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Inflammatory and subtype-dependent serum protein
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Maare Arffman,1,2,3,15 Leo Meriranta,1,2,3,15 Matias Autio,1,2,3 Harald Holte,4 Judit Jørgensen,5

Peter Brown,6 Sirkku Jyrkkiö,7 Mats Jerkeman,8 Kristina Drott,8 Øystein Fluge,9 Magnus Björkholm,10

Marja-Liisa Karjalainen-Lindsberg,11 Klaus Beiske,12 Mette Ølgod Pedersen,13,14

Suvi-Katri Leivonen,1,2,3 and Sirpa Leppä1,2,3,16,*
CONTEXT AND SIGNIFICANCE

Clinical and biological

heterogeneity remains a

challenge for improving large B

cell lymphoma (LBCL) survival.

Here, by exploring the landscape

of 1,463 serum proteins, Arffman

et al. found an inflammatory

profile that was associated with

aggressive clinical characteristics,

exhausted tumor

microenvironment, and high

circulating tumor DNA (ctDNA)

levels. Furthermore, they show

that multiple serum proteins have

complementary potential

together with ctDNA in subtype

classification and response

evaluation. The results suggest

that serum protein profiling can

enhance the detection of high-risk

LBCL non-invasively and that it

could be harnessed for accurate

diagnostics and treatment

decisions.
SUMMARY

Background: Biological heterogeneity of large B cell lymphomas
(LBCLs) is poorly captured by current prognostic tools, hampering
optimal treatment decisions.
Methods:We dissected the levels of 1,463 serum proteins in a uniformly
treated trial cohort of 109 patients with high-risk primary LBCL (Clinical-
Trials.gov: NCT01325194) and correlated the profiles with molecular
data from tumor tissue and circulating tumor DNA (ctDNA) together
with clinical data.
Findings: We discovered clinically and biologically relevant associa-
tions beyond established clinical estimates and ctDNA. We identified
an inflamed serum protein profile, which reflected host response to lym-
phoma, associated with inflamed and exhausted tumor microenviron-
ment features and high ctDNA burden, and translated to poor
outcome. We composed an inflammation score based on the identified
inflammatory proteins and used the score to predict survival in an inde-
pendent LBCL trial cohort (ClinicalTrials.gov: NCT03293173). Further-
more, joint analyses with ctDNA uncovered multiple serum proteins
that correlate with tumor burden. We found that SERPINA9, TACI,
and TARC complement minimally invasive subtype profiling and that
TACI and TARC can be used to evaluate treatment response in a sub-
type-dependent manner in the liquid biopsy.
Conclusions: Altogether, we discovered distinct serum protein land-
scapes that dissect the heterogeneity of LBCLs and provide agile,
minimally invasive tools for precision oncology.
Funding: This research was funded by grants from the Research
Council of Finland, Finnish Cancer Organizations, Sigrid Juselius
Foundation, University of Helsinki, iCAN Digital Precision Cancer
Medicine Flagship, Orion Research Foundation sr, and Helsinki Uni-
versity Hospital.
INTRODUCTION

Large B cell lymphomas (LBCL) comprise a heterogeneous group of aggressive

lymphoid cancers.1,2 The most common entity covering over 90% of all LBCLs

is diffuse LBCL not otherwise specified (DLBCL NOS), which is further divided

into germinal center B cell (GCB)- and activated B cell (ABC)-like subtypes. Other

less common LBCL entities include, for example, high-grade B cell lymphoma
Med 5, 1–20, June 14, 2024 ª 2024 The Authors. Published by Elsevier Inc.
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withMYC and BCL2 rearrangements, primary mediastinal LBCL (PMBCL), and T cell/

histiocyte-rich LBCL (THRLBCL).1,2 Although all LBCLs are treated with a curative

intent using anthracycline-based immunochemotherapy, around 30% of patients

have primary refractory disease or experience progression later during follow-up.3

Inadequate dismantling of clinical and biological heterogeneity remains the main

obstacle for improving outcomes, and there is a need for novel tools, which could

be used to stratify patients with LBCL more accurately. Therefore, gene expression

profiling,4 mutational landscapes,5,6 and, more recently, tumor microenvironment

(TME) characteristics7,8 have been utilized to subclassify LBCL. So far, however, tar-

geted therapies based onmolecular characterization have not been superior to stan-

dard of care. It may well be that characterization of host response on the systemic

level may provide information beyond tumor tissue and thereby help to recognize

patients with disturbed immunological response to lymphoma, high risk of death,

and unmet therapeutic needs.

Accurate diagnosis of distinct LBCL entities relies on appropriate clinical settings,

morphological and immunophenotypic assessment of tumor tissue, and,

increasingly, also molecular and genomic profiling. The exact diagnosis may,

however, be compromised due to inadequate or unrepresentative tissue biopsy

caused by an anatomically challenging tumor location, urgency to initiate

therapy, or spatial heterogeneity. Accordingly, there is a need for novel minimally

invasive tools that can reduce the requirements for tumor tissue. Among them,

circulating tumor DNA (ctDNA)-based liquid biopsies are anticipated to change

the management of patients with aggressive LBCL.9–11 However, genomic analysis

and quantification of ctDNA are limited to tumor cell properties, overlooking the

impact of TME and host response, which have emerging clinical impact in

DLBCL.7,8,12

Analysis of serum proteins in routine blood samples guides treatment decisions and

complements diagnostics of all patients with B cell lymphomas. Besides disclosing

vital information of infectious diseases and organ function, serum proteins can

also serve as another layer of liquid biopsy to characterize and monitor not only tu-

mor cells but also host responses. For example, recent studies applying antibody-

based immuno-oncology panels composed of 97 and 81 plasma and/or serum

proteins were able to identify circulating inflammatory protein profiles, which were

associated with outcome.13,14 Nevertheless, systemic inflammation and other serum

markers remain unlinked to molecular and clinical characteristics of LBCLs. More-

over, since exploration of single or a few soluble proteins have resulted in contradic-

tory findings,15–17 further research is warranted.

Here, we comprehensively characterized the serum proteome and correlated the

findings with molecular and clinical characteristics of primary LBCL. We studied

serum levels of 1,463 proteins in a discovery cohort of 109 high-risk patients treated

in a Nordic lymphoma trial using a proximity extension assay (PEA). We identified an

inflamed serum protein profile, which reflects host response to lymphoma, associ-

ates with exhausted TME features and high ctDNA burden, and translates to poor

outcomes.We composed an inflammation score based on the inflammatory proteins

and used it to predict outcome in an independent cohort of 122 patients with LBCL.

Besides inflammation, we uncovered multiple serum proteins, which expand the

liquid biopsy repertoire for accurate LBCL diagnosis beyond ctDNA. Taken

together, this is the first large-scale study to characterize LBCL serum protein pro-

files and to integrate the findings with tumor and ctDNA characteristics in uniformly

treated patients.
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RESULTS

Clinical characteristics

Patient demographics of the discovery cohort (n = 109; NLG-LBC-05 trial18) are

described in Table 1. All patients were treatment naive. Median age was 56 years

(range 21–64 years). The majority of patients were males (n = 66, 60%) and had

DLBCL NOS (n = 83, 76%), stage IV disease (n = 85, 78%), B symptoms (n = 71,

65%), and elevated lactate dehydrogenase (LDH) levels (n = 101, 93%). During the

median follow-up time of 62 months (interquartile range 54–66 months), 21 (19%)

patients relapsed and 17 (16%) died, translating to 81% (95% confidence interval

[CI] 74%–88%) progression-free survival (PFS) and 84% (95% CI 78%–92%) overall

survival (OS) at 5 years. The patients were treated with dose-dense immunochemo-

therapy combined with early systemic CNS prophylaxis, which overcame common

adverse prognostic impacts of age-adjusted International Prognostic Index (aaIPI)

score 3 and high-grade B cell lymphoma with BCL2 and/or BCL6 and MYC

translocations.18

An inflamed serum protein profile is associated with poor outcome in high-risk

LBCL

To characterize the circulating proteomic landscape in aggressive LBCL, we applied

an antibody-based PEA to pretreatment serum samples collected from the patients

and healthy donors. Distribution of protein profiles in relation to clinical variables is

shown in Figure S1A. First, we explored relative serum concentrations of all studied

proteins with consensus clustering and principal-component analysis (PCA), both of

which suggested that the patients could be split into three groups according to their

distinctive serum protein profiles (Figures 1A and S1B). As expected, allocation of

the patients into three groups with k-means clustering reflected the PCA (clusters

I–III). Serum profiles of healthy donors associated with clusters II and III, implying

that the pretreatment serum protein profile of a subset of patients with LBCL was

closely similar to the profile of healthy subjects.

To determine distinct features of the identified serum profiles, we examined the

proteins and pathways characteristic for each of the clusters. Differences in the pro-

tein levels between the clusters were further visualized in a heatmap (Figure 1B).

Accordingly, the serum protein profile in cluster I was distinguished from other

clusters by elevated levels of proinflammatory cytokines, such as interferon gamma

(IFNG) and interleukins 10 and 18 (IL-10 and IL-18); cytolytic effectors, including

granzymes H and B (GZMH and GZMB); and checkpoint molecules, such as T cell

immunoglobulin domain and mucin domain 3 (TIM3/HAVCR2), lymphocyte-activa-

tion gene 3 (LAG3), and programmed death ligand 1 (PD-L1; Figures 1C; Table S1).

Accordingly, serum proteins with elevated levels in the cluster I patients were asso-

ciated with inflammatory pathways and lymphocyte activity, reflecting clinically to B

symptoms, and thus we named the cluster as the inflamed serum profile (Figure 1D).

By contrast, serum proteins in clusters II and III, which encompassed the profiles of

both patients and healthy donors, correlated with non-inflammatory pathways

(Tables S2 and S3).

We found that the inflamed serum protein profile was enriched in the patients with

THRLBCL (p < 0.001), non-GCB DLBCL (p < 0.01), bone marrow involvement

(p < 0.001), or B symptoms (p = 0.051; Figures 1B; Table 1). Patients with the in-

flamed serum profile also had significantly worse OS and PFS compared to the other

patients (Figures 1E and S1C). In multivariable analysis with aaIPI, bone marrow

infiltration, and B symptoms, the inflamed serum profile retained a prognostic

impact on OS (Figures 1F, S1D, and S1E). By using penalized logistic regression,
Med 5, 1–20, June 14, 2024 3



Table 1. Patient characteristics

Characteristic
All patients
(n = 109), n (%)

Inflamed profile
(n = 24) , n (%)

Non-inflamed profile
(n = 85), n (%) Fisher’s exact test, p

Age, median 45 years,
range 21–64

p = 0.807

<60 years 73 (67) 17 (70) 56 (66) –

R60 years 36 (33) 7 (30) 29 (34) –

Sex p = 0.345

Male 66 (60) 17 (70) 49 (70) –

Female 43 (40) 7 (30) 36 (30) –

Histology p < 0.001 (histology)

DLBCL NOS
(Hans algorithm)

83 (76) 16 (67) 67 (79) p < 0.008 (DLBCL COO)

GCB 44 (53) 4 (25) 40 (60) –

Non-GCB 31 (37) 11 (69) 20 (30) –

Not reviewed 8 (10) 1 (6) 7 (10) –

PMBCL 8 (7) 0 (0) 8 (9) –

THRLBCL 4 (4) 4 (17) 0 (0) –

FL (grade 3B) 2 (2) 0 (0) 2 (3) –

Intravascular 1 (1) 1 (1) 0 (0) –

Not available 11 (10) 3 (13) 8 (9) –

High-grade B cell
lymphoma/examined

8/59 1/59 7/59 p = 1.000

Performance score (ECOG) p = 0.246

0–1 72 (66) 12 (50) 60 (71) –

2–3 37 (34) 12 (50) 25 (29) –

Stage (Ann Arbor) p = 0.574

I-II 4 (4) 0 (0) 4 (5) –

III-IV 105 (96) 24 (100) 81 (95) –

aaIPI p = 0.153

0–2 69 (63) 12 (50) 57 (67) –

3 40 (37) 12 (50) 28 (33) –

CNS-IPI p = 1.000

Low (1–3) 58 (53) 13 (54) 45 (53) –

High (4–6) 51 (47) 11 (46) 40 (47) –

B symptoms p = 0.051

Yes 71 (65) 20 (83) 51(60) –

No 38 (35) 4 (17) 34 (40) –

Bulky disease p = 0.064

Yes 46 (42) 6 (25) 40 (47) –

No 63 (58) 18 (75) 45 (53) –

LDH p = 0.196

Elevated 101 (93) 24 (100) 77 (91) –

Normal 8 (7) 0 (0) 8 (9) –

Bone marrow infiltration p < 0.001

No 79 (72) 10 (42) 69 (81) –

Yes 30 (28) 14 (58) 16 (19) –

DLBCL NOS, diffuse large B cell lymphoma not otherwise specified; GCB, germinal center B cell; ABC, activated B cell; PMBCL, primary mediastinal large B cell

lymphoma; FL, follicular lymphoma; THRLBCL, T cell/histiocyte rich large B cell lymphoma; ECOG, Eastern Cooperative Oncology Group; aaIPI, age-adjusted

International Prognostic Index; CNS-IPI, central nervous system international prognostic index; LDH, lactate dehydrogenase.
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we established simplified models to detect the prognostic inflamed cluster (hazard

ratio [HR] = 1.66, p < 0.01, accuracy rate 0.95; Figures S1F–SG) and patients with

poor OS (HR = 5.73, p < 0.001; Figure S1H).

To aid the approximation of inflammation in different datasets, we composed

an inflammation score of the most pertinent inflammatory proteins distinguishing
4 Med 5, 1–20, June 14, 2024
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Figure 1. Serum protein profile and clinical characteristics of the patients with high-risk large B cell lymphoma

(A) Principal-component analysis (PCA) of serum samples, which are colored according to group assignment with k-means clustering (k = 3). Points

represent samples from the patients, and encircled triangles represent serum samples from the healthy donors. See also Figure S1A.

(B) Heatmap of the serum protein levels (rows) in patient samples (columns) grouped according to their k-means clusters. Clinical variables are

annotated on top of the heatmap, and cluster I is compared to clusters II and III with Fisher’s exact test. High levels of proteins are colored red, whereas

low levels are colored blue. Protein levels of serum samples from healthy donors (CTRLs) are shown on the right (n = 5).

(C) Volcano plot of differentially expressed proteins in cluster I compared to clusters II and III. Red dots represent immune response proteins (GO:

0006955), and gray dots represent proteins from other pathways. The most pertinent inflammatory proteins in GO: 0006955 and GZMH are annotated.

(D) Enrichment analysis of the pathways represented by serum sample proteins (log2 fold change > 0 and adjusted p value < 0.05) from the patients in

the inflamed cluster compared to protein levels from the patients in the non-inflamed cluster (n = 221).

(E) Kaplan-Meier survival estimates for OS and PFS according to inflamed cluster (n = 24, red) and non-inflamed cluster (n = 85, purple). See also

Figure S1C.

(F) Multivariable Cox regression models for OS of inflamed serum profile together with aaIPI = 3 and bone marrow infiltration and B symptoms. See also

Figure S1D.

OS, overall survival; PFS, progression-free survival; aaIPI, age-adjusted IPI; dim, dimension.
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the clusters (Figure S2A). Of these proteins, we aimed to reduce the score to

mimic clinical purposes and hypothesized that secretory molecules, such as cyto-

kines, would represent inflammation in situations where all inflammation score

proteins would not be available. After ensuring positive correlation between cy-

tokines measured with microbead-based immunoassay (Luminex) and PEA from

our discovery cohort (Figure S2B), we saw a strong correlation (rho = 0.76) be-

tween the inflammation scores derived from the Luminex (Luminex inflammation

score: IL-10, IL-18, and CXCL9) and Olink (Olink inflammation score: 12 proteins)

data (n = 47; Figure 2A). As expected, the patients in the inflamed cluster had

higher inflammation scores with both measurement assays compared to the pa-

tients in the non-inflamed cluster (Figure 2A). Furthermore, when we reduced

the inflammation score proteins from the Olink inflammation score (n = 12) to

those available in the Luminex (n = 3) in the Olink data, we found that a high

inflammation score was still associated with worse OS and PFS (PFS: p = 0.011;

Figures 2B and S2C). Finally, we sought to validate the results using serum sam-

ples from an independent cohort of patients with LBCL (n = 122, NLG-LBC-

06 trial19). Patient demographics of the validation cohort are described in

Table S4. Similarly to the discovery cohort, we detected variation between the

patients in their serum cytokine levels (Figure S2D). In survival analysis, high pre-

treatment serum levels of inflammatory proteins (optimal cutoff; inflammation

score >7.51, high n = 43, low n = 79) translated to worse survival (Figures 2C

and S2E). Furthermore, patients with a high Luminex inflammation score more

often had B symptoms, high LDH levels, and non-GCB DLBCL as compared to

the other patients (Figures 2D; Table S4), validating our previous results. Lastly,

the Luminex inflammation score associated with PFS independent of aaIPI

(Figure 2E).

Altogether, by studying two independent LBCL cohorts, we uncovered the inflam-

matory response in the serum proteome, which translates to survival and associates

with molecular and clinical characteristics of LBCL.

Inflamed serum protein profile correlates with tumor-infiltrating lymphocyte

characteristics in the lymphoma microenvironment

We hypothesized that characterization of the tumor tissue could elucidate the

molecular background of the circulating inflammatory proteins. Accordingly, we

assessed gene expression levels of the Olink inflammation score proteins in our

discovery population, in another Nordic cohort (NLG-LBC-04 trial20), and in a pub-

licly available dataset21 (Figures 3A and S3A). First, we examined gene expression

in the lymphoma samples of the Nordic trial cohorts, including samples partially
6 Med 5, 1–20, June 14, 2024
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Figure 2. Inflammation score is validated in another LBCL cohort (NLG-LBC-06)

(A) Correlation scatterplot of the inflammation scores derived from the Olink data (IL-2RA, GZMB, IL-18, CXCL9, IFNG, PD-L1, IL-10, TIM3, LAG3, GZMH,

TNFRSF1B, SLAMF8, y axis) and Luminex measurements (IL-10, IL-18, and CXCL9, x axis) in the discovery cohort (n = 47). The points represent patients

and are colored according to the clusters (red: inflamed cluster, purple: non-inflamed cluster). See also Figure S2B.

(B) Kaplan-Meier survival estimate of PFS according to Olink inflammation score including only proteins in Luminex panel (IL-10, IL-18, and CXCL9).

Optimal cutoff for high inflammation score (>4.81, n = 21) is used. See also Figure S2C.

(C) Kaplan-Meier survival estimates of PFS for the validation cohort according to Luminex inflammation score. Optimal cutoff for high inflammation

score (>7.51, n = 43) is used. See also (E).

(D) Boxplots of Luminex inflammation score (y axis) in validation cohort according to B-symptom status (first image, x axis) and DLBCL COO (second

image, x axis). The points represent patients. **p < 0.01.

(E) Univariable model and multivariable model for PFS of running inflammation score alone and together with aaIPI.

PFS, progression-free survival; aaIPI, age-adjusted IPI.
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overlapping with the discovery serum cohort. We observed that a subgroup of

LBCLs was characterized by high expression of genes encoding for the inflamma-

tion score proteins, which we had previously detected in the serum (LAG3, GZMH,

GZMB, IFNG, CD274, HAVCR2, IL10, and IL18; Figures 3A and S3A). Likewise, we

found a similar subgroup of patients with inflamed tumor tissue based on the gene

expression of 624 DLBCLs (Figure S3B). In concordance with the lymphoma char-

acteristics of the inflammatory cluster patients in our discovery cohort, these lym-

phomas were enriched for the ABC subtype, a subset characterized by low tumor

cell fraction and high expression of T cell-exhaustion-related markers and IFNG-

responsive genes, as well as cytolytic activity with dismal outcomes (data not

shown).7,22
Med 5, 1–20, June 14, 2024 7



A B

C

D

E

ll
OPEN ACCESS

8 Med 5, 1–20, June 14, 2024

Please cite this article in press as: Arffman et al., Inflammatory and subtype-dependent serum protein signatures predict survival beyond the
ctDNA in aggressive B cell lymphomas, Med (2024), https://doi.org/10.1016/j.medj.2024.03.007

Article



Figure 3. Patients with inflamed serum protein profile express inflammatory genes and tumor-infiltrating lymphocytes in their lymphoma tissue

(A) Dimensionality reduced uniform manifold approximation and projection (UMAP) plot according to gene expression profiling. Expression of

inflammatory genes in the patients from two Nordic lymphoma trials profiled with NanoString nCounter Human PanCancer Immunoprofiling Panel.

Total number of samples is 81, including samples from the study cohort (n = 65) and NLG-LBC-04 (n = 16) trial. Points represent patients and are colored

according to inflammation score of available genes (LAG3, GZMH, GZMB, IFNG, CD274, HAVCR2, IL10, IL18). See also Figure S3A.

(B) Heatmap of predefined gene expression signatures7 together with tumor cell phenotypes measured with multiplex immunohistochemistry

(mIHC)12,37 (rows). Columns represent patients. Patient clusters and inflammation scores are annotated on the top of the heatmap. High gene

expression levels or proportion of cells in the TME are colored red, whereas low levels are colored blue. Significant differences in gene expression

signatures between the clusters are bolded. See also Figures S3B and S3D.

(C) Boxplots depicting gene expression of the selected inflammatory genes (y axis) according to the serum protein clusters (x axis). The points represent

individual patients (n = 48) and are colored according to DLBCL COO: orange, GCB DLBCL; blue, non-GCB DLBCL; gray, not available. *p < 0.05 and

***p < 0.001.

(D) Representative immunofluorescent images of diagnostic tumor tissues stained with selected protein markers. Top, a patient belonging to the

inflamed cluster. Bottom, a patient belonging to the non-inflamed cluster. The bar graph illustrates the checkpoint marker proportions of LAG3 and

TIM3 in each sample. Yellow color, LAG3; red color, TIM3; gray color, DAPI staining in nuclei.

(E) Boxplots showing the proportions of distinct cell phenotypes (y axis) in the diagnostic tumor biopsies of inflamed and non-inflamed cluster patients.

The points represent individual patients (n = 39) and are colored according to the DLBCL COO: orange, GCB DLBCL; blue, non-GCB DLBCL; gray, not

available. *p < 0.05 and **p < 0.01.

LEC, lymphatic endothelial cells; VEC, vascular endothelial cells; CAF, cancer-associated fibroblasts; FRC, fibroblastic reticular cells; IS, immune

suppressive; ECM, extracellular matrix; FDC, follicular dendritic cells; MHC, major histocompatibility complex; TFH, T follicular helper cells; TIL, tumor-

infiltrating lymphocytes; NK, natural killer cells.
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Having found that the inflammatory signature characterized patients also at the

gene expression level, we wanted to find out if the inflamed serum protein profile

reflected the TME. Using predefined gene expression signatures describing TME

statuses7 and combining these with multiplex immunohistochemistry data on

distinct tumor-infiltrating immune cells, we found that several inflammatory gene

expression signatures associated with the inflamed cluster (Figures 3B, S3C, and

S3D). For example, the signatures defined for macrophages and for immune-sup-

pressive cytokines were upregulated in patients belonging to the inflamed serum

cluster (p < 0.01 and p < 0.05, respectively; Figures 3B and S3D) together with

several inflammatory genes, GZMH, IFNG, LAG3, and PD-L1 (Figure 3C;

Table S5). Nonetheless, the patients with inflamed serum were separated into

distinct clusters according to the differences in their B cell and follicular dendritic

cell gene expression (p < 0.01 in both, Kruskal-Wallis test; Figure 3B). Notably, in

the non-inflamed patients, pathways concerning extracellular matrix and cancer-

associated fibroblasts, which have been described to partly comprise the mesen-

chymal lymphoma microenvironment,7 were upregulated (p < 0.05 and p < 0.01,

respectively; Figure S3D).

Similarly, the immune cell proportions in the TME associated with the inflamed and

non-inflamed clusters (Figure 3B; Table S6). Furthermore, lymphomas of the patients

with an inflamed serum protein profile were characterized by a higher abundance of

checkpoint-molecule-positive immune cells, such as TIM3+ T lymphocytes and mac-

rophages and PD-L1+ M2-like macrophages (Figures 3D and 3E). Conversely, rela-

tive proportions of the regulatory T cells in the whole T cell population were lower in

the lymphomas of inflamed cluster patients (Figure 3E). Moreover, in the patients

with GCB DLBCL and a non-inflamed serum protein profile, CD8+ T cells were

more often PD1+ (Figures S3E and S3F).

The findings demonstrate a link between the inflamed serum protein profile and

TME enriched in checkpoint-positive tumor-infiltrating cells. However, even though

we show significant associations, the connection between inflamed serum and in-

flamed TME remains incomplete, suggesting that other factors, such as tumor

burden, spatial heterogeneity, and other biological characteristics, interfere with

the origin of the serum protein profiles.
Med 5, 1–20, June 14, 2024 9
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Figure 4. High ctDNA burden is reflected in several serum proteomic features

(A) Heatmap of serum protein levels that correlated with pretreatment ctDNA concentration (rhoR 0.5, n = 85). The columns represent patients, and the

rows represent serum proteins. The serum protein clusters and the ctDNA concentration are annotated on the top of the heatmap. ctDNA levels below

�1.5 log hGE/mL are not detectable. Protein levels of serum samples from healthy donors (CTRLs) are shown on the right (n = 5). See also Figure S4B.

(B) Boxplot of p53 protein concentration (y axis, normalized protein expression [NPX]) according to the TP53 mutation status from ctDNA (x axis). The

dots represent patients and are colored according to the inflamed cluster (red) and non-inflamed cluster (purple). ****p < 0.0001. See also Figure S4C.

(C) Boxplots of erythropoietin (EPO; left) and calcitonin-related polypeptide alpha (CALCA; right) concentrations (NPX) according to patients with high

(R3.75 log hGE/mL) or low/not detectable ctDNA concentration. The dots represent patients and are colored according to the inflamed cluster (red)

and non-inflamed cluster (purple). ***p < 0.001 and ****p < 0.0001.

(D) Boxplot of pretreatment ctDNA concentration (log hGE/mL, y axis) in the inflamed and non-inflamed cluster patients (x axis). ****p < 0.0001.

(E) Forest plot of Cox-proportional hazard model ratios for OS. Multivariable analyses of ctDNA concentration and inflamed serum protein profile and of

ctDNA concentration, non-GCB DLBCL, and inflamed serum protein profile. ctDNA concentration is analyzed as a continuous variable, whereas non-

GCB DLCBL and inflamed cluster are analyzed as categorized variables. See also Figure S4E.

(F) Boxplot of metabolic tumor volume (y axis) in the patients of the inflamed and non-inflamed clusters (x axis).

(G) Scatterplot of metabolic tumor volume (n = 52, y axis) and patients’ serum inflammation score (x axis).

ND, not detectable; ns, not significant; FDR, false discovery rate; HR, hazard ratio; OS, overall survival; PFS, progression-free survival.
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Inflamed serum protein profile co-occurs with a high pretreatment ctDNA

concentration in plasma

To explore associations with serum protein characteristics beyond tumor biopsies and

clinical variables, we expanded our analyses to another dimension of liquid biopsies
10 Med 5, 1–20, June 14, 2024



A B

C D E

F

G

H

ll
OPEN ACCESS

Med 5, 1–20, June 14, 2024 11

Please cite this article in press as: Arffman et al., Inflammatory and subtype-dependent serum protein signatures predict survival beyond the
ctDNA in aggressive B cell lymphomas, Med (2024), https://doi.org/10.1016/j.medj.2024.03.007

Article



Figure 5. Multiple serum proteins correlate with LBCL subtypes

(A) Oncoprint of ctDNA, serum, and tumor characteristics according to ctDNA-derived genetic subtypes. Columns represent individual patients, and

rows different lymphoma characteristics. The associated serum characteristics per genotype are encircled.

(B) Boxplot of serum inflammation score (y axis) between different genotypic entities identified in the ctDNA data (x axis). **p < 0.01. See also

Figure S4F.

(C) Oncoprint of the patients arranged according to serum TARC levels. Correlation between TARC, CCL22, and CCL5 is annotated as well as driver

gene mutations, which associate with TARC concentration. Green bars represent mutations in the samples, and Wilcoxon rank-sum test p values

corrected for FDR are shown per gene.

(D) Volcano plot of differential expression analysis comparing the serum protein abundances of GCB DLBCLs (orange) and non-GCB DLBCLs (blue).

COO-associated proteins are annotated in the plot. See also Figures S4G and S4H.

(E) Boxplot of TACI levels (y axis) between COO subtypes (x axis) in the validation cohort (n = 100). ***p < 0.001.

(F) Oncoprint of patients arranged according to the ratio of TACI and SERPINA9 levels with driver genes associated with DLBCL subtypes. Pink bars

represent mutations in the samples, and correlations with the TACI/SERPINA9 NPX ratio using Wilcoxon rank-sum test are annotated. Spearman’s

correlation coefficient between the TACI/SERPINA9 ratio and post-germinal center (GC) score is shown beside the annotations.

(G) Receiver operator curve analyses of protein abundances as DLBCL subtype predictors in the discovery cohort (TACI and SERPINA9) and validation

cohort (TACI). Red lines denote analysis on GCB and non-GCB subtypes, light blue lines denote analysis on DLBCL90 data,38 purple lines denote

analysis on ctDNA derived EZB-like and MCD-like mutational subtypes, and blue lines denote EZB and MCD subtypes from the Lymphgen data,

respectively.

(H) Univariable analysis for OS of the COO-associated serum proteins in patients with DLBCL.
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based on ctDNA. We discovered that pretreatment ctDNA concentration, which sur-

rogates tumor burden in DLBCL,10,11 correlated positively with the levels of 85 pro-

teins (6%) in the serum samples (rho R 0.5; Figures 4A; Table S7). Furthermore, the

majority of the correlating proteins associated with 18-fluorodeoxyglucose positron

emission tomography-measured metabolic tumor volume (MTV; Figure S4A). The

ctDNA-burden-associated proteins were enriched in pathways reflecting increased

cell turnover rate, including cell-cycle regulation, DNA damage, and apoptosis (Fig-

ure S4B; Table S8). Among the proteins, high serum levels of p53 correlated with

the mutations in TP53 gene and p53 protein expression in the tumor tissue

(p < 0.0001; Figures 4B and S4C). Additionally, patients with elevated ctDNA concen-

trations (R3.75 log haploid genome equivalents per milliliter plasma [hGE/mL]) were

also characterized by high serum levels of erythropoietin (p < 0.001) and calcitonin-

related polypeptide alpha (p < 0.0001; Figures 4C; Table S9), suggesting that the in-

crease in certain serum protein levels may indicate systemic adaptation to the chal-

lenges imposed by the high tumor burden. In the analysis stratified according to the

cell of origin (COO), we did not identify striking differences, suggesting that the levels

of proteins reflecting tumor burden are mostly similar in the distinct COO subtypes

(Figure S4D).

When we compared tumor burden between the clusters, we observed that patients

with the inflamed serum profile had higher pretreatment plasma ctDNA concentra-

tions compared to the non-inflamed patients (p < 0.0001; Figure 4D). In multivari-

able analysis with ctDNA, the inflamed protein profile retained a prognostic impact

on survival (Figures 4E and S4E). However, when adjusted with non-GCB DLBCL, the

prognostic impact of the inflamed protein profile was lost, supporting our previous

results on the interaction of the inflamed serum profile and non-GCB DLBCL

(Figures 4E and S4E). Moreover, MTV (n = 48) did not correlate significantly with

the inflamed serum protein profile nor with the continuous inflammation score

(rho = 0.26, p = 0.063; Figures 4F and 4G). Altogether, our findings reveal that

the inflamed serum profile reflects high ctDNA burden and predicts poor survival in-

dependent of ctDNA concentration.
Multiple features in the circulating proteome reflect the characteristics of the

ctDNA

Next, we analyzed the association of serum proteins with the phenotypic and geno-

typic features disclosed by ctDNA. We found that different ctDNA-based genotypic
12 Med 5, 1–20, June 14, 2024
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Figure 6. The levels of several serum proteins reflect treatment response

(A) Correlation plot of serum protein profiles from the patients with lymphoma progression (n = 6). Columns represent samples taken at BL, and rows

represent samples taken at disease recurrence. Samples that correlate the most are annotated. Red color depicts high correlation and blue low

correlation. See also Figure S5A.
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Figure 6. Continued

(B) Dot and line graph of serum inflammation scores before treatment and at EOT. Inflamed cluster patients are colored red, and non-inflamed cluster

patients are colored purple. The difference of serum inflammation scores between inflamed and non-inflamed patients are marked at BL (****p < 0.0001)

and EOT (ns, not significant).

(C) Inflammation scores (y axis) compared between MRD positivity and negativity after third treatment cycle (x axis). Gray box depicts MRD-negative

patients, whereas green box depicts MRD-positive patients.

(D) Serum TARC kinetics during therapy. Dots and lines represent patients and are colored according to histological diagnosis (PMBCLs) or genotypes

(other than PMBCLs). Black dashed line marks 1,206 pg/mL. See also Figure S5F.

(E) Waterfall plot describing the change in the serum TARC levels measured at BL and after three treatment cycles. Bars represent patients and are

colored according to diagnosis (PMBCLs) or genotypes (other than PMBCLs). The change in TARC levels between mediastinal-/PMBCL-like genotypes

and others are compared with Spearman correlation.

(F) Serum TACI levels during and after treatment and at disease relapse. Dots and lines represent patients, and colors represent Lymphgen/COO

classification. Black dashed line represents the median of healthy controls’ TACI levels.

(G) Waterfall plots describing the change in serum TACI levels measured at BL and after three cycles of therapy. Bars represent patients and are colored

according to Lymphgen/COO classification. The change in TACI levels between MCD/other ABCs are compared with Spearman correlation.

(H) Patient examples of TACI (y axis, left) and ctDNA (y axis, right) dynamics during treatment, at the EOT, and at disease recurrence. Blue line represents

TACI levels, and red line represents ctDNA concentration. MRD at CYC3 and EOT and Deauville score at EOT are marked below each patient’s plot.

BL, baseline; EOT, end of therapy; MRD, minimal residual disease; ns, not significant.
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subgroups from our previous work11 correlated with distinct proteomic attributes in

the serum (Figure 5A; STAR Methods). Notably, serum samples with a THRLBCL-like

genotype, extending to the tumors histologically diagnosed as DLBCL NOS, associ-

ated with high serum inflammation scores (Figures 5A, 5B, and S4F). In contrast,

PMBCLs and DLBCLs with PMBCL-/gray zone lymphoma-like genotypes23,24 were

associated with low serum inflammation scores but were characterized by elevated

levels of thymic-activation-regulated chemokine TARC (CCL17) (Figures 5C and

S4G) that promotes PMBCL cell growth25 and represents a serum protein marker

for Hodgkin’s lymphoma.26–28 Moreover, TARC levels correlated with serum levels

of other cytokines, CCL22 (macrophage-derived chemokine [MDC]) and CCL5,

which are involved in tumor-promoting CCR4+ Th2 T cell recruitment,29,30 and

with genomic drivers described in PMBCL (Figure 5C). Together, these findings

show that serum levels of pathogenic markers can be explored and joined with

ctDNA-based analysis.

Besides the separate LBCL entities and DLBCL NOS tumors with intermediate char-

acteristics, we found that two serum proteins, SERPINA9 (GCET1) and TACI

(TNFRSF13B), correlated with COO subtypes defined from the ctDNA or tissues

(Figures 5D–5F). The patients with GCB DLBCL or those with the EZB/C3-like geno-

type had elevated serum levels of SERPINA9, whereas the patients with non-GCB/

ABC DLBCLs or those with the MCD/C5-like genotype were characterized by higher

serum levels of TACI and IL-16 (Figures 5D and S4H). Likewise, TACI serum levels

were higher in patients with non-GCB DLBCL in our validation cohort (p < 0.001;

Figure 5E). The ratio of these two proteins was associated with driver gene muta-

tions characteristic for MCD and EZB subtypes and correlated with hypermutation

signature-based post-germinal center score11 in the ctDNA (Figure 5F). Serum

levels of TACI and SERPINA9 were predictive for the molecular subtypes with excel-

lent sensitivity and specificity, along with TACI levels predicting non-GCB DLBCL

also in the validation cohort (Figure 5G). TACI and IL-16 levels were also associated

with poor outcome (Figure 5H). Notably, although SERPINA9 and TACI are both es-

tablished tissue markers for GCB and non-GCB/-ABC DLBCLs,31,32 serum levels of

some definitive GCB markers, such as membrane metallo-endopeptidase (MME)

(CD10), did not reflect the subtype nor CD10 positivity (Figure 5D). Collectively,

our results suggest that multiple serum proteins reflect ctDNA characteristics

beyond inflammation, such as subtype-related molecular features, which could

improve molecular characterization of LBCLs.
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Distinct serum protein levels reflect variable treatment responses and

associate with ctDNA kinetics

After discovering clinical, inflammatory, and molecular disease correlates in the pre-

treatment serum of the patients with LBCL, we sought to understand how these pat-

terns change during therapy and reflect different clinical courses.

Serum profiles prior to treatment and at the time of lymphoma progression
resemble each other

To get an overview of the serum proteome profiles at different disease landmarks,

we compared protein profiles of six available serum samples drawn at the time of

lymphoma progression with the matched pretreatment samples (Figure 6A).

Remarkably, most of the protein profiles were highly concordant between the two

time points (rho 0.55–0.75; Figures 6A and S5A), which prompted us to examine

the clinical utility of distinct circulating proteins in longitudinal samples using iden-

tified markers and to compare the results with ctDNA analysis.

Inflammatory serum profile declines during therapy

During treatment, serum protein estimates of the inflammation score (Luminex

inflammation score: IL-10, IL-18, and CXCL9) and tumor burden (levels of serine pro-

tease HTRA2 and TNFRSF10B) declined in the patients who had elevated levels at

baseline (Figures 6B, S5B, and S5C). In more detail, inflammation scores of the pa-

tients with inflamed serum at baseline were, at the end of therapy, similar to the

inflammation scores of the other patients (Figure 6B). While the decline in inflamma-

tion associated with a pertinent decrease in ctDNA burden (rho = 0.43, p < 0.0001;

Figure S5D), inflammation score did not associate with minimal residual disease pos-

itivity (MRD+) after three treatment cycles (Figure 6C), suggesting limited specificity

of these markers to detect residual lymphoma during therapy. Moreover, inflamma-

tion score at the end of therapy did not associate with survival (Figure S5E), indi-

cating that the highest clinical relevance for evaluating the inflammatory serum pro-

file is at baseline.

Distinct subtype markers provide indicators of response in PMBCL-like LBCLs and
ABC DLBCLs

Finally, we examined dynamic changes in the serum levels of proteins associated

with distinct molecular disease subtypes (Figures 6D and 6F). After three treatment

cycles, serum levels of both TARC and TACI declined in a subtype-dependent

manner, with TARC levels declining below the previously determined cutoff value

used for TARC positivity in Hodgkin’s lymphoma28 (1,206 pg/mL; Figures 6E and

S5F) and most TACI levels below the accurate level of quantification (Figure 6G).

Notably, in two relapsing patients with MCD/C5 ABC DLBCLs, TACI serum levels re-

bounded at the time of progression together with concurrent ctDNA levels, suggest-

ing a complementary potential of TACI in the evaluation of response and recurrence

with ctDNA (Figure 6H). Moreover, TACI serum levels in these patients were concor-

dant with MRD status and Deauville score at the end of therapy (Figure 6H).

Altogether, these findings reveal how multiple serum features change during ther-

apy and provide ctDNA-independent means to assess treatment response.
DISCUSSION

Minimally invasive precision medicine tools of liquid biopsy, including ctDNA-based

assays, are anticipated to revolutionize clinical decision-making in the treatment of pa-

tients with B cell lymphoma.9–11 Thus far, however, most studies have examined only

somatic mutations, while other circulating factors with synergistic profiling potential
Med 5, 1–20, June 14, 2024 15
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have remained poorly characterized and unintegrated with ctDNA. Here, by assessing

the levels of 1,463 serum proteins, we identified an inflamed protein profile and other

circulating proteins that expand minimally invasive prognostic and diagnostic im-

mune-oncological profiling and estimation of treatment response in patients with

LBCL. Moreover, we were able to validate the prognostic inflammatory signature

and a subtype-specific profile in an independent validation cohort. Our findings are

novel, and we anticipate growing interest in the fusion of ctDNA and serum proteomic

features for minimally invasive and more cost-efficient molecular diagnostics.

Pretreatment ctDNA burden has previously been shown to associate with the levels of

certain serum proteins, such as LDH at the time of lymphoma diagnosis.33 We discov-

ered that many other serum proteins, including those involved in apoptosis and thus

cell-free DNA production, correlated with elevated ctDNA levels before treatment

and with a concordant decline during therapy. As the majority of these cellular turn-

over-related proteins were not B cell specific, it is plausible to suggest that they could

also be used as a surrogate to quantify tumor burden in other cancers.

In addition to serumproteins that reflect tumor burden, we uncovered several proteins,

which correlated with molecular features of different lymphoma entities. For example,

elevated levels of TARC, which is an established marker in Hodgkin’s lymphoma,26,27

were strongly associated with PMBCL-/GZ-like genotypes. As PMBCL-/GZ-like LBCLs

can be difficult to biopsy due to their location in the mediastinum, new assessment

methods are needed, and our results suggest that serum TARC levels could serve as

an additional tool to diagnose these entities. Moreover, circulating TACI and

SERPINA9 levels could be used to distinguish ABC and GCB DLBCLs. Given the spec-

ificity of these markers for B cells, we utilized TARC and TACI in complementing

ctDNA-based molecular response evaluation and detected mutual potential between

these liquid biopsies. These results suggest that joint analyses of serum proteins and

ctDNA in baseline characterization could overcome the limitations of tissue biopsies

and thereby improve molecular characterization and response evaluation. However,

the clinical value of these markers warrants prospective validation. In addition, their

feasibility in relapsed and refractory settings remains to be explored.

Although multiple dimensions of the tumor can be assessed with ctDNA, long turn-

around times, special equipment, and limited resources impose contemporary chal-

lenges to routine ctDNA analyses. Furthermore, ctDNA-based assays do not capture

the host’s response to cancer. This warrants assessment of risk profiles and diagnostic

characteristics by complementary methods such as serum or plasma protein profiling,

which could provide results faster, as required in patient care. In this study, we iden-

tified a host response in a subset of patients with LBCL, which was molecularly charac-

terized as systemic inflammation and associated with aggressive clinical characteristics

and B symptoms. The hallmarks of systemic inflammation in response to cancer

include increased production of proinflammatory cytokines and acute-phase proteins

that enter the circulation,34 resulting in many disabling symptoms, including fever and

weight loss as examples of B symptoms. In patients with DLBCL, inflammatory charac-

teristics have been described both in the tumor tissue and circulation.7,12,13,16

Recently, Ask et al. described a protein profile in serum and plasma represented by

a systemic protein deviation score, which correlated with the amount of PD1+ CD8+

T cells in the peripheral blood and poor outcome.13 Likewise, in our study, the patients

with an inflamed serum protein profile had significantly worse survival compared to

the patients with non-inflamed serum. In addition, their lymphomas were character-

ized by increased levels of gene expression pathways associating with the inflamma-

tory TME. Similarly, they had higher abundances of checkpoint-protein-expressing
16 Med 5, 1–20, June 14, 2024
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immune cells, such as TIM3+ T lymphocytes and macrophages and PD-L1+ M2-type

macrophages, whereas the proportion of regulatory T cells was lower. Together, the

findings suggest that systemic inflammation combined with immune cell exhaustion

creates a favorable environment for lymphoma development. Notably, inflammation

reduced during therapy in patients with an inflamed serum protein profile, and be-

sides TME characteristics, we believe that other biological factors such as tumor

burden interfere with the onset of systemic inflammation profile.

We observed a novel association between inflamed serum protein profile and

elevated ctDNA levels, which suggests that high tumor burden provokes inflammatory

host response. On the other hand, a correlation between inflamed protein profile and

biological features that are not associated with tumor burden, including ABC DLBCL,

THRLBCL, and a high proportion of checkpoint-positive tumor-infiltrating immune

cells, proposes that molecular tumor characteristics also play a part in the inflamed

profile seen in the serum. Moreover, immunochemotherapy and granulocyte col-

ony-stimulating factors contribute to the release of proteins into circulation by both

healthy and malignant cells, thereby affecting the inflammatory protein profiles de-

tected at the end of therapy. These aspects, along with the weak correlation with

MTV, suggest that the inflamed serum protein profile is confounded by multiple fac-

tors in the MRD setting. Further understanding of the biological and clinical compo-

nents contributing to the systemic inflammatory state is needed. For instance, a

high proportion of checkpoint-positive T cells and macrophages in the lymphoma tis-

sue of the patients with inflamed serum protein profiles implies that these patients

could benefit from targeted immunotherapies. So far, however, the response rates

to such therapies, namely PD1/PD-L1 blockage, have been low in DLBCL.35,36

The strengths of our study are prospectively collected and homogenously treated

patient populations and the availability of longitudinally collected blood samples,

tumor tissue, and comprehensive clinical data from the same patients that provide

a possibility to correlate serum proteome data with ctDNA, tumor tissue, and patient

demographics. In addition, we were able to validate our findings in an independent

LBCL cohort with similar demographics, treatment, and follow-up data. We note that

the patients included in the study consist of young, high-risk patients treated in clin-

ical trials, and the results are reflected by the patient demographics, treatment, and

survival. An additional strength of using circulating proteins is that the markers are

also applicable to plasma samples,13 which are usually collected in clinical routine.

Here, we combine two types of liquid biopsies, serum protein profiling and ctDNA,

to characterize high-risk LBCL. We describe a systemic inflammatory response de-

tected from the serum proteome, which associates with poor survival in two uni-

formly treated LBCL cohorts. We discover proteomic attributes that correlate with

TME features and complement multiple ctDNA characteristics, which, with high clin-

ical utility, could be harnessed both for non-invasive and accurate diagnostics as well

as to guide treatment decisions and assess treatment response. We believe that the

multidimensional potential of serum protein profiling extends the usage of liquid bi-

opsy in the lymphoma field and hypothesize growing interest of serum protein

profiling in oncology.

Limitations of the study

The limitations of our study include a small number of non-cancer control sera, and

therefore the specificity of these findings to patients with lymphoma remains to be

established. Moreover, we recognize that our study did not consider whether the

measured proteins were soluble or incorporated in vesicles, such as exosomes,
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which may have an impact on their detection. Nevertheless, the findings establish

novel, clinically meaningful interactions between lymphoma and the host and

expand liquid biopsy repertoire in patients with LBCL.
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STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Serum (discovery cohort) This paper and Leppä et al.18 www.ClinicalTrials.gov, NCT01325194

Serum (validation cohort) This paper and Leppä et al.19 www.ClinicalTrials.gov, NCT03293173

Serum (healthy donors) This paper N/A

Critical commercial assays

Olink Explore 1536 library Olink Proteomics www.olink.com

Human Magnetic Luminex Assay R&D Systems LXSAHM-08

Human Magnetic Luminex Assay R&D Systems LXSAHM-07

Deposited data

Proximity Extension Assay data This paper N/A

Bead-based immunoassay (Luminex) data This paper N/A

Clinical patient data (discovery cohort) Leppä et al.18 www.ClinicalTrials.gov, NCT01325194

Clinical patient data (validation cohort) Leppä et al.19 www.ClinicalTrials.gov, NCT03293173

nCounter� PanCancer Immune Profiling Panel Autio et al.12 N/A

DLBCL90 assay Isaksen et al.38 N/A

RNAseq gene expression data Reddy et al.21 N/A

multiplex IHC data Autio et al.12,37 N/A

Targeted sequencing data Meriranta et al.11 EGAS00001005835

Software and algorithms

R (version R3.6.1) R core team www.R-project.org

limma (version 3.50.3) Ritchie et al.40 https://bioconductor.org/packages/
release/bioc/html/limma.html

survminer (version 0.4.9) Kassambara et al.41 https://github.com/kassambara/survminer

GSVA (version 1.42.0) Hänzelmann et al.42 https://github.com/rcastelo/GSVA

ConsensusClusterPlus (version 1.58.0) Wilkerson et al.39 https://bioconductor.org/packages/release/
bioc/html/ConsensusClusterPlus.html

Lymphgen 2.0 Wright et al.44 https://llmpp.nih.gov/lymphgen/
lymphgendataportal.php?version=2.0
RESOURCE AVAILABILITY

Lead contact

Further information and requests for data should be directed to the lead contact,

Sirpa Leppä (sirpa.leppa@helsinki.fi).
Materials availability

The protein data used in this study is available upon reasonable request from the

corresponding author.
Data and code availability

The patient characteristics of the discovery and validation cohorts are presented in

Tables 1 and S4. Identifier numbers are listed in the key resources table. This paper

does not report any original codes. Any additional information of the code used in

this study is available upon reasonable request from the lead contact.
EXPERIMENTAL MODELS AND SUBJECT DETAILS

Patients and samples

All patients in the discovery and validation cohorts signed informed consent before

study participation. The Institutional Review Boards, National Medical Agencies,
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and Ethics Committees in Finland, Norway, Denmark, and Sweden approved the

protocols and sampling.
Discovery cohort and available data

Discovery cohort consisted of 109 patients aged 21–64 years with high-risk (age

adjusted International Prognostic Index (aaIPI) R 2 and/or site-specific risk factors

for central nervous system (CNS) progression) LBCL, who were included in

the Nordic LBC-05 phase II trial (registered at www.ClinicalTrials.gov,

NCT01325194).18 Treatment consisted of two courses of high-dose methotrexate

(HD-Mtx) in combination with biweekly rituximab (R), cyclophosphamide, doxoru-

bicin, vincristine, and prednisone (R-CHOP-14), followed by four courses of biweekly

R-CHOP with etoposide (R-CHOEP-14) and one course of R-HD-cytarabine. The pa-

tient characteristics are described in Table 1. Pre-treatment serum samples from 109

patients and post-treatment serum samples collected at the time of lymphoma pro-

gression from six patients were available for analysis. In addition, 47 pre-treatment

serum samples were available for technical validation in the Luminex analysis. Gene

expression profiling (ncounter PanCancer Immune Profiling Panel [NanoString Tech-

nologies, Seattle, WA, United States], n = 48)12 and mIHC (n = 39) data from tumor

tissue of overlapping patients were previously produced.12,37 In addition, metabolic

tumor volume at diagnosis (n = 52) and ctDNA data (n = 91)11 were available for

correlative analyses.
Validation cohort

Independent validation cohort consisted of pre-treatment serum samples and clin-

ical data from 122 patients included in the Nordic LBC-06 phase II trial (registered

at www.ClinicalTrials.gov, number NCT03293173).19 The cohort had similar inclu-

sion criteria and treatment as the discovery population, with following differences:

PMBCLs were excluded and depending on the biological risk factors patients

were stratified to receive either R-CHOEP-14 (no biological risk factors) or dose-

adjusted etoposide, doxorubicin, cyclophosphamide, vincristine, prednisone, and

rituximab (DA-EPOCH-R; biological risk factors). Biological high-risk was defined

as a presence of at least one of the following factors: C-MYC translocation, DH,

17p/TP53 deletion, co-expression of MYC and BCL2 (double protein expression;

DPE), P53+ and/or CD5+. Serum samples were collected prior to therapy of which

122 were included in the validation. Patient demograpics are presented in Table S4.
Additional samples, cohorts, and data

In addition, gene expression profiling data12 from the Nordic LBC-04 trial (regis-

tered at www.ClinicalTrials.gov, NCT01502982)20 and gene expression data by

Reddy et al.21 obtained from the corresponding authors were used.
METHOD DETAILS

Antibody-based proximity extension assay

Serum samples (45 mL) were analyzed for 1463 proteins using antibody-based prox-

imity extension assay (PEA, Olink Proteomics AB, Uppsala, Sweden) with Olink

Explore 1536 library (Product #91120). The quantified relative protein levels were

analyzed as normalized protein expression (NPX) on a log 2 scale. After excluding

technical control samples and proteins with concentrations below limit of detection

inR75% samples according to manufacturer’s instructions the data was available for

1,398 proteins in 115 patient samples and five donors with no known history of can-

cer that were used as controls.
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Identification of clusters and serum protein associations

We identified the serum clusters using k-means clustering and the optimal number of

clusters was determined by manual examination of dimensionality reduced data

(principal component analysis) and consensus clustering. We performed consensus

clustering by using R package ConsensusClusterPlus (version 1.58.039) evaluating

maximum of six clusters, with 1000 bootstraps resampling 80% of samples with all

the proteins. We used R package limma40 to identify proteins with significantly

different levels between different conditions. Significant associations were deter-

mined using a cut-off for significant differential expression was Benjamini-

Hochberg corrected p value <0.05 and log2 fold change >1.
Bead-based immunoassay

We applied a bead-based immunoassay to measure absolute levels of selected

marker proteins in serum samples from LBCL patients and healthy donors. We

used two multiplexed Luminex panels provided by R&D Systems (Human Magnetic

Luminex Assay, Minneapolis, MN, USA) according to manufacturer’s Human Lumi-

nex Discovery Assay and protocol on the Bio-Plex 200 instrument (Hercules, CA,

USA). The analytes used for inflammation score were IL10, IL18 and CXCL9, and an-

alytes used in subtype characterization and kinetics assay was CCL17/TARC and

TACI/TNFRSF13B. Protein levels were measured in duplicates using 50 mL serum

as a starting material and the mean of duplicate measurements was used. Samples

with protein concentrations below or over the standard range were assigned the

concentration of the lowest or the highest standard dilution per protein,

respectively.

Luminex-based measurements including IFNG, which correlated negatively with

PEA-based NPX values in technical validation were excluded from further analyses.

For the kinetic analysis of selected marker proteins in follow-up serum samples from

the patients in the discovery cohort, 47 baseline, 41mid treatment (after three cycles

of therapy), 47 end of therapy and three progression samples were analyzed.
Inflammation score

Inflammation score was composed to evaluate the contribution of inflammation in

tissues and serum as a continuous variable with reduced number of markers. Inflam-

mation score was calculated as the geometric mean ofmarker protein serum concen-

trations. In PEA data (Olink), we used log2-transformed NPX values of twelve

markers (IL2RA, GZMB, IL18, CXCL9, IFNG, PD-L1, IL10, TIM3, LAG3, GZMH,

TNFRSF1B and SLAMF8) to compose the inflammation score. In bead-based immu-

noassay data (Luminex), the inflammation score was estimated with available cyto-

kine markers (IL10, IL18 and CXCL9) and applied to their log10-transforemed abso-

lute concentrations (pg/mL). The optimal cutoff for inflammation score in survival

analyses was similar for OS and PFS and determined with R package survminer

version 4.1.2.41
Gene expression profiling

Gene expression datasets. Gene expression profiling data of the diagnostic tumor

biopsies from the patients in our discovery cohort (n = 48) was produced with

ncounter PanCancer Immune Profiling Panel (NanoString Technologies, Seattle,

WA, United States).12 The gene expression levels of 252 genes encoding the pro-

teins measured with PEA in serum were available. Additionally, gene expression

profiling based molecular subtypes determined with DLBCL90 assay (NanoString)

were available for 39 patients.38 Further exploration and validation of the
Med 5, 1–20.e1–e5, June 14, 2024 e3
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inflammation score were performed using log2-transformed gene expression data

(RNAseq) from 624 patients from Reddy et al.21

Gene expression data analysis. Differentially expressed genes were determined us-

ing the R package limma40 with same criteria used in the serum protein analyzes

above. Uniform manifold approximation and projection analysis was done with R

package umap (arXiv 2018 1802.03426). Inflammation score was calculated as the

geometric mean of the available gene expression levels of the immune markers

LAG3, GZMH, GZMB, IFNG, CD274, HAVCR2, IL10, IL18 (n = 8, discovery cohort)

and LAG3, GZMH, GZMB, IFNG, CD274, HAVCR2, IL10, IL18, SLAMF8 (n = 9, Reddy

et al. data21). Gene expression data from the NanoString and RNAseq datasets

were analyzed with UMAP dimensionality reduction and colored according to

inflammation score per tumor to explore and visualize patterns of inflammatory

component contribution in different subsets of LBCLs. The immune signatures re-

ported by Kotlov et al.7 were estimated for the discovery cohort using the Nano-

string immune panel data of available genes of the functional gene expression sig-

natures composed by the authors. Our gene expression profiling data included 59%

of all genes and 79% of inflammatory genes used in the original work. The gene set

variation analysis was performed as previously described7,42 and visualized by hier-

archical clustering.

Tissue protein expression analysis

Multiplex immunochemistry (mIHC) was performed for the diagnostic biopsies of 39

patients of the discovery cohort. Briefly, tissue micro-arrays were stained in multiple

rounds with antibody panels of immune cell markers and the acquired immunofluo-

rescent figures were analyzed based on pixel co-localization to quantify cell fractions

with different immunophenotypic marker combinations.12,37 Immune cell fractions

per tumor sample were analyzed according to the inflamed serum profile and other

circulating proteins.12,37 In total, 17 tissue protein markers which yielded a total of 76

combinations were available for analysis.

Immunohistochemistry for p53 was performed on whole tissue sections and tissue

micro-arrays of available diagnostic tissues according to clinical routines and the

positivity was evaluated by expert hematopathologists.43

Circulating tumor DNA analysis

Pretreatment circulating tumor DNA (ctDNA) from concurrently drawn plasma sam-

ples was profiled for 91 patients of the discovery cohort using an in-house targeted

high-throughput sequencing-based assay.11 Quantified ctDNA levels expressed as

log10-transformed haploid genome equivalents per milliliter of plasma (log hGE/

ml), the somatic mutations in patients and minimal residual disease (MRD) status ac-

cording to ctDNA were available.11 In dynamic analyses, MRD status according to

ctDNA after three cycles and at the end of therapy was available for 58 and 71 pa-

tients, respectively.

The genomic subtypes according toWright et al.44 were determined for all the cases

with available driver mutations used in the LymphGen 2.0 tool. Identified lymphoma

mutations from pretreatment ctDNA and/or diagnostic tumor tissue derived DNA

with the targeted sequencing panel were used for the analysis. Copy number alter-

ations were not available for consideration. BCL2 and BCL6 translocation status as

determined by examination of break-apart fluorescent in situ hybridization (FISH)

of the diagnostic tissues was utilized for cases with available data. Composite geno-

types were assigned to the subgroup with the highest likelihood.
e4 Med 5, 1–20.e1–e5, June 14, 2024
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QUANTIFICATION AND STATISTICAL ANALYSIS

All analyses were performed in R environment (version R3.6.1). The significance of

clinical factors between patient groups was determined with Fisher’s exact test. Sta-

tistical tests were in general non-parametric and two-sided, and statistical details

accompany figures in pertinent captions. p values <0.05 were considered statisti-

cally significant and significance is marked in figures as follows: ns, p R 0.05; *,

p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.
Survival analyses

The overall median follow-up time for the discovery and validation cohorts were 62

and 37 months. The Kaplan-Meier method with log-rank test was used to estimate

survival rates between different patient groups. Cox regression was used to estimate

survival in univariable and multivariable analyses.
Med 5, 1–20.e1–e5, June 14, 2024 e5
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