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Immunotherapeutic agents have demonstrated encouraging signs of clinical utility in non-Hodgkin lymphoma.
The goal of this study is to analyze the immune characteristics of Chinese patients with diffuse large B-cell lym-
phoma (DLBCL) to inform the development of immunotherapies in this patient population. Tumor samples from
211 DLBCL patients were analyzed for cell of origin (COO) and immune characteristics using the NanoString plat-
form aswell asMYC protein expression through immunohistochemistry. Lower incidence of the germinal center
B-cell (GCB) subtype (93/211, 44.1%) was observed in this cohort. Compared to the GCB subtype, the activated B-
cell (ABC) subtypewas associatedwith significantly increased expression ofmultiple pro-inflammatory gene sig-
natures and decreased expression of anti-inflammatory gene signatures. Instead of affecting the pro-inflamma-
tory genes, MYC protein overexpression showed a negative correlation with the expression of T-cell receptor
(TCR) and T regulatory genes as well as the OX40 gene. Regardless of COO, higher PD-L1 or IDO1 gene expression
correlatedwith increased expression of T effector and Interferon-γ gene signatures while the expression of mul-
tiple oncogenes including ACTR3B, ERBB2, AKT2 and SMARCD1 was down-regulated. Our findings may thus be
helpful in guiding further development of immunotherapies for the different subsets of Chinese DLBCL patients.
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1. Introduction

Cancer immunotherapies have proven efficacious in multiple solid
tumors. In particular, agents targeting the programmed death 1 (PD1)
pathway have been applied to treat melanoma, lung cancer, renal cell
carcinoma, head and neck cancer and bladder cancer [1–7]. Recent clin-
ical results showed that such agents also have utilities in classical Hodg-
kin lymphoma. In a Phase II study that used the PD1 antibody
Nivolumab to treat relapsed/refractory Hodgkin lymphoma after failure
with autologous stem cell transplantation andbrentuximab vedotin, the
ORR was 66.3% with complete remission at 8.8% [8]. Similar response
rates were reported for another PD1 antibody Pembrolizumab [9]. In
non-Hodgkin lymphoma (NHL), however, the clinical efficacy of
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immunotherapeutic agents has not yet been demonstrated. In a phase
I study of Nivolumab, the response rates were only 40% and 36% for 10
patients with diffuse large B-cell lymphoma (DLBCL) and 11 patients
with follicular lymphoma, respectively [10]. Another immunotherapy
target is indoleamine 2,3-dioxygenase-1 (IDO1) which is an immuno-
suppressive enzyme that catalyzes the degradation of tryptophan to
N-formyl-kynurenine [11]. IDO1 is over-expressed in multiple tumor
types, including acute myeloid leukemia [12], and seems to be an inde-
pendent prognostic factor for inferior survival [13–20]. IDO1 inhibitors
are generally ineffective as mono-therapies for cancer [21], but have
shown promising signs of efficacy in phase I/II clinical trials in combina-
tions with anti-PD1/PD-L1 agents for non-small cell lung cancer [22],
renal cell carcinoma [23], squamous cell carcinoma of the head and
neck [24], advanced urothelial carcinoma [25] and triple-negative
breast cancer [26]. OX40 has also emerged as a promising target for can-
cer immunotherapies. Codedby the TNFRSF4 gene, OX40 is amember of
the TNFR super-family [27] and is expressed by CD4+and CD8+ T cells
during antigen-specific priming [28–31]. Promising signs of clinical effi-
cacy and acceptable toxicity have been observed in a Phase 1 trial using
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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an OX40 agonist monotherapy for patients with multiple solid tumors
[32]. For stronger efficacy, anti-OX40 treatment is now also being tested
in combinations with various chemo-, radio-, targeted and other
immuno-therapies [33].

DLBCL represents themost common subtype of NHL and is heteroge-
neous in clinical, immunophenotypic and genetic features. Using gene
expression profiling, patients were assigned to three subgroups of dif-
ferent cell of origin (COO): germinal center B-cell (GCB) group, acti-
vated B-cell (ABC) group, and unclassified group [34, 35]. These
subgroups have distinct biology, pathogenesis and response to standard
immunochemotherapies such as rituximab combined with cyclophos-
phamide, doxorubicin, vincristine and prednisone (R-CHOP) [35–37].
In addition, the MYC oncogene is known to play an important role in
the development and clinical characteristics of DLBCL [38]. MYC protein
is overexpressed (≥40% tumor cell staining) in about 30% of DLBCL pa-
tients and has been found to be an unfavorable prognostic factor [39,
40].

In terms of immune characteristics associated with clinical response
to immunotherapies, data from solid tumor studies showed that high
PD-L1 expression [5, 41], pre-existing CD8 + T cell infiltration [42],
and/or high T effector gene signatures [41] predict better response to
anti-PD/PD-L1 therapies. More recently, micro-satellite instability and
high tumor mutation burden were found to correlate with better effi-
cacy of this type of therapies [43–47]. Such data on DLBCL are much
more limited, with only preliminary results suggesting that viral infec-
tion (especially by EBV) and T-cell/histocyte-rich large cell lymphoma
histology seemed to be associated with PD-L1 overexpression [48].
Even fewer data are available for anti-IDO1 and anti-OX40 treatments.
In the present study, COO-related genes and 805 immunity-related
genes were assessed using the NanoString platform in a large cohort
of Chinese patients with previously untreated DLBCL. Their correlation
with the aforementioned existing molecular subtypes was then exam-
ined to seewhether different DLBCL subtypes have distinct immunolog-
ical characteristics and to examine the gene expression of important
potential immunotherapy targets including PD-L1, IDO1 and OX40.
The results may help formulate biomarker plans in prospective clinical
trials for identifying the patient subsets that will respond to anti-PD1/
PD-L1, anti-IDO1 and/or anti-OX40 treatment as well as other cancer
immunotherapies.

2. Materials and Methods

2.1. Patients

From July 2013 to March 2016, 211 patients with de novo consecu-
tive DLBCL were enrolled in this study. All the patients received R-
CHOP-based regimens. The patients were selected according to the fol-
lowing criteria: histologically confirmed DLBCL according to the World
Health Organization classification with complete clinical data and suffi-
cient tissue for the analysis described below. Patients with primary me-
diastinal B-cell lymphoma were not included in this study.

This studywas approved by the Institutional ReviewBoard of Shang-
hai Rui Jin Hospital with informed consent obtained in accordance with
the Declaration of Helsinki.

2.2. Immunohistochemistry (IHC) for MYC Expression and Hans Classifica-
tion of COO

Hematoxylin-eosin-stained slides from all DLBCL patients
underwent a centralized review to record tumor percentage by pathol-
ogists. All samples for IHC were provided as 4 μm formalin-fixed, paraf-
fin-embedded (FFPE) sections.

IHC evaluation of MYC expression was performed using an anti c-
MYC (Y69) rabbit monoclonal primary antibody (Ventana, Tucson, AZ,
USA) on the BenchMark Ultra platform (Ventana, Tucson, AZ, USA) ac-
cording to the manufacture's protocol. The primary antibody was
incubated at 36 °C for 32 min and the chromogen was then revealed
by OptiView DAB Detection Kit (Ventana, Tucson, AZ, USA). A cutoff
value of 40% tumor cell staining was established from analysis of re-
ceiver-operating characteristic curves to achieve maximum specificity
and sensitivity as described previously [49], dividing patients into
MYC-High (≥40%) and MYC-Low (b40%) group.

According to the Hans classification, each patient was assigned as
GCB or non-GCB using CD10, BCL6 and MUM1 immunohistochemistry
staining. Thirty percent was considered positive cutoff with the anti-
body. Cases with discordant results were evaluated by two pathologists
to reach consensus.

2.3. Nanostring Assay for COO

Total RNA was extracted from FFPE or fresh-frozen tumor tissue
samples using the RNeasy MiniKit (QIAGEN, Hilden, Germany) accord-
ing to the manufacturer's protocol. After qualification with Nanodrop
(Thermo Scientific, Wilmington, DE, USA) and Qubit RNA Assay Kit
(Life Technologies, Carlsbad, CA, USA), 200 ng of RNA was used for im-
mune gene expression analysis.

RNA samples were subjected to the Lymph2Cx gene expression
assay (NanoString Technologies, Seattle, WA, USA) according to the
manufacturer's protocol. NanoString raw data were analyzed using the
RUO version of the NanoString Lymphoma Subtyping Test (LST) algo-
rithm [50] to determine the COO molecular subtype of each sample.

2.4. NanoString Assay for Immune Gene Expression

RNA samples were also used to evaluate the expression of 805 im-
munity-related genes on theNanoString platform (NanoString Technol-
ogies, Seattle, WA, USA). Probes and 200 ng total RNA were hybridized
overnight at 65 °C according to the manufacturer's protocol. A
NanoString nCounter Digital Analyzer was used to count the digital
barcodes representing the number of transcripts. The raw counts data
were normalized as the following before statistical analysis: first, the
raw counts data were converted to log2 data; expression levels of
each sample were adjusted by subtracting the median expression of
its positive controls; after the positive control adjustment, the median
and median absolute deviation of the background median values of all
samples were used to define a background threshold; all samples with
median below the background threshold were excluded from further
analysis; for each sample, the median of its correlations with all other
samples was calculated; any sample whose median of correlations is
below the cut-off value (defined as three standard deviations from the
mean of all samples' medians) was excluded from further analysis as
outliers.

2.5. Differential Gene Expression Analysis

Gene expression difference is assessed according to COO subtypes,
MYC protein expression, PD-L1 mRNA expression or IDO1 mRNA
expression.

For COO subtypes, Kruskal-Wallis rank sum testwas used to perform
the differential gene expression analysis. Benjamini-Hochberg proce-
dure by controlling the false discovery rate was used to adjust the p-
values for multiple comparisons. Genes with adjusted p-value b 0.05
are selected as having distinct expression pattern between different
COO subtypes. 163 selected genes are clustered into 4 groups according
to consensus clustering method [51]. The clustering was implemented
via the ConsensusClusterPlus R package. For MYC protein expression,
PD-L1 mRNA expression or IDO1 mRNA expression, a linear model
was used to perform differential expression analysis. It was imple-
mented via the Bioconductor limma package. Benjamini-Hochberg pro-
cedure by controlling the false discovery rate was used to adjust the p-
value for multiple comparisons. Adjusted p-value and logFC (FC: fold
change) were used to select genes. For MYC protein expression, 90



Table 1
Demographic and clinical characteristics of study cohorts.

Characteristics TOTAL (N = 211) %

Age, years Median (range) 57 (16–79)
N60 years 83 39.3

Gender Male 120 56.9
Female 91 43.1

Ann Arbor stage I/II 120 56.9
III/IV 91 43.1

LDH Normal 123 58.3
NULN 88 41.7

ECOG 0–1 183 86.7
2–4 28 13.3

Extranodal sites 0–1 155 73.5
≧2 56 26.5

IPI score Low (0–1) 109 51.7
Intermediate (2–3) 83 39.3
High (4–5) 19 9.0

Abbreviations: ECOG PS, Eastern Cooperate Oncology Group Performance Status; IPI: In-
ternational Prognostic Index; LDH, Lactate Dehydrogenase; ULN, Upper Level of Normal
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geneswith adjusted p-value b 0.1 and absolute value of logFC ≥ 0.5were
selected as differentially expressed ones. For PD-L1 mRNA expression
and IDO1 mRNA expression (each using its median as the cut-off), 223
and 51 genes with adjusted p-value b 0.05 and absolute value of logFC
≥ 0.5 were selected as the differentially expressed ones, respectively.
2.6. Signaling Pathway Analysis

Signalingpathway analysiswas carried out using the Ingenuity Path-
wayAnalysis software (QIAGEN, Hilden, Germany). The top 10 differen-
tially activated pathways between the GCB and the ABC subtypes were
shown.
2.7. Gene Signature Expression Analysis

Gene signature expression was quantified by averaging the normal-
ized NanoString data for all the genes included in each signature. P-
value was then calculated using Mann-Whitney U test. If there were
three groups, namely “GCB”, “ABC” and “Unclassified, in the analysis,
the p-value was calculated for the correlation between the “GCB” and
the “ABC” groups.
Fig. 1. Cell-of-origin (COO) subtyping and the correlation with progression-free survival. (a) CO
211 patient samples in this study. Names of the 20 genes are shown at the left of the heatmap
comparison. (b) Numerical comparison of the Lymph2Cx and the Hans COO assignments.
2.8. Survival Analysis

The progression-free survival (PFS) time was measured from the
date of diagnosis to the first occurrence of progression, relapse or
death while in the study. The overall survival (OS) time was measured
from date of diagnosis to the date of death. Survival analysis was per-
formedusing the Kaplan-Meiermethod and the corresponding p-values
were calculated using the log-rank test. The p-values reported are for
descriptive purpose only. All statistical procedures were performed
with the SPSS Version 20.0 statistical software package (IBM, New
York, NY, USA) or GraphPad Prism 5 software (GraphPad Software,
San Diego, CA, USA).

3. Results

3.1. Patient Demographics and Clinical Characteristics

The main clinicopathological characteristics of the 211 DLBCL pa-
tients are summarized in Table 1. The median age was 57 years old,
ranging from 16 to 79 years old. The male:female ratio was 1.32:1.
More than half of the patients were Ann Arbor stage I-II (56.9%) and at
low risk according to the IPI score (51.7%). All the patients received R-
CHOP-based regimens.

3.2. COO Profile

Using the Lymph2Cx assay, 93 (44.1%), 79 (37.4%) and 39 (18.5%) of
the 211 samples were classified as the GCB subtype, the ABC subtype
and the Unclassified subtype, respectively. These samples were also an-
alyzedwith the Hans IHC algorithm for COO [52] and the results of these
two methods are shown in Fig. 1a and b. 25 out of 93 (26.9%)
NanoString-GCB samples were classified as Non-GCB by the Hans
assay and 8 out of 79 (10.1%) NanoString-ABC samples were classified
as GCB by the Hans assay. The overall concordance was 78.7%. The me-
dian follow-up time was 32.7 months (0.3–58.0 months). The 2-year
PFS was 79.9% for GCB patients and 67.4% for ABC patients (Log-rank
5.215, p = 0.0224). The 2-year OS was 88.1% for GCB patients and
79.2% for ABC patients (Log-rank 3.928, p=0.0475).

3.3. COO and Immune Characteristics

To study the immune characteristics of different COO subtypes, we
conducted supervised clustering of NanoString gene expression data
O assignment and the expression of the 20 genes included in the Lymph2Cx assay for the
. The COO assignment from the Hans IHC algorithm is shown at the top of this panel for a
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from the805 immunity-related genes. 196 samples passedquality control
and had both COO and immune gene expression results. Analysis of these
samples resolved 4 groups of a total of 163 geneswith distinct patterns of
expression between the GCB, ABC and Unclassified groups (Fig. 2a; p b

0.001 for each group). Cell signaling pathway analysis showed that Allo-
graft Rejection Signaling, Autoimmune Thyroid Disease Signaling, JAK1
and JAK3 in Cytokine Signaling, THelper Cell Differentiation andMYCMe-
diatedApoptosis Signalingwere among the top up-regulated pathways in
the ABC subtypeswhile Primary Immunodeficiency Signaling, IL-8 Signal-
ing, Ovarian Cancer Signaling, Bladder Cancer Signaling, Colorectal Cancer
Metastasis Signaling and Pancreatic Adenocarcinoma Signaling were
among the top up-regulated pathways in the GCB subtype (Fig. 2b).

We then quantified the expression of well-established pro-inflam-
matory gene signatures, including T effector, Interferon-γ (IFNG) and
antigen presenting cells (APC), aswell as anti-inflammatory gene signa-
tures, including T cell receptor signaling (TCR), T regulatory, Th2, and
Myeloid in the different COO subtypes (Fig. 3a). As shown in Fig. 3b,
the ABC subtype presented with significantly increased expression of
all three pro-inflammatory signatures and decreased expression of the
T regulatory and Myeloid signatures. Please see the detailed results in
Supplementary Fig. 3a. Further examination of individual gene expres-
sion revealed that within the pro-inflammatory signatures, IFNG,
CD274 (which codes for PD-L1 protein), GZMB, CXCL9 and CXCL10
were expressed at higher levels by the ABC subtype than by the GCB
subtype (Supplementary Fig. 1a–c). For the anti-inflammatory genes,
FOXP3, PTGS2, CD27, CD3G were expressed at higher levels by the
GCB subtype (Supplementary Fig. 1d, f and g). On the contrary, the
anti-inflammatory Th2 signature (Fig. 3b) and within it, the IL10 gene
(Supplementary Fig. 1e), were overexpressed by the ABC subtype,
which has been reported previously [53].

In addition,we checked the association between COOand themRNA
expression of potential immunotherapeutic targets including PD-L1,
IDO1, and OX40. Our results showed that the ABC subtype had signifi-
cantly higher expression of PD-L1 but not the other two (Fig. 3c).

3.4. MYC Protein Expression and Immune Characteristics

MYC protein expression (see Fig. 4a for typical staining patterns)
showed a strong correlation with MYC mRNA expression (Fig. 4b). We
then examined the correlation between MYC protein expression and
immune gene expression. MYC status (MYC-High or MYC-Low) led to
a clear clustering of 90 differentially expressed genes in our 805-gene
panel (Fig. 4c). Immune gene signature analysis revealed that while
there was no statistical difference in the expression of pro-inflamma-
tory gene signatures, MYC-High patients showed significantly de-
creased expression of TCR signaling and T regulatory genes (Fig. 4d),
thereby reflecting a less anti-inflammatory microenvironment. Please
see the detailed results in Supplementary Fig. 3b. Checking individual
genes in these two signatures, we found that FOXP3, CD4, CD3G,
CD3D and TIGIT genes had significantly lower expression in the MYC-
High subgroup (Supplementary Fig. 2a–g).

As to immunotherapeutic targets, we found that MYC-High patients
had significantly decreased levels of OX40 expression as compared to
MYC-Low patients while the expression of PD-L1 and IDO1 showed no
statistically significant correlation with MYC status (Fig. 4e).

3.5. PD-L1 mRNA Expression and Immune Characteristics

PD-L1 protein expression currently serves as the predictive [7] or
complementary [54] biomarker for several anti-PD1/PD-L1 drugs. Due
to the lack of PD-L1 IHC assays for DLBCL that had clinically meaningful
cut-offs, we studied the correlation between PD-L1 mRNA expression
and immune characteristics. PD-L1 status (with the median as the cut-
off) led to a clustering of 223 differentially expressed genes in our
805-gene panel (Fig. 5a). Samples with higher PD-L1 expression
showed significantly stronger expression of T effector and IFNG gene
signatures while the expression of the other gene signatures was com-
parable to that of samples with lower PD-L1 expression (Fig. 5b). Please
see the detailed results in Supplementary Fig. 3c. In addition, we found
that PD-L1 expression level had a positive near-linear correlation with
the expression of pro-inflammatory genes including IDO1, PDCD1LG2,
IFNG, CXCL10, CXCL11, GZMA, GZMB and GBP1 (Fig. 5c). Interestingly,
this correlation becamenegativewhenwe looked at selected oncogenes
including ACTR3B, SMARCD1, BAD, ERBB2, AKT2, MMP11, TSC2 and
TCF3 (Fig. 5c).

3.6. IDO1 mRNA Expression and Immune Characteristics

We next examined the correlation between IDO1 expression and
immune characteristics of DLBCL patients. The analysis was similar to
what was done on PD-L1 mRNA expression and the results are shown
in Fig. 6. We found that IDO1 status (with the median as the cut-off)
led to a clear clustering of 51 most differentially expressed genes in
our 805-gene panel (Fig. 6a) and that higher IDO1 expression was asso-
ciated with stronger expression of T effector, IFNG, TCR signaling and
Myeloid gene signatures as well as weaker expression of the APC gene
signature (Fig. 6b). Please see the detailed results in Supplementary
Fig. 3d. Similar to what we observed in Fig. 5c, IDO1 mRNA expression
also had positive near-linear correlation with pro-inflammatory genes
and negative near-linear correlation with selected oncogenes (Fig. 6c).

4. Discussion

The efficacy of immunotherapies in solid tumors has prompted
muchenthusiasm for applying such treatments in lymphomas including
DLBCL. To help inform and guide the drug development efforts in this
field, it is important to gain a deep understanding of the immune char-
acteristics of DLBCL patients and in particular, the expression of promis-
ing potential drug targets including PD-L1, IDO1 and OX40.

Using theNanoString-based Lymph2Cx assay, we divided a cohort of
211 Chinese DLBCL patients into the GCB, ABC, and Unclassified sub-
types. To our knowledge, this is the first report on the application of
this assay in a Chinese DLBCL cohort. The fraction of the ABC subtype
was comparable to that in Western patients (37.4% vs. 32%) while that
of the GCB subtype wasmuch lower (44.1% vs. 56%) and that of the Un-
classified subtype was higher (18.5% vs. 11%) than inWestern patients.
This leads to the question of whether the Unclassified subtype in Chi-
nese DLBCL patients should be further studied to see if there are subsets
with different clinical and/or molecular characteristics.

With a customized NanoString panel covering 805 immunity-re-
lated genes, we then studied the pathway activation and the immune
characteristics of different COO subtypes. In terms of pathway activa-
tion, the ABC subtype seemed to have more active immune activities
whereas the GCB subtype appeared to be driven more by oncogenes.
As for immune characteristics, the ABC subtype seemed to have a
more inflammatory microenvironment with significantly increased ex-
pression of typical pro-inflammatory gene signatures than the GCB sub-
type and this was coupled with decreased expression of anti-
inflammatory gene signatures. There have been relatively limited re-
ports on the immune characteristics of DLBCL. Monti et al. employed
whole genome arrays to examine the transcriptional profile of DLBCL
through multiple clustering methods [55]. They found that there was
a host-response subset that had increased expression of T/natural killer
cell receptor and activation pathway components, complement cascade
members, macrophage/dendritic cell markers, and inflammatory medi-
ators. However, the fraction of host-response samples in the ABC sub-
type was not higher than in the GCB subtype in their study. It should
be noted that COO was not assessed with the Lymph2Cx assay in their
study as in this one. In addition to a more inflammatory immune char-
acteristic, we found that the ABC subtype had significantly higher ex-
pression of PD-L1 than the GCB subtype. In non-small cell lung cancer,
higher expression of a pro-inflammatory gene signature that includes
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Fig. 3. COO and immune characteristics. (a) List of genes included in the pro-inflammatory or the anti-inflammatory gene signatures used in our analysis. (b) Expression of immune gene
signatures. P values are calculated between the GCB and the ABC subgroups. “*” indicates p b 0.05. (c) Expression of selected potential immunotherapy targets. Note that CD274 codes for
PD-L1 and TNFRSF4 codes for OX40. P values are calculated between the GCB and the ABC subgroups. “*” indicates p b 0.05.
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IFNG, CD274 and GZMB correlated with better response to anti-PD-L1
treatment [41]. More broadly, it has been suggested that regardless of
the anatomic location, solid tumors with “pre-existing immunity” (rep-
resented by abundance of tumor-infiltrating lymphocytes, dense func-
tional CD8+ T-cell infiltration reflected by increased IFNG signaling,
Fig. 2. Gene expression pattern and signaling pathway analysis according to the Lymph2Cx COO
the 211 samples in this study. The expression of these 163 genes was significantly different be
groups (shown by the color bars at the left of the heatmap). The Lymph2Cx COO assignments
(left; each data point represents one sample) and pathway analysis results (right) for the 4 g
most differentially up-regulated signaling pathways by the COO subtype with higher expressio
expression of checkpointmarkers, including PD-L1, and highmutational
burden) will have better response to anti-PD1/PD-L1 treatment [56].
This points to the possibility that patients of the ABC subtype may
have better response to the same type of treatment, a hypothesis that
is probably worth verifying in prospective clinical trials.
assignment. (a) The expression of 163 genes in our 805-gene NanoString panel by 196 of
tween the ABC, GCB and Unclassified subgroups. The genes were further clustered into 4
are shown by the color bar at the top of the heatmap. (b) Median gene expression values
ene groups identified in panel A. Labels at the left of the horizontal bars show the top 10
n of that gene group.



Fig. 4. MYC protein expression and immune characteristics. (a) Representative images of MYC IHC staining. (b) MYC gene expression by samples of high and low MYC IHC staining. “*”
indicates p b 0.05. (c) The expression of 90 genes in our 805-gene NanoString panel by 144 of the 211 samples in this study. The expression of these 90 genes was significantly
different between MYC-Low and MYC-High subgroups. The MYC protein expression status and Lymph2Cx COO assignments are shown by the color bars at the top of the heatmap. (d)
Expression of immune gene signatures. “*” indicates p b 0.05. (e) Expression of selected potential immunotherapy targets. Note that CD274 codes for PD-L1 and TNFRSF4 codes for
OX40. “*” indicates p b 0.05.
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In solid tumors, MYC has been found to promote tumorigenesis via
the activation of CD47 and PD-L1 genes and its inactivation enhanced
anti-tumor immune response [57]. In our study, however, neither pro-
tein expression nor gene expression of MYC showed statistically signif-
icant correlation with that of CD274 which codes for the PD-L1 protein
(Supplementary Fig. 2h). Moreover, MYC-High samples showed a less
anti-inflammatory phenotype, which is contrary to the findings of the
aforementioned study. It is not clear whether this is due to the differ-
ence in disease biology between solid tumors and DLBCL. As to promis-
ing cancer immunotherapy targets, higher MYC protein expression



Fig. 5. PD-L1 mRNA expression and immune characteristics. (a) The expression of 223 genes in our 805-gene NanoString panel by 196 of the 211 samples in this study. The expression of
these 223 genes was significantly different between PD-L1 High and PD-L1 Low (with the median as the cut-off) subgroups. The PD-L1 mRNA expression status and Lymph2Cx COO
assignments are shown by the color bars at the top of the heatmap. (b) Expression of immune gene signatures. “*” indicates p b 0.05. (c) The correlations between the mRNA
expression of PD-L1 (X axis of all plots) and selected immune-related genes (Y axis of plots in the first row) or solid tumor-related oncogenes (Y axis of plots in the second row). ρ is
Spearman's rank correlation coefficient.
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Fig. 6. IDO1 mRNA expression and immune characteristics. (a) The expression of 51 genes in our 805-gene NanoString panel by 196 of the 211 samples in this study. The expression of
these 51 genes was significantly different between IDO1 High and IDO1 Low (with the median as the cut-off) subgroups. The IDO1 mRNA expression status and Lymph2Cx COO
assignments are shown by the color bars at the top of the heatmap. (b) Expression of immune gene signatures. “*” indicates p b 0.05. (c) The correlations between the mRNA
expression of IDO1 (X axis of all plots) and selected immune-related genes (Y axis of plots in the first row) or solid tumor-related oncogenes (Y axis of plots in the second row). ρ is
Spearman's rank correlation coefficient.
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seemed to correlate with OX40 down-regulation, indicating that such
patients might be more sensitive to OX40 agonist treatment [33].

PD-L1 and IDO1mRNA expression showed not only a strongly posi-
tive correlation with the expression of the T effector and the IFNG gene
signatures, but also a positive near-linear correlation with each other.
This provides the preliminary rationale for combining anti-PD1/PD-L1
and anti-IDO1 agents in treating DLBCL, a strategy that has shown
promises in the treatment of solid tumors [22–26]. In addition, while
it may not be surprising to see positive near-linear correlation between
PD-L1 or IDO1 and pro-inflammatory genes including PDCD1LG2, IFNG,
CXCL10, CXCL11, GZMA, GZMB and GBP1, it was intriguing to see that
both genes showed negative near-linear correlation with multiple on-
cogenes including ACTR3B, SMARCD1, BAD, ERBB2, AKT2 and BAD. Piv-
otal trials of anti-PD1/PD-L1 agents in non-small cell lung cancer have
reported that the efficacy of such treatment is much more inferior in
EGFR-mutant patients than in EGFR-wild type ones [54, 58]. Our results
point to the possibility that maybe tumors mainly driven by prominent
oncogenes have a less active immune microenvironment and thus
worse response to cancer immunotherapies. In summary, we analyzed
tumor samples from 211 Chinese DLBCL patients to understand their
immune characteristics and the implication for the development of can-
cer immunotherapies for this malignancy. We found that the ABC sub-
type has a significantly more pro-inflammatory immune
microenvironment as well as higher expression of PD-L1 mRNA. MYC-
High patients showed a less anti-inflammatory phenotype and might
be sensitive to OX40 agonist treatment. PD-L1 and IDO1 mRNA expres-
sion correlated positively with each other and with pro-inflammatory
genes, but was negatively associated with the expression of multiple
oncogenes. Such patients may be sensitive to combination therapies of
anti-PD1/PD-L1 and anti-IDO1 agents. It should be emphasized that
DLBCL is very different from solid tumors in both the underlying biology
and the clinical characteristics. Therefore, the correlation between solid
tumors' immune characteristics or target gene expression and their re-
sponse to immunotherapies may not apply to DLBCL. Prospective clini-
cal trials will be needed to test all the hypotheses generated from this
study.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ebiom.2018.06.010.
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