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Abstract
CD19‐targeted chimeric antigen receptor T‐cell (CAR‐T) immunotherapy has transformed the management of relapsed/

refractory large B‐cell lymphoma (LBCL), yet durable remissions are observed in less than half of treated patients. The tumor

microenvironment (TME) is a key and understudied factor impacting CD19 CAR‐T therapy outcomes. Using NanoString

nCounter transcriptome profiling (n = 24) and multiplex immunohistochemistry (mIHC, n = 15), we studied the TME in pre-

treatment biopsies from patients with LBCL undergoing CD19 CAR‐T therapy. Patients who achieved complete response (CR)

after CAR‐T therapy demonstrated higher expression of genes associated with T‐cell trafficking and function, whereas those

who did not achieve CR had higher expression of genes associated with macrophages and T‐cell dysfunction. Distinct patterns of

immune infiltration and fibrosis in theTME were associated with CAR‐T therapy outcomes, and these findings were corroborated

using artificial intelligence‐assisted image analyses. Patients who achieved CR had a lower proportion of the biopsy occupied by

an interspersed immune infiltrate and a higher proportion of hypocellular/fibrotic regions. Furthermore, mIHC revealed lower

density of CD4+ T cells and higher densities of both macrophages and tumor cells expressing PD‐L1 in non‐CR patients. Spatial

analysis revealed that PD‐1+ T cells were in close proximity to PD‐L1+ macrophages or PD‐L1+ tumor cells in patients who did

not compared to those who did achieve CR after CAR‐T therapy. These findings suggest that morphologic patterns in the TME

and engagement of the PD‐1/PD‐L1 axis in pretreatment biopsies may impact CD19 CAR‐T immunotherapy response in patients

with LBCL.

INTRODUCTION

CD19‐targeted chimeric antigen receptor (CAR)‐T cell im-
munotherapy has transformed the treatment of patients with
relapsed and/or refractory (R/R) large B‐cell lymphoma (LBCL).

However, durable remissions are observed in less than half of
treated patients.1–7 Loss of tumor antigen expression,8 dysfunc-
tion of infused CAR‐T cells,9,10 and suppressive factors in the
tumor microenvironment (TME) are potential mechanisms of
failure.11–13

HemaSphere. 2024;8:e142.2 of 14 | hemaspherejournal.com

https://doi.org/10.1002/hem3.142

This is an open access article under the terms of the Creative Commons Attribution‐NonCommercial‐NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non‐commercial and no modifications or adaptations are made.

© 2024 The Author(s). HemaSphere published by John Wiley & Sons Ltd on behalf of European Hematology Association.

1Clinical Research Division, Fred Hutchinson Cancer Center, Seattle,

Washington, USA
2Department of Medicine, University of Washington, Seattle, Washington, USA
3Integrated Immunotherapy Research Center, Fred Hutchinson Cancer Center,

Seattle, Washington, USA
4Translational Science and Therapeutics Division, Fred Hutchinson Cancer

Center, Seattle, Washington, USA

5Faculty of Medicine and Health, The University of Sydney, Camperdown,

New South Wales, Australia
6Department of Laboratory Medicine and Pathology, University of Washington,

Seattle, Washington, USA

^Alexandre V. Hirayama, Jocelyn H. Wright, Kikkeri N. Naresh, and Cecilia C. S.

Yeung contributed equally to this work.

https://orcid.org/0000-0001-7980-3882
mailto:ahirayama@fredhutch.org
https://hemaspherejournal.com
http://creativecommons.org/licenses/by-nc-nd/4.0/


In patients with newly diagnosed LBCL, gene expression profiling
(GEP) of pretreatment biopsies has revealed a functional relationship
between stromal elements, the composition of the TME, the immune
milieu, and outcomes after chemoimmunotherapy.14–17 Studies uti-
lizing flow cytometry and immunohistochemistry (IHC) in pretreat-
ment LBCL biopsies also identified predictors of outcomes. For
instance, in patients treated with R‐CHOP, CD4+ T‐cell infiltration
was associated with longer survival.18 The role of tumor‐associated
macrophages (TAMs) remains uncertain due to conflicting findings
across studies; however, a higher density of CD68+CD163+ M2 TAMs
was associated with poor overall survival in a meta‐analysis.19

Moreover, programmed cell death‐ligand 1 (PD‐L1) and its T‐cell in-
hibitory receptor, programmed cell death‐1 (PD‐1), are expressed in
the TME in a subset of LBCL biopsies, with PD‐L1+ LBCL,20 and
higher T‐cell PD‐1+ expression, and cell density21 associated with
worse survival.

Characteristics of the R/R LBCL TME that might impact out-
comes after CD19 CAR‐T cell immunotherapy have just begun to be
explored. In pretreatment biopsies, lower expression of interferon
signaling genes,13 and higher gene expression of cytokines and che-
mokines that favor T‐cell infiltration,22 and T‐cell and stroma‐
associated genes,23 were associated with favorable responses.
Furthermore, pretreatment biopsies of responding patients also had
a higher density of CD8+ T cells with an activated phenotype
(PD‐1+LAG+/−TIM3−)22 and a lower density of CD163+ macrophages
expressing PD‐L1 or IDO1.23

Here, we report findings from the analyses of GEP and multiplex
immunohistochemistry (mIHC) with in‐depth characterization of
tumor architecture and infiltrate patterns in the TME of biopsies
collected before lymphodepletion (LD) in patients with LBCL under-
going CD19 CAR‐T cell immunotherapy. In pretreatment tumor
biopsies, we not only identified gene signatures and immune cell
densities associated with response but also distinct morphologic
patterns of immune cell infiltration and fibrosis. Additionally,
we found that the spatial proximity of PD‐L1+ macrophages and
tumor cells to PD‐1+ T cells in the TME was associated with inferior
outcomes after CD19 CAR‐T cell immunotherapy.

MATERIALS/SUBJECTS AND METHODS

Analysis of clinical trial samples

CAR‐T cell enumeration was assessed by flow cytometry, as pre-
viously described, in 40 patients with R/R LBCL treated with cyclo-
phosphamide and fludarabine LD followed by infusion of 2 × 106 CAR
T cells/kg on a previously reported phase 1/2 clinical trial of CD19
CAR‐T cell immunotherapy (NCT01865617).1,24,25

Biopsy samples and clinical outcomes

Samples were collected before LD from patients with R/R LBCL
treated with defined composition autologous CD19 CAR T cells
containing a 4‐1BB costimulatory domain in three early‐phase
investigator‐initiated clinical trials (NCT01865617, NCT02706405,
NCT03103971; www.clinicaltrials.gov). Response was assessed by
positron emission tomography (PET) and concurrent diagnostic‐
quality computed tomography (PET/CT) and was evaluated
centrally according to the Lugano criteria.26 The studies were
performed in accordance with the Declaration of Helsinki, with
the approval of the Fred Hutchinson Cancer Center Institutional
Review Board. All participants provided written informed
consent.

Gene expression profiling (GEP)

RNA was extracted from formalin‐fixed paraffin‐embedded (FFPE)
tissue slides/curls with the Qiagen RNeasy FFPE Kit (Qiagen). Digital
GEP was performed using 200–400 ng of RNA with NanoString
nCounter technology using the nCounter Human Immunology V2
gene panel (NanoString Technologies) (Supporting Information S1:
Table S1). Samples with high expression of nCounter negative control
genes were removed from further analysis. Raw count matrices were
normalized using RUVg27 with the housekeeping genes included on
the nCounter Human Immunology V2 gene panel. For unsupervised
clustering, nonnegative matrix factorization (NMF) was used to de-
termine the number of clusters within the data and to deconvolute
the normalized count matrices into matrices describing the meta-
genes and cluster membership for each sample.28 Differential gene
expression analysis was performed on the raw count matrix using
DESeq 2,29 with the normalization factor from RUVg provided in the
design matrix to model technical sample‐to‐sample variability.30 An
absolute log2 fold change threshold of 1 and adjusted p value
threshold ≤0.2 was used to identify differentially expressed genes.

Hematoxylin and eosin (H&E) staining

FFPE sections were deparaffinized in xylene and hydrated with graded
ethanols (100% EtOH, 95% EtOH, 80% EtOH, 2× H2O). Modified
Harris hematoxylin (Epredia™Modified Harris Hematoxylin) was used in
a regressive technique, differentiated in acid alcohol (Epredia™Richard‐
Allan Scientific™ Differentiating Solution) and blue color revealed
(Epredia™ Signature Series™ Bluing Reagent). Sections were then stained
with Eosin (Epredia™Richard‐Allan Scientific™ Eosin‐Y Alcoholic, Eosin‐
Y with Phloxine) followed by routine dehydration. Sections were
coverslipped with a permanent, xylene‐based mounting media.

Multiplex immunohistochemistry

FFPE tissue slides were stained on a Leica BOND Rx autostainer using
the Akoya Opal mIHC assay (Akoya Biosciences), according to the
manufacturer's recommendations, with minor modifications. Additional
washes were performed after the secondary antibody and Opal fluor
applications using high‐salt TBST (0.05M Tris, 0.3M NaCl, and 0.1%
Tween‐20, pH 7.2–7.6) and the blocking buffer was TCT (0.05M Tris,
0.15M NaCl, 0.25% Casein, 0.1% Tween 20, pH 7.6 ± 0.1). Sections
were stained using two mIHC panels. The first panel included antibodies
to CD8, CD4, Foxp3, CD14, CD19, and CD56, and the second panel
included antibodies to CD3, CD19, CD68/CD163, PD‐1, PD‐L1, and
Ki‐67 (Supporting Information S1: Table S2). The CD68/CD163 cocktail
stained all cells positive for CD68 and/or CD163. Primary antibodies
were incubated for 1 h at room temperature. Tissues were counter-
stained with 4′,6‐diamidino‐2‐phenylindole (DAPI) to identify nuclei.
Slides were mounted with ProLong Gold and cured for 24 h at room
temperature in the dark before image acquisition at ×20 magnification
on the Akoya Vectra 3.0 Automated or PhenoImager HT Automated
Imaging System. Images were spectrally unmixed using Akoya inForm
software and exported as multi‐image TIFFs for use in the HALO Link
image management system (Indica Labs).

Digital image analyses

Images were analyzed with HALO image analysis software (HiPlex
FL v3.0.3; Indica Labs). After the cells were visualized based on nuclear
and cytoplasmic stains, the mean pixel fluorescence intensity in
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applicable compartments of each cell was determined. Positive
staining was established by manual adjustment of the mean intensity
threshold above the background for each fluorochrome. Positive
cell data was then used to define colocalized populations and to
perform spatial analyses using nearest neighbor and proximity
software (Spatial analysis module). For nearest neighbor analysis, the
average distance from each PD‐1+ T cell to the nearest PD‐L1+

macrophage and PD‐L1+ tumor cell was calculated. For proximity
analysis, the distance was measured between PD‐1+ T cells and PD‐
L1+ macrophages or tumor cells. Cells were grouped into 20 bins of
5 μm ranging from 0 to >100 μm distance between PD‐1+ T cells and
PD‐L1+ macrophages or tumor cells. The 30 μm threshold was used
to calculate the percentage of PD‐1+ T cells adjacent to PD‐L1+

cells. The CD56 antibody marker was not included in the analysis
due to suboptimal staining. Tissue classifier software (Random
Forest algorithm trained‐by‐example, resolution 3.21 μm/pixel,
maximum object size 200–810 μm2) was used with artificial in-
telligence (AI), machine learning assist to identify and quantitate
regions defined by lineage markers CD19 (B/tumor cells), CD3
(T cells), and CD68/CD163 (macrophages). Interspersed regions
were defined by adjacent CD19+ tumor cells with single inter-
spersed T cells or macrophages. T‐cell and macrophage aggregates
were defined as three or more adjacent homotypic cells (i.e., CD3+

or CD68/CD163+, respectively). Hypocellular regions were defined
as devoid of all markers and reduced DAPI staining. AI annotation
masks were compared with original staining on images for con-
cordance with antibody marker expression and reviewed by a
hematopathologist.

Statistical analyses

Median/range and count/percentage were calculated for continuous
and categorical variables, respectively. Fisher's exact test was used for
comparisons of categorical variables and two‐tailed Mann–Whitney
test was used for comparisons of continuous variables. A p < 0.05 was
considered statistically significant. Logistic regression was used for
modeling response according to CAR‐T cell kinetics and according to
CAR‐T cell kinetics and pre‐LD lactate dehydrogenase (LDH) in
patients treated with CD19 CAR T cells. The Kaplan–Meier (KM)
method was used to estimate progression‐free survival (PFS). The re-
verse KM method was used to estimate the median follow‐up time.31

Patients not experiencing an event were censored at the date of the
last follow‐up. Statistical analyses and graphing were performed using
RStudio (version 2023.06.1+524, RStudion) and Prism software
(version 10.2.3; GraphPad Software).

RESULTS

Imperfect correlation between peak CAR‐T cell counts
in blood and probability of complete response (CR)

We and others have reported that a higher peak of CAR‐T cell counts
in blood after infusion is associated with response in patients with
R/R LBCL.2,4,5,32 Using logistic regression, we observed that the es-
timated probability of achieving CR after CAR‐T cell therapy was
associated with higher peaks of CD8+ and CD4+ CAR‐T cells in blood
in patients with R/R LBCL. However, these correlations were im-
perfect. We identified patients with high peak CAR‐T cell counts who
did not achieve CR, and conversely, others with lower peak CAR‐T
cell counts who did achieve CR (Figure 1A,B). Using a multivariable
logistic regression model including peak CD8+ or CD4+ CAR‐T cell
count and pre‐LD serum LDH concentration, higher peak CAR‐T cell

counts were predominantly associated with efficacy in patients with
lower LDH levels (Figure 1C,D), with less apparent associations in
patients with high pre‐LD LDH concentrations. These data demon-
strate that factors beyond in vivo CAR‐T cell counts impact response
in LBCL. Together with the observed associations of inferior CAR‐T
cell therapy efficacy in LBCL patients with higher pre‐LD tumor
burden,1,33–35 these findings suggest that the TME might be one of
the key contributors in failure of CAR‐T cell immunotherapy in LBCL.

Pretreatment tumor biopsies: Patient/treatment
characteristics and outcomes

To investigate the role of the TME, we studied pretreatment tumor
biopsies collected from 24 patients who received defined composi-
tion autologous CD19 CAR‐T cell therapy for LBCL in three
investigator‐initiated clinical trials (NCT01865617, NCT02706405,
NCT03103971; www.clinicaltrials.gov). Twelve patients were treated
on a previously reported phase 1/2 clinical trial (NCT01865617) with
JCAR014 alone,1,11,25 eight were treated on a previously reported
phase 1b clinical trial (NCT02706405) with JCAR014 in combination
with the anti‐PD‐L1 monoclonal antibody, durvalumab,36 and four
with a CAR‐T cell product harboring a fully human CD19‐targeted
single‐chain variable fragment (JCAR021, NCT03103971) (Table 1).
The median age of study participants was 61 years (range, 27–76).
Fourteen (58%) patients had diffuse LBCL, not otherwise specified
(DLBCL, NOS), six (25%) had DLBCL transformed from indolent his-
tology (tDLBCL), and four (17%) had high‐grade B‐cell lymphoma with
MYC and BCL2 and/or BCL6 rearrangements (double‐ or triple‐hit
lymphoma, HGBCL). Twelve (50%) patients had germinal center B‐cell
(GCB) phenotype and nine (38%) had non‐GCB phenotype, based on
the Hans algorithm.37 The biopsy samples were all obtained before
LD, a median of 30 days (range, 0–165) before the start of LD. All
were reviewed by a hematopathologist and contained viable tissue
involved by LBCL. Nine (38%) patients received systemic che-
motherapy after biopsy sampling. On restaging after CAR‐T cell
therapy, nine (38%) patients achieved CR as the best response, while
15 (62%) patients did not achieve CR. The median time to achieve-
ment of CR was 28 days (range, 27–48). Only two patients who
achieved CR progressed within 6 months after CAR‐T cell infusion
(2.6 and 3.4 months). At a median follow‐up of 29.3 months (95%
confidence interval [CI], 23.2–not reached), the median PFS for the
whole cohort was 2.6 months (95% CI, 1.4−20.0). The baseline
characteristics of patients who did or did not achieve CR after CAR‐T
cell therapy were similar, except for higher serum LDH concentra-
tions observed before LD in patients who did not achieve CR
(Table 1).

Higher macrophage and T‐cell dysfunction genes
in pretreatment biopsies of patients who did not
achieve CR

We used multiplexed gene expression analysis with the NanoString
nCounter Immunology V2 panel to study the LBCL TME of patients
undergoing CAR‐T cell therapy. Ten samples were removed due to
high expression of nCounter negative control genes. NMF was used
to identify clusters in an unsupervised manner (see section Methods).
Four clusters were identified (Figure 2). Cluster 1 represented a single
liver biopsy with high expression of genes associated with the com-
plement pathway and infection (C3, C5, C6, C8A, C8B, C9, MBL2).
Cluster 2 comprised all patients who achieved CR (n = 6) and one non‐
CR patient and was marked by high expression of genes involved in
T‐cell activation, proliferation, trafficking, and cytokine production
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(IL7R, CD44, CXCL13, CD96, CCL19, S1PR1, EBI3, ITGA4, TNFRSF9).
Clusters 3 and 4 comprised patients who did not achieve CR; cluster 3
was marked by expression of genes associated with monocytes/
macrophages (CCL2, FCGR1A/B, CD209, ICAM5, IL12B, IRAK2, IDO1),
while cluster 4 was marked by high expression of genes associated
with T‐cell dysfunction (CD276, LAG3, TIGIT, CTLA4) and antigen
processing and presentation (CD74, HLA genes). These data suggest
different transcriptional profiles in the pretreatment LBCL TME are
associated with responses to therapy, and that macrophages and
T‐cell dysfunction might contribute to failure of CAR‐T cell therapy
for LBCL.

Higher CD4+ T‐cell infiltration in pretreatment
biopsies of patients who achieved CR

GEP of pretreatment biopsies suggested differences in intratumoral
T cells and macrophages might underlie differences in outcomes of
patients undergoing CAR‐T cell therapy. We therefore performed
mIHC analyses to objectively enumerate T cells and macrophages in
the TME. Fifteen biopsies with available samples were studied to
determine whether the densities of immune cell subsets in the pre-
treatment TME were associated with the achievement of CR after

CAR‐T cell therapy. We did not observe significant differences in the
densities of total CD3+ T cells between patients who did or did not
achieve CR (Figure 3A). However, we noted a higher density of
CD4+CD14− cells in patients who went on to achieve CR (Figure 3B).
The absence of CD14 expression was used to exclude monocytic cells
that also often express the CD4 molecule.38 CD4+CD14− cells were
predominantly Foxp3− and cells with this phenotype were also
correlated with achievement of CR (Supporting Information S1:
Figure S1A). Foxp3+ cells comprised a small fraction of CD4+CD14−

cells in the TME and were not associated with response (Supporting
Information S1: Figure S1B). There were no significant differences in
the densities of CD8+ cells, CD68/CD163+ macrophages, CD14+

monocytes, or CD19+ tumor cells between patients who did or did
not achieve CR (Figure 3C–E and data not shown).

Morphologic patterns of immune infiltration in the
TME correlate with response after CAR‐T cell therapy

To investigate differences in immune infiltrates in the pretreatment
TME of patients who subsequently did or did not achieve CR after
CAR‐T cell therapy, we studied the distribution and organization of
T cells, macrophages, and tumor cells within the TME. H&E slides,

F IGURE 1 Imperfect correlation between peak CAR‐T cell counts in blood and probability of response. Peripheral blood samples from patients with R/R LBCL

treated with cyclophosphamide and fludarabine lymphodepletion followed by infusion of 2 × 106 CAR‐T cells/kg on NCT01865617 were assessed for CAR‐T cell

enumeration by flow cytometry (n = 40). Peak indicates the highest value identified in each patient. (A, B) Estimated probabilities of complete response (CR) by logistic

regression according to peak CD8+ (A) and CD4+ (B) CAR‐T cell counts in blood. (C, D) Contour plots of estimated probabilities of CR by multivariable logistic

regression according to prelymphodepletion lactate dehydrogenase (LDH) and peak CD8+ (C) and CD4+ (D) CAR‐T cell counts in blood.

HemaSphere | 5 of 14



TABLE 1 Patient and treatment characteristics.

Characteristic CR (n = 9) Non‐CR (n = 15) p Value

CD19 CAR‐T cell product, number (n; %)

JCAR014 4 (44) 8 (53)

JCAR014 + durvalumab 2 (22) 6 (40)

JCAR021 3 (33) 1 (7)

Age

Median (interquartile range), years 65 (57–68) 59 (47–66) 0.21

≥65 years, n (%) 5 (56) 6 (40) 0.68

Male sex, number (%) 7 (78) 10 (67) 0.67

Disease histology, n (%)

Diffuse large B‐cell lymphoma, NOS 6 (67) 8 (53) 0.68

DLBCL transformed from indolent histology 2 (22) 4 (27) 1

High‐grade B‐cell lymphoma with MYC and BCL2 and/or BCL6
rearrangements

1 (11) 3 (20) 1

Cell of origin (Hans algorithm), n (%)

Germinal‐center B‐cell phenotype 6 (67) 6 (40) 0.40

Non‐germinal center B‐cell phenotype 2 (22) 7 (47) 0.39

Missing 1 (11) 2 (13) 1

MYC rearrangementa

Yes 1 (11) 4 (27) 0.61

No 7 (78) 9 (60) 0.66

Missing 1 (11) 2 (13) 1

Ann Arbor stage III or IV, n (%) 9 (100) 13 (87) 0.51

International Prognostic Index (IPI) score, n (%)b

0–2 5 (56) 4 (27) 0.22

≥3 4 (44) 11 (73) 0.22

Lactate dehydrogenase (LDH)

Elevated, n (%) 4 (44) 11 (73) 0.22

Median (interquartile range), U/L 164 (132–264) 327 (173–414) 0.03

Tumor cross‐sectional area–median (interquartile range), mm2c 3055 (2021–6011) 4829 (2616–10,073) 0.26

Number of prior therapies–median (range) 3 (2–7) 4 (3–8) 0.38

Biopsy day in relation to CAR‐T cell infusion–median (range) −20 (−146 to −6) −43 (−171 to −5) 0.68

Systemic chemotherapy after biopsy sample, n (%)d 2 (22) 7 (47) 0.39

Lymphodepletion regimen, n (%)

Cy 60mg/kg × 1 + Flu 25mg/m2 × 3 2 (22) 4 (27) 1

Cy 30mg/kg × 1 + Flu 25mg/m2 × 3 0 (0) 2 (13) 0.51

Cy 300mg/m2 × 3 + Flu 30mg/m2 × 3 7 (78) 9 (60) 0.66

CAR‐T cell dose, n (%)

7 × 105 cell/kg 0 2 (13) 0.51

2 × 106 cell/kg 7 (78) 13 (87) 0.61

7 × 106 cell/kg 2 (22) 0 (0) 0.13

Note: p values per Wilcoxon rank‐sum test or Fisher's exact test (two‐sided), as appropriate.

Abbreviations: Cy, cyclophosphamide; Flu, fludarabine.
aMYC gene rearrangement by FISH including patients with “double‐hit” lymphoma.
bScores on the IPI include low risk (0 or 1 point), low‐intermediate risk (2 points), high‐intermediate risk (3 points), and high risk (4 or 5 points).
cSum of the product of the perpendicular diameters of up to 6 target measurable nodes and extranodal sites.
dExcluding corticosteroids.
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along with mIHC images, were examined by two hematopathologists
blinded to the clinical outcomes. Distinct patterns of immune cell
infiltration were noted in the TME: T cells and/or macrophages that
were interspersed among tumor cells (diffuse); and T cells and/or
macrophages that formed aggregates (small/clustered; large/zonal)
(Supporting Information S1: Table S3 and Supporting Information S1:
Figure S2). Aggregates of T cells and/or macrophages were observed
in biopsies from six of seven (86%) patients who achieved CR com-
pared to four of eight (50%) who did not achieve CR (p = 0.28) and
these aggregates were surrounded by tumor cells and/or in associa-
tion with fibrotic/sclerotic regions. Five of seven patients with
biopsies that harbored fibrosis (71%), compared with only two of
eight patients with biopsies without fibrosis (25%), achieved CR
(p = 0.13). Fibrotic/sclerotic regions were more common in biopsies
from patients with tDLBCL compared with patients with DLBCL, NOS
(four of five [80%] compared with two of nine [22%], respectively;
p = 0.09; Supporting Information S1: Table S3).

To further characterize associations between pathologist‐
identified morphologic patterns and response, we used AI‐assisted
image analyses to objectively and quantitatively assess the fractions
of the biopsies occupied by distinct morphologic patterns and de-
termine their associations with response after CAR‐T cell therapy.
CD19, CD3, and CD68/CD163 lineage markers (Figure 4A, top) were
used for tissue classification, and classifier mask overlays indicated
regions classified according to morphologic patterns (Figure 4A,
bottom). The regions classified were: (1) interspersed immune in-
filtrate (red mask), (2) T‐cell aggregates (green mask), (3) macrophage
aggregates (yellow mask), and (4) hypocellular/fibrotic (blue mask).
Interspersed immune infiltrate regions were defined by the pre-
dominance of CD19+ tumor cells without clusters of more than three
T cells and/or macrophages, corresponding to the diffuse pattern
observed in the pathologists' review. T‐cell and macrophage
aggregates were defined by clusters (more than three) of CD3+ T cells
or CD68/CD163+ macrophages, respectively. Hypocellular/fibrotic
regions were defined as being devoid of lineage markers, corre-
sponding to fibrosis on the H&E slides (Supporting Information S1:
Figure S2D). Biopsies of patients who achieved CR after CAR‐T cell
therapy harbored a lower proportion occupied by an interspersed
immune infiltrate (Figure 4B). There was a trend toward a higher
fraction of the biopsy area occupied by T‐cell aggregates in patients
who achieved CR after CAR‐T cell therapy (Figure 4C); whereas there
were no significant differences in the fractions of the biopsy area
occupied by macrophage aggregates between patients who did or did
not achieve CR after CAR‐T cell therapy (Figure 4D). Consistent with
the finding that fibrosis observed by pathologists on H&E sections
associated with response and transformed histology, we observed a
higher proportion of AI‐classified hypocellular/fibrotic regions in the
TME of patients who achieved CR after CAR‐T cell therapy
(Figure 4E) and a trend toward a higher proportion of AI‐classified
hypocellular/fibrotic regions in biopsies from patients with tDLBCL
(Supporting Information S1: Figure S3D). There was a trend toward a
higher fraction of the biopsy area occupied by macrophage ag-
gregates in patients with tDLBCL compared with DLBCL, NOS

F IGURE 2 Differential gene expression in the pretreatment LBCL TME

associated with response after CAR‐T cell therapy. Heatmap of gene expression

measured by the Immunology V2 panel (NanoString) in pretreatment tumor

biopsy specimens (n = 14). Nonnegative matrix factorization (NMF) was used to

identify clusters in an unsupervised manner. Genes with significant differential

expression (log2 fold change ≥ or <1.0 and adjusted p ≤ 0.2) between clusters

are shown. The color range depicts log2 normalized expression.
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(A) (B) (C) (D) (E)

F IGURE 3 Cell densities in pretreatment tumor biopsies. HALO quantification of cell densities of CD3+ cells (A), CD4+CD14− cells (B), CD8+ cells

(C), CD68/CD163+ macrophages (D), and CD19+ tumor cells (E) in biopsies of patients who did or did not achieve complete response (n = 15). Mean ± standard error

of the mean (SEM). Two‐sided Mann–Whitney tests were used for comparisons between groups. Representative images (×28) of cell types quantified are shown

below each graph: CD3 (light green), CD4 (orange), CD14 (dark green), CD8 (cyan), CD68/CD163 cocktail (aqua), and CD19 (magenta). White arrows indicate

examples of marker‐positive cells.

(A)

(B) (C) (D) (E)

F IGURE 4 AI‐assisted image analyses of the tumor microenvironment (TME) architectures in pretreatment biopsies of patients undergoing CAR‐T cell therapy.

(A) Representative images of the different TME patterns: interspersed immune infiltrate (left), T‐cell and macrophage aggregated immune infiltrates (middle), and

fibrotic/hypocellular (right). The top row shows representative mIHC images stained with antibodies used for classification, with tumor cells in magenta (CD19+),

T cells in green (CD3+), and macrophages in yellow (CD68/CD163+). The bottom row shows classifier masks overlaid onto mIHC images, demonstrating an

interspersed immune infiltrate (red), T‐cell aggregates (green), macrophage aggregates (yellow), and hypocellular/fibrotic regions (blue). (B–E) Quantification of the

areas of interspersed immune infiltrates (B), T‐cell aggregates (C), macrophage aggregates (D), and hypocellular/fibrotic regions (E) as a fraction of the total biopsy

area in patients who did or did not achieve complete response (n = 15). Mean ± standard error of the mean (SEM). Two‐sided Mann–Whitney tests were used for

comparisons between groups.
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(Supporting Information S1: Figure S3C); whereas there were no sig-
nificant differences in the fractions of the biopsy area occupied by an
interspersed immune infiltrate (Supporting Information S1: Figure S3A)
and T‐cell aggregates (Supporting Information S1: Figure S3B) between
the different LBCL histology subtypes. These data suggested thatT cells in
aTME with predominantly interspersed infiltrate may be more vulnerable
and potentially exposed to suppressive signals from adjacent tumor cells.

Higher PD‐L1+ macrophages and PD‐L1+ tumor cells
in pretreatment biopsies from patients who did not
achieve CR

Intrinsic T‐cell dysfunction due to T‐cell exhaustion has been hy-
pothesized as a cause of failure of CAR‐T cell immunotherapies.39

Therefore, we considered that the association between interspersed
immune cell infiltration and failure of CAR‐T cell therapy might be
due to the close proximity between individual infiltrating T cells that
express an inhibitory receptor and other cells in theTME that express
a cognate inhibitory ligand. Therefore, we examined the expression of
PD‐1 in T cells and its ligand, PD‐L1, in macrophages and tumor cells
(Supporting Information S1: Figure S4). While we did not observe a
significant difference in the densities of total CD3+ T cells (Figure 3A),
we observed a trend toward a higher proportion of CD3+ T cells
expressing PD‐1 in biopsies from patients who did not achieve CR
after CAR‐T cell therapy (Figure 5A), consistent with a higher fraction

of activated and/or exhausted T cells in these patients. However, the
densities of CD3+ T cells expressing PD‐1 did not differ between CR
and non‐CR patients (Figure 5D). Although the densities and fractions
of CD68/CD163+ macrophages and CD19+ tumor cells in pretreat-
ment biopsies did not differ between patients who did or did not
achieve CR (Figure 3D,E and Supporting Information S1: Figure S5),
we observed a trend toward higher proportions of CD68/CD163+

macrophages and significantly higher proportions of CD19+ tumor
cells that expressed PD‐L1 (Figure 5B,C), as well as correspondingly
numerically higher densities of CD68/CD163+PD‐L1+ macrophages
and significantly higher densities of CD19+PD‐L1+ tumor cells
(Figure 5E,F) in patients who did not achieve CR. In contrast, the
densities and cell proportions of PD‐L1− macrophages and tumor
cells were not associated with response (Supporting Information S1:
Figure S6). We did not observe differences in CD68/CD163+ mac-
rophages and CD19+ tumor cells expressing PD‐L1 according to the
LBCL histology subtype (data not shown). A subset of patients was
treated with JCAR014 CAR‐T cells in combination with the anti‐PD‐
L1 monoclonal antibody, durvalumab. Despite the limited sample
size, similar results were observed when the analysis was restricted
to patients treated with JCAR014 CAR‐T cells alone (Supporting
Information S1: Figure S7).

PD‐L1 expression was reported to induce macrophage pro-
liferation and polarization toward the anti‐inflammatory M2 macro-
phage phenotype.40,41 Although our CD68/CD163 macrophage
marker cocktail cannot distinguish different macrophage subtypes,

(A) (B)

(D) (E) (F)

(C)

F IGURE 5 PD‐1+ T cells and PD‐L1+ macrophages and tumor cells in the tumor microenvironment. Proportion of CD3+ T cells that are PD‐1 positive (A) and

proportion of CD68/CD163+ macrophages (B) and CD19+ tumor cells (C) that are PD‐L1 positive in biopsies of patients who did or did not achieve complete response

(CR) (n = 15). HALO quantification of cell densities of CD3+PD‐1+ T cells (D), CD68/CD163+PD‐L1+ (E), and CD19+PD‐L1+ tumor cells (F) in biopsies of patients who

did or did not achieve CR (n = 15). Mean ± standard error of the mean (SEM). Two‐sided Mann–Whitney tests were used for comparisons between groups.
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we noted a higher proportion of Ki‐67+ proliferating macrophages in
pretreatment biopsies of patients who did not achieve CR after
CAR‐T cell therapy (Figure 6A) and observed that the cell densities of
proliferating Ki‐67+ macrophages correlated with the cell densities of
PD‐L1+ macrophages (Figure 6B). When examining the associations
between macrophages expressing PD‐L1 and/or Ki‐67 and response,
we found the strongest association with failure to achieve CR in
patients with a higher fraction of macrophages co‐expressing both
PD‐L1 and Ki‐67 (Figure 6C).

Spatial analyses demonstrate that the proximity of
PD‐1+ T cells to PD‐L1+ macrophages and tumor cells
in pretreatment biopsies is associated with failure to
achieve CR

The associations of interspersed immune infiltration and densities of
PD‐L1+ macrophages, PD‐L1+ tumor cells, and proportion of PD‐1+

CD3+ T cells with failure to achieve CR prompted us to use nearest
neighbor and proximity analyses to objectively determine whether
the distance of CD3+ T cells expressing PD‐1 to macrophages and/or
tumor cells expressing PD‐L1 in the pretreatment TME associated
with outcomes after CAR‐T cell therapy. The average distance from
PD‐1+ T cells to the nearest PD‐L1+ macrophage and from PD‐1+

T cells to the nearest PD‐L1+ tumor cell was significantly lower in
patients who did not achieve CR (Figure 7A,B). Furthermore, a sig-
nificantly higher proportion of PD‐1+ T cells were located in close
proximity (<30 μm) to PD‐L1+ macrophages and PD‐L1+ tumor cells
in patients who did not achieve CR (Figure 7C,D and Supporting
Information S1: Figure S8). Similar results were observed when the

analysis was restricted to patients treated with JCAR014 CAR‐T cells
alone (Supporting Information S1: Figure S9). The average distance
between PD‐1+ T cells and PD‐L1+ macrophages was higher in
biopsies with when compared to those without fibrosis (Supporting
Information S1: Figure S10A), which may in part contribute to the
better outcomes observed in patients with fibrosis. However, no
difference was observed in the average distance between PD‐1+

T cells and PD‐L1+ tumor cells in biopsies with and without fibrosis
(Supporting Information S1: Figure S10B), indicating that the pre-
sence of fibrosis alone did not explain the better outcomes observed
in these patients.

Together, these data suggest that patterns of immune infiltration
in LBCL that results in close proximity of T cells to inhibitory signals
from PD‐L1+ macrophages and tumor cells may confer a higher risk of
T‐cell dysfunction and failure of subsequent CAR‐T cell therapy.

DISCUSSION

The density, composition, organization, and function of the immune
cell infiltrate in theTME have prognostic implications for many cancer
immunotherapies42; and a plethora of noncancerous cells in the TME
regulate the infiltration, accumulation, and proliferation of T cells in
tumors.43 We examined the association between CAR‐T cell counts in
blood and response after CD19 CAR‐T cell immunotherapy in LBCL
and found that the relationship between CAR‐T cell peak counts and
response is imperfect, particularly in those with high pretreatment
LDH, a biomarker of tumor burden, proliferation, and poor outcomes
in LBCL. This indicates that factors beyond inadequate CAR‐T cell
counts may contribute to failure of CAR‐T cell therapy. While intrinsic

(A) (B)

(C)

F IGURE 6 Proliferating macrophages are higher in pretreatment biopsies of patients who did not achieve complete response (CR) after CAR‐T cell therapy and

co‐express PD‐L1. (A) Proportion of CD68/CD163+ macrophages that co‐express Ki‐67+ in patients who did or did not achieve CR (n = 15). Representative image

(×28) of proliferating macrophage is indicated by the white arrow: Ki‐67 (magenta), CD68/CD163 (green), 4′,6‐diamidino‐2‐phenylindole (blue). (B) Spearman

correlation between CD68/CD163+PD‐L1+ and CD68/CD163+Ki‐67+ cell densities in pretreatment tumor biopsies. (C) HALO quantification of cell densities of

PD‐L1+Ki‐67+, PD‐L1+Ki‐67−, PD‐L1−Ki‐67+, and PD‐L1−Ki‐67− phenotype CD68/CD163+ macrophages in pretreatment biopsies of patients who did or did not

achieve CR (n = 15). Mean ± standard error of the mean (SEM). Two‐sided Mann–Whitney tests were used for comparisons between groups.
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dysfunction of infused CAR‐T cells could contribute, a likely key
factor is dysfunction occurring within the LBCL TME. We therefore
performed GEP, mIHC, pathology characterization, and spatial ana-
lyses to investigate factors in the pretreatment LBCL TME that
might be associated with inferior responses to CD19 CAR‐T cell
immunotherapy.

Transcriptomic profiling of pretreatment biopsies indicated that
samples from patients who subsequently achieved CR after CAR‐T
cell therapy were enriched for genes involved in T‐cell activation and
infiltration/retention. Corroborating these findings, we showed a
higher density of CD4+ T cells by mIHC in pretreatment biopsies of
patients who subsequently achieved CR. Our studies were conducted
in patients who received CD19 CAR‐T cells incorporating a 4‐1BB‐
costimulated CAR. Of note, our findings are supported by those in
patients treated with axicabtagene ciloleucel, in which pretreatment
biopsies enriched for leukocyte cell–cell adhesion and lymphocyte
co‐stimulation pathways were also associated with CR.22 Our GEP
data also showed that the TME expression of macrophage and T‐cell
dysfunction genes was associated with failure to achieve CR after
CAR‐T cell therapy.

The characterization of the immune landscape in theTME has led
to the notion that tumors can be broadly divided into inflamed and
noninflamed phenotypes.44 In our study, distinct morphologic pat-
terns of immune infiltration correlated with the achievement of re-
sponse. While classification by pathology review suggested an
association of favorable response with immune cell aggregates and
fibrosis in pretreatment biopsies, AI‐assisted classification and
quantitation of the areas occupied by distinct immune‐infiltrated re-
gion patterns provided objective confirmation of the better and
worse outcomes associated with fibrosis and interspersed immune
infiltration, respectively. The use of AI assistance in analyses of pa-
thology images will be an important factor moving forward to support
and validate discoveries made by human morphological assessment.

Our AI‐assisted analyses demonstrated that patients who did not
achieve CR after CAR‐T cell therapy had a higher proportion of their
biopsies occupied by an interspersed immune infiltrate, suggesting
that T cells could be more vulnerable and exposed to suppressive
signals from adjacent cells in the TME. Despite similar densities and
fractions of macrophages and tumor cells in patients who did or did
not achieve CR, we observed a higher abundance of PD‐L1‐
expressing macrophages and PD‐L1‐expressing tumor cells in non‐
responders. These findings support the conclusion that a more
immunosuppressive TME can contribute to T‐cell dysfunction,

independent of the densities of macrophages and lymphoma cells. A
subset of patients included in this study was treated with CAR‐T cells
combined with the anti‐PD‐L1 monoclonal antibody, durvalumab. The
small numbers precluded the analysis of these associations in this
subgroup of patients. Nevertheless, our results are consistent with
other studies that showed tumor cells expressing PD‐L113 and mac-
rophages expressing PD‐L1,23 consistent with an anti‐inflammatory
M2 phenotype,40,41 were higher in pretreatment biopsies of patients
who had worse outcomes after CAR‐T cell therapy. Remarkably, our
study further extended these findings by showing the strongest
association with failure to respond to CAR‐T cells was the density of
macrophages co‐expressing PD‐L1 and Ki‐67 in patients who did not
achieve CR. These findings could explain some of the inconsistent
reports of the associations of PD‐L1+ macrophages with outcomes of
LBCL.21,45 Together, our data suggest that proliferating PD‐L1+

macrophages might be a key cell type responsible for suppression of
CAR‐T cell activity in LBCL.

We found that the close proximity of PD‐1+ T cells to PD‐L1+

macrophages and tumor cells in pretreatment biopsies was associated
with failure to achieve CR after CAR‐T cell therapy. These results
highlight the importance of the spatial relationship of effector and
suppressive cells in the TME impacting the response to im-
munotherapies and demonstrate that the discovery of factors gov-
erning the fate of CAR‐T cells will be enhanced by investigating
the spatial organization of the TME in addition to quantitative and
phenotypic studies.

We identified an association between fibrosis and better out-
comes of CAR‐T cell immunotherapy by pathology review and con-
firmed by AI‐assisted image analyses. Supporting these data, stromal
gene signatures were associated with survival in patients with LBCL
treated in the chemoimmunotherapy era. The stromal‐1 signature,
reflecting extracellular matrix deposition and histiocytic infiltration,
was associated with a favorable prognosis.14 This gene set was also
higher in pretreatment biopsies of patients who achieved CR after
lisocabtagene maraleucel (liso‐cel) and was the most correlated to
posttreatment T‐cell infiltration in the TME.23 In contrast, a high
stromal and immunosuppressive index in pretreatment biopsies was
associated with worse duration of response after axicabtagene
ciloleucel.46 In addition to stroma and myeloid cells, this signature
also includes immunosuppressive and hypoxia genes, which might
contribute to the different findings. We also observed an association
between fibrosis and transformed B‐cell lymphoma histology.
Patients with tDLBCL had a trend toward higher overall response rate

(A) (B) (C) (D)

F IGURE 7 Close proximity of PD‐1+ T cells to PD‐L1+ macrophages and tumor cells in pretreatment biopsies of patients who did not achieve complete response

(CR) after CAR‐T cell therapy. HALO nearest neighbor analysis was used to calculate the average distance from PD‐1+ T cells to the nearest PD‐L1+ macrophages

(A) and PD‐L1+ tumor cells (B) [n = 15]. HALO proximity analysis was used to determine the percentage of PD‐1+ T cells within 30 μm of PD‐L1+ macrophages

(C) and PD‐L1+ tumor cells (D) [n = 15]. Mean ± standard error of the mean (SEM). Two‐sided Mann–Whitney tests were used for comparisons between groups.
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and longer duration of response after liso‐cel compared with other
LBCL subtypes,4 and an elevated follicular lymphoma‐like gene
expression signature, regardless of the histology subtype, was the
strongest predictor of response after liso‐cel.23 Our findings suggest
that fibrosis might play a role in these associations and warrant
further investigation. While the presence of fibrosis might shield
aggregates of immune cells from suppressive tumor cells or reflect
immune cell‐stromal interactions in the TME,47 the mechanisms
by which fibrosis confers a better outcome of CAR‐T cell im-
munotherapy remain unknown. An additional hypothesis is that
fibrotic lesions in the TME might support stromal production of
immune chemoattractant and adhesion molecules to encourage T‐cell
infiltration and retention in the TME.

Our study has several limitations including the small sample
size and heterogeneity in histologic subtypes and CAR‐T cell im-
munotherapy regimen. However, our results identify morphologic
patterns and macrophage and tumor subsets with associations with
worse outcomes of CD19 CAR‐T cell immunotherapy for LBCL,
providing opportunities to investigate modification of the TME to
improve efficacy of CAR‐T cells. The study supports investigation of
the spatial topography of theTME as a predictor of response to CD19
CAR‐T cell immunotherapy for LBCL.
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