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Cancer-specific innate and adaptive immune
rewiring drives resistance to PD-1 blockade in
classic Hodgkin lymphoma
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Hodgkin Reed-Sternberg (HRS) cells of classic Hodgkin lymphoma (cHL), like
many solid tumors, elicit ineffective immune responses. However, patients
with cHL are highly responsive to PD-1 blockade, which largely depends on
HRS cell-specific retention of MHC class Il and implicates CD4" T cells and
additional MHC class I-independent immune effectors. Here, we utilize single-
cell RNA sequencing and spatial analysis to define shared circulating and
microenvironmental features of the immune response to PD-1 blockade in cHL.
Compared with non-responders, responding patients have more circulating
CD4" naive and central memory T cells and B cells, as well as more diverse CD4"
T cell and B cell receptor repertoires. Importantly, a population of circulating
and tumor-infiltrating IL13" monocytes/macrophages is detectable in patients
with cHL but not healthy donors, and a proinflammatory, tumor-promoting
signature of these circulating IL1I3* monocytes is associated with resistance to
PD-1 blockade in cHL. Altogether, our findings reveal extensive immune
rewiring and complementary roles of CD4" T cells, B cells and IL1* monocytes
in the response to PD-1 blockade and suggest that these features can be cap-
tured with a peripheral blood test.

Classic Hodgkin lymphomas (cHLs) are composed of rare malignant  (PD-L1)/PDCDILG2 (PD-L2) and copy number-dependent increased
Hodgkin Reed-Sternberg (HRS) cells embedded within an extensive T expression of these PD-1ligands®*. This genetic basis for enhanced PD-
cell and macrophage-rich inflammatory/immune cell infiltrate’. HRS 1 signaling prompted clinical evaluation of PD-1 blockade in patients
cells exhibit near-universal copy gains of chromosome 9p24.1/CD274  with relapsed/refractory (R/R) cHL.

Department of Medical Oncology, Dana-Farber Cancer Institute, Boston, MA, USA. 2Department of Data Science, Dana-Farber Cancer Institute, Boston, MA, USA.
3Department of Pathology, Brigham and Women's Hospital, Boston, MA, USA. “Cancer Program, Broad Institute of MIT and Harvard, Cambridge, MA, USA.
SCenter for Immuno-Oncology, Dana-Farber Cancer Institute, Boston, MA, USA. ®Harvard T.H. Chan School of Public Health, Boston, MA, USA. "Present address:
Astra Zeneca, Waltham, MA, USA. 8Present address: Department of Pathology, University of Oklahoma Health Sciences Center, Oklahoma City, OK, USA. ®Present
address: Department of Biomedical Data Science, Dartmouth College, Hanover, NH, USA. "°Present address: PathAl, Boston, MA, USA. "Present address:
AstraZeneca, City House, Cambridge, UK. ?Present address: Mechanisms of Cancer Resistance Thematic Center, Bristol Myers Squibb, Cambridge, MA, USA.
Bpresent address: Department of Biomolecular Engineering, University of California, Santa Cruz, Santa Cruz, CA, USA. "Present address: GV20 Therapeutics,
LLC, Cambridge, MA, USA. ®These authors contributed equally: Julia Paczkowska, Ming Tang, Kyle T. Wright. "' e-mail: Margaret_Shipp@dfci.harvard.edu

Nature Communications | (2024)15:10740 1


http://orcid.org/0009-0009-7345-5106
http://orcid.org/0009-0009-7345-5106
http://orcid.org/0009-0009-7345-5106
http://orcid.org/0009-0009-7345-5106
http://orcid.org/0009-0009-7345-5106
http://orcid.org/0009-0008-3548-913X
http://orcid.org/0009-0008-3548-913X
http://orcid.org/0009-0008-3548-913X
http://orcid.org/0009-0008-3548-913X
http://orcid.org/0009-0008-3548-913X
http://orcid.org/0000-0002-1329-5288
http://orcid.org/0000-0002-1329-5288
http://orcid.org/0000-0002-1329-5288
http://orcid.org/0000-0002-1329-5288
http://orcid.org/0000-0002-1329-5288
http://orcid.org/0000-0001-6098-1603
http://orcid.org/0000-0001-6098-1603
http://orcid.org/0000-0001-6098-1603
http://orcid.org/0000-0001-6098-1603
http://orcid.org/0000-0001-6098-1603
http://orcid.org/0000-0003-4736-7339
http://orcid.org/0000-0003-4736-7339
http://orcid.org/0000-0003-4736-7339
http://orcid.org/0000-0003-4736-7339
http://orcid.org/0000-0003-4736-7339
http://orcid.org/0000-0002-3949-6897
http://orcid.org/0000-0002-3949-6897
http://orcid.org/0000-0002-3949-6897
http://orcid.org/0000-0002-3949-6897
http://orcid.org/0000-0002-3949-6897
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-54512-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-54512-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-54512-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-54512-7&domain=pdf
mailto:Margaret_Shipp@dfci.harvard.edu
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-54512-7

Over 70% of patients with R/R cHL obtained clinical responses to
single-agent PD-1 blockade and a subset of these remissions were
durable®®. In this setting, patients with the highest level of chromo-
some 9p24.1 copy gain and associated PD-L1 expression had the most
favorable responses to therapy’. More recently, PD-1 blockade has
been added to combination regimens at relapse and initial
diagnosis®™. In a randomized trial of nivolumab (anti PD-1 antibody)/
doxorubicin, vinblastine and dacarbazine (AVD) versus brentuximab/
AVD in patients with newly diagnosed advanced-stage cHL,
progression-free survival was significantly higher in the PD-1 blockade-
containing treatment arm".

In addition to chromosome 9p24 copy gain, cHLs frequently
exhibit inactivating mutations of B2M or copy loss of B2M or MHC class
I genes which limit or preclude MHC class I-mediated antigen pre-
sentation to CD8" T cells*”'*"”. However, malignant HRS cells often
retain expression of MHC class I, likely reflecting their derivation from
MHC class II' germinal center B cells and associated ability to present
antigens to CD4" T cells””. In patients with R/R cHL, HRS cell expres-
sion of MHC class II, but not MHC class I, was associated with a more
favorable response to PD-1 blockade’.

The cHL tumor immune microenvironment (TIME) is CD4" T cell
rich with concomitant expansion of Thl-polarized regulatory T cells
and PD-1" T effector cells'®. In intact cHLs, the malignant HRS cells are
in close proximity to PD-1"'CD4" T cells and PD-L1* macrophages which
form a localized immunoprotective niche”.

Despite the abundance and likely importance of tumor-infiltrating
macrophages in cHL'?°, these cells were under-represented and lar-
gely uncharacterized in recent single-cell analyses of primary tumor
cell suspensions®*. However, circulating monocyte/macrophage
progenitors are readily detectable and amenable to characterization at
a single-cell level®.

Our previous analysis of the circulating immune signature in
patients with cHL revealed the importance of recently expanded,
clonally diverse CD4* T cells and incompletely characterized innate
effectors, including monocyte subsets, in the response to PD-1
blockade™.

Herein, we utilize single-cell RNA sequencing (scRNA-seq), T cell
receptor (TCR) and B cell receptor (BCR) clonotype assessments and
selected spatial analyses of the intact cHL TIME to define shared cir-
culating and microenvironmental features in patients with cHL and
analyze the interplay between previously unidentified CD4" T cell, B
cell and innate cell subsets in response to PD-1 blockade. These studies
highlight the value of characterizing the circulating immune com-
partment and perturbed T cell, B cell and proinflammatory innate
effectors in cHL.

Results

Analysis of the circulating immune signature in patients with
cHL and control healthy donors

We performed scRNA-seq of CD3* and CD3" peripheral blood mono-
nuclear cells (PBMCs) from 20 patients with R/R cHL who were treated
with single-agent PD-1 blockade (nivolumab)® at two timepoints, base-
line (cycle 1 day 1 [C1D1]) and on therapy (cycle 4 day 1 [C4D1]). These
samples were annotated for the patients’ best overall response to PD-1
blockade: complete response (CR), 9 patients; partial response (PR), 5
patients; and progressive disease (PD), 6 patients. PBMCs from 11
patients with newly diagnosed, previously untreated cHL and 13 control
healthy donors were similarly sequenced (Supplementary Data 1a).

Characterization of circulating CD3"CD8" T cell subsets, diver-
sity and clonality

We initially focused on CD4" T cells given their demonstrated impor-
tance in the response to PD-1 blockade in cHL’*. First, we computa-
tionally removed all CD8A- and CD8B-expressing cells from our CD3*
scRNA-seq data and processed the CD4" T cell enriched samples using

the standard Seurat workflow (see Methods). Clusters that were pre-
sent in at least 10% of the specimens at a level equal to or greater than
1% of the mean number of sequenced cells per sample were included in
the analysis (Supplementary Data 2). We then visualized the CD3°CD§",
CD4"-enriched, T cell space on a Uniform Manifold Approximation
and Projection (UMAP) (Fig. 1a and Supplementary Fig. 1). The 172,274
cells in 26 clusters (Fig. 1a) were annotated using a knowledge-guided
manual approach based on the differential expression of canonical
genes, highlighted in heatmaps and dot plots (Fig. 1b-c and Supple-
mentary Fig. 2, 3).

The CD3"CD8" space was organized into specific stages of T cell
differentiation, including naive/central memory (CM), effector, cyto-
toxic and regulatory T cells (Fig. 1a)”. Clusters 0, 1, 9, 11, 12, 15, 18, 21
and 24 were defined by the highest expression of early differentiation
markers including CCR7, SELL and TCF7 and were designated naive/CM
cells (Fig. 1b—c)** 2.

Certain naive/CM T cells clustered together because of their
expression of specific TCR variable (V) genes including TRBV30
(Cluster 11) and TRAVS-2 or TRAVI3-1 (Cluster 12) or their selective
expression of SOX4 (Cluster 18). The SOX4* naive/CM subset is of
interest because this transcription factor is a downstream target of
TGFp that negatively regulates Th2 differentiation in peripheral CD4"
T cells”.

Following the T cell differentiation trajectory, we identified sev-
eral helper and effector T cell populations, including Clusters 2, 3 and
6. Cluster 2 cells selectively expressed CXCL13 and shared certain
features with T follicular helper (TFH) cells®® but lacked additional
markers of classic TFH cells (e.g., BCL6), possibly due to incomplete
polarization in the peripheral blood. In this space, we also identified
circulating Th2 T cells (Cluster 3, GATA3" and CCR4') and Thi7-like
T cells (Cluster 6, CCR6" and RORC*) (Fig. 1b, ¢)***.

Given the relative absence of MHC class I on HRS cells*'¢",
potential MHC class I-independent mechanisms of tumor cell killing
merit particular attention. We identified several circulating CD3*CD8”
T cell populations with potential cytotoxic function including CD4"
cytotoxic T lymphocytes (CTLs) (Clusters 5 and 22, GZMB* and PRFI)*°,
NKT cells (Cluster 16, GZMB*, NKG7* and CCLS")*, VD2 y/& T cells
(Clusters 7b and 23, GZMB', TRDC', TRGC2" and TRDV2')**> and MAITs
(Cluster 7a, CD161 [KLRBI"®" and TRAVI-2")*** (Fig. 1a—c). Although
CD4" T cells from Clusters 5 and 22 had similar cytotoxic signatures,
the latter cluster had transcriptional features of prior IFN stimulation
(OASL*, IFITT', IFIT2" and IFIT3')**¢ (Fig. 1c). An additional non-
cytotoxic CD4" T cell subset (Cluster 8) also exhibited prior IFN sti-
mulation and activation (CD69")* (Fig. 1a—c).

We also identified two subsets of regulatory T cells - canonical
Tregs (Cluster 10, FOXP3* and CD2S5 [IL2RA]*)*® and Type 1 regulatory
(Tr1) T cells (Cluster 17, /L10" and LAG3")* - and additional pro-
liferating (MKI67") circulating CD4" T cells that expressed the highest
levels of CTLA4 and LAG3 in this space (Cluster 19) (Fig. 1a-c). Several
additional subsets were classified as Other due to insufficient polar-
ization in peripheral blood (Clusters 4, 14, 20).

We performed single-cell TCR-sequencing for the same samples
and assessed TCR diversity, measured by Chaol scores*®*, and relative
levels of clonal TCR expansion in CD3'CD8" cells (Fig. 1d, e, Supple-
mentary Fig. 4a and Supplementary Data 3, 4). As expected, the least
differentiated naive/CM clusters had the highest Chaol diversity
scores, whereas the more mature populations of helper and effector
T cells had lower Chaol scores (Fig. 1d). Conversely, the putative
cytotoxic CD4" T cell clusters (Clusters 5 and 22) exhibited the highest
levels of TCR clonal expansion (Fig. 1e).

CD3"CDS8 ™ T cell subsets in patients with cHL and healthy donors
- response-related TCR diversity and naive/CM T cell abundance
After identifying the circulating CD3*CD8" clusters in the full dataset
(Fig. 1), we assessed quantitative and qualitative differences between
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Fig. 1| Analysis of circulating CD3'CDS8 (CD4" enriched) immune cell popula-
tions in healthy donors (HD), patients with newly diagnosed (ND) and
relapsed/refractory (R/R) cHL. a Annotated Uniform Manifold Approximation
and Projection (UMAP) of CD3'CD8 single-cell expression profiles (n=172,274
cells). Each cluster is labeled with a distinct color and unique number. b Feature
plots of selected cell lineage and differentiation markers. ¢ Dot plot with relative
expression of selected genes in CD3*CD8 clusters following bidirectional cluster-
ing. Displayed genes were curated from the top differentially expressed genes that
defined clusters using a two-sided Wilcoxon rank sum test, adjusted for multiple
comparisons (adj p < 0.05, fold change >1.75) and supplemented with relevant

M Singleton

M Expanded
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NA

markers based on a priori knowledge. The size of the dot indicates the percentage
of marker-expressing cells in each cluster and the z-score reflects mean marker
expression across the clusters. d TCR repertoire diversity, as determined by Chaol
diversity index, obtained from single-cell TCR-seq data (n =126,159 cells) foreach T
cell cluster and overlaid onto the UMAP. e TCR clonotypes expansion levels over-
laid onto the UMAP (n=126,159 cells), “Singleton” 1 clone, “Expanded” 2-5 clones,
“Hyperexpanded” >5 clones. d, e Gamma delta T cell clusters (Cluster 7b, 13 and 23),
MAIT (Cluster 7a) and NKT cells (Cluster 16) were not analyzed and are shown

in gray.
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these cells in the clinically annotated cohorts of patients with cHL and
control healthy donors (Fig. 2). Patients with R/R cHL had markedly
lower baseline TCR diversity than healthy donors across the entire CD4
naive/CM T cell space (Fig. 2a and Supplementary Fig. 4b). Of note, the
identified differences in TCR diversity were not age-related (Supple-
mentary Fig. 4c and Supplementary Data 1c).

Patients with the most favorable responses to PD-1blockade (CRs)
had significantly higher CD4" naive/CM TCR diversity at baseline
(C1D1) and more abundant naive/CM subsets on treatment (C4D1)
(Fig. 2a, b and Supplementary Fig. 5). Taken together, these data sug-
gest that responding patients have an increased and sustained ability
to mount CD4" T cell responses to new tumor neoantigens?*-*¢,

Patients with cHL (newly diagnosed and R/R) and healthy donors
had additional qualitative differences in their circulating CD4" naive/

cpatcTLAgt
Ki67+ FOXP3™

CD4*CTLA4*
Kie7+

CM subsets. In patients with cHL, CD4" naive/CM cells had relatively
lower levels of CCR7, SELL, TCF7 and higher levels of S100A4 and CD69
expression (Fig. 2c), potentially reflecting increased antigen exposure
and activation®”*’. Additionally, in patients with cHL, the relative pau-
city of SELL expression in circulating naive/CM CD4" T cells might limit
their recruitment into secondary lymphoid organs*®*°,

We further assessed qualitative response-related differences in
circulating naive/CM CD4" T cells in patients who achieved CRs or
progressed following PD-1 blockade. Pathway enrichment analyses
revealed that naive/CM CD4" T cell subsets (Cluster 0,1, 9, 11,12, 15, 18,
21 and 24) from complete responders had increased expression of
TCF7, LEFI and LRNN3 and a more naive cell phenotype, potentially
reflecting a greater capacity for self renewal (Supplementary Fig. 6 and
Supplementary Data 5)°°,
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Fig. 2 | Comparative analyses of CD3'CD8 (CD4" enriched) clusters in healthy
donors (HD), patients with newly diagnosed (ND) and relapsed/ refractory (R/
R) cHL. a TCR repertoire diversity, as determined by Chaol diversity index, in CD4"
naive/CM T cell clusters from HD (n=13) and patients with R/R cHL at baseline
[C1D1] stratified by the best overall response (BOR) to PD-1 blockade. CR Complete
response, PR partial response, PD progressive disease. Number of patients with
Chaol diversity data per cluster: Cluster 0, HD (n=13), CR (n=8), PR (n=5), PD
(n=6); Cluster 1, HD (n=13),CR (n=9), PR (n=5), PD (n = 6); Cluster 11, HD (n =13),
CR (n=8), PR (n=5), PD (n=6); Cluster 12, HD (n=13), CR (n=8), PR (n=4), PD
(n=6); Cluster 15, HD (n=13), CR (n=8), PR (n=4), PD (n=6); Cluster 18, HD
(n=13),CR(n=9),PR(n=4),PD (n=4); Cluster 21, HD (n=13), CR(n=7),PR(n=2),
PD (n=3). b Relative abundance of CD4"* naive/CM T cell clusters in HD (n=13) and
patients with R/R cHL on treatment [C4D1] (n = 20) stratified by BOR to PD-1
blockade, CR (n=9), PR (n=35), PD (n=6). c Dot plot with relative expression of
selected genes associated with T cell naiveté and activation in all CD4" naive/CM
clusters (Cluster 0, 1, 9, 11, 12, 15, 18, 21, 24) in HD (n =13), patients with ND cHL
(n=11) and patients with R/R cHL at baseline [C1D1] (n =20) and C4D1 (n = 20),
stratified by BOR. The size of the dot indicates the percentage of marker-expressing
cells and the z-score reflects mean marker expression across cohorts. d Relative
abundance of cHL-specific T cell populations. e Venn diagram illustrating the
shared clonotypes between CD4" CTLs (Cluster 5, n =992 clonotypes) and IFN-
responsive CD4" CTLs (Cluster 22, n =231 clonotypes) in patients with cHL.

f, g Relative abundance of gamma delta VD2 T cells (Cluster 23) and cycling CTLA4"

T cells (Cluster 19). d, f, g HD (n=13), ND (n=11), C1D1 and C4D1: CR (n=9), PR
(n=5), PD (n=6). h Dot plot illustrating the mean expression (color) and percen-
tage of cells (dot size) expressing genes that positively identified cycling CTLA4*
T cells (Cluster 19) in comparison to the additional CD3'CD8" clusters. i Cell seg-
mentation and phenotype map for a representative multiplex IF image of ND cHL
(magenta, HRS cells; yellow, CD4'CTLA4°Ki67" cells; blue outline, FOXP3* cells;
gray-fill, Other cells less than 75 um from HRS cells; gray-outline, Other cells greater
than or equal to 75 pum from HRS cells). The experiment was performed in 9 ND cHL
samples. j Relative abundance of CD4"'CTLA4'Ki67" and CD4*CTLA4'Ki67‘FOXP3"
cells in relation to HRS cells (red dots, less than 75 pm from HRS cells; blue dots,
greater than or equal to 75 um from the HRS cells) in patients with ND cHL (n=9).
The indicated nominal p values were calculated by using a two-sided paired T-test
and adjusted for multiple comparisons using the Benjamini-Hochberg method; p
values that remained significant are noted (*). a, b, d, f, g Differences between HDs
and patients with ND cHL were assessed by a two-sided Wilcoxon rank-sum test.
The one-sided Cuzick trend test was used to compare patients with R/R cHL by BOR
(CRs, PRs and PDs). Nominal p values that were significant (p < 0.05) are listed and
those that remained significant after Benjamini-Hochberg correction FDR < 0.1 are
noted (*). a, b, d, f, g, j All box plots generated in R display the 25th and 75th
percentiles (lower and upper hinges), median values, and whiskers. The whiskers
extend from the hinges to the largest/smallest values within 1.5 times the inter-
quartile range (IQR) from the hinge. Data points beyond the end of the whiskers are
plotted individually. Source data are provided as a Source Data file.

More abundant CD3"CD8™ T cell effector subsets in patients
with cHL

We identified several circulating CD4* T cell populations that were
significantly more abundant in patients with newly diagnosed cHL and
R/R cHL than in healthy donors: CXCLI3* T cells (Cluster 2); IFN-
stimulated effectors (Cluster 8) and CTLs (Cluster 22); and cycling
CTLA4' T cells (Cluster 19) (Fig. 2d and g). The cHL-specific CXCL13*
T cells are noteworthy given the recent identification of CXCL13 " TFH-
like cells that form rosettes around HRS cells and interact with CXCRS *
B cells™. This CXCL13/CXCRS interaction reportedly attracts circulating
B cells and limits their germinal center entry, activation and
maturation®*,

Qualitative and quantitative differences in circulating CD4*
CTLs in patients with cHL and healthy donors
We identified 2 subsets of circulating CD4* CTLs, a major population in
healthy donors and patients with cHL (Cluster 5) and a smaller subset
primarily in patients with cHL (IFN-responsive CTLs, Cluster 22) (Figs. 1,
2d and Supplementary Fig. 5). There were response-related differences
in Cluster 5 CD4" CTLs from patients who achieved CRs or had pro-
gressive disease (PD) following treatment (C4D1) (Supplementary
Data 5). These included increased expression of the inhibitory Killer
cell lectin-like receptor G1 (KLRGI) in patients with progressive disease
(Supplementary Fig. 6¢ and Supplementary Data 5). In recent pre-
clinical models, KLRGI expression on CD4" T-effector cells was asso-
ciated with tumor progression and lack of response to PD-1 blockade®.
To delineate the relationship between the CD4" Cluster 5 CTLs
and Cluster 22 IFN-stimulated CTLs, we characterized their TCR clo-
notype distributions (Supplementary Data 3, 4). In patients with cHL,
Clusters 5 and 22 shared 103 clonotypes, including 10.4% (103/992) of
the detected clonotypes in Cluster 5 and 44.6% (103/231) of the iden-
tified clonotypes in Cluster 22 (Fig. 2e). These results reveal the com-
mon origins of Clusters 5 and 22 CTLs and the likely additional
inflammatory modulation in cHL-predominant Cluster 22 CTLs. It is
also noteworthy that both CTL subsets in patients with cHL, Cluster 5
and 22, express lower levels of cytotoxic effectors such as perforin, in
comparison to CTLs (Cluster 5) from healthy donors (Supplementary
Fig. 3). These findings and the selective identification of IFN-stimulated
cytotoxic and non-cytotoxic CD4" T cells (Clusters 22 and 8) in patients
with cHL may also reflect a broader cancer-related inflammatory
process™". In this regard, the IFN-stimulated genes in Cluster 22 and 8
(OASL, IFITL, IFIT2, IFIT3) are known to be induced by Type I IFN (IFNx

and PB) treatment of T cells®. These findings are of interest given the
dual role of Type I IFNs in inflammation and feedback
immunosuppression”’.

Response-related proliferating Trl-type cells in the periphery
and the intact TIME

The circulating cycling CTLA4*CD4 " T cells (Cluster 19) were also sig-
nificantly more abundant in patients with cHL than in healthy donors
(Fig. 2g). These proliferating cells (MKI67") with enhanced survival
(BIRCS") shared certain features with Trl (Cluster 17) cells, including
high-level expression of CTLA4 and LAG3 and additional /L10, and
decreased expression of CD25 (IL2RA) and FOXP3 (Fig. 2h). Of note,
patients who did not respond to PD-1 blockade (PD) had significantly
higher numbers of circulating Cluster 19 cells at baseline (C1D1)
(Fig. 2g). Using a multiplexed immunofluorescence panel, we identi-
fied a similar population of CD4*CTLA4'Ki-67'FOXP3" cells in the intact
TIME of an additional cohort of patients with newly diagnosed cHL
(Fig. 2i and Supplementary Fig. 7). These cycling CD4'CTLA4" T cells
were primarily observed in close proximity to HRS cells (less than
75 um from the tumor cells) (Fig. 2j). Given their immunosuppressive
features and proximity to malignant HRS cells, these newly identified
Cluster 19-like cycling CD4"CTLA4" cells may limit the response to PD-1
blockade (Fig. 2g-j).

Decreased numbers of VD2 y& T cells in patients with cHL
Although patients with cHL had more abundant IFN-stimulated effec-
tors (Clusters 8 and 22) and proliferating CTLA4'LAG3' regulatory cells
(Cluster 19), they had significantly reduced numbers of cytotoxic VD2
Y6 T cells (Clusters 23 and 7b) (Fig. 2f and Supplementary Fig. 5). As y&
T cells recognize antigens in the absence of MHC molecules, the
paucity of these cells may be an additional mechanism of immune
evasion in largely MHC class I-negative cHLs**™,

Characterization of circulating CD3~ immune cell subsets - NK
cells, B cells and myeloid cells

We applied the same inclusion criteria to the CD3" space and identified
229,670 cells in 24 clusters (Fig. 3a, Supplementary Fig. 8 and Sup-
plementary Data 2). Cell clusters were annotated using a knowledge-
guided manual approach based on differentially expressed genes and
prototypical lineage markers (Supplementary Fig. 9). We identified
three broad categories of CD3™ cells defined by their classic markers:
NK cells (NKG7*, CD16 [FCGR3AY", GZMB' and PRF1")%*; B cells (CD19",
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CD20 [MS4A1]" and PAX5")®%; and myeloid cells, including monocytes
(CD33', CD68" and CD14")%*, conventional dendritic cells (cDCs) (CD33"
and CLECIOA")® and plasmacytoid dendritic cells (pDCs) (CDI23
[IL3RAT")® (Fig. 3a, b and Supplementary Fig. 10).

Qualitative and quantitative differences in NK cell subsets in
patients with cHL and healthy donors

The circulating NK cells included immature CDS6 (NCAMI)®rient
(Cluster 11), more mature CD56®™ (Cluster 5) and terminally

differentiated NK cells (Cluster 8) and an additional less well-defined
population that includes NKT cells (Cluster 21, CD3E") (Fig. 3a—c)®>°°.
We identified an additional subset of NK cells with a signature of IFN
stimulation (Cluster 17, OASL*, IFIT2" and IFIT3") (Fig. 3a-c and Sup-
plementary Fig. 11a-c) that was more abundant in patients with cHL
(Fig. 3d). A similar population of IFN-stimulated NK cells, termed
Type I IFN-responding cells®?, was described in the context of chronic
viral infection®>®*’, Of note, Cluster 17 was the only circulating NK
cell subset that was more abundant in patients with cHL; all other NK
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Fig. 3 | Analysis of circulating CD3” immune cell populations in healthy donors
(HD), patients with newly diagnosed (ND) and relapsed/refractory (R/R) cHL
and detailed analysis of NK cell subsets. a Annotated UMAP of CD3" single-cell
expression profiles (n=229,670 cells) by cell type. Each cluster is labeled with a
distinct color and unique number, beginning with the most abundant cluster
(Cluster 0). b Feature plots of selected cell lineage and differentiation markers.

¢ Dot plot with relative expression of selected genes in NK cell clusters. Displayed
genes were curated from the top differentially expressed genes that defined clus-
ters using a two-sided Wilcoxon rank sum test, adjusted for multiple comparisons
(adj p < 0.05, fold change >1.75) and supplemented with relevant markers based on
a priori knowledge. The size of the dot indicates the percentage of marker-
expressing cells in each cluster and the z-score reflects mean marker expression

across the clusters. d Relative abundance of NK cell clusters in HD (n=13) and
patients with ND cHL (n =11). Differences between HD and patients with ND cHL
were assessed by a two-sided Wilcoxon rank sum test. P values that remained
significant after Benjamini-Hochberg correction FDR < 0.1 are noted (*). e Lineage
trajectory analysis of NK cell populations (n = 40,844 cells) by STREAM overlaid on
UMARP (left panel); Subway map plot (middle panel) showing all individual NK cells;
Stream plot (right panel) visualization of cell density along different trajectories. At
agiven pseudotime, the width of each branch is proportional to the total number of
cells. f Stream plots visualization of the selected marker genes, representing stages
of NK cell maturation and/ or function. Source data are provided as a Source
Data file.

cell clusters were significantly decreased in comparison to healthy
donors (Fig. 3d and Supplementary Fig. 11d).

To further delineate the relationship between IFN-stimulated NK
cells (Cluster 17) and the additional NK subsets, we performed STREAM
analysis (Single-cell Trajectories Reconstruction, Exploration and
Mapping)®®. As anticipated, STREAM reflected the differentiation of
CD56°& (Cluster 11) into CD56%™ (Cluster 5) NK cells and their further
maturation into terminally differentiated NK cells (Cluster 8) (Fig. 3e).
Although Cluster 17 cells were derived from CDS6*™ NK cells (Cluster
5), these IFN-stimulated effectors had a distinct differentiation trajec-
tory (Fig. 3e). Additionally, Cluster 17 NK cells expressed lower levels of
GZMB and PRF1 and higher levels of CCL3 and CCL4 than canonical
terminally differentiated NK cells (Cluster 8) suggesting perturbed
effector function (Fig. 3f). Therefore, patients with cHL had sig-
nificantly reduced numbers of classically defined circulating NK cells
and an expanded population of IFN-stimulated NK cells with likely
decreased cytotoxic potential (Fig. 3d, f).

Response-related differences in B cell abundance and BCR
diversity

The circulating B cell clusters reflected maturation stages defined by
the expression of canonical marker genes and immunoglobulin heavy
chains (Fig. 4a—c). A small population of transitional B cells (Cluster 19)
expressed IGHD, IGHM, PLD4, CD38, MZB1 and IGLL5%*° and two
subsets of mature naive B cells (IGHD *, IGHM', TCLIA* and CD277)**%°
differed only in their respective light chain expression (kappa®, Cluster
3 and lambda’, Cluster 6) (Fig. 4a-c and Supplementary Fig. 12a-c). An
additional memory B cell subset (CD27* and TNFRSF13B")%*%° included
both unswitched (IGHM™) and class-switched (/GHG" and IGHA®)
populations (Cluster 9) (Fig. 4a—c). Another cluster contained mature
naive (IGHD*, IGHM®*, TCLIA* and CD27°) and memory B cells
(IGHM/IGHG * and CD27") that selectively expressed a specific immu-
noglobulin kappa variable gene, /IGKVI-39 (Fig. 4a-c).

After defining the circulating B cell clusters, we assessed quanti-
tative differences in these subsets in patients with cHL and healthy
donors. Patients with newly diagnosed and R/R cHL had significantly
lower numbers of almost all of the circulating B cell subsets in com-
parison to healthy donors (Fig. 4d and Supplementary Fig. 12d).
Additionally, patients with R/R cHL who did not respond to PD-1
blockade (progressive disease, PD) had significantly fewer circulating
naive and memory B cells than responding patients (Fig. 4e). In the
subset of patients with current scRNA-seq and prior CyTOF analyses,
there was an excellent correlation between circulating B cell numbers
(Supplementary Fig. 10c).

We also evaluated B cell abundance and proximity to HRS cells in
available diagnostic biopsies from 7 of the 11 patients with newly
diagnosed cHL and scRNA-seq analyses of circulating B cells (Fig. 4d
and Supplementary Fig. 13). As all of the circulating B cell subsets were
significantly less abundant in patients with newly diagnosed cHL than
in healthy donors (Fig. 4d), we utilized a pan B cell marker, PAX5, and
PD-L1 to identify small PAX5°€" normal infiltrating B cells and PAX54™/
PD-L1" HRS cells by dual immunohistochemistry and digital imaging.

Normal B cells were significantly less abundant in all evaluated newly
diagnosed cHL biopsies than in control lymphoid tissue (Supplemen-
tary Fig. 13c). Additionally, normal B cells were relatively excluded
from the immediate HRS cell (PAX5%™/PD-L1") niche, defined as within
25 um of the tumor cells (Supplementary Fig. 13d).

We next utilized the circulating B cell scRNA-seq data to recon-
struct individual BCR sequences with the TRUST4 algorithm’ and
assess circulating BCR diversity (Supplementary Data 6). Of interest,
the numbers of total and unique BCRs, as well as Chaol diversity, were
significantly lower in patients with newly diagnosed cHL in comparison
to healthy donors (Fig. 4f). Among patients with R/R cHL, those who
did not respond to PD-1 blockade (PD) had significantly lower numbers
of unique and total BCRs and decreased BCR diversity in comparison
to responding patients (Fig. 4f). The identified differences in BCR
diversity were not age-related (Supplementary Fig. 12e and Supple-
mentary Data 1c). These data highlight the likely importance of B cells
in the response to PD-1 blockade in cHL via antibody production to
tumor neoantigens and/or Fc receptor binding of innate effectors.
Additionally, these findings build upon the recently described impor-
tance of tumor tertiary germinal centers in the response to checkpoint
blockade™”* and extend these observations to circulating B cells.

Characterization of circulating monocyte and dendritic cell
subsets

We also characterized circulating classical, intermediate and non-
classical monocytes using the canonical markers, CD14 and CDI16, and
additional subtype-specific transcripts: classical, CDI4*, CD16™ (Clus-
ters 1 and 2); intermediate, CD14", CD16" (Cluster 4); and non-classical,
CD14°, CD16°, RHOC', CIQ" and SIGLEC10" (Clusters 7 and 22)
(Fig. 5a-c)*”. Circulating monocytes with features of prior IFN sti-
mulation (Cluster 14), Type-2 conventional dendritic cells (cDCs)
(Cluster 10, CD33", CLEC10A*, CDIc* and MHC class Il [HLA-DMA, HLA-
DPA1 and HLA-DRA]"®") and plasmacytoid dendritic cells (pDCs)
(Cluster 18, CLEC4C', CD123, NRPI' and CDIIc [ITGAX]") were also
detected’® (Fig. 5a-c, Supplementary Fig. 14 and 15a, b).

Identification of an abundant cancer-associated ILIB* monocyte/
macrophage population in the periphery and intact TIME

The most abundant subset of circulating monocytes (Cluster 0) was
primarily detected in patients with cHL and virtually absent in healthy
donors (Fig. 5b and Supplementary Fig. 15c). These inflamed IL1B*
monocytes (Cluster 0) resembled classical monocytes with markedly
increased expression of multiple likely immunosuppressive and
tumor-promoting cytokines/chemokines, including /LIB, CXCLS,
CXCL2, CXCL3 and CCL2, and more abundant PD-L1 (CD274) and
SIRPA (Fig. 5¢).

We postulated that the circulating inflamed IL13" monocytes
(Cluster 0) in patients with cHL shared features with recently described
“inflammatory monocytes” including differentiation into tissue-
infiltrating macrophages’”®*°. For this reason, we asked whether
tumor-associated macrophages (TAMs) in intact biopsies of newly
diagnosed cHLs expressed Cluster O markers using RNAscope®*2 With
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this 4-plex in situ hybridization approach, primary HRS cells were
defined by their expression of CD30 (TNFRSFS8) and PD-L1 and CD68*
TAMs were assessed for their expression of the individual Cluster O
markers, CXCL2, CXCL3 and ILIB (Fig. 5¢c and Supplementary Fig. 16).
We identified tumor-infiltrating CD68 * monocytes/macrophages with
Cluster O features (CXCL2, CXCL3 and IL1B expression) in the intact cHL
TIME and the immediate proximity of CD30*PD-L1" HRS cells (Fig. 5d).
Proximity analysis revealed that the majority of Cluster O - like mac-
rophages (83% of CD68CXCL2", 88% of CD68'CXCL3" and 88% of
CD68'IL1B’ cells) were localized within 75 pm of the CD30'PD-L1" HRS
cells (Fig. 5d).

To further validate our findings, we performed multiplex
immunofluorescence (mIF) with a 4-plex panel (CD68, IL1$3, PAX5 and

PD-L1) on the same cHL cases and confirmed the presence of IL13*
CD68" monocytes/macrophages in the intact TIME at the protein
level. IL1B* monocytes/macrophages were primarily detected in HRS-
rich regions of the intact TIME whereas monocytes/macrophages in
HRS-poor regions were largely IL13~ (Supplementary Fig. 17). These
mIF analyses reinforce our RNAscope results (Fig. 5d) and highlight
the likely significance of tumor-infiltrating ILIB* monocytes/macro-
phages in cHL.

After identifying Cluster O-like IL1" monocytes/macrophages in
the cHL TIME, we asked whether similar cells were detectable in other
cancers. We interrogated a single-cell compendium of monocytes and
macrophages from multiple solid tumors (Fig. 5e)** and performed a
cell type label transfer®* using our CD3~ scRNA-seq dataset as a
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Fig. 4 | Analysis of the circulating B cell populations in healthy donors (HD),
patients with newly diagnosed (ND) and relapsed/refractory (R/R) cHL.

a Annotated UMAP of B cell clusters (n = 55,598 cells). Each cluster is labeled with a
distinct color and unique number. b Feature plots of selected cell lineage and
differentiation markers. ¢ Dot plot with relative expression of selected genes in B
cell clusters. Displayed genes were curated from the top differentially expressed
genes that defined clusters using a two-sided Wilcoxon rank sum test, adjusted for
multiple comparisons (adj p < 0.05, fold change >1.75) and supplemented with
relevant markers based on a priori knowledge. The size of the dot indicates the
percentage of marker-expressing cells in each cluster and the z-score reflects mean
marker expression across the clusters. d Relative abundance of B cell clusters in HD
(n=13) and patients with ND cHL (n =11). e Relative abundance of B cell clusters in
patients with R/R cHL at baseline [C1D1] (n =20) and C4D1 (n =20), stratified by
BOR to PD-1 blockade, CR (n=9), PR (n=5), PD (n = 6). f Number of total BCRs (left
panel), number of unique BCRs (middle panel) and BCR repertoire diversity, as

determined by Chaol diversity index (right panel) in all B cells from HD (n=13) and
patients with ND cHL (n=10) and R/R cHL at baseline [C1D1] (n=20) and C4D1
(n=20) stratified by BOR to PD-1 blockade. CR Complete response (n=9),
PR=partial response (n =5), PD progressive disease (n = 6). d-f Differences between
HD and patients with ND cHL were assessed by the two-sided Wilcoxon rank-sum
test. The one-sided Cuzick trend test was used to compare patients with R/R cHL by
response (CRs, PRs and PDs). d, e Nominal p values that were significant (p < 0.05)
are listed and those that remained significant after Benjamini-Hochberg correction
FDR < 0.1 are noted (*). In f p values are nominal with no Benjamini-Hochberg
correction. e, f All box plots generated in R display the 25th and 75th percentiles
(lower and upper hinges), median values, and whiskers. The whiskers extend from
the hinges to the largest/smallest values within 1.5 times the interquartile range
(IQR) from the hinge. Data points beyond the end of the whiskers are plotted
individually. Source data are provided as a Source Data file.

reference. In this publicly available compendium of tumor-associated
monocytes and macrophages (60,691 total cells), we identified 5783
cells with a transcriptional profile similar to our Cluster O inflamed
IL1B" monocytes (Fig. Se, left panel, blue dots). Of interest, 81% (4682/
5783) of the cells with a Cluster O transcriptional signature were also
previously identified as “IL13* monocytes” in the compendium (Fig. Se,
right panel, grey dots and Supplementary Data 7). There was a highly
significant enrichment of Cluster O-like cells in the previously desig-
nated IL1B" cluster (4682 Cluster O-like cells/7985 IL1 cells) compared
to the rest of the dataset (1102 Cluster O-like cells/52,706 Other cells,
X2=25707.926 p<0.0001, Chi-squared test with Yates correction).
The identification of Cluster O/ILIB* tumor-infiltrating monocytes/
macrophages in this solid tumor compendium indicates that similarly
programmed inflammatory monocytes/macrophages are detectable in
multiple cancers.

Response-related circulating ILI" monocyte transcriptional
signature in patients with cHL

We next returned to the periphery to assess the clinical significance
of circulating inflamed /L18" monocytes (Cluster 0) in patients with R/
R cHL who were treated with PD-1 blockade. As a first step, we per-
formed a differential analysis of response-related Cluster 0 mono-
cyte transcripts in patients who achieved a CR or progressed (PD) on
PD-1 blockade (Fig. 6a and Supplementary Table 1). In comparison
with complete responders, those who progressed on nivolumab had
significant upregulation of an extended Cluster O transcriptional
signature at C4D1 (Fig. 6a). Gene set enrichment analysis (GSEA) of
the response-related Cluster O signature revealed highly significant
upregulation of pathways associated with response to prostaglandin,
TNFa, Toll-like receptor (TLR) and IL-1 signaling, inflammasome
activation and modulation by Triggering Receptor Expressed on
Myeloid cells 1 (TREM1), an Ig-like immunoregulatory receptor and
amplifier of innate immune responses (Fig. 6b and Supplementary
Fig. 18)%7°°, Together, these findings highlighted the likely role of
prostaglandin and TNFa stimulation, TLR engagement by damage-
associated molecular patterns (DAMPs), inflammasome activation
and IL13-dependent downstream signaling in Cluster O monocytes/
macrophages.

We then used the response-related Cluster O genes (Fig. 6a and
Supplementary Table 1) to develop a transcriptional (AUCell) sig-
nature score’ associated with lack of response to PD-1 blockade at
C4D1 and predictive for unfavorable outcome at baseline (C1D1)
(Fig. 6¢c and Supplementary Fig. 19a, b). On both a single-cell and per-
patient level, the Cluster O AUCell score was significantly higher in
patients with cHL who did not respond to PD-1 blockade than in
complete responders (Fig. 6¢, upper and lower panels). Response-
related differences in the AUCell score were also detected when all
circulating monocytes, rather than pre-selected Cluster O cells, were
analyzed (Fig. 6d).

Response-related circulating IL1IB" monocyte transcriptional
signature in patients with another solid tumor

After defining the response-related Cluster O AUCell signature in
patients with R/R cHL (Fig. 6c, d), we assessed the performance of the
signature in an additional series of patients with a solid tumor (meta-
static urothelial carcinoma [mUC])*> who were treated with PD-L1
blockade and had publicly available PBMC scRNA-seq data (Supple-
mentary Fig. 19¢, e). In this mUC series, circulating monocytes from
patients who did not respond to PD-L1 blockade had significantly
higher baseline AUCell signature scores than those who responded to
this treatment (Fig. 6e). Therefore, circulating Cluster O-like mono-
cytes were also detectable and associated with inferior responses to
blockade of the PD-1 pathway in an additional solid tumor.

Discussion

In patients with cHL, scRNA-seq of the circulating immune signature
revealed extensive reprogramming and/or modulation of specific
CD4" T cell, B cell and innate effectors in the setting of cancer-
associated inflammation. In this largely MHC class I-negative tumor,
quantitative differences in circulating CD4* naive/CM T cell abundance
and TCR diversity were associated with response to PD-1 blockade,
highlighting the importance of a continued capacity to respond to new
tumor neoantigens. In comparison to healthy donors, patients with
cHL also exhibited qualitative differences in these essential CD4"
naive/CM T cells, with decreased expression of TCF7, CCR7 and SELL.
Recent studies highlight the importance of TCF7* T cell progenitors in
the response to PD-1 blockade”. We now extend these findings to the
circulating CD4" T cell compartment.

In patients with cHL, there were also qualitative and quantitative
differences in circulating MHC class I-independent cytotoxic effectors
including: CD4" CTLs with decreased perforin expression and
increased expression of IFN-stimulated genes; reduced numbers of y/6
VD2 cells; and perturbed NK cell differentiation with fewer mature
perforin- and granzyme-positive cells and an expanded population of
IFN-stimulated cells resembling those in chronic viral infections®>*’.

Additionally, patients with cHL had significantly reduced numbers
of circulating B cells across all stages of differentiation. Both the
abundance of peripheral blood B cells and their BCR diversity were
positively associated with response to PD-1 blockade. These findings
underscore the importance of a continued capacity to mount B cell, as
well as T cell, responses to new tumor neoantigens and extend prior
observations regarding the prognostic significance of tumor-
infiltrating B cells in cHL and additional solid tumors”™7+%+%,

Our scRNA-seq analysis also identified a major population of cir-
culating IL13" monocytes with a proinflammatory, tumor-promoting
cytokine/chemokine signature that was primarily detected in patients
with cHL, but not in healthy donors, and associated with lack of
response to PD-1/PD-L1 blockade. Monocytes/macrophages with a
similar cytokine/chemokine signature were localized in proximity to
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prostaglandin E2 (PGE2) and TNF, associated with disease progression
and modulated by PGE2 or IL1B* blockade®. Circulating monocytes
with certain shared features were also described recently in biliary
cancer’®. These recent findings further highlight the importance and
potential targetability of proinflammatory ILIB* monocytes/macro-
phages in multiple tumors. Additionally, the data suggest that IL1*
proinflammatory monocytes/macrophages negatively impact out-
come in settings beyond PD-1 blockade.
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Fig. 5 | Analysis of the circulating monocyte and dendritic cell populations in
healthy donors (HD), patients with newly diagnosed (ND) and relapsed/
refractory (R/R) cHL. a Annotated UMAP of myeloid clusters (n=126,707 cells).
Each cluster is labeled with a distinct color and unique number. b Relative abun-
dance of myeloid clusters between HD (n=13) and patients with ND cHL (n=11).
Differences between HD and patients with ND cHL were assessed by the two-sided
Wilcoxon rank-sum test. Nominal p values that remained significant after
Benjamini-Hochberg correction with an FDR < 0.1 are noted (*). ¢ Dot plot with
relative expression of selected genes in monocyte and dendritic clusters. Displayed
genes were curated from the top differentially expressed genes that defined clus-
ters using a two-sided Wilcoxon rank sum test, adjusted for multiple comparisons
(adj p < 0.05, fold change >1.75) and supplemented with relevant markers based on
a priori knowledge. The size of the dot indicates the percentage of marker-

expressing cells in each cluster and the z-score reflects mean marker expression
across the clusters. d (Top panel) Cellular phenotype maps of the representative
RNAscope images from patients with ND cHL (magenta, HRS cells; blue, Cluster
0O-like macrophages CXCL2" (left), CXCL3" (middle) /L1B(right); green, other mac-
rophages CXCL2/CXCL3/ILIB) (all images). The experiment was performed in 4 ND
cHL samples. (Bottom panel) Proximity plots for the indicated CXCL2*, CXCL3"
and ILI* Cluster O-like macrophages and HRS cells. Data are presented as mean
values +/- SEM. e UMAP showing Cluster O-like (IL13*) monocytes/macrophages
(our data) (left panel, blue dots, n=5783 cells) after cell label transfer to

Mulder et al. (Immunity 54, 1883-1900 el885 (2021)) data set (light grey dots,
n=60,691 cells), overlaid on the same UMAP. The right panel represents the IL13*
monocytes and macrophages cluster from Mulder et al. (dark grey dots, n=7985
cells). Source data are provided as a Source Data file.
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Fig. 6 | Identification of ILIB* monocyte transcriptional signature associated
with lack of response to PD-1 blockade. a Differential expression analysis of
response-related Cluster O transcripts in patients with relapsed/refractory (R/R)
cHL who achieved a complete response (CR) or progressed on PD-1 blockade (PD).
A two-sided permutation test, adjusted for multiple comparisons (adj p < 0.1, fold
change > 1.5) was used to filter the differentially expressed Cluster O genes in
patients who achieved a CR or progressed on therapy at C4D1. The top 50 of 368
differentially expressed genes are shown for patients by response at C4D1 and
baseline C1D1. b Pathway enrichment analysis of response-related differentially
expressed genes in Cluster O using Molecular Signatures Database (MSigDB) gene
sets: CP:REACTOME: Reactome gene sets; CP:WIKIPATHWAYS: WikiPathways gene
sets; and C7: Immunologic gene sets. Gene Ratio (x-axis) represents the number of
genes in the AUCell signature over the total number of genes in a given gene set;
FDR significant < 0.05; Count represents the number of genes in the overlap
between the AUCell gene signature and given gene set. ¢ AUCell signature score in
circulating Cluster O monocytes from healthy donors (HD) and patients with newly
diagnosed cHL (ND) or R/R cHL at C1D1and C4D1 at the single-cell (upper panel: HD
n=73 cells; ND n =8266 cells; CR C1D1 n =3942 cells; PD C1D1 n = 2390 cells; CR
C4D1 n=5403 cells; PD C4D1 n=4335 cells) and per-patient (lower panel: HD
n=12samples; ND n =11 samples; CR C1D1 n = 9 samples; PD C1D1 n = 6 samples; CR
C4D1 n=9 samples; PD C4D1 n=>5 samples) levels. d AUCell signature score in all

circulating monocytes from HDs and patients with cHL at the single-cell (upper
panel: HD n=28,001 cells; ND n=20,633 cells; CR C1D1 n =16,851 cells; PD C1D1
n=7464 cells; CR C4D1 n=17,343 cells; PD C4D1 n=10,999 cells) and per-patient
(lower panel: HD n =13 samples; ND n = 11 samples; CR C1D1 n =9 samples; PD C1D1
n=6 samples; CR C4D1 n=9 samples; PD C4D1 n =5 samples) levels. e AUCell
signature score in all circulating monocytes from patients with metastatic uro-
thelial carcinoma (mUC) (Yuen et al. Nat Med 26, 693-698 (2020)) at baseline
(C1D1), stratified by the subsequent response to PD-L1 blockade, at the single-cell
(upper panel: Responders n=3718 cells, Non-responders n = 4134 cells) and per-
patient (lower panel: Responders n =5 samples, Non-responders n =5 samples)
levels. c-e A one-sided Wilcoxon rank-sum test was used to assess the distributions
of AUCell gene signature scores between HD and ND, as well as between CR and PD
at C1D1 and C4D1, at both the single-cell and per-patient levels. c-e (upper panel)
All violin plots generated in R illustrate the data distribution with kernel density
estimation. Plots display the 25th and 75th percentiles (lower and upper hinges)
and median values. The width of the violin at different points reflects the density of
the data. (upper panels) All box plots display the 25th and 75th percentiles (lower
and upper hinges), median values, and whiskers. The whiskers extend from the
hinges to the largest/smallest values within 1.5 times the interquartile range (IQR)
from the hinge. Data points beyond the end of the whiskers are plotted individually.
Source data are provided as a Source Data file.

The coordinated upregulation of cytokine/chemokines, including
ILIB, CXCL2, CXCL3, CXCLS8, and CCL2, and the additional response-
related factors, IL-6, CXCLI and CCL3, in Cluster O monocytes/macro-
phages identifies candidate targets for combination therapies with PD-
1 blockade and suggests associated treatment strategies’”*"%°, In
previous studies, inhibition of IL-1 receptor signaling abrogated the
recruitment of inflammatory monocytes into the TIME, reduced
immune suppression and tumor progression, and synergized with PD-1
blockade in murine models of renal cell carcinoma (RCCa) and breast
cancer’”’*%%°, Additionally, neutralizing CXCL8 (IL8) antibodies and
CXCR2 antagonists, which block multiple cytokines/chemokines
including IL-8, CXCL1, CXCL2 and CXCL3, suppress inflammasome
activation, myeloid cell recruitment, tumor growth and angiogenesis,
and enhance the efficacy of PD-1 blockade in certain solid
tumors®”1007102107198 " Fyrthermore, CCL2 blockade decreases macro-
phage infiltration, tumor proliferation and metastasis in inflammatory
breast cancer, in part via downstream activation of CCL3'%*'*, Given
the coordinated upregulation of multiple proinflammatory tumor-
promoting cytokines/ chemokines in Cluster O monocyte/macro-
phages, it may be more effective to target the cells themselves, their
polarizing program or their shared receptors rather than individual
soluble factors.

Despite their abundance in the intact TIME, inflammatory IL1p*
monocyte/macrophages were poorly captured in prior single-cell
analyses of disaggregated cHL tumor cell suspensions?-??, highlighting
the importance and potential practical value of assessing the circu-
lating immune compartment. More broadly, cancer-associated
inflammation and perturbed CD4" T cells, B cells and innate effec-
tors, including newly identified Cluster O/proinflammatory IL13"
monocytes, can be captured and serially monitored with peripheral
blood assays providing a framework for more targeted treatment.

Methods

Patient samples

Cryopreserved peripheral blood mononuclear cells (PBMCs) were
obtained from: normal healthy donors; patients with newly diagnosed,
previously untreated cHL; and patients with relapsed/refractory cHL
who received single-agent nivolumab in the CheckMate 205 phase Il
trial (ClinicalTrials.gov identifier: NCT02181738)° with Dana-Farber
Cancer Institute review board (IRB) approval. Healthy donor PBMC
specimens were utilized under a DFCI IRB-approved Secondary Use
Protocol with a waiver of informed consent. Demographics including
age and sex of patient and donor cohorts are included in

Supplementary Data 1a and c. Baseline (cycle 1 day 1) and on-treatment
(cycle 4 day 1) PBMCs were obtained from CheckMate 205 trial patients
who received nivolumab 3 mg/kg every 2 weeks until disease pro-
gression or unacceptable toxicity. An independent review committee
(IRC) used the 2007 International Working Group response criteria'®’
to assess best overall response (BOR) to therapy - complete response
(CR), partial response (PR) or progressive disease (PD).

Formalin-fixed, paraffin-embedded (FFPE) tumor biopsies from
patients with newly diagnosed cHL were obtained from the archives of
Brigham & Women’s Hospital (BWH) with BWH IRB approval (Sup-
plementary Data 1b).

Isolation of CD3* and CD3~ peripheral blood mononuclear cells
Unmanipulated CD3* and CD3" cells were purified from cryopreserved
bulk PBMCs by negative selection with Miltenyi Biotec separation kits.
CD3" cells were isolated using the Pan T cell isolation kit, which
included CD14, CD15, CD16, CD19, CD34, CD36, CD56, CD123, and
CD235a biotin-conjugated monoclonal antibodies (Miltenyi #130-096-
535). CD3™ cells were selected by positively depleting CD3* cells with
CD3-conjugated MicroBeads (Miltenyi #130-050-101).

Single-cell RNA (scRNA-seq) and Single-cell T cell Receptor
(scTCR-seq) sequencing

Viable CD3" and CD3  cells were resuspended in PBS (Gibco
#10010023) with 0.04% UltraPure BSA (Invitrogen #AM2616) at a
concentration of 1000 cells/uL and 17,000 cells were loaded onto a 10x
Genomics Chromium™ instrument according to the manufacturer’s
instructions. The scRNA-seq libraries were processed using
Chromium™ single cell 5’ library & gel bead kit (10x Genomics #PN-
1000165). Quality controls for amplified cDNA libraries and final
sequencing libraries were performed using Bioanalyzer High Sensi-
tivity DNA Kit (Agilent #5067-4626). For CD3" samples, 2 uL of post
ctDNA amplification material was also used to prepare scTCR-seq
libraries. The sequencing libraries for scRNA-seq and scTCR-seq were
normalized to 4 nM concentration, pooled using a volume ratio of 4:1
and sequenced on lllumina NovaSeq S4 300 cycle platform.

Upstream scRNA-seq analytical pipeline

The sequencing data were demultiplexed and raw single-cell RNAseq
reads were aligned to GRCh38-3.0.0 using Cell Ranger version 3.1.0
pipeline (10x Genomics). The count matrix for each sample was read
using Seurat V3.0%* and made into a Seurat object. All of the Seurat
objects were merged and batch corrected with Harmony"° for CD3*
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cells and CD3" cells. The Seurat objects were processed by the stan-
dard Seurat workflow. Briefly, cells that expressed fewer than 200
genes, or greater than 5000 genes, or had >20% mitochondrial reads
were removed. The count matrix was log normalized and the top 2000
most variable genes were calculated by the vst method in Seurat. The
UMAP was generated using the first 50 dimensions of the Harmony
coordinates. To find clusters, the shared nearest neighbor (SNN) graph
was built on the first 50 dimensions of the Harmony coordinates fol-
lowed by the Louvain community detection algorithm with a resolu-
tion of 1.5. Cells expressing either CD8A or CD8B were computationally
removed from the CD3" Seurat object to generate an additional
CD3'CD8  (CD4" enriched) Seurat object.

QC cluster inclusion/exclusion criteria and annotation

Based on the Seurat clustering at resolution 1.5, the mean number of
sequenced cells per sample was calculated. Clusters that were present
in at least 10% of the specimens at a level equal to or greater than 1% of
the mean number of sequenced cells per sample were included in the
downstream analyses. BBrowser v3 and BBrowserX (BioTuring) soft-
ware were used to analyze the data and annotate the clusters that met
the inclusion criteria. Two additional clusters were excluded from the
downstream analysis because their features (canonical marker genes)
were those of contaminating red blood cells or platelets.

Derivation and display of cluster marker features

Marker genes for each cluster were determined using the function
wilcoxauc in the presto (https://github.com/immunogenomics/
presto) R package. P adj <=0.05 and fold change >=1.75 (Wilcox rank
sum test, two side, adjusted for multiple comparisons) were used to
filter the top marker genes for each cluster and those genes were used
to generate a heatmap using ComplexHeatmap™. Dot plot visualiza-
tion was used to show the differences in the expression of selected top
marker genes across clusters.

Differential expression analysis

A Bioconductor package called Distinct™ was used to perform com-
parative multi-sample, multi-group single-cell RNAseq differential
expression analyses. The Seurat objects were converted to Single-
CellExperiment objects for analysis with Distinct.

Gene set enrichment analysis (GSEA)

Pathway enrichment analyses were carried out using the following
Molecular Signatures Database (MSigDB) gene sets: CP:REACTOME:
Reactome gene sets; CP:WIKIPATHWAYS: WikiPathways gene sets; and
C7: immunologic gene sets™",

Development of the AUCell signature

AUCell was used to quantify the enrichment of a specific input gene
signature in the cellular subsets®™. Specifically, AUCell_buildRankings
were used to rank genes in each cell by expression level, and
AUCell_calcAUC was used to calculate a gene set enrichment score per
cell using the most highly expressed 5% of the genes in that cell.

Single-cell trajectories reconstruction, exploration and map-
ping (STREAM) analysis

Single-cell trajectories reconstruction was performed using STREAM
v1.0%. Epg_alpha = 0.02, epg_mu = 0.05, epg_lambda = 0.05 were set in
the elastic_principal_graph function and STREAM plots were plotted
using the plot_stream function.

TCR and B cell receptor (BCR) analyses

The results from the TCR single-cell V(D)J sequencing were read into
Immunarch'™ to calculate TCR diversity. TCR diversity for each cluster
was calculated using the Chaol function in the tcr R package and super-
imposed on the corresponding UMAP. TCR clonal expansion levels

were binned as singleton (n=1), expanded (2<n<5) or hyper-
expanded (n >5), and overlaid on the corresponding UMAP.

The individual BCR sequences were reconstructed by TRUST47°
from the single-cell RNAseq BAM files. The TRUST4 output for the
reconstructed BCRs was also imported to Immunarch to calculate BCR
Chaol diversity.

RNAscope™ multiplex fluorescent assay

FFPE tissue sections (4 um) from patients with newly diagnosed cHL
(demographics in Supplementary Data 1b) were selected for hybridi-
zation and simultaneous visualization of four RNA targets using the
RNAscope™ LS Multiplex Fluorescent Assay (Advanced Cell Diag-
nostics (ACD) #322800) and automated Leica Biosystems’ BOND RX
System. RNA-specific probes were hybridized to target transcripts (set
I: CD68-channel 1 (ACD #560598), IL1B-channel 2 (ACD #310368-C2),
PD-L1-channel 3 (ACD #600868-C3), CD30-channel 4 (ACD #310838-
C4); set II: CD68-channel 1 (ACD #560598), CXCL2-channel 2 (ACD
#425258-C2), PD-L1-channel 3 (ACD #600868-C3), CD30-channel 4
(ACD #310838-C4); set 3: CD68-channel 1 (ACD #560598), CXCL3-
channel 2 (ACD #1002158-C2), PD-L1-channel 3 (ACD #600868-C3),
CD30-channel 4 (ACD #310838-C4)) followed by staining with nuclear
counterstain/4’,6-diamidino-2-phenylindole (DAPI). Signals were
amplified and detected using the Opal™ dyes (Akoya Biosciences #OP-
001001, #0P-001003, #0P-001004 and #0P-001006) specific for each
channel (channel 1 - Opal 520, channel 2- Opal 570, channel 3 - Opal
620, channel 4 - Opal 690) (Supplementary Table 2a). Slides were
mounted with Prolong Gold Anti-fade reagent (Invitrogen #P36934)
mounting medium and whole slide tissue scans were imaged and
digitized using the Phenolmager HT multispectral imaging platform
(Akoya Biosciences).

Digitized whole slide scans were analyzed with HALO and HALO Al
software (Indica Labs HALO Image Analysis Platform version 3.5.3577
and HALO Al version 3.5.3577). Tissue scans were first evaluated for
RNA quality and regions without RNA signals were excluded from the
analysis. The Al-custom nuclear segmentation algorithm was then
trained and developed for cell segmentation. Cell phenotyping was
subsequently performed based on the combination of marker genes
expression and HALO spatial plots were generated. Proximity analyses
were utilized to identify specific cell subsets in the immediate vicinity
of malignant HRS cells (< 75 um from an HRS cell) and illustrated with
proximity histograms.

Immunohistochemistry

Double staining of PD-L1 (GJ.F.19 clone 405.9A11) and PAX5 (BD
Biosciences #610862) was performed using the BOND RX fully auto-
mated stainer (Leica Biosystems)"®. 4 pm thick FFPE tissue sections
from patients with newly diagnosed cHL (demographics in Supple-
mentary Data 1a) were baked for 1h at 60°C and subsequently
dewaxed and rehydrated. Epitope retrieval was performed using Epi-
tope Retrieval Solution 2 (pH 8) for 30 min (Leica Biosystems
#AR9961). The PD-L1 primary antibody was incubated for 2 h, twice.
Thereafter, a post-primary blocking reagent was applied for 8 min,
horseradish peroxidase-labeled polymer was added for 12 min, and
peroxidase blocking was performed for 5 min, followed by 15 min of
DAB development. PAX5 immunostaining was subsequently per-
formed with two 2-h application of the primary antibody, a 20-min
incubation with a post-primary AP-blocking reagent, and a 15-min
application of an AP-labeled polymer followed by 10 min of Red sub-
strate development. Slides were subsequently counterstained with
hematoxylin for 10 min, dehydrated, and cover-slipped (Supplemen-
tary Table 2b).

Images were acquired using the Phenolmager HT multispectral
imaging platform (Akoya Biosciences). Slides underwent whole-slide
imaging at 20x resolution and images were viewed with Phenochart
viewing software (Akoya Biosciences) to select 3-10 regions of interest
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(ROIs) under the guidance of an expert pathologist (SJR). The images
were spectrally separated and analyzed using inForm 2.6.0 (Akoya
Biosciences). The ROIs were segmented, and each marker was quan-
tified using the inForm analysis tools. Data was exported from inForm
and examined through a custom data extraction pipeline to obtain cell
population densities and perform cell spatial analysis.

Spatial quantitative analysis was performed by establishing cel-
lular labels for each cell being proximal (within 25um) or distal
(>25 um) to a cellular feature of interest, in this case the HRS cells. This
was accomplished using our analysis software (https://github.com/
dfci/pythologist) and these features enabled the measurement of
percent cellularity of cell-types in regions proximal-to and distal-from
HRS cells. The same software was used to generate heat-map visuali-
zations of the local densities of cell-types of interest.

Multiplex immunofluorescence

Multiplex Immunofluorescence staining was performed using the
BOND RX fully automated stainer (Leica Biosystems)". 5um thick
FFPE tissue sections from patients with newly diagnosed cHL (demo-
graphics in Supplementary Data 1b) were initially baked at 60 °C for
3 h, then deparaffinated (Leica Biosystems #AR9590) and rehydrated
with a series of graded ethanol solutions to deionized water. Antigen
retrieval was conducted at 98 °C using Epitope Retrieval Solution 1 (pH
6) or 2 (pH 9) (Leica Biosystems #AR9961 and #AR9640). Primary
antibodies were applied for 40 min. Subsequently, secondary anti-
bodies, including anti-mouse and anti-rabbit Opal Polymer Horse-
radish Peroxidase (Akoya Biosciences #ARHI001EA), along with Post
Primary Block (Leica Biosystems #RE7159) and Polymer (Leica Bio-
systems #RE7161), were applied as detailed in Supplementary Table 2c.
The antibody complex was then incubated for 5 min with the corre-
sponding Opal Fluorophore Reagents (Akoya Biosciences
#NEL871001KT) to visualize the signal. Following the final fluorophore
application, samples were removed from the BOND autostainer and
incubated with NucBlue Fixed Cell Stain ReadyProbes reagent (Invi-
trogen #R37606) for nuclei detection. Samples were air-dried and
mounted with Prolong Diamond Anti-fade mounting medium (Life
Technologies #P36965). Details on target antigens, antibody clones,
marker dilutions, diluents, secondary applications, and antigen
retrieval are provided in Supplementary Table 2c.

Images were acquired using Phenolmager HT multispectral ima-
ging platform (Akoya Biosciences). Slides underwent whole-slide
imaging at 20x resolution and images were viewed with Phenochart
viewing software (Akoya Biosciences) to select 4-6 regions of interest
(ROIs) under the guidance of an expert pathologist (SJR). The images
were spectrally separated and analyzed using inForm 2.6.0 (Akoya
Biosciences). The ROIs were segmented, and each marker was quan-
tified using the inForm analysis tools. Data was exported from inForm
and examined through a custom data extraction pipeline to obtain cell
population densities (number of cells per mm?) and perform cell
spatial analysis.

Spatial regions were annotated based on their proximity, <75um
or >75um, to HRS cells. In these respective regions, the percent
cellularity of prioritized cell types (CD4'CTLA4°Ki67" and
CD4'CTLA4'Ki67'FOXP3") was measured in each sample. Within each
sample, the cumulative regions across all ROIs were treated as a sin-
gular aggregated entity for <75um or =75um from HRS cells. The
differences in percent cellularity of the indicated cell types <75 um or
>75 um from HRS cells were evaluated using a two-sided paired T-test
and P-values that were adjusted for multiple comparisons using the
Benjamini-Hochberg method.

External scRNA-seq datasets
An external PBMC scRNA-seq dataset from patients with metastatic
urothelial carcinoma (mUC) (EGAD00001005481, EGASO000010040

08 and GSE145281) who were treated with PD-L1 blockade®” was also
used to evaluate the Cluster 0 monocyte/macrophage AUCell sig-
nature. The count matrix for this study was obtained from GEO, con-
verted into Seurat objects and normalized using NormalizeData in
Seurat and batch corrected with Harmony. A UMAP was generated
using the first 20 dimensions of the Harmony coordinates. Cells were
clustered using an SNN graph and Louvain algorithm at a resolution of
0.5 based on the batch-corrected reduction. Clusters were manually
annotated and inspected in the BioTuring browser v2.

A recently published integrated dataset of mononuclear phago-
cytes from 13 tissues across 41 single-cell RNAseq datasets®
(GSE178209 and https://gustaveroussy.github.io/FG-Lab/) was used to
generate a compendium of conserved monocyte/macrophage gene
programs. We used a cell type label transfer method and implemented
it in Seurat® to assess the presence of the cHL Cluster O monocytes
transcriptional program in specific subsets of cancer-associated
monocytes in other solid tumors. Briefly, cell type label transfer was
performed by projecting the PCA structure of our reference dataset
onto the query dataset. First, common anchors were identified
between our dataset and the “MoMac-VERSE” dataset®* using Find-
TransferAnchors, and then TransferData was used to classify the cells
in the MoMac-VERSE dataset based on the cell type labels of our
dataset. Principal component analysis was used as the dimensionality
reduction method, and the first 50 principal components were used
for this analysis. Statistical significance was assessed by performing a
Chi-square test for enrichment of Cluster O-like cells in the ILIR*
monocyte cluster versus all other cell types in the Mulder et al. dataset.

Statistical analyses

Two-group comparisons including comparisons between cell abun-
dances, TCR or BCR diversity and AUCell gene signature score dis-
tributions were measured by Wilcoxon rank-sum test. Three-group
(CR, PR, PD) comparisons were assessed with Cuzick trend test
(PMCMRplus package, Pohlert T (2014). The Pairwise Multiple Com-
parison of Mean Ranks Package (PMCMR). R package, https://CRAN.R-
project.org/package=PMCMR). For both types of analyses, nominal
one-sided p-values were reported (p-values <0.05) and adjusted for
multiple comparisons using the Benjamini-Hochberg method (FDR <
0.1). Separate Benjamini-Hochberg corrections were performed in the
following immune cell subsets: CD3'CD8™ naive/CM, non-naive and
gamma delta T cell clusters; CD3™ NK cell, B cell and myeloid clusters.
Separate Benjamini-Hochberg corrections were also performed to
assess TCR diversity in CD3"CD8™ naive/CM and non-naive T cells.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The scRNA-seq and scTCR-seq data generated in this study have been
deposited in the European Genome-phenome Archive (EGA)
under the following accession numbers: EGASO0001007569 and
EGAD00001011360. Additional data are included in the Supplemen-
tary Information. Two external datasets that were used as validation in
this study are available under the following accession numbers:
EGAD00001005481, EGAS00001004008, GSE145281, and GSE178209
and https://gustaveroussy.github.io/FG-Lab/. The raw numbers for
charts and graphs are available in the Source Data file. Source data are
provided with this paper.

Code availability

The code is available at https://github.com/crazyhottommy/hodgkin_
lymphoma_publication_scRNAseq_analysis and https://github.com/
dfci/pythologist.
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