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Diffuse large B-cell lymphomas have spatially defined, tumor
immune microenvironments revealed by high-parameter imaging
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Diffuse large B-cell lymphoma (DLBCL) not otherwise specified is the most common
aggressive non-Hodgkin lymphoma and a biologically heterogeneous disease. Despite the
development of effective immunotherapies, the organization of the DLBCL tumor-immune
microenvironment (TIME) remains poorly understood.We interrogated the intact TIME of
51 de novo DLBCLs with triplicate sampling to characterize 337 995 tumor and immune
cells using a 27-plex antibody panel that captured cell lineage, architectural, and functional
markers. We spatially assigned individual cells, identified local cell neighborhoods, and
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Cases with immune-deficient TIMEs have tumor cell-rich CNTs, in which the few infiltrating
immune cells are enriched near CD31" vessels, in keeping with limited immune activity.
Cases with DC-enriched TIMEs selectively include tumor cell-poor/immune cell-rich CNTs
with high numbers of CD11c” DCs and antigen-experienced T cells also enriched near CD31"
vessels, in keeping with increased immune activity. Cases with Mac-enriched TIMEs
selectively include tumor cell-poor/immune cell-rich CNTs with high numbers of CD163"
macrophages and CD8 T cells throughout the microenvironment, accompanied by increased
IDO-1 and LAG-3 and decreased HLA-DR expression and genetic signatures in keeping with
immune evasion. Our findings reveal that the heterogenous cellular components of DLBCL
are not randomly distributed but organized into CNTs that define aggregate TIMEs with
distinct cellular, spatial, and functional features.

Introduction

Diffuse large B-cell lymphoma (DLBCL) not otherwise specified (NOS) is an aggressive non-Hodgkin
lymphoma with biological and clinical heterogeneity.' Large-scale sequencing efforts have divided
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DLBCLs into genetic subgroups that provide insights into
ontogeny and prognosis, and support the rational targeting of
defined oncogenic signaling pathways.?® Similarly, investigations
into the cellular and molecular constituents of the DLBCL tumor-
immune microenvironment (TIME) have revealed a diversity of
infiltrating immune cells and putative targets for immune therapy.®”’
Nevertheless, little is known about the structured organization of
the DLBCL TIME. In this study, we identify the diverse immune cell
constituents of the DLBCL TIME. By modeling their local organi-
zation into composite cell neighborhood types (CNTs), we resolve
the mutual exclusivity of dendritic cell-enriched and macrophage-
enriched CNTs across cases and with respect to tumor vessels
and functional biomarkers to define 3 aggregate TIME categories
using multiplexed ion beam imaging-time of flight (MIBI-TOF)
coupled with detailed, quantitative image analysis.

Methods
Tissue samples

Formalin-fixed, paraffin-embedded excisional biopsies from 51 de
novo DLBCLs, diagnosed and classified based on the World
Health Organization criteria as DLBCL NOS, and 8 tonsils or
reactive lymph nodes were retrieved from the archives of Brigham
and Women'’s Hospital (Boston, MA) with institutional review board
approval (IRB# 2010P002736)." All samples originated as exci-
sional lymph node biopsies, taken for primary diagnosis before
treatment and from an unselected patient population (aged 27-87
years) with nearly equal numbers of males and females (28 males
and 28 females). Additional LBCL subtypes, including high-grade
BCL, double-hit lymphoma, primary mediastinal (thymic) LBCL,
primary DLBCL of the central nervous system, and others,’ were
excluded from the series. Biopsies from patients with a history of
lymphoma were excluded, as were core needle biopsies. All cases
were genetically subtyped.” The distribution of genetic cluster
assignments was unselected and reflected the cases available for
the series. Cases were arrayed as triplicate, 0.6 mm, randomly
selected cores to capture the tumor heterogeneity in a tissue
microarray (TMA) as described.®'" The cores were taken from
areas with ample tumor, avoiding the edges of the tumor and areas
adjacent to nontumor tissue. TMA was stained with a heavy metal
isotope—labeled commercial 27-plex checkpoint panel with stan-
dard protocols (supplemental Table 1)."?

Tissue imaging, image processing, and cell lineage
assignments

TMA cores were imaged on a beta-iteration of the MIBIScope
(lonPath, Palo Alto, CA) equipped with a research-grade oxygen
duoplasmatron ion source and proprietary controller software at
1024 x 1024 pixels over a 500 um x 500 pm field-of-view (FOV).
The composition and organization of the TIMEs were determined
from the acquired images using a stepwise analytical approach
under expert pathologist review (K.T.W. and S.J.R.) (supplemental
Figure 1; supplemental Methods)."? Final cell lineage assignments
were remapped onto cell segmentation masks to generate cell
lineage maps, which were compared with the original MIBI-TOF
pseudoimages to confirm the accuracy of the assignments (by
KTW. and S.J.R) (supplemental Figure 1). The results from
imaging individual FOVs (supplemental Figure 2) were combined
for the final case-based data.
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Composite CNT and aggregate TIME derivations

Using established methods, individual cell neighborhoods were
defined by anchoring each cell in groups of 20 (self and 19 nearest
neighbors)."®'* The collection of local cell neighborhoods was
subjected to k-means clustering, as described (supplemental
Figure 1)."® A supervised elbow plot suggested 6 composite
CNTs as a reasonable, minimal number of clusters.

Samples were assigned to 1 of 3 aggregate TIME categories
through a 1-dimensional k-means clustering based on the ratio of
1 + tumor cell-poor (TP) or macrophage-rich (MacR) to 1+ TP or
dendritic cell-rich (DCR) cell neighborhood percent cellularity
(supplemental Figure 3; supplemental Methods). In 50 of 51 cases,
the k-means—based TIME categorization aligned with the presence
of >3% of cells in either TP/MacR or TP/DCR neighborhoods, or
<8% of cells in either of them (supplemental Figure 3). The 3%
threshold definition was used to simplify the description of the 3
TIME categories. Additional details are provided in supplemental
Materials.

CD31-proximity analyses

Twenty microns (the approximate diameter of 2 lymphocytes) was
selected as a reasonable distance to survey for CNT enrichment
proximal to vessels without losing the ability to detect steep
changes in immune cell composition as the distance from vessels
increased. The 20 pm distance also ensured that adequate
numbers of cells remained outside the perivascular regions for
meaningful comparisons within and across FOVs (further details
are provided in supplemental Methods).

Statistical comparisons

Enrichment for defined cell populations within or outside the
CD31-defined perivascular areas was tested using a 2-sided Wil-
coxon sign-rank test with proximal and distant regions paired based
on the sample (supplemental Methods). Statistics for relative
biomarker expression and cell-type comparisons were derived from
Mann-Whitney U tests.

Results
DLBCLs have heterogeneous immune cell infiltrates

To determine the orchestrated immune cell infiltration across
biopsies from patients with DLBCL before treatment, we identified
51 diagnostic cases of de novo DLBCL NOS, and 8 tonsil or
reactive lymph node samples that were found to contain high-
quality tissue content upon expert histopathological review
(Figure 1A). A TMA containing randomly selected triplicate cores
from the biopsy samples was sectioned and stained with a panel of
27 metal isotope—labeled antibodies targeting cell lineage and
functional and architectural biomarkers (supplemental Table 1;
supplemental Figure 1A). MIBI-TOF mass spectrometry was used
to acquire images with 1 FOV image per core. An expert review of
individual biomarkers for each FOV revealed the expected patterns
of biomarker expression, confirming the specificity of the multi-
plexed antibody panel (Figure 1A).

We used computational clustering approaches (supplemental
Figure 1A-F) to generate cell lineage maps based on the expres-
sion of 10 lineage-associated markers (CD3, CD4, CD8, CD68,
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Figure 1. The DLBCL TIME is heterogeneous.(A) Representative FOVs from 3 DLBCLs NOS and 1 reactive lymph node (rLN) demonstrating the heterogeneity of the TIME by
hematoxylin and eosin staining (H&E) (top), MIBlscope pseudoimages colored per the indicated biomarkers (middle), and cell lineage maps colored per the indicated cell lineages
(bottom). Bars represent ~100 pm distance from 500 pm? FOVs; digitized H&E visualized at an objective magnification x4. (B) Percentage of lineage-assigned cells that are
tumor cells or one of the indicated immune cell lineages from 51 DLBCLs and 8 rLN/tonsil controls colored as in panel A. Data are aggregated from 3 FOVs per case for most
cases and a single FOV from controls. Cells without a defined cell lineage were classified as “other” and excluded. Data from individual FOVs are presented in supplemental

Figure 2A.
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CD163, CD11¢, CD11b, CD56, CD20, and PAX5), which strati-
fied individual cells into 8 defined cell lineages (CD3*CD4™" T cells,
CD3*CD8" T cells, CD11¢*CD68Y~CD163~ dendritic cells,
CD163*CD68™~CD11c™ macrophages [with an M2-like pheno-
typel,'> CD68*CD163"CD11c™ macrophage/dendritic cell [DC]
phagocytes [undifferentiated phenotypel, CD11b* myeloid cells,
CD56" natural killer cells, and CD20*PAX5* tumor cells). Cells
that did not express any of the 10 lineage-associated markers were
excluded from the analysis. Expert pathologists’ review of the
resulting cell lineage maps confirmed that they reflected the cell
identities and their locations within tissues with high fidelity
compared with the original MIBI-TOF pseudoimages (Figure 1A).

We then graphically represented each cell lineage as a proportion
of the total lineage-assigned cells based on individual FOVs (given
the multiple sampling for each case; supplemental Figure 2) and
on a per-case basis (Figure 1B). Infiltrating immune cells, as a
fraction of total lineage-assigned cells, varied little across FOVs
within individual cases (mean standard deviation [SD] = 6%;
supplemental Figure 2A) but varied considerably across total cases
(SD = 24% [range, 4%-96%)]. Similarly, the individual immune cell
lineages, as a fraction of the total lineage-assigned cells, varied
little across FOVs within individual cases (supplemental Figure 2A)
but considerably across total cases (Figure 1B). In contrast,
reactive lymph nodes and tonsils showed consistent cell lineage
distributions across cases, as expected (Figure 1B). These findings
indicate that the mixture of tumor and immune cells within diag-
nostic de novo DLBCL TIMEs is homogenous across randomly
sampled areas within individual cases and highly heterogenous
across total cases. The results also suggest a robust representa-
tion of the TIME for each case through the TMA approach using
multiple, randomly selected tissue samplings.”""

Tumor and immune cells are organized into 6
composite CNTs

To determine the local organization of tumor and immune cells in
TIMEs, we first described an individual cell neighborhood (self and
19 nearest neighbors) for each lineage-assigned cell for a total of
337 995 individual, local cell neighborhoods across the 51
cases.'® We used k-means clustering and identified 6 composite
CNTs into which the individual, local cell neighborhoods could be
divided (Figure 2A).

Three CNTs were tumor cell-rich (TR) and composed primarily of
tumor cells (Figure 2B). The cells in TR/Immune cell-poor (TR/ImP)
neighborhoods (Figure 2B, yellow) were mostly tumor cells
(mean = 94% of lineage-assigned cells), with rare intermixed
immune cells (6%). Cells in the TR/ Myeloid cell-rich (TR/MyR)
neighborhoods (Figure 2B, green) were also mostly tumor cells
(mean = 75% of lineage-assigned cells), with more frequent
intermixed immune cells (25%). Myeloid cells, including macro-
phages and DCs, predominated over T cells in this CNT (18% vs
7%). Cells in TR/Broad-inflammation (TR/BInf) neighborhoods
(Figure 2B, gray) were a near-equal mixture of tumor cells and
immune cells (mean = 48% vs 52% of lineage-assigned cells,
respectively). Numbers of myeloid and T cells were comparable in
this CNT (81% and 21% of lineage-assigned cells, respectively).

Three CNTs were tumor cell-poor (TP) and composed primarily of
immune cells. The cells in TP/T-cell-rich (TCR) neighborhoods
(Figure 2B, orange) were mostly of CD4* and CD8* T cells
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(mean = 63% of lineage-assigned cells), with few intermixed
myeloid and tumor cells (20% and 149%, respectively). Cells in TP/
Macrophage-rich (TP/MacR) neighborhoods (Figure 2B, lavender)
were primarily CD163* macrophages (CD163"CD68""CD11¢;
mean = 32% of lineage-assigned cells), with fewer intermixed
CD8* T cells (24%), CD4* T cells (13%), and tumor cells (14%).
Cells in TP/Dendritic cell-rich (TP/DCR) neighborhoods
(Figure 2B, purple) were primarily CD11¢* DCs (CD11¢*CD68"
~CD1637; mean = 50% of lineage-assigned cells), with fewer
intermixed tumor cells (19%) and CD8" and CD4* T cells (13%,
combined). We additionally captured macrophage/DCs, consistent
with a more undifferentiated phenotype (CD68*CD163™CD11c")
based on cell lineage assignment. However, these cells were
observed in variable numbers across cell neighborhoods and did
not define a specific CNT. Therefore, we found that cells residing in
local cell neighborhoods can be modeled by 6 CNTs distinguished
by (i) the relative proportion of tumor cells to nonmalignant immune
cells when tumor cells predominate and (i) the types of immune
cells that predominate when tumor cells are a minority.

Differential representation of cells in TP/DCR and
TP/MacR neighborhoods across cases define 3
aggregate TIMEs

Next, we examined the distribution of cells in their assigned CNTs
across the cases. We found cells in the TR/ImP, TR/MyR, and/or
TR/BInf neighborhoods in all cases (Figure 2C). We also found
cells in TP/TCR neighborhoods in most cases (38 of 61 cases
[75%]). Finally, we found more than minimal numbers of cells
(>8%) in TP/DCR neighborhoods or TP/MacR neighborhoods in
approximately half of the cases (25 of 51 cases [49%)]). The dif-
ferential representation of CNTs across cases did not appear to be
a sampling effect because the relative proportions of cells assigned
to each of the CNTs were remarkably consistent across randomly
selected cores for each case (supplemental Figure 2B).

Intriguingly, we found that cases with cells in TP/DCR neighbor-
hoods and cases with cells in TP/MacR neighborhoods were
almost mutually exclusive (P <.001; Fisher exact test; Figure 2C).
To further analyze the differential representation of CNTs across
the case series, we performed a principal component analysis
(PCA). Consistent with the observed mutual exclusivity, the first 2
principal components of the PCA were primarily driven by single
microenvironmental features, with the TP/MacR neighborhood
contributing the majority of variance to the first component and the
TP/DCR neighborhood in the second component (Figure 2D). A
PCA based on the differential representation of cell lineages
across the case series did not identify individual features that were
more discriminatory (supplemental Figure 3A).

We used k-means clustering to label cases based on the differ-
ential representation of cells in TP/MacR and TP/DCR neighbor-
hoods. Using this approach, we divided cases into 3 TIME
categories (supplemental Figure 3B; supplemental Methods). In 50
of 51 cases, the k-means results were consistent with the pres-
ence of >3% of cells in either TP/DCR or TP/MacR neighborhoods
or were inconsistent in both (supplemental Figure 3C).

We labeled the 3 TIME categories by their primary distinguishing
feature (Figure 2C). Cases with immune-deficient TIMEs (26 of 51
cases [61%)]) generally had <3% cells in either TP/DCR or TP/
MacR neighborhoods, cases with DC-enriched TIMEs (14 of 51
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Figure 2. Tumor and immune cells are organized into 6 composite CNTs that define 3 aggregate TIMEs. (A) Schematic flow of deriving 6 composite CNTs and their
organization into 3 aggregate TIMEs. In brief, the lineage of each cell (self) and its 19 nearest neighbors was determined and defined as an individual cell neighborhood. The
individual cell neighborhoods for all FOVs and cases (N = 337 995) underwent k-means clustering to arrive at 6 CNTs (supplemental Materials). Each cell was assigned to the
best corresponding CNT based on the similarity of its cell neighborhood composition to each of the 6 CNTs. Cases, defined by their composite CNTs, were divided into 3
aggregate TIMEs distinguished by their unique CNT compositions, as determined by k-means clustering (supplemental Figure 3). (B) The mean compositions of each of the 6
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cases [27%)]) had >3% of cells in TP/DCR neighborhoods, and
cases with Mac-enriched TIMEs (10 of51 cases [20%]) had >3%
of cells in TP/MacR neighborhoods (Figure 2C). As expected,
cases with immune-deficient TIMEs had relatively high numbers of
tumor cells and fewer immune cells (supplemental Figure 2). Cases
with Mac-enriched TIMEs had relatively high numbers of immune
cells, especially CD163"* macrophages. Cases with DC-enriched
TIMEs also had relatively high numbers of immune cells, espe-
cially CD11¢* DCs (supplemental Figure 2).

CNT maps capture local cellular heterogeneity while
maintaining spatial resolution

We next generated CNT maps to review CNT assignments for
every cell, in every FOV, and for every case (Figure 2E;
supplemental Figures 4-7). When we compared the CNT maps
with their corresponding cell lineage maps from selected cases
having immune-deficient, Mac-enriched, and DC-enriched TIMEs,
we observed that the CNT maps efficiently captured overt and
subtle differences in local cell populations in a spatially resolved
manner (Figure 2E; supplemental Figure 4).

Cases with immune-deficient TIMEs are organized
by cellular gradients anchored on CD31*
vessels

Next, we examined whether cells assigned to distinct CNTs were
randomly distributed or had an orchestrated spatial organization.
When we reviewed individual CNT maps for cases with immune-
deficient TIMEs, we noticed that areas with cells in TR/ImP
neighborhoods (yellow) bordered areas with cells in TR/MyR
neighborhoods (green), which, in turn, bordered areas with cells in
TR/BInf neighborhoods (gray) (Figure 3A, top left; supplemental
Figure 5A). Areas with cells in TR/ImP neighborhoods (yellow)
almost never bordered areas with cells in TR/BInf neighborhoods
(gray). A chord diagram representing all contacts between cells in
different CNTs for all cases with immune-deficient TIMEs
confirmed these observations (Figure 3A, top right).

We then compared individual CNT maps with their corresponding
MIBI-TOF pseudoimages. We noted that cells in TR/ImP neigh-
borhoods (yellow) were frequently far from CD31" vessels
(Figure 3A red outlines, bottom left). In contrast, cells in TR/MyR
(green) neighborhoods were often close to CD31% vessels, and
cells in TR/BInf (gray) neighborhoods were often immediately
adjacent to CD31" vessels (Figure 3A, bottom left).

To test whether cells in specific CNTs were enriched close to or far
from vessels, we calculated the difference in the percentage of

cells assigned to each CNT in areas > 20 pm and < 20 pm from
the nearest CD31" cell across all cases with immune-deficient
TIMEs (Figure 3A, bottom right). The 20 pm distance (diameters
of ~2 cells) ensured that most cells were counted outside the
proximal region (supplemental Methods). We found that, on
average, the percentage of cells in TR/ImP neighborhoods was
significantly enriched in areas > 20 pm from the nearest CD317"
cell (P <.0001). Conversely, we found that, on average, the per-
centage of cells in TR/BInf and TR/MyR neighborhoods were
significantly enriched in areas <20 pm from the nearest CD31* cell
(P<.0001 and P < .001, respectively).

To further test this finding, we determined the relative percentage
of cells in TR/ImP, TR/MyR, TR/BInf, and TP/TCR neighborhoods
at defined distances from the nearest CD31* cell for all cases with
immune-deficient TIMEs. The percentage of cells in TR/ImP
neighborhoods was lowest near CD317 cells and increased with
increasing distance from CD317 cells (supplemental Figure 5B). In
contrast, the percentage of cells in TR/MyR and TR/BInf neigh-
borhoods were highest near CD31" cells and decreased with
increasing distance from CD317 cells.

These data imply that the relative proportion of tumor cells to
immune cells follows a gradient anchored on tumor vessels. Areas
rich in tumor cells and deficient in immune cells are far from CD317*
vessels in TR/IMP neighborhoods (yellow). These areas border TR
areas closer to CD31" vessels with increased, but still minor
numbers of myeloid cells in TR/MyR neighborhoods (green). Finally,
these areas border TR areas very close or immediately adjacent to
CD31% vessels with increased, but still minor numbers of myeloid
cells and T cells in TR/BInf neighborhoods (gray).

Cases with DC-enriched TIMEs are organized by
cellular gradients distinct from cases with immune-
deficient TIMEs

Next, we reviewed individual CNT maps for cases with DC-
enriched TIMEs (Figure 3B, top left; supplemental Figure 6A).
We noticed that areas with cells in TR/ImP neighborhoods (yellow)
bordered areas with cells in TR/MyR neighborhoods (green),
which, in turn, bordered areas with cells in TR/BInf neighborhoods
(gray) in keeping with the stereotyped sequence found for cases
with immune-deficient TIMEs. In addition, we found that areas
having cells in TP/DCR (purple) and TP/TCR (orange) neighbor-
hoods bordered one another and bordered areas with cells in TR/
Binf (gray) neighborhoods. Areas with cells in TP/DCR (purple)
and TP/TCR (orange) neighborhoods almost never bordered areas
with cells in TR/MyR (green) or TR/ImP (yellow) neighborhoods

Figure 2 (continued) indicated CNTs by cell lineages. (C) The percentage of total individual cell neighborhoods (1 neighborhood per cell) assigned to each of the 6 indicated
CNTs by case. The data shown are summed from all FOVs. Data for individual FOVs are shown in supplemental Figure 2B. Cases were assigned to individual TIME categories
according to the differential representation of cells in TP/DCR and TP/MacR neighborhoods after a k-means clustering analysis (supplemental Figure 3A). The k-means results
were consistent with an assignment of cases with >3% of cells in TP/DCR neighborhoods as DC-enriched, cases with <3% of cells in both TP/DCR and TP/MacR
neighborhoods as immune-deficient, and cases with >3% of cells in TP/MacR neighborhoods as Mac-enriched. In no case were >3% of cells in TP/DCR and TP/MacR
neighborhoods (supplemental Figure 3B). (D) PCA of cases defined by aggregate CNT composition and showing that TP/MacR neighborhoods (in PCA 1) and TP/DCR
neighborhoods (in PCA 2) are top contributors to the variance between cases and identify 3 aggregate TIMEs (red = DC-enriched, gray = immune-deficient, and blue = Mac-
enriched; further details are presented in supplemental Methods). (E) Representative cell lineage maps (i, ii, iii) and their corresponding CNT maps (iv, v, vi, respectively) of select
FOVs from cases in which most, but not all, cells reside in TR/ImP neighborhoods (DLBCL-22 with an immune-deficient TIME [i, iv]), TP/MacR neighborhoods (DLBCL-39 with a
Mac-enriched TIME [ii, v]), and TP/DCR neighborhoods (DLBCL-14 with a DC-enriched TIME [ii, vi]). Note that CNT maps capture local cell heterogeneity within each TIME while
maintaining spatial information. Additional comparisons are given in supplemental Figures 4-7.
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Figure 3. Cases with immune-deficient, DC-enriched, and Mac-enriched aggregate TIMEs have distinct topographical structures and express distinct functional
markers. (A) (Top left) Representative CNT map of a DLBCL with an immune-deficient TIME and colored per the CNT assignment of the cells as TR/ImP (yellow), TR/MyR

(green), or TR/BInf (gray). (Top right) Chord diagram integrating all contacts between cells assigned to different CNTs for all cases with an immune-deficient TIME. Broader bands
reflect greater number of contacts between cells. (Bottom left) Representative CNT map of a DLBCL with an immune-deficient TIME with an overlay of CD317" endothelial cells
(red outlines) and cells within a 20 pum radial distance from CD31* cells (black outlines). (Bottom right) The differences in the percentages of cells assigned to the indicated CNT
within (proximal) or outside (distal) a 20 um radial distance from a CD31* cell. Values for individual cases (dots), median values (horizontal line), and 25th and 75th centiles (boxes)
are indicated. Positive values represent enrichment within the perivascular region, whereas negative values represent enrichment outside the perivascular area. Only significant P-
values are annotated *P <.05; **P<.01; ***P <.001; ***P < .0001 using the paired 2-sided Wilcoxon sign-rank test. (B) (Top left) Representative CNT map from a DLBCL with
a DC-enriched TIME and colored per the CNT assignment of the cells as TP/DCR (blue), TP/TCR (orange), TR/BInf (gray), TR/MyR (green), or TR/ImP (yellow). (Top right) Chord
diagram integrating all contacts among cells in neighborhoods assigned to different CNTs for all cases with a DC-enriched TIME. Broader bands reflect greater numbers of

contacts between cells. (Bottom left) Representative CNT map from a DLBCL with a DC-enriched TIME with an overlay of CD31" endothelial cells (red outlines) and cells within a
20 pm radial distance from CD317 cells (black outlines). (Bottom right) The differences in the percentages of cells assigned to the indicated CNT within (proximal) or outside

(distal) a 20 pm radial distance from a CD317 cell. Values for individual cases (dots), median values (horizontal line), and 25th and 75th centiles (boxes) are indicated. Positive
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(Figure 3B, top left; supplemental Figure 6A). A chord diagram
representing all contacts between cells in different CNTs for all
cases with DC-enriched TIMEs confirmed these observations
(Figure 3B, top right).

We then calculated the difference in the percentage of cells
assigned to each CNT in areas >20 pm and <20 pm from the
nearest CD31% cell across cases (Figure 3B, bottom right). We
found that, on average, the percentage of cells in TR/ImP neigh-
borhoods was significantly enriched in areas >20 pm from the
nearest CD31" cell (P < .001). Conversely, we found that, on
average, the percentage of cells in TP/TCR neighborhoods was
significantly enriched in areas <20 pm from the nearest CD31* cell
(P < .01). The percentage of cells in TP/DCR neighborhoods
trended higher in areas <20 pm than in regions >20 pm from the
nearest CD31% cell also (P =.1; Figure 3B, bottom right).

To further test this observation, we determined the percentage of
cells assigned to each CNT at defined distances from the nearest
CD31* cells for all cases with DC-enriched TIMEs. The percentage
of cells in TR/ImP neighborhoods was lowest near CD31% cells
and increased with increasing distance from these cells
(supplemental Figure 6B). In contrast, the percentage of cells in
TR/BInf, TP/TCR, and TP/DCR neighborhoods was highest near
CD31* cells and decreased with increasing distance from these
cells.

These data again imply that the relative proportion of tumor cells to
immune cells follows a gradient anchored on tumor vessels. Areas
rich in tumor cells and deficient in immune cells are far from CD31*
vessels in TR/ImP neighborhoods. These areas border TR areas
with increased, but still minor numbers of myeloid cells and T cells
in TR/MyR and TR/BInf neighborhoods. Unique to cases with
DC-enriched TIMEs, areas with a minority of immune cells in TR/
Blinf neighborhoods border expanded areas that are preferentially
located near CD31™ vessels and contain predominantly T cells in
TP/TCR neighborhoods (orange) and DCs in TP/DCR neighbor-
hoods (purple).

Cases with Mac-enriched TIMEs are organized by
cellular gradients distinct from cases with immune-
deficient TIMEs and DC-enriched TIMEs

Finally, we reviewed individual CNT maps for cases with Mac-
enriched TIMEs (Figure 3C, top left; supplemental Figure 7A).
We again observed that cells in TR/ImP (yellow) neighborhoods
bordered cells in TR/MyR (green) neighborhoods, which, in turn,
bordered cells in TR/BInf (gray) neighborhoods in keeping with the

stereotyped border sequence noted previously. In addition, we
observed that cells in TP/MacR (lavender) and TP/TCR (orange)
neighborhoods bordered one another as well as cells in TR/BInf
(gray) neighborhoods. Cells in TP/MacR (lavender) or in TP/TCR
(orange) neighborhoods almost never bordered cells in TR/MyR
(green) or TR/ImP (yellow) neighborhoods (Figure 3C, top left;
supplemental Figure 7A). A chord diagram representing all con-
tacts between cells in different CNTs for all cases with MacR-
enriched TIMEs confirmed these observations (Figure 3C, top
right).

We again calculated the difference in the percentage of cells
assigned to each CNT in regions >20 pm and <20 pm from the
nearest CD31% cell across cases (Figure 3C, bottom right). We
found no statistically significant enrichment for cells in specific
CNTs in areas >20 pm or <20 um from the nearest CD31* cell
(Figure 3C, bottom right). However, we found that the percentage
of cells in TR/ImP neighborhoods was lowest close to CD317 cells
and highest far from CD31% cells, and the percentages of cells in
TR/BInf, TP/TCR, and TP/DCR neighborhoods were highest near
CD31* cells and lowest far from CD31" cells (supplemental
Figure 7B).

These data imply that the relative proportion of tumor cells to
immune cells follows a gradient from areas with a high tumor cell to
immune cell ratio and cells in TR/IP neighborhoods to areas with a
low tumor cell to immune cell ratio and cells in TP/TCR (orange)
and TP/MacR (lavender) neighborhoods. However, this gradient is
more weakly associated with tumor vessels for cases with Mac-
enriched TIMEs than for cases with immune-deficient and DC-
enriched TIMEs. The distinct associations between CNTs and
vessels were not attributable to significant differences in the density
of CD31* cells across TIME categories (supplemental Figure 8).

Cases with immune-deficient, DC-enriched, and Mac-
enriched TIMEs differentially express functional
markers of immune activity

Next, we wished to determine whether cases with distinct TIMEs
showed differences in functional biomarker expression. Therefore,
we examined the relative expression of 8 functional biomarkers
included in the MIBI-TOF panel but not used to define cell lineages
across cases (supplemental Table 1). These included biomarkers
associated with immune stimulation (HLA-DR and DC-SIGN
[CD209]), immune suppression (Arginase-1 [Arg-1], indoleamine
2,3-dioxygenase 1 [IDO-1]), T-cell activation (PD-1, in the absence
of LAG-3),'® T-cell exhaustion (CD45RO, PD-1, and LAG-3),"” and
cell proliferation (Ki-67) (Figure 3D).

Figure 3 (continued) values represent enrichment within the perivascular region, while negative values represent enrichment outside the perivascular area. Only significant
P-values are annotated. **P < .01, using the paired 2-sided Wilcoxon sign-rank test. (C) (Top right) Representative CNT map of a DLBCL with a Mac-enriched TIME that is color-
coded per the CNT assignment of cells as TP/MacR (lavender), TP/TCR (orange), TR/ImP (yellow), TR/MyR (green), or TR/BInf (gray). (Top right) Chord diagram integrating all
contacts between cells assigned to different CNTs for all cases with a Mac-enriched TIME. Broader bands reflect greater number of contacts between cells. (Bottom left)
Representative CNT map of a DLBCL with a Mac-enriched TIME with an overlay of CD31* endothelial cells (red outlines) and cells within a 20 um radial distance from a CD31™"
cell (black outlines). (Bottom left) The differences in the percentages of cells assigned to the indicated CNT within (proximal) or outside (distal) a 20 pm CD317 cell. Values for
individual cases (dots), median values (horizontal line), and 25th and 75th centiles (boxes) are indicated. Positive values represent enrichment within the perivascular region, while
negative values represent enrichment outside the perivascular region. No P-values were significant using the paired 2-sided Wilcoxon sign-rank test. (D) The relative cell densities
(in cells per mm?) of each indicated cell lineage (top) and the relative expression (in ion counts) of each indicated functional biomarker (bottom) for each indicated CNT (columns)
and separated based on the aggregate TIME category (immune-deficient, DC-enriched, and Mac-enriched). Higher cell density (top) and ion counts (bottom) are indicated by

larger circle size and darker color.
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Among cases with immune-deficient TIMEs, we found high HLA-
DR, high DC-SIGN, moderate Arg-1, and low IDO-1 expression
by cells in the TR neighborhoods (Figure 3D, left panel). We also
found moderate-to-high PD-1, low CD45RO, and very low LAG-3
expression among the cells in the few TP/TCR neighborhoods
found in cases with immune-deficient TIMEs. These data suggest a
microenvironment in which tumor, myeloid, and T cells coordinately
express at least a subset of functional biomarkers associated with
immune activation.

Among cases with DC-enriched TIMEs, we found high HLA-DR,
high DC-SIGN, low Arg-1, and very low IDO-1 expression by
cells in TR neighborhoods (Figure 3D, middle). We also found
moderate-to-high HLA-DR and high DC-SIGN expression by cells
in TP/DCR neighborhoods. Finally, we found high PD-1, moderate
CD45RO0O, and very low LAG-3 expression in cells in TP/TCR
neighborhoods. These data suggest a microenvironment in which
tumor, myeloid, and T cells coordinately express functional bio-
markers associated with immune stimulation over immune
suppression.

Among cases with Mac-enriched TIMEs, we found low HLA-DR,
low DC-SIGN, and moderate-to-high Arg-1 expression by cells in
TR neighborhoods (Figure 3D, right). We also observed low HLA-
DR, low DC-SIGN, and high IDO-1 expression by cells in TP/MacR
neighborhoods. Finally, we found high PD-1, high CD45-RO, and
high LAG-3 expression by cells in TP/TCR neighborhoods. These
data suggest a microenvironment in which tumor, myeloid, and T
cells coordinately express functional biomarkers associated with
immune suppression over immune stimulation. We also observed
these differences in functional biomarker expression across TIME
categories when we examined cases as a whole and without
respect to individual CNTs (supplemental Figure 9).

Cases with a Mac-enriched TIME have genetic
signatures associated with immune evasion

The cellular constituents of TIMEs can be influenced by tumor
genetics, although this has not been established at scale for
BCLs.>"® We, therefore, looked for potential associations among
cases in each of the 3 TIME categories and the comprehensive
genetic signatures of these tumors, as described by Chapuy et al
(clusters C1-C5).? We found that cases with immune-deficient or
DC-enriched TIMEs were broadly represented in each of the
cluster designations (Figure 4). In contrast, 9 of 10 cases with
Mac-enriched TIMEs were assigned to C1 and C5, 2 genetic
clusters associated with lymphomas with immune evasion pheno-
types.” Four of the 10 cases were assigned to C1, a cluster with
mutation patterns found in transformed marginal zone lymphomas.
Two of these 4 cases had CD274/PDCD1LG2 structural variants,
and 3 of these 4 cases had FAS mutations (Figure 4). Four of the
10 cases were assigned to C5, a cluster characterized by mutation
patterns found in immune-privileged lymphomas.” One of the 10
cases was assigned to C4 and contained a FAS mutation
(Figure 4). Therefore, we find that cases with Mac-enriched TIMEs

often have genetic signatures associated with immune evasion,
although this association did not reach statistical significance.

Discussion

To better define the immune components of the DLBCL TIME and
their cellular organization, we performed a quantitative spatial
analysis of the DLBCL TIME using a 27-biomarker panel which we
captured using MIBI-TOF and analyzed using a combination of
commercial and novel image analysis software. Our accumulated
findings indicate that the TIMEs of de novo, previously untreated
DLBCLs are not devoid of immune infiltrates or topographically
defined structures.! Rather, we found that DLBCL tumor and
immune cells are organized into distinct aggregate TIMEs that differ
in their cellular constituents, local cellular organization, spatial
structures, functional immune marker expression, and associations
with defined genetic subtypes. Importantly, our results were highly
concordant across multiple, randomly selected FOVs from each
case (supplemental Figure 2A-B) and strongly suggest that we
adequately sampled the tissues and that our results reflect intrinsic
tumor properties.

Taken together, our data suggest a working model of the 3 DLBCL
microenvironments (Figure 5). DLBCLs with immune-deficient
TIMEs are characterized by the predominance of tumor cells
and a paucity of immune cells. Regions distant from blood vessels
are especially devoid of immune cells, whereas regions
approaching blood vessels have increasing, but still minimal,
immune cell infiltrates. It stands to reason that the few immune cells
that are present have exited from the adjacent vasculature and
exhibit some immune activity. Cases with immune-deficient TIMEs
are included in all genetic subtypes. DLBCLs with DC-enriched
TIMEs are distinguished based on the regions in which immune
cells predominate in DCR neighborhoods. Regions distant from
blood vessels remained poor in the number of immune cells,
whereas regions approaching blood vessels are increasingly
immune cell rich and composed of T cells and DCs that express
biomarkers supportive of immune activity. Cases with DC-enriched
TIMEs are also included in all genetic subtypes. Finally, DLBCLs
with Mac-enriched TIMEs are distinguished by regions in which
immune cells predominate in MacR neighborhoods. Immune cell-
rich neighborhoods are found both near and far from blood
vessels, in keeping with a reduced gradient structure, and express
biomarkers associated with immune suppression. Cases with Mac-
enriched TIMEs are often found in genetic subgroups associated
with immune evasion.

An important result of this study was our finding that cells in TP/
DCR and TP/MacR neighborhoods were nearly mutually exclusive
across cases. However, dividing cases based on this criterion
was challenging because the percentages of cells in each TIME-
defining CNT followed a continuum. We used a k-means clus-
tering strategy to divide cases into the 3 TIME categories in an
unbiased manner. The results were largely recapitulated using a
threshold of >3% of cells in TP/DCR neighborhoods to identify

Figure 4 (continued) with an immune-deficient or a DC-enriched TIME are seen across cluster designations, whereas cases with a Mac-enriched TIME have signatures found in

tumors associated with immune evasion (ie, clusters C1 and C5 and cluster C4 associated with a FAS mutation).
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Figure 5. Model showing the topographical organization of tumor and immune cells in DLBCLs with immune-deficient, DC-enriched, and Mac-enriched TIMEs.
(Top left) DLBCLs with immune-deficient TIMEs are characterized by cells in tumor-rich (TR) CNTs. Individual cell neighborhoods furthest from blood vessels have very few

immune cells compared with tumor cells and are organized as TR/ImP neighborhoods, consistent with immune exclusion. Individual cell neighborhoods closer to blood vessels are
characterized by greater, but still a minor, number of immune cells compared to tumor cells and include greater numbers of myeloid and DCs than T cells organized as TR/MyR
neighborhoods, suggestive of ongoing antigen sampling and limited T-cell stimulation. Regions nearest blood vessels show the highest numbers of immune cells relative to tumor
cells. They include a variety of cell lineages organized as TR/BInf neighborhoods, consistent with extravasation of multiple immune cell types into the local microenvironment. (Top
right) DLBCLs with DC-enriched TIMEs are characterized by cells organized as tumor-poor (TP) and TR CNTs. Uniquely to DLBCLs with DC-enriched TIMEs, regions nearest
blood vessels show expanded numbers of T cells in TP/TCR neighborhoods and expanded numbers of DCs, CD4* and CD8* T cells in TP/DCR neighborhoods. Cells in TP/TCR
and TP/DCR neighborhoods are enriched near blood vessels but also extend into the tumor parenchyma, suggestive of an active immune response. (Bottom left) DLBCLs with
Mac-enriched TIMEs are characterized by cells organized as TP CNTs in addition to TR CNTs. Uniquely to DLBCLs with Mac-enriched TIMEs, regions close to and far from blood
vessels show expanded numbers of T cells in TP/TCR neighborhoods and expanded numbers of CD163* M2-like macrophages, IDO-1* myeloid cells, CD8" T cells, and PD-

1"LAG-3" exhausted T cells in the TP/MacR neighborhoods. In addition, there is lower HLA-DR expression in TP/ImP neighborhoods, suggestive of reduced immune stimulation.

BV, blood vessel.

cases with a DC-enriched TIME, >3% of cells in TP/MacR
neighborhoods to identify cases with a Mac-enriched TIME, and
<8% of cells in TP/DCR or TP/MacR neighborhoods to identify
cases with an immune-deficient TIME. Although the 3% threshold
appears low, it is important to recall that these are unique cell
neighborhoods with a predominance of CD11c* DCs and
CD163* macrophages, respectively, and few tumor cells. More-
over, most cases with DC-enriched or Mac-enriched TIMEs had
cell percentages in these TIME-defining CNTs that far exceeded
the threshold. Nevertheless, we acknowledge that the optimal
threshold may change with the analysis of additional and larger
datasets.

In addition, we have only captured a small subset of the cell lineage
and functional biomarkers relevant to DLBCL. Therefore, it will be
of great interest to expand the number of biomarkers analyzed in
subsequent studies. Similarly, we have considered the spatial ori-
entations of tumor and immune cells with respect to a single
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architectural feature. CD31 marks endothelial cells, high endo-
thelial vessels, and lymphatics, so it will also be of interest to further
phenotype and characterize the nature of the CD31" cells and
their relationships with the various immune cell populations.'®
Finally, the regions of interest randomly selected for our TMA
construction did not include tumor edges or extranodal tissue,
which were likely to anchor additional spatial relationships. As such,
the spatially defined model described here will undoubtedly evolve
with further studies.

To date, most protein or immune cell-based biomarker studies of
lymphoma TIMEs have focused on single biomarkers quantified
independently and without regard to spatial geopositioning. Limi-
tations with single-marker immunohistochemistry to evaluate
immune cell infiltrates include an inability to identify critical immune
cell subsets with distinct functional capabilities robustly. Never-
theless, such studies have repeatedly shown associations between
single immune biomarker expression levels and clinical response to
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standard combination chemotherapy and novel immune thera-
o 18,20-22

pies.
Gene expression profiling and RNA sequencing of bulk or dis-
aggregated single cells have the advantage of significantly
increasing the number of biomarkers analyzed but at the expense
of spatial and protein information and the types of tissues that can
be analyzed.”®® Nevertheless, these methods have revealed that
DLBCL TIMEs are diverse in the degree of immune cell infiltration
and the types of infiltrating cells.”®*”

Multiplexed immunofluorescence has been used to bridge the gap
between low-complexity protein analysis at single-cell resolution
and RNA profiling and has been recently used to study BCL
microenvironments and identify prognostic signatures and thera-
peutic targets.'*?®?° For example, a combination of multiplex
assays derived from prognostically relevant gene expression sig-
natures was used to show that high numbers of TIM-3*PD-
L1*CD68*CD163” macrophages were associated with poor
overall survival among patients with DLBCL enrolled in a clinical
trial.>®2° We have used multiplex immunofluorescence (MIF) with
spatially resolved image analysis to show that the TIME of TCR/
histiocyte-rich large BCL (TCRLBCL) has an immunological and
spatial signature closely resembling classic Hodgkin lymphoma,
including a topographically defined immunosuppressive niche rich
in PD-L1* tumor-associated macrophages and PD-1" T cells.'* In
a small set of patients with relapsed/refractory TCRLBCL treated
with pembrolizumab, objective clinical responses were observed.
We also found that the TCRLBCL TIME objectively differs from the
classic Hodgkin lymphoma (cHL) TIME by the differential repre-
sentation of unique local cell neighborhoods associated with each
tumor type.'* These observations raise the intriguing possibility that
different lymphoma types may have distinct spatially defined TIME
signatures, which may partly define the tumor.'*

To date, to our knowledge, only 1 other highly multiplexed, spatially
resolved protein-based analysis of the DLBCL microenvironment
has been reported and for a limited number of cases.®® Our ana-
lyses showed both similarities and differences. Similar to the pre-
ceding study, we found that tumor and immune cells are organized
into defined cellular groupings with geographically defined
arrangements across tissues. Notable differences between our
study and the prior include our use of a distinct antibody panel (11
of our 27 biomarkers [41%] are shared), a more extensive case
series, aggregate TIME categories defined by the mutually exclu-
sive CNT representation, and a spatial analysis that identified ste-
reotyped geographic relationships with tumor vessels. It is
important to note that CD11c, a biomarker critical for identifying
DC-enriched TIME, was not included in the prior study panel. In the
future, it will be essential to compare datasets through shared
images and image analysis methods directly.

Sharing these complex data will also facilitate our understanding of
how TIME categories associate with outcomes to standard and to
novel therapies. In our series, all patients were treated with rixtux-
imab, cyclophosphamide, doxorubicin, vincristine, and prednisone.
We did not find a statistically significant association between TIME
category and progression-free survival, although the data set is
small and was not powered to detect minor differences.

4644 WRIGHT et al

In conclusion, we find that DLBCL TIMEs are not random assort-
ments of tumor and immune cells but are multicellular organizations
with spatially defined structures that suggest distinct biologies. It is
tempting to speculate that patients with DLBCLs and immune-
deficient, DC-enriched, and Mac-enriched TIMEs may respond
differently to various therapies. Indeed, it was recently reported that
a subset of patients with DLBCLs and high T-cell content respond
to PD-1 blockade, unlike the vast majority of patients with
DLBCL,®" and that a subset of patients with DLBCLs and a
transcriptionally-defined inflamed microenvironment respond poorly
to chimeric antigen receptor T cells.®? It will be important to validate
our observations in additional datasets and interesting to determine
whether the stereotyped spatial organization of tumor and immune
cells that we describe for de novo DLBCLs persists over time, with
treatment, and at relapse with conventional and immunotherapies.
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