL-Bs was associated
with significantly poorer OS, lower clonotype numbers, and lower total frequencies of normal B-
cell clonotypes. Bottom: High clonotypic diversity (210) of normal B-cells were associated with
significantly higher frequencies of CD3"CD4" T cells in GCB-DLBCL. High dominance of the
largest normal B-cell clonotype was associated with significantly lower frequencies of CD3*CD4"
T cells in the GCB/ABC subtypes and with significantly lower frequencies of CD3"CD8" T cells
in the GCB subtype only. Note: the bars indicate mean levels; P values by Mann-Whitney test

(2-tailed) are also provided.

Figure 5. Fluorescent multiplex immunohistochemistry (mIHC) and correlative and prognostic
analysis for the quantified immunofluoresence. (A) Representative mIHC images and
corresponding H&E staining of a tissue core from the example case shown in Figure 1A.
Original magnification 20x; each field of view: 2560x2160 pixels (~0.832x0.702mm). Two
representative areas enriched with PAX5 CD20" cells are marked by white circles in three
images and enlarged for the third image, which can also differentiate the CD68 status of
CD4'CD3  cells. (B) High frequencies of normal B-cell clonotypes (cutoff: 22.4%) were
associated with significantly higher frequencies of CD3"CD4" TIL-Ts in the GCB/ABC subtypes
of DLBCL (and overall DLBCL) and with higher frequencies of CD3"CD8" T cells in the GCB
subtype only (but not in the ABC subtype and overall DLBCL). Note: the bars indicate mean
levels; P values by Mann-Whitney test (2-tailed) are also provided. (C) Left: Prognostic analysis
with two factors in overall cohort. One factor is high/low frequency status of normal B-cell
clonotypes (cutoff: 22.4%), and the other factor is deficiency/proficiency status of CD4*CD3"
cells (cutoff: >1.6% of total cell counts of PAX5" cells, CD3" cells, CD68" cells, and CD56"
cells), PD-1" percentage expression in CD3" cells (cutoff: >50% of CD3" cells), or PD-1"
percentage expression in CD20" cells (cutoff: 25% of CD20" cells). Right: In ABC-DLBCL, PD-

1* expression in CD20" cells showed opposite prognostic effects in TIL-B-low and TIL-B-high
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cases, as well as associations of opposite trends of frequencies of normal B-cell clonotypes. (D)
In ‘DJ-only’ cases (cases with a predominant IGH DJ-only sequence without a diagnostic VDJ
sequence identified), GCB compared with ABC subset had a significantly higher mean
frequency of productive VDJ clonotypes in the IGH sequence repertoires. High frequencies of
productive VDJ clonotypes in these repertoires were associated with significantly higher

frequencies of CD3"CD4" TIL-Ts quantified by mIHC.

Figure 6. Validation of the prognostic effects of TIL-Bs in other DLBCL cohorts. (A) Cases with
TIL-Bs already evaluated by IG heavy-chain clonotypes were viewed as the training cohort, and
new cases with only IG light-chain clonotypes analyzed were used as a validation cohort. High
frequencies of normal B-cell light-chain clonotypes were associated with significantly better OS
in both the training and validation cohorts. The cutoff for high frequency was same as the
median value in the training cohort and the overall light-chain cases (Supplementary Figure 10).
The plot below illustrates the relationship between the analyzed IGH and IG light-chain cases.
Each column represents one patient. (B) Validating the prognostic effect of a gene signature
identified in this study (Signature 1, Supplementary Table 3) in 233 DLBCL cases treated with
R-CHOP-like regimen from the GSE10846 dataset (LLMPP validation cohort). Patients with high
expression identified by unsupervised clustering had significantly better overall survival.
However, a subcluster shown in a white box had no significant prognostic effect albeit
upregulation of T-cell signature genes. Notes: Not all genes were labeled due to space
limitation. For labeled genes, blue color indicates high expression in normal B-cell signatures in
figure panels D and/or E; green color indicates high expression in the T-cell but not B-cell
signature in panel E. Some genes have both color, due to the different clustering results in
panels D and E. (C) Validating Signature 1 in the GSE98588 dataset (Harvard validation cohort,
137 cases. Not all cases had OS and PFS data). Visualized cluster of high expression by

unsupervised clustering was associated with significantly better OS and PFS and higher
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proportion of HR (“host response”) subtype in this cohort. BCR/proliferation subtype of DLBCL
was associated with low expression of the gene signature identified in this study. (D-E)
Unsupervised clustering in the GSE12195 and GSE65135 datasets using the same gene
signature identified in this study. Blue color was used for labeling genes showing high
expression in B cells (purified germinal center B cells in the panel D, and tonsil B cells in the
panel E). For the rest of genes, genes showing high expression in tonsil T cells are in green
color, genes shown in the PMBC cluster are in cyan color, and the remaining follicular
lymphoma cluster genes are in red color. Abbreviations: CB, centroblasts; CC, centrocytes;

PBMC, peripheral blood mononuclear cell; FL, follicular ymphoma; LN, lymph node.
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