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Abstract: After allogeneic hematopoietic stem cell transplantation (allo-HCT), donor-derived B
cells develop under selective pressure from alloantigens and play a substantiated role in the
autoimmune-like syndrome, chronic graft versus host disease (cGVHD). We performed single-
cell RNA-Sequencing (scRNA-Seq) of blood B cells from allo-HCT patients and resolved 10
clusters that were distinguishable by signature genes for maturation, activation and memory.
Notably, allo-HCT patient ‘memory’ B cells displayed some striking transcriptional differences
when compared to memory B cells from healthy individuals or non-HCT patients, suggesting
molecular differences with a propensity for autoreactivity. To inform more specifically about
transcriptional programs important for allo-HCT tolerance, we assessed all 10 clusters for
differentially expressed genes (DEGs) between patients with Active cGVHD vs. those without
disease (No cGVHD). Data reveal insight into DEGs that may influence multiple aspects of B cell
function in allo-HCT, leading to chronic B cell activation in Active cGVHD and our observed
expansion of potentially pathogenic atypical/age-related memory B cell (ABC) subsets within a B
Cell Receptor (BCR)-experienced ‘memory’ cluster. Data also indicate chronic B-cell activation
and diversification in allo-HCT is potentially ‘plastic’, and may be manipulated therapeutically.
Our findings have implications in understanding how alloreactivity may lead to human

autoimmune disease, and identify potentially novel targets for future study and intervention.

One Sentence Summary: We elucidate B cell subsets and DEGs at the single-cell level in

humans receiving allo-HCT, when tolerance is lost or maintained.
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Main Text:

INTRODUCTION

A healthy immune state is achieved and maintained only if dysfunctional B cells are
tolerized. Operational B cell checkpoints normally function to silence the high proportion of
potentially self-reactive peripheral B cells that recirculate and can mediate immune pathology (/).
In the condition termed chronic graft-versus-host disease (cGVHD), a syndrome acquired by some,
but not all patients undergoing allogeneic hematopoietic stem cell transplantation (allo-HCT), B
cells have a substantial role (2, 3). Aberrant peripheral B cell activation, survival, and maturation
signaling pathways are thus promising therapeutic targets for cGVHD patients (4). Therefore,
study of allo-HCT represents a unique opportunity to further the understanding of human

peripheral B cell tolerance.

B cells continually regenerate. After allo-HCT, B cells from donor stem cells and
progenitor cells that are major histocompatibility antigen (HLA)-matched or mismatched replace
the recipient (host) immune system. Prior to HCT, high dose chemotherapy and/or radiation
conditioning creates “space” in the B cell compartment whereby excess BAFF (B cell-activating
factor belonging to the tumor necrosis factor [TNF] family) promotes antigen-activated B cells (5)
that regenerate daily. Like B cells, donor T cells recognize host polymorphic or alloantigens, and
follicular helper T cells are required for B cell anti-host reactivity and cGVHD development (6).
The peripheral B cell compartment in patients with active disease (Active cGVHD) becomes
enriched for B-cell receptor (BCR)-stimulated and IgG-secreting populations (2, 3, 7-12).
Together, alloantigen and BAFF operate to promote the loss of B cell tolerance that occurs in

¢GVHD (13).
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The circulating B cell compartment in cGVHD has a propensity toward activation (74,
15), with potential exhaustion of some B cells (/6). These and other B cell subsets are identified
primarily according to cell surface marker expression, but their likely pleomorphic effector
functions remain elusive. Human allo-HCT and the advent of single-cell RNA-sequencing
(scRNA-Seq) now enables identification of potential intrinsic B cell pathways that potentially
underpin pathological functions. We utilized scRNA-Seq to delineate transcriptional programs
within 10 candidate peripheral B cell clusters resolved in allo-HCT patients. We also identified
important differentially expressed genes (DEGs) within these clusters that were associated with
loss of B cell tolerance in Active cGVHD. Some DEGs were spread across these B cell
populations, while others were restricted to certain B cell subsets. Homing and cell cycle genes
including GPRI83 and CKS2, respectively, were overexpressed in circulating transitional,
activated and memory subsets, suggesting potential roles in B cell dysfunction from the time B
cells first emerge in the periphery, and then after alloantigen BCR stimulation. Importantly, the
‘memory’ cluster contained potentially-pathogenic ‘atypical/age-related” B cell (ABC)
populations found in both health and autoimmune disease (/7, 18). Other notable DEGs in the
‘memory’ B cell cluster included increased 7BX2I (TBET) and ZEBZ2, each required for the
function or expansion of ABCs (17, 19, 20). We further confirmed significant expansion of ABC
subsets in Active cGVHD using high-dimensional flow cytometry analysis, along with other subset
distinctions between allo-HCT patients in general and healthy individuals. Thus, our study
provides new insight into peripheral B cell diversity after allo-HCT and identifies potential
molecular targets for future therapies that may effectively alleviate cGVHD as well as other B cell-

mediated autoimmune diseases.
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RESULTS

The circulating B cell compartment arising after allo-HCT comprises transitional, naive,

antigen-stimulated, and memory single-cell signature gene profiles

To assess molecular features of human B cells that circulate in an alloantigen-rich environment
when immune tolerance has been achieved or lost, we analyzed highly purified (~98%) viable B
cell samples (Fig. 1A) from 8 patients (table S1) who were at least 10 months (mos) post allo-
HCT. Four patients had Active cGVHD (median = 12.6 mos post-HCT) and four patients had no
clinical history of cGVHD (No cGVHD, median = 11.5 mos post-HCT). Unsupervised clustering
analysis of the 8-patient sScCRNA-Seq dataset identified 10 clusters of B cells (Fig. 1B). To confirm
cell types, inferences were made by examining the relative expression of genes representing B
cells (PAXS5, CD22), and rare residual T cells (CD3E) and monocytes (LYZ) (fig. S1). All 10 B cell
clusters were represented in both Active and No ¢cGVHD patient groups (Fig. 1C). Clusters were
ranked by the total number of B cells mapping to each cluster for all 8 samples combined and

numbered 1-10 from largest to smallest (Fig. 1D).

To validate known and potentially novel B cell subsets in allo-HCT patients, we first
identified hallmark ‘signature’ (marker) genes that distinguish each B cell cluster from the others
based on maturation or activation status. We then plotted the log2 normalized expression values
for 16 major B cell development and function genes from all 8 transplant samples (Fig. 1, E-H),
all validated using the function ‘findMarkers’ in the R package Seurat (27). Within clusters, all
signature genes assessed were remarkably homogeneous among all 8 allo-HCT patients. Levels of
the transitional B cell molecules VPREB3, CD24 and IRF'8 were highest in Clusters 1 and 2 (Fig.
1E), with Cluster 1 primarily expressing kappa Ig light chain and Cluster 2 primarily expressing

lambda Ig light chain (/GKC and IGLC3, respectively, Fig. 1F). High expression of LTB further
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supports that B cell Clusters 1 and 2 represent recent bone marrow (BM) emigrants because
lymphotoxin beta is required for initial follicle development in the spleen (22) and expressed
highest in late transitional B cells (immgen.org). Clusters 1, 2 and 3 expressed the highest levels
of the IgM heavy chain gene (/GHM). Cluster 3 likewise showed high /GKC expression and
intermediate /GLC3 expression (Fig. 1F). Unlike Clusters 1 and 2, Cluster 3 had lower expression
of CD24 and IRF8, and higher IRF4, suggesting a more mature B cell stage. Clusters 9 and 10
expressed similarly high levels of microRNA-155 (MIR155HG, Fig. 1G), which is essential for B
cell antibody isotype switching (23). Clusters 9 and 10 also showed similarly high expression of
both MYC and NFKBI transcripts, suggesting these B cells may be poised to enter the cell cycle.
Cluster 10 had uniquely high levels of a T cell-attracting chemokine produced by B cells, CCL22,
indicating that Cluster 10 may harbor B cells poised to interact with T-follicular helper cells when
localized to the secondary lymphoid organ (SLO) microenvironment. By contrast, Cluster 5
expressed high levels of the memory B cell marker CD27, along with Ig heavy chain genes for
IgG1 and IgG3 (/IGHGI and IGHG3, respectively), indicating an enrichment for isotype-switched
memory B cells (Fig. 1H). Cluster 5 also expressed the highest level of ITGAX (CDI11C), a
distinguishing marker of ABCs found in normal individuals and expanded during infections and
in some autoimmune diseases (24, 25). To highlight spatial relationships among B cell clusters
that reflect the degree of shared gene composition with adjacent clusters, 3-dimensional (3-D)

UMAP plots of the clustering are depicted (Fig 1I).
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Fig. 1. Unsupervised clustering analysis of single-cell (sc)RNA-Seq data reveals multiple B
cell subsets characterized by signature genes in allo-HCT patients. (A) Representative flow
cytometry histograms showing B cell purity and efficiency of dead cell removal among PBMCs
from an allo-HCT patient. 10,000 high-quality B cells per sample, isolated in the same manner
from each of 8§ allo-HCT patients, were targeted for 10X Genomics single-cell library construction
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(n=4 No cGVHD, n=4 Active cGVHD). (B) Two-dimensional (2D) Uniform Manifold
Approximation and Projection (UMAP) of expression profiles of all untreated cells from the 8
allo-HCT patients. Numbers indicate each of the 10 major clusters identified as B cells, which
were distinct spatially from the small clusters of residual cells identified as T cells (T) and
monocytes (m). Total high-quality B cells in the analysis are indicated. (C) UMAP as in panel (B)
but with B cells partitioned by allo-HCT patient group. Total high-quality B cells per group are
indicated. (D) Number of B cells mapping to each of the 10 B cell clusters by patient group. (E-
H), Log2 normalized expression of genes indicative of B cell maturity (E, F), along with activation,
antibody production potential, and memory markers (G, H), shown by B cell cluster. Each symbol
(gray circle) represents regularized log-transformed gene counts (26) aggregated to patient level
(y-axes) from one of the 8 total allo-HCT patients assessed. I, Three-dimensional (3D) UMAP
projections of B cells from all patients [as in (B)], viewed at different angles of rotation to show
cluster-to-cluster spatial proximity.

Allo-HCT patient B cell Clusters can be delineated by expression of signature genes involved

in B cell development and other functional pathways

Based on the signature gene results described for Fig. 2 below and those from in Fig. 1E-H, along
with cluster proximity shown in the 3D UMAP plot (Fig. 1I), we reordered the 10 clusters
empirically from here forward in a logical sequence of maturity, activation and memory status, as
one would imagine occurring after B cells enter the periphery and eventually encounter antigen/co-
stimulatory signals (reordered as follows: 1, 2, 4, 6, 8, 7, 3, 9, 10 and 5). Colored squares in the
Fig. 2 heat maps indicate that the signature gene of interest (rows) reached significance by adjusted
P-value (P4 <0.05) for the B cell cluster indicated (columns). Red hues indicate signature gene
expression is increased, and blue hues indicate signature gene expression is decreased, when
weighted against all other clusters. Notably, Clusters 1, 2, 4, 6 and 8 retained one or more hallmark
genes of B cell immaturity, while Clusters 7, 3, 9, 10 and 5 expressed markers of antigen activation,
cytoskeletal activity, or the capacity to produce antibodies (Fig. 2A,B). To further validate and
characterize the 10 B cell clusters, we interrogated the Kyoto Encyclopedia of Genes and Genomes

[KEGG] (27) and Gene Ontology [GO] (28) databases using signature genes identified as
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significant in one or more clusters in the sCRNA-Seq dataset, and grouped these signature genes
into major molecular pathways (Fig. 2C-H heat maps). Notably, Clusters 9 and 10 showed high
expression of a multitude of genes involved in B cell-T cell interactions, transcription,
proliferation, survival, and metabolic processes (Fig. 2A,C-H), corresponding with high relative
expression of MYC and NFKBI (Fig. 1G). Increases in multiple ribosomal genes in Clusters 7 and
10 (Fig. 2G) suggested increased protein synthesis potential and a relative relatedness between
these clusters. Overall, clusters 6 and 8 had relatively fewer gene level increases, suggesting
relative quiescence, although Cluster 6 had strong expression of actin cytoskeleton organizer
CDC42SE1 and the proto-oncogene MENT (previously Clorf56, Fig. 2F). Interestingly, the less
mature/less activated subsets (Clusters 1, 2, 4 and 6) tended to have a greater number of decreased
signature genes (‘Down’, Fig. 2I), while the more activated/memory subsets (Clusters 3, 9, 10 and
5) tended to have a greater number of increased signature genes (‘Up’, Fig. 2I). Together these
data define a hierarchy and relatedness among the peripheral B cell clusters identified in this

unsupervised clustering analysis of allo-HCT patients.
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Fig. 2. Signature genes manually assigned to known biological pathways further highlight
allo-HCT B cell cluster inter-relatedness and features of B cell development, activation,
proliferative potential and survival. (A) Key signature (marker) genes related to B cell
development and activation, assessed in an inter-cluster expression comparison of B cells from all
8 allo-HCT patients in the scRNA-Seq data set by manually interrogating the KEGG and GO
databases. Each colored square in the heat maps represents a significant (P.q; <0.05) log fold
change (log FC) value for the gene indicated (rows), in the B cell cluster indicated (columns). Red
shading indicates increased signature gene expression within the cluster of interest, while blue
shading indicates decreased signature gene expression within the cluster of interest, as weighted
against all other clusters. Clusters were ordered empirically from the least differentiated (Cluster
1, Igk" transitional) to most differentiated (Cluster 5, memory) as described in the Results section.
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Genes were further subdivided to one of the specific pathways indicated by the roman numerals at
left and corresponding key below. (B), Cartoon depiction of signature genes for B cell clusters that
may help to further identify these subsets through biochemical or flow cytometry-based
approaches. Signature genes encoding surface proteins are highlighted in bold font. (C-H) As
performed in (A), signature genes were assessed in the major biological pathways indicated above
each heat map, and subdivided by the more specific pathways indicated by the roman numerals at
left and corresponding keys below. (I) Total numbers of signature genes reaching significance
within each cluster, being either decreased (‘Down signature genes’, top graph) or increased (‘Up
signature genes’, bottom graph).

Memory-like B cell Cluster 5 includes an extrafollicular-like ABC population that is

expanded in Active cGVHD

Since antigen-experienced ‘memory’ B cells likely include pathogenic B cells that emerge in
cGVHD, as occurs in other diseases such as lupus (/, 29), we interrogated the CD27 expressing
‘memory’ B cell compartment identified in Cluster 5. Cluster 5 also harbored the B cells expressing
ITGAX that encodes CDl1lc which broadly marks ABC populations that also lack CD21
(CD11¢'CD217). ABCs are often termed either ‘atypical” or ‘age-related’ B cells. The latter term
was originally given because ABCs tend to accumulate in aged mice (30, 37). Yet, ABCs are
considered ‘atypical’ because they undergo activation and differentiation outside of the germinal
center (GC), rapidly homing to the outer follicle or leaving the follicle as ‘extrafollicular’ B cells
(32-35). ABCs are proposed to have a pathogenic role in both autoimmunity and chronic
inflammation, revealing a functional complexity of these ‘memory’ B cells (24, 36, 37). To
elucidate potential molecular underpinnings of likely pleomorphic functions of these apparent
‘memory’ populations, we first examined the pattern of CD27 and ITGAX expression in Cluster 5.
As shown in Fig. 3A, B cells expressing either CD27 (left UMAPs) or ITGAX (right UMAPs)
were largely spatially segregated within Cluster 5, suggesting most B cells don’t co-express

transcripts for these genes. To validate this finding, we performed flow cytometry analysis on
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blood B cells from an independent cohort of allo-HCT patients. As shown in Fig. 3B, allo-HCT B
cells primarily expressed either CD27 or CD11c, with a small subset of B cells expressing both
markers. Importantly, CD11¢"CD27- ABCs were significantly expanded in Active ¢cGVHD
patients compared to No cGVHD patients and healthy donors (HDs) (Fig. 3B,C). Interestingly,
we found that the proportion of a CD11¢"CD27" subset (double-positive, ‘DP’) was lower in the
allo-HCT environment compared to HDs (Fig. 3B,C). Overall, these data are consistent with
previous work showing that some CDI11¢"CD27 ABC subsets exhibiting an ‘exhausted’
phenotype, or refractory to some external stimuli, are expanded in cGVHD and other diseases (16,
38, 39). To gain further insight into gene differences in known ABC subsets, we also examined a
subset of CD11¢"CD21~ ABCs that lacks both CD27 and IgD expression (CD11¢"CD21"CD27-
IgD, called ‘DN2’), and is prevalent in lupus and can produce disease-associated antibodies (34,
40, 41). The emergence of functional ABCs (including DN2) with pathogenic roles is driven by
one or more costimulatory signals that cooperates with BCR stimulation (34, 42). We found DN2
ABCs were markedly expanded in the blood of Active cGVHD patients relative to No cGVHD
patients (Fig. 3D,E). These data affirm our scRNA-seq data and advance previous work (76, 34,
39-41) suggesting that potentially pathologic ABC subsets arise under constant alloantigen
exposure.

To further delineate ‘memory’ subsets in allo-HCT we added IgD and CD24 in the context
of CD27, CDl1c and CD21 above (see antibody panel, Fig. 3F). We likewise added TACI
(TNFRSF13B) to reveal subsets particularly responsive to excess BAFF in cGVHD (5). High-
dimensional flow cytometry [PhenoGraph, (43, 44)] was then used to identify discreet cell
populations in an unbiased manner from concatenated allo-HCT sample groups. The PhenoGraph

analysis resolved 15 clusters, designated by lower case letters ‘a-o’ (Fig. 3G). CD11¢* ABCs were
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primarily resolved by Cluster ‘a’ (fig. S2), which was significantly expanded in Active cGVHD
patients (Fig. 3H,I). By contrast, four clusters consisting of [gD"CD27 naive-like B cells (Clusters
‘b, c,d and ¢’, fig. S2) were significantly proportionally decreased in Active cGVHD patients (Fig.
3H). We found that ABC CD11¢"CD27-CD21-CD24 Cluster ‘a’ was TACI", with a mix of IgD"~
B cells (fig. S2). Six clusters expressed high levels of surface TACI (Clusters ‘a, h, j, k, 1 and n’,
Fig. 3J and fig. S2). Cluster ‘n’ expressed substantially higher surface TACI in some Active
cGVHD patients (Fig. 3J, arrow), and mapped adjacent to ABC Cluster ‘a’ in the PhenoGraph
UMAP (Fig. 3G). Clusters ‘j” and ‘k’ likewise had elevated TACI in some Active cGVHD patients
(Fig. 3J, arrows), although to a lesser extent than Cluster ‘n’. Notably, the frequency of B cells
positive for TNFRSF13B (TACI) transcripts was also higher in Active cGVHD patients in the
scRNA-Seq analysis, apparent within specific regions of the UMAP plots (Fig. 3K, boxed region
IT). Together these results support previous observations that BAFF is a likely driver of B cell

hyper-responsiveness and alloantibody production in cGVHD (/3).

Like this allo-HCT finding, a PhenoGraph analysis of HD blood B cells also predicted 15
clusters, but HDs had a greater number of B cell clusters marking with CD27 (fig. S3, Clusters
‘m,n,0”) compared to allo-HCT patients (fig. S2, Clusters ‘1,0’ only). Furthermore, in allo-HCT
patients Cluster ‘o’ represented mostly CD27%¢" B cells that lacked CD21, CD24, IgD and CD1 ¢
expression, suggestive of isotype-switched plasmablasts (“PB”, fig. S2). These were among the
rarest in both allo-HCT groups (Fig. 3H), and this cluster was notably absent in HDs (fig. S3).
These data suggest that CD27" B subsets after allo-HCT are abnormal. The observed reduction in
CD27" B cells in allo-HCT with reciprocally-expanded ABCs in Active cGVHD is consistent with
PhenoGraph findings recently reported in pediatric patients with CVID and related syndromes

(45).
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Fig. 3. Cluster 5 contains both CD27* ‘memory’ B cells and ABCs that are expanded in
c¢GVHD. (A) B cells expressing CD27 or ITGAX transcripts are enriched in Cluster 5. Shown are
UMAP density plots from the scRNA-Seq dataset displaying relative transcript density for the
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gene indicated, at the single-cell level. The dashed line approximates the perimeter of Cluster 5
(also enlarged for better clarity). Gray arrows indicate a region within Cluster 5 enriched for CD27
expressing B cells, and black arrows indicate a region within Cluster 5 enriched for /ITGAX
expressing B cells. (B,C), Flow cytometric analysis for the surface proteins shown to identify
ABCs, CD27" memory B cells, and a small population of CD11¢*CD27" memory B cells in viably
cryopreserved PBMC samples from a cohort of allo-HCT patients with either Active cGVHD
(n=6) or No cGVHD (n=6), or from HDs (n=4). PBMCs were pre-gated on live (7-AAD") CD19"
B cells. Dot plots in (B) show representative individuals analyzed from each group. In (C), results
from all groups for the CD11¢"CD27" population, CD11¢"CD27" (DP) population, and CD11¢"
CD27" population (as gated in (B)) are represented. Statistical comparison was performed using a
one-way ANOVA with Tukey’s multiple comparisons test (GraphPad Prism 9 software; *, p<0.05;
** p<0.01; *** p<0.001). (D,E), DN2 B cells are expanded in allo-HCT patients with Active
cGVHD. (D) Representative FACS plots from PBMCs of allo-HCT patients with Active or No
c¢GVHD, and from a HD. Plots were generated after first gating on viable (7-AAD"), CD19" B
cells, with DN2 B cells (CD11¢"CD21°CD271gD") identified in all groups as depicted in magenta
for the Active cGVHD sample. (E) Statistical comparison between groups (Active cGVHD, n=6;
No ¢cGVHD n=6, HDs, n=4) was performed using a one-way ANOVA with Tukey’s multiple
comparisons test (GraphPad Prism 9 software; **, p<0.01). (F-J) Flow cytometry plus
PhenoGraph analysis performed on blood B cells from Active cGVHD (n=4) or No cGVHD (n=4)
patients. Shown in (F) is the gating strategy to distinguish B cells (top line), the B cell antibody
panel used (middle), and the analysis platform (bottom). Shown in (G) is the concatenated
PhenoGraph UMAP plot from all 8 patients, with 15 clusters identified (letters). The graph in (H)
indicates B cell frequency within each of the 15 clusters by patient group. Each symbol represents
results from one of the 8 patients assessed. Statistical comparisons were performed using a two-
tailed, unpaired t-test (GraphPad Prism 9 software; *, p<0.05; **, p<0.01). The PhenoGraph
UMAP plots in (I) show the position (green) and frequency of B cells in Cluster ‘a’, which
represents a population of ABCs expanded in Active cGVHD patients that are primarily CD21",
CD24-, IgD"", CD27-, CD11c" and TACI bright (TACI®', fig. S2). In (J), histogram overlays for
TACI surface protein expression on B cells in the six clusters from the PhenoGraph assessment
described as being designated TACI®" (fig. S2), from each of the 4 allo-HCT patients assessed.
Arrows in the PhenoGraph plots for Clusters ‘k’, ‘j” and ‘n” highlight the elevated TACI expression
levels observed in some Active cGVHD patients. (K) B cells positive for TNFRSF13B (TACI)
transcripts appear elevated in Active cGVHD patients. Normalized expression of TNFRSF13B in
UMAP space are shown, separated by patient disease group. Boxed areas in representative regions
(I, IT) are enlarged to show detail.
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The transcriptional profile of the circulating memory B cell compartment in allo-HCT

patients is distinct from HDs and other non-HCT patients

Given differences in the memory B cell compartment including the observed reduction of DP
(CD27°CD11¢") B cells in both allo-HCT groups (Fig. 3B,C), we next asked how memory B cells
following allo-HCT compared to healthy individuals, or to individuals with non-HCT chronic
diseases. For these analyses, we leveraged a similar, publicly-available scRNA-Seq dataset
generated from blood B cells of healthy donors (HDs, #=3) and non-HCT patients chronically
exposed to HIV (n=3) or malaria (n=3), published by Holla et al. (24). We first identified total
CD27ITGAX, CD27 ITGAX", and CD27'ITGAX" B cells from all patient and HD groups
(described in the Methods section) to match the same subsets defined by flow cytometry (Fig.
3B,C). We then assessed the frequency of B cells within these Cluster 5 subsets expressing other
genes associated with the function or additional phenotype(s) of memory B cells (46-49). By
displaying the frequency of positive B cells for all genes as a heat map (fig. S4), we found that for
most genes, B cell frequencies were similar between all 5 groups. However, certain genes were
remarkably distinct in allo-HCT patients, irrespective of cGVHD status, when compared to either
HDs, HIV patients or malaria patients (Fig. 4). B cells expressing ADA [most frequently associated
with a form of SCID with disrupted B cell tolerance (50)], the T cell-attracting chemokine CCL22
(51), and 3 G-protein coupled receptors (GPCRs) important for B cell exit from the BM and/or
homing to SLO niches, CCR7, SIPRI, and SIPR2 (52-57), were increased in frequency across
CD27/ITGAX subsets in allo-HCT patients. Interestingly, B cells expressing the adhesion molecule
ITGB2, which pairs with various integrin alpha chains to mediate migration, and is a potential
marker of ABCs (24), was markedly decreased in allo-HCT patients. CD27/ITGAX subsets in allo-

HCT patients also had broadly increased proportions of B cells expressing survival regulators with
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a known (or potential) role in memory B cell maintenance including BCL2 (58) and TRADD (59).
By contrast, in allo-HCT patients there was a paucity in B cells expressing FOS, a gene that lies at
a nexus of B cell survival and proliferation during the GC response (60, 67) and terminal
differentiation to plasma cells (62). This observation is consistent with our previous finding that
NOTCH?2 signaling represses FOS expression induced during BCR stimulation of Active cGVHD
patient B cells, with a “NOTCH2-BCR axis’ mediating enhanced cGVHD B cell survival and
proliferation (/7). Together these data reveal that following allo-HCT a unique intrinsic molecular
program exists in the pool of memory- and ABC-like B cells, with hallmarks of altered tolerance,

migration, SLO homing, and survival.
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Representative examples of memory B cell genes of interest that display differences in the
frequency of positive B cells between allo-HCT patients, HD (Healthy), and non-HCT patient

patients compared to healthy individuals and other non-HCT patient populations.

Fig. 4. ‘Memory’ CD27 and ITGAX B cell subsets are transcriptionally un
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groups (HIV, Malaria), bar graphs at top. In the gene expression graphs below each bar graph,
each point represents individual B cells, with the data normalized to show expression values for
the gene of interest per million total mapped reads in the same cell, expressed on a log scale (log
CPM).

Genes critical for B cell fate and function are dysregulated in Active cGVHD B cell subsets

Having determined common signature gene features of the allo-HCT B cell compartment,
we next focused on differentially expressed genes (DEGs) between allo-HCT patient groups
(Active cGVHD vs. No cGVHD). In Fig. 5, bar graphs represent total DEGs by cluster, either
increased (Up, Fig. 5A) or decreased (Down, Fig. SB) in Active cGVHD. Cluster 9, previously
inferred to be the most metabolically activated subset after allo-HCT (Fig. 2) had the greatest
number of Up DEGs in Active cGVHD (193). Cluster 5, previously inferred to be the
memory/ABC subset (Fig. 1H, Fig. 2A), had the greatest number of decreased Down DEGs (335).
From the total list of DEGs (table S3), we first focused on genes with known roles in B cell
function (‘Select’ DEGs). As shown in the heatmaps in Fig. SC,D, we identified a relatively large
number of select DEGs between allo-HCT patient groups in at least one B cell cluster. These DEGs
were further categorized according to their known primary roles in B cell function, including
lymphoid follicle and GC organization, tolerance and survival, BCR signaling and activation, cell
cycle/proliferation, isotype switching/antibody generation, or ABC development and function
(Fig. S5E). Some DEGs in Active cGVHD patient B cells suggested aberrant migration and homing.
For example CXCR4, an important regulator of B cell migration from the BM to the periphery
(63), was Up in the transitional Active cGVHD B cell clusters (Clusters 1, 2 and 4, Fig. SC,E).
Active cGVHD B cells also had Up DEGs for multiple other GPCRs known to regulate B cell
homing and retention within essential SLO niches. These included GPR183 (i.e., EBI2), P2RYS,

SIPR2, and CXCR3 (54, 64-68). Of these GPCRs, GPR183/EBI2 was notably Up across five B
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cell clusters in Active cGVHD (Fig. SC,E), including the transitional-like subsets (Clusters 1 and
2) and the memory/ABC subset (Cluster 5). This is potentially important because EBI2 has an
intricate role in regulating B cell movement within the follicle between the B cell zone, the B-T
cell border, into the GC reaction, and eventually to the extrafollicular space within SLOs before
emerging as plasmablasts or memory B cells (65, 68). P2RY8 and SIPR2 were both Down DEGs
in activated Cluster 9 and/or ‘memory’ Cluster 5 (Fig. SD,E). This was intriguing since these
molecules are also pivotal in B cell homing and confinement to follicular niches or the GC reaction
(54, 67, 69), and a recent study strongly linked decreased P2RYS§ expression to pathogenic antibody
production and expansion of both plasma cells and ABCs in humans with lupus or
antiphospholipid syndrome, and in a mouse model of lupus (70). Thus, our DEG data suggest
altered follicle and GC movement of B cells during Active cGVHD in patients, consistent with

some findings in cGVHD mouse studies (3, 9, 71).

Other notable Down DEGs in Active cGVHD B cells (Fig. SD,E) included CD§3, known
for discriminating light and dark zone B cells during antigen selection within GCs (72). IL2IR
expression was also Down in Clusters 3 and 10, potentially significant because of the role
interleukin (IL)-21 plays in the both the humoral immune response and the development of
regulatory B cells (73), whose numbers are significantly reduced in Active cGVHD patients (74).
Furthermore, we found decreased FAS expression in Cluster 5, along with decreased TRADD in
both Cluster 5 and metabolically active Cluster 9. This indicates disruption of important mediators
of apoptosis and potentially impaired elimination of autoreactive B cells (75). TRADD and SIPR2
as Down DEGs in Cluster 5 (Fig. 5D,E) is also notable given the overall increased frequency of

memory B cells expressing these genes in allo-HCT patients relative to HDs, and HIV and malaria

20


https://doi.org/10.1101/2022.10.13.512162
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.13.512162; this version posted October 17, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

patients (Fig. 4). SLAMF7 (CRACC, CD319) was also notable since it can positively regulate B

cell proliferation and cytokine production (76), being an Up DEG in Cluster 9 (Fig. SC,E).

Given that alloantigens along with BAFF likely play a prominent role in the genesis and
progression of cGVHD (5, 7, 13, 15, 77), it was notable that the BAFF receptor TNFRSF13B
(TACI) was Up in Clusters 8 and 10 in Active cGVHD (Fig. SC,E). Other members of the TNF
superfamily (TNFSF) or TNF-receptor superfamily (TNFRSF) involved in key B cell pathways
were likewise Up DEGs in Active cGVHD B cells, including TNFRSF14 (LIGHTR, CD270),
TNFSF10 (TRAIL, CD253), TNFRSFI12A (FNI14, TWEAKR, CD266), TNFRSFIB (TNFR2,
CD120b), and TNFRSF10B (TRAILR2, CD262), Fig. 5C,E. Interestingly, GPRI83 (EBI2) was
overexpressed in Cluster 8 along with TNFRSF13B (Fig. SC,E; fig. SSA), possibly reflecting a
positive influence by BAFF on EBI2 expression, as reported in a B cell leukemia cell line (78).
Co-expression of GPRI83 and TNFRSFI13B indeed occurred in some B cells, which were
expanded 4-fold in Active cGVHD patients (fig. SSB,C). Indeed EBI2, like TACI, was expressed
at a high level on the surface of CD11¢c” ABCs by flow cytometry (fig. S5D). By comparison,
follicular-like naive B cell subsets were generally low/negative for EBI2 and TACI expression
(fig. SSE). Thus our data add new insight to the recent finding that TNFRSF13B and GPR183 are
major DEGs defining a B cell branch point that immediately precedes ABCs, leading to ABC

expansion in adults chronically exposed to malaria antigens (24).

Other notable DEGs suggested constitutive BCR activation and autoantibody-production
potential in Active cGVHD. Consistent with work showing BAFF-dependent SYK protein
increases in B cells from Active cGVHD patients and mice (8, /3), BLNK, the adapter molecule
immediately downstream of SYK in BCR signaling, was Up in Clusters 2, 4 and 5 (Fig. SC,E).

The transcription factor ZBTB20 was Up in pre-GC-like Cluster 10, and this zinc finger protein
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was recently shown to be essential for the conversion of BCR-activated B cells to antibody-
secreting cells (ASCs) and for the maintenance of long-lived ASCs (79, 80). CAVI (CAVEOLIN-
1), a molecule that controls BCR compartmentalization on the plasma membrane (87), was Down
in Clusters 1 and 10 (Fig. SD,E). Accordingly, Cav! deficiency in mice leads to altered nanoscale
organization of I[gM-BCRs and a skewed Ig repertoire with features of poly-reactivity and auto-
reactivity (87). Molecules shown to be functionally important in ABC expansion or function were
also affected. ZC3H12A4, which encodes the RNA-binding protein REGNASE-1, was Down in
Cluster 1 (Fig. SD,E), and Regnase-1 deficiency at earlier stages of B cell development in mice
produces severe autoimmune immunopathology and early mortality, accompanied by ABC
expansion (82). TBX21 (encoding TBET) and ZEB?2 are important and potential master regulators
of ABC development and/or function in mice and humans (/7, 19, 20), and each were Up DEGs
in Cluster 5 (Fig. 5C,E). That Cluster 5 was enriched for ABCs (Fig. 3A) suggests that
dysregulated TBET and ZEB2 are potential drivers of the observed ABC expansion in Active

cGVHD patients (Fig. 3B-I).

Genes associated with cell cycle were also among the observed DEGs in Active cGVHD,
including CDKNIB, EGR3, BTK and CCND3 (all Up, Fig. 5C,E), and CDKNIA4 (Down, Fig.
5D,E). This was consistent with our previous observations that Active cGVHD B cells demonstrate
enhanced proliferation to some important stimuli, including low-dose surrogate antigen and
NOTCH ligand (71, 13). Together these data define new aspects of B cell subsets following allo-
HCT, whereby distinct maturation, activation, survival and homing pathway alterations occur

when B cell tolerance is not achieved in the form of cGVHD.
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Fig. 5. Molecules critical to B cell function are altered within clusters in Active cGVHD as
revealed by DEG analysis. (A-D) DEG analysis within the 10 B cell clusters in the scCRNA-Seq
dataset between allo-HCT patient groups based on disease status (as described in Fig. 1: Active
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cGVHD, n=4; No cGVHD, n=4). Bar graphs indicate the total number of DEGs by cluster Up in
Active cGVHD (A) or Down in Active cGVHD (B), as compared to No cGVHD. The heat maps
in (C) and (D) depict DEGs selected from the entire dataset (table S3), known to be critical for
various aspects of B cell function (‘Select’” DEGs). Colored squares represent significant (Pag;
<0.05) log2 fold change (log2 FC) values for DEGs shown (rows) within the cluster(s) indicated
(columns), either Up (C) or Down (D) in Active cGVHD B cells. (E) All genes from (C) and (D)
were grouped into the major categories shown based on their known roles in B cell function. The
clusters in which each gene was significantly altered are summarized in the middle column, with
the direction of change in Active cGVHD B cells relative to No cGVHD B cells indicated in the
right column. (F) The panels at left show Slingshot pseudotime trajectory predictions (Traj A-E)
for untreated B cells from Active cGVHD patients (top) and No cGVHD patients (bottom). The
origin of the pseudotime analysis (denoted by asterisks) was set as Cluster 1 based on our
knowledge of its transitional, Igk signature gene profile (Figs. 1E,F and 2A,B), suggesting it is
the earliest peripheral B cell population emerging from the bone marrow. Panels at right for each
patient group represent each trajectory in isolation (dashed line for reference), along with all of its
associated B cells. B cells are colored and numbered by the cluster to which they belong. Black
numbers indicate major clusters that lie along each trajectory, while clusters present but having
only a small number of B cells represented are indicated in gray.

Lesional skin B cells in Active cGVHD share characteristics of hyper-activity with some

circulating B cell subsets

The aberrantly activated B cells circulating in Active cGVHD patients had DEGs suggesting B
cells may home to sites of disease involvement. Thus, we performed scRNA-Seq on a punch
biopsy of lesional skin (dermis) from a patient with sclerodermatous cGVHD and compared it with
a biopsy of normal dermal skin from a healthy donor undergoing abdominoplasty. Despite the
small sizes of the skin samples, dermal B cells were detected in both individuals, distinguishable
by a single UMAP cell cluster plus signature gene analysis (table S4), which indicated the presence
of Igk (IGKC), mostly isotype-switched /GHGI, IGHG3, IGHG4, IGHAI) B cells. Other notable
signature genes included GPRI83 (EBI2) and receptors for BAFF (TNFRSF13B [TACI] and
TNFRSF13C [BAFFR]). Remarkably, multiple DEGs Up in subsets of blood B cells in Active
cGVHD patients (Fig. SC,E) were also Up DEGs in B cells from Active cGVHD sclerodermatous

skin (table S5). POU2F2 (OCT?2), important in antibody-producing plasma cell generation (83),
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SWAP70, amolecule phosphorylated by SYK that influences B cell migration and ABC expansion
(84, 85), and AIM?2, which has a positive role in the expansion of autoreactive B cells in a mouse
lupus model (86), were all Up in both blood and skin B cells in Active cGVHD. Not surprisingly,
most DEGs observed in sclerodermatous skin that were also DEGs in blood B cells of Active
cGVHD patients were ones that occurred in the most activated and differentiated blood B cell

subsets, primarily Clusters 3, 9, 10 and 5 (Fig. SC,E, table S3, table S5).

Trajectories for B cell subset diversification in Active cGVHD patients reflect maturation

defects that can potentially be reversed

Our current findings are consistent with past data (//) suggesting that altered maturation is linked
to aberrant activation signaling in circulating Active cGVHD B cells. Thus, we performed
pseudotime trajectory analysis of our scRNA-Seq dataset using Slingshot (87). Pseudotime
trajectories may provide insight into the relatedness of distinct cell subsets within the same lineage
as they mature, diversify, or reach various states of activation. As shown in Fig. SF (far left panels),
our analysis predicted 5 pseudotime trajectories (designated Traj A-E) for each allo-HCT patient
group. Asterisks indicate the origin (starting point) for the trajectories based on ‘biological
knowledge.” We assigned the origin to Cluster 1 because of its transitional-like, /IGKC (Igk")
phenotype, its proximity to Cluster 2 [the IGLC3 (Igh") transitional-like subset], and its presence
in all five trajectories. Traj A, B and C were remarkably similar between allo-HCT patient groups
(Fig. SF, ‘Similar trajectories’). Traj A consisted primarily of B cell Clusters 1, 2, and 4 only,
possibly indicating termination at a stage of B cell anergy represented by Cluster 4, which had
generally low transcripts for signature genes important for B cell differentiation such as /RF§ and

IRF4 (Fig. 1E). Traj B proceeded through Clusters 1, 2, 8, 3, and 9. Traj C proceeded through
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Clusters 1, 2, 8, 7, and 10, although in Active cGVHD there were notably fewer B cells in Cluster
8 (apparent minor contribution indicated by gray font). Traj D and E were markedly different
between patients with Active cGVHD and No cGVHD (Fig. SF, ‘Distinct trajectories’). Traj D
was remarkable given the clear progression through Clusters 1, 2, 8, 3 and 5 in No cGVHD. By
contrast in Active cGVHD, Traj D completely lacked Cluster 3 and had minimal Cluster 8 B cells,
proceeding primarily through Clusters 1 and 2, then directly to Cluster 5. Traj E had major
contributions from Clusters 1 and 6 in both groups, while Cluster 3 was uniquely prominent in
Active cGVHD relative to No cGVHD where few Cluster 3 B cells were apparent. We interpret
these observations to mean that the generation of Cluster 5 B cells (‘memory’ B cells, ABCs) in
Active cGVHD patients can potentially occur along a diversification pathway that bypasses
tolerance checkpoints. These tolerance checkpoints are represented by Cluster 8 and Cluster 3 B

cells in the No cGVHD setting where tolerance is achieved.

The remarkable DEGs and altered trajectories described above expand on our previous
study demonstrating a maturation block in circulating B cells in Active cGVHD patients (/7). In
that study, we utilized all-trans retinoic acid (ATRA) as a tool in vitro to ‘mature’ Active cGVHD
B cells by restoring a normal IRF4/IRF8 ratio, attenuating hyper-responsiveness to BCR and
NOTCH stimulation (/7). Thus, we assessed the effects of ATRA on B cell clustering, DEGs, and
trajectory inferences. A total of 10,000 ATRA-treated B cells per sample were targeted for scRNA-
Seq analysis, from the same 8 allo-HCT donor patients described in Fig. 1 and table S1. The effect
of ATRA treatment was validated by the robust upregulation of known ATRA-responsive genes
across multiple B cell clusters including PLAAT4 (i.e., RIG1, Retinoid-Inducible Gene 1), as well
as ASB2 which is a major ATRA target in the treatment of acute promyelocytic leukemia patients

(88) [table S6]. ATRA treatment resulted in four predicted pseudotime trajectories (designated A-
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D) in both allo-HCT patient groups (Fig. 6A,B), compared to the five trajectories for untreated B
cells (Fig. SF), suggesting a potential narrowing of transcriptional diversity. Supporting this,
Cluster 8 was notably absent from the post-ATRA UMAP clusters, while the nine remaining
clusters were present (Fig. 6C,D). Most remarkably, the trajectory leading to Cluster 5 in ATRA-
treated Active cGVHD B cells (Traj D, Fig. 6A) included Clusters 1, 2, 7, 3, 10 and 5, which was
a markedly different profile from the trajectory leading to Cluster 5 in untreated Active cGVHD
B cells (Traj D, Fig. SF top panel). This suggests that ATRA, to some extent, normalized the
trajectory leading to ABCs and memory B cells when cGVHD was clinically apparent. Additional
nuances in pseudotime trajectories for ATRA-treated B cells were the inclusion of Cluster 10 in
Traj D for Active cGVHD B cells (Fig. 6A). By contrast, Cluster 10 appeared in Traj C in No
cGVHD B cells (Fig. 6B). In all scenarios with ATRA treatment, Cluster 3 preceded Clusters 9,
10 and 5. This finding along with the observation that major apoptosis regulatory genes BCL2 and
BAX were Cluster 3 signature genes (Fig. 2H) implicates this subset as a pivotal precursor memory

checkpoint population.

ATRA affected the distribution of some B cell populations differently between patient
groups. For example, the ratio of B cells mapping to Clusters 1 and 2 was much lower for No
cGVHD B cells (0.38 and 0.43, respectively) compared to Active cGVHD B cells (0.84 and 0.79,
respectively) following ATRA treatment (Fig. 6C,D). The ratios of B cells mapping to Clusters 7
and 3 were also reciprocally changed between groups by ATRA, decreasing in No cGVHD (0.76
and 0.93, respectively) and increasing in Active cGVHD (1.23 and 1.51, respectively). Together
these differences may be explained, at least in part, by the apparent greater loss of total viable B
cells with ATRA treatment in No cGVHD compared to Active cGVHD (ATRA/Untr total B cell

ratio of 0.70 for No cGVHD vs. ATRA/Untr total B cell ratio of 0.93 for Active cGVHD, Fig.
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6C,D). Thus, distinct responses to ATRA between the Active vs. No cGVHD peripheral B cell

compartments revealed additional potential survival and maturation checkpoints.

Finally, assessment of DEGs following ATRA treatment revealed altered expression of a
multitude of genes compared to untreated B cells from all 8 allo-HCT patients (table S6). Notably,
these DEG changes were statistically indistinguishable between allo-HCT patient groups based on
cGVHD disease status. Total decreased or increased DEGs after ATRA vs. untreated B cells are
represented numerically in Fig. 6E and 6G pie charts, respectively. Cluster 7 was most affected
by ATRA, with 1,673 Down DEGs compared to untreated B cells (Fig. 6E, table S6).
Interestingly, some notable DEGs that were dysregulated in untreated B cells from Active cGVHD
patients (Up or Down, Fig. SC-E) were significantly changed in the opposite direction by ATRA
(Fig. 6F,H), suggesting some potential corrective effects by agents that promote B cell maturation.
Strikingly, both GPR183 (EBI2) and TNFRSF13B (TACI) were decreased upon ATRA treatment
across multiple clusters, representing both ‘transitional’ Clusters 1 and 2, and ‘memory’ Cluster 5
(Fig. 6F). Together these data suggest that ATRA both reshaped the distribution of B cells among

clusters and impacted the transcription of some DEGs observed in Active cGVHD.

28


https://doi.org/10.1101/2022.10.13.512162
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.13.512162; this version posted October 17, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

A pctive cGVHD (ATRA)

38 C TrajD] |

c Active cGVHD D No cGVHD

AlReS el - NS Coll: # ATRA /# Unir (ratioy 7o View 1
- 6,032/7,195 (0.84)
. 4.350 /5,476 (0.79)
. 489514276 (114)
© 1,769/ 3,350 (0.53)
: 0/ 1,124 (n/a)
1 3430/2,788 (1.23)
:5611/3704 (151 Untre View 1
- 21027 /2,018 {1.00) 4

10:2,148 /1,677 (1.28)
B 5 47646234 (0.76)

Total: 35,026/ 37,842 (0.93)

Cells: # ATRA/ # Untr (ratio)

: 2,710/7,128 (0.38)
: 2,735/6,311 (0.43)
: 7,311/4,974 (1.47)
: 1,666 /2,887 (0.58)
0/ 2,852 (n/a)
: 2,040 /2,687 (0.76)
: 5,957 /6,433 (0.93)
: 1,355 /1,417 (0.96)
10: 1,437 / 1,457 {0.99)
= 5 895 /1,327 (0.67)

Total: 26,106/ 37,473 (0.70)

Untr:  View 1 View 2

OEfOEEEDO
DoOOoEDOmE

E Total Down DEGs with ATRAuse  F - CJ@Z? . G 1otal Up DEGs with ATRA use
3g12 9 R aT
15 Cluster: FEPEE

o
io

Log2
FC

o ¥ o
A& 43\ ;A SVA
(XA

Cluster:

. 1

N

2
1

7

N

Log2
FC

(=]
[=]
=y

EOEODOEROO
M200WNOREN =
MOOCW~NNDOREN =
OOoEOOEEOOO
NOEDEEEOO
=2 OWNDEN

QOOW~NDOAEN—=
ODOOEEOO

Fig. 6. An inducer of cell differentiation, all-trans retinoic acid (ATRA), influences B cell
pseudotime trajectories, cluster distribution, and some cGVHD-related DEGs relative to
untreated B cells. (A,B) Panels at left show trajectory estimates (Traj A-D) for B cells from Active
cGVHD patients (A) and No cGVHD patients (B) after treatment with ATRA for 18 h. The origin
of the pseudotime analysis (denoted by asterisks) was set as Cluster 1, as in Fig. SF. Panels at right
for each patient group represent each trajectory in isolation (dashed line for reference), along with
all of its associated B cells. B cells are colored and numbered by the cluster to which they belong.
Black numbers indicate major clusters that lie along each trajectory, while clusters present but
having only a small number of B cells represented are indicated in gray. (C,D) Effect of ATRA on
B cell distribution among clusters relative to untreated B cells. UMAP cluster projection and B
cell distribution per cluster among ATRA-treated and untreated (Untr) Active cGVHD samples
(C), and among ATRA-treated and untreated (Untr) No cGVHD samples (D). Total B cell numbers
within each cluster for each treatment group and patient group are indicated. Cluster 8 was absent
from the UMAP clustering predictions for ATRA-treated B cells, whereby the 9 clusters shown
were identified as corresponding to the same 9 clusters in the untreated groups based on signature
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gene profiles. Ratios represent the number of B cells within each cluster for ATRA treatment
divided by the numbers of B cells within each cluster for untreated cells (#ATRA / #Untr). (E-H)
DEGs induced by ATRA in B cells from all 8 allo-HCT patients in the single-cell RNA-Seq
dataset, compared to untreated B cells from all 8 patients. Pie charts indicate the total number of
DEGs significantly decreased (E) or increased (G) after ATRA treatment in the cluster indicated.
Heat maps (F and H) represent DEGs from Fig. 5 that were significantly altered in the opposite
direction following ATRA treatment. Colored squares represent significant (Pag <0.05) log2 FC
value for the gene and cluster indicated, for ATRA-treated B cells (all 8 samples) compared to
untreated B cells (all 8 samples).

Some genes are broadly dysregulated across B cell populations in patients with Active

¢cGVHD

Having found that blood B cells from Active cGVHD patients are hyper-proliferative to surrogate
antigen (8, /1), we hypothesized that some DEGs occur broadly in this disease, potentially
affecting B cells at multiple stages of peripheral diversification. Fig. 7A shows heat maps depicting
Up DEGs (left) or Down DEGs (right) DEGs in the scRNA-Seq dataset in at least 4 B cell clusters
in untreated Active cGVHD B cells. DEGs were ranked based on occurrence in the most clusters,
and then by their first occurrence in the least mature/activated clusters. Twenty-nine DEGs were
Up and 34 DEGs were Down in 4 or more clusters in Active cGVHD. Several of these DEGs were
already depicted in Fig. SC-E because of their known role in B cell function (bold font in Fig.
7A). Additionally, when samples in the scRNA-Seq dataset were subjected to a ‘bulk-like” DEG
analysis of all B cells without clustering (Fig. 7B), numerous DEGs from (A) were also found to
be significant, owing to their broad dysregulation (DEGs with asterisks). To provide some insight
into potential function, DEGs in Fig. 7B were grouped empirically into GO-annotated cellular
pathways (table S7). Based on the direction of change in B cells from Active cGVHD patients
compared to No cGVHD patients, along with the relevant published literature, the potential

regulatory impact of these DEGs on B cell function (positive or negative) was inferred (table S7).
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CKS?2 stood out among the most broadly Up DEGs in Active cGVHD B cells, reaching significance
in eight B cell clusters (Fig. 7A) and in the bulk-like analysis (Fig. 7B). CKS2 has an important
yet incompletely-defined and potentially paradoxical role in regulating cell cycle progression and
survival. First, CKS2 is required for cell cycle transition from the GO-G1 phases, serving as an
essential co-activator of cyclin-dependent kinases (CDKs) (89). By contrast, CKS2 can prevent or
delay cell cycle progression by protecting the CDK inhibitor P27%"! from proteasomal degradation
by competing with proteins that recruit ubiquitin ligases to P27X®! (90). This coordinated
protection of P27%P! from degradation by CKS2 averts premature cell cycle entry, thus preventing
apoptosis (97). UMAP plot comparisons (Fig. 7C) clearly depict the widespread increase in CKS2-
positive B cells in Active cGVHD relative to No cGVHD. Displayed as normalized expression
values (Fig. 7D), CKS2 was uniformly increased in Active cGVHD samples in the eight clusters
reaching significance (Clusters 1,2,4,8,3,9,10&5). We further validated this CKS2 finding by
qPCR analysis on purified B cells from an independent cohort of allo-HCT patients (Fig. 7E, table

S2).

Given our previous studies showing that non-manipulated B cells from cGVHD patients
have an enhanced rate of survival in culture (7), the observation that CKS2 was broadly Up in
Active cGVHD B cells hinted that P27%"! may be protected from degradation. If so, P27%""! would
likely exhibit elevated phosphorylation at a regulatory site (T198) required for recruitment of
ubiquitin ligase complexes (90). Employing unbiased protein phosphoarrays and whole cell lysates
from purified B cells of an independent cohort of allo-HCT patients, phospho-T198 was detected
at a 6- to 10-fold greater level in B cells from Active cGVHD patients compared to No cGVHD
patients (Fig. 7F,G and fig. S6). By contrast, active-site phosphorylation on isoforms of the kinases

AMPK and RSK, shown previously to phosphorylate P27%P1 T198 (92, 93), were similar between
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allo-HCT patient B cells, suggesting that increased kinase activity was not responsible for
enhanced phospho-T198 in Active cGVHD. Analysis of P27XP! total protein expression supported
the concept that increased phospho-T198 was protective against P27%! loss in Active cGVHD B
cells, with protein levels remaining significantly higher compared to No cGVHD B cells (Fig.
7H). A potential model for potential P27%P! regulation in Active cGVHD B cells is shown in Fig.
71, whereby broadly increased CKS2 expression, in conjunction with increased CDKNIB
(P27KIP1) transcription in some subsets (Fig. 5C,E), may lead to P27X""! accumulation. Thus, our
dataset allows us to begin to determine contributors to enhanced survival in alloantigen-rich

microenvironments where B cell tolerance is impaired.

Finally, ARRDC3 was among the most broadly Down DEGs across B cell clusters (Fig
7A,B). Although the function of this a-arrestin in B cells remains to be determined, this finding
highlights the potential for dysregulation of GPCRs, with numerous being identified as DEGs in
Active cGVHD. Also notable, NFKBIA (encoding IkBa., the inhibitor of nuclear factor (NF)xB
signaling), known to negatively regulate B cell activation and keep humoral immune responses in
check, was decreased in eight clusters in cGVHD B cells. Together our results confirm that DEGs
potentially important for B cell function can occur across multiple populations in Active cGVHD.
These findings support prior work showing that cGVHD B cells are primed for proliferation and

protected from apoptosis (7, 8, 11).
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Fig. 7. Assessment of the most broadly-altered DEGs may provide additional insight into B
cell dysfunction in Active cGVHD. A, DEGs in the scRNA-Seq dataset (untreated B cells)
reaching significance (Pag <0.05) in four or more of the 10 B cell clusters described in Fig. 5,
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being Up in Active cGVHD (left heat map) or Down in Active cGVHD (right heat map). Colored
squares in the heat maps indicate the gene reached significance in that cluster, with log2 FC values
as indicated. No DEGs mapped to Cluster 6. Genes that were also depicted in Fig. SC-E are shown
in bold font. B, DEG analysis between disease groups performed on total untreated B cells. Heat
maps show log2 FC values for annotated genes with a statistically different (Puq; <0.05) expression
between allo-HCT patient groups, representing the difference in Active cGVHD B cells compared
to No cGVHD B cells (Up or Down in Active cGVHD, as indicated). C-E, Validation of CKS2
transcript overexpression in Active cGVHD B cells within the scRNA-Seq dataset and for a
different cohort of allo-HCT patients. In (C), normalized expression density UMAP plots for CKS2
from the single-cell RNA-Seq dataset in the Active cGVHD (Active) and No cGVHD (No) groups
are shown. Representative regions depicted by the boxes were chosen randomly and enlarged
(arrows) to visualize single B cells more easily. In (D), normalized CKS2 expression values across
all 10 B cell clusters for all 8 allo-HCT patients are shown, separated by disease group. In (E),
qPCR analysis of CKS2 was performed on freshly isolated, untreated B cells from a different allo-
HCT patient cohort having Active cGVHD (n=10) or No cGVHD (n=7). Results indicate the fold
change in CKS2 expression based on the mean value in the No cGVHD group normalized to 1.
ACTB (B-ACTIN) was the housekeeping gene in the qPCR analysis. Statistical comparison was
performed using a two-tailed Mann-Whitney test (GraphPad Prism 9 software; **, p<0.01). (F)
Representative phosphoprotein capture arrays for detection of various intracellular signaling molecules
phosphorylated on key sites involved in their regulatory activity, performed on whole cell lysates of
purified, untreated B cells isolated from Active cGVHD (n=3) and No cGVHD (n=3) patient blood samples
(see also fig. S6). Dashed boxes and protein IDs indicate the location and assay results for duplicate spots
of capture antibodies against P27¥"! (phospho-T198), AMPK a2 (phospho-T172), and RSK 1/2/3 (phospho-
S380/S386/S377, respectively). Reference control spots on the arrays are indicated (ref). (G) Combined
density results from the 3 independent phosphoprotein array assays shown in (F) and fig. S6. Each bar
indicates the results from one experiment and represents the ratio of the average dual spot intensity for
Active cGVHD B cells over No cGVHD B cells for the protein indicated (dashed line represents a ratio of
1 as a guide). (H) Western blot analysis of total P27¥! protein levels relative to B-ACTIN in whole cell
lysates of B cells isolated from Active cGVHD (n=4) and No cGVHD (n=4) patient blood samples.

Statistical comparisons were performed using a two-tailed, unpaired t-test (GraphPad Prism 9 software; **,
p<0.01). (I) Model for P27¥"! dysregulation in Active cGVHD B cells.

The ‘plastic’ state of peripheral B cell selection and activation following allo-HCT can be

modeled based on our scRNA-seq data

Our previous work has suggested a non-static, ‘plastic’ molecular and functional state of peripheral
B cells in allo-HCT, with maturation defects that associate with cGVHD (/7). As summarized in
Fig. 8, we have now compiled and analyzed a unique scRNA-Seq dataset with supporting data that
provides a new window into the state of the peripheral B cell compartment in the allo-HCT setting.
This first-of-its-kind study of B cell subsets in allo-HCT patients informs regarding the allo-HCT
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environment in general, and in the cGVHD disease state. As shown in Fig. 8 (left), signature genes
defined distinct B cell subsets that continually develop and circulate after allo-HCT. Allo-HCT
patient B cells also have some distinct features compared to B cells from healthy individuals or
patients infected and chronically exposed to microbial antigens (“Allo-HCT Plasticity”).
Compared to allo-HCT patients who have achieved B cell tolerance, DEGs in Active cGVHD
could be subdivided into 2 major categories (Fig. 8, right). The first category of DEGs emerge
prior to BCR stimulation (“Early Subsets”, Clusters 1, 2, 4, 6, and 8) and are largely maintained
as DEGs throughout B cell diversification (‘Widespread’). The second category of DEGs emerge
after some degree of BCR stimulation (“BCR-Activated”, Clusters 3, 7,9, 10 and 5). The observed
expansion of ABCs in Active cGVHD patients (“ABCs (including DN2) Expanded”) is likely
influenced both by DEGs occurring in earlier subsets, and then DEGs ensuing in B cell subsets
that are BCR-experienced, in a cumulative way. Thus, our scRNA-Seq and flow cytometry

findings affirm the promotion of potentially pathogenic DN2 B cells in Active cGVHD patients.

By comparing our scRNA-Seq B cell dataset to a highly similar dataset from HDs and non-
HCT patient cohort data also revealed other striking differences regarding the memory B cell
compartment in allo-HCT, regardless of cGVHD status. More specifically, the frequency of both
CD27" memory B cells and ABCs expressing some genes that are important for migration and
survival were starkly different in the allo-HCT setting (Fig. 8, genes flanked by dashed 2-headed
arrows). This suggests that the peripheral B cell pool in allo-HCT patients is ‘malleable’, and as
such is possibly amenable to novel therapeutic strategies to prevent or treat cGVHD, while

maintaining immunity against pathogens and malignant cells.

Altogether, new insight gained in our analyses herein enable new opportunities for

exploitation of the identified molecular pathways to further understand tolerance loss in B cells, in
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allo-HCT and beyond. These molecular programs are possibly driven by extrinsic factors that alter
trajectories for B cell diversification, impairing tolerance and expanding ABCs. The identification
of these highly novel DEG profiles in cGVHD provides context for new avenues of exploration

into mechanisms of B cell tolerance loss.
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Allo-HCT Environment: Ubiquitous Alloantigens / Neoantigens
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Fig. 8. Working model for extrinsic activation signals and intrinsic DEGs in Active cGVHD
affecting B cell maturation, survival, and proliferative capacity that potentially lead to the
expansion of pathologic memory B cells, including ABCs. Dashed, double-headed blue arrows
border genes expressed by memory B cells that are altered in frequency in allo-HCT patients
compared to HDs, HIV patients and malaria-exposed individuals (also see Fig. 4). Altered
frequencies of B cells expressing these genes may indicate plasticity in the trajectory of B cells
among the activated and memory Clusters 9, 10 and 5.
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DISCUSSION

Our scRNA-seq analysis reveals and details the breadth of B cell subset and gene expression
abnormalities in human cGVHD. While immediate BCR hyper-responsiveness and aberrant
upstream signaling in B cells from patients who manifest cGVHD after allo-HCT has been shown,
(7, 8, 11), how peripheral B cell subsets interact to skew toward altered B cell homeostasis
remained unclear. By leveraging healthy individual and non-HCT patient B cell data, we find that
the alloantigen microenvironment after HCT tips the scales toward a hyper-responsive B cell
phenotype, with the expansion of extrafollicular-like B cells including the potentially-pathogenic
DN2 (CD27 IgD CD21 CDl11c¢") subset. The emergence of functional ABCs (including DN2)
with pathogenic roles is driven by one or more costimulatory signals that cooperate with BCR
stimulation, including TLR7, IL-21 and IFNy (94-97). These observations are novel and may have
direct relevance to related autoimmune conditions where pathogenic humoral immune responses
ensue in response to autoantigens. The clarity provided by the identification of signature genes
that define individual B cell subpopulations and DEGs associated with Active cGVHD may
support the development of improved targeted therapies for patients. The ultimate benefit of this
type of single-cell level research will be the ability to design tailored therapies that eliminate or
prevent the emergence of pathogenic B cells in the allo-HCT setting without disrupting normal

humoral immune responses required for long-term health.

Our in-depth analyses now elucidate how transcriptional programs may manifest that lead
to pathological functional changes in unique peripheral B cell populations including ABCs. ABCs
are a memory population that has emerged in the literature as important in both normal immunity
and autoimmunity (19, 20, 24, 25). Indeed, transcriptional changes present in the earliest B cell

subsets to inhabit the periphery are likely to influence the diversity and functional capacity of more
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mature or activated subsets, especially ABCs and other memory B cells. These subsets most likely
directly contribute to pathogenesis by producing allo-Abs during recirculation between SLOs and
bone marrow niches, or after migrating to tissue sites where cGVHD manifests, as supported by
our previous work (5). Examples of unique transcriptional changes observed in our scRNA-Seq
data include CKS2 and GPRI183 (EBI2), each overexpressed in Active cGVHD from the earliest
transitional/naive B cell subsets to the most differentiated subset, Cluster 5, enriched for ABCs
and CD27" memory B cells. Such DEGs occurring from (at least) the time B cells first enter the
circulation may cause early epigenetic changes that alter subsequent tolerance checkpoints and
potentially affect clonal diversity. Taken together, our data demonstrate early defects in the
expression of some key functional genes will almost certainly alter the normal trajectory of B cells
as they diversify, and be reflected in additional DEGs that lead to the selection and expansion of
host-reactive B cells through tolerance loss. Thus, skewing toward B cell pathogenesis and
ongoing disease morbidity in cGVHD and other autoimmune conditions warrants continuing study
in patients and in mouse cGVHD models, for which the new data presented herein may provide a

basis.

B cell maturation is an ongoing, dynamic process with context-dependent outcomes, and
intricate functional roles for some B cell subsets in human disease remain unclear. Extrinsic factors
in microenvironmental niches may be the initial drivers of DEGs that lead to early mechanisms of
loss in peripheral B cell tolerance that can be elucidated through studies of circulating B cells.
Indeed, B cells isolated from Active cGVHD patients are also hyper-responsive to minimal
surrogate antigen (anti-BCR antibodies) in synergy with co-stimulatory molecules including
NOTCH2 and BAFF (/7). These processes are likely driven in part by the increased BAFF-to-B

cell ratio that occurs in cGVHD patients (5, 15, 77, 98), and by niche production of BAFF in the
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SLO, as recently confirmed in a mouse cGVHD model (/3). BAFF influence may be additionally
propagated by increases in BAFF receptors such as TACI (encoded by the TNFRSF13B gene), as
published (5) and herein described in new detail for specific B cell subsets in our scRNA-Seq data.
It is also noteworthy that multiple other TNF superfamily and TNF-receptor superfamily members
were significantly overexpressed in multiple cGVHD B cell clusters, including the metabolically
active Clusters 9 and 10. Some of these molecules (or their cognate receptors/ligands) are being
evaluated as targets in clinical trials for various autoimmune and inflammatory diseases,

supporting the potential assessment of these pathways in clinical trials for cGVHD.

Direct comparison of our scRNA-Seq dataset from allo-HCT patients with a publicly-
available dataset on blood B cells isolated from HDs, or individuals with chronic infections (HIV,
malaria), provided new insight into the unique aspects of the B cell pool that persists following
immune reconstitution with allo-HCT therapy, regardless of whether have patients developed
cGVHD or not. It is thus likely that some of these striking differences in the frequencies of B cells
expressing molecules that orchestrate exit from the BM and homing to/establishment in SLO
niches, as well as molecules key to survival, impact the uniqueness of the clinical manifestations
of cGVHD once it occurs. These observations may be an additional reflection of the apparent
maturation block that leads to B cell hyper-responsiveness in cGVHD patients (/7), and may also
at least partially explain the lower frequency of CD27*CD11c¢" follicular memory B cells in allo-
HCT patients compared to HDs. Together these aspects of allo-HCT B cells may indicate a unique

opportunity for therapeutic targeting before cGVHD manifests.

We have also now identified other potentially targetable molecules dysregulated in subsets
of Active cGVHD B cells that are novel, particularly molecules known to regulate B cell

movement and positioning within lymphoid follicles and during immune responses, including the
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GC reaction. The identification of GPRI83 (EBI2), P2RYS, and S1PR2 as each being dysregulated
in cGVHD in one or more clusters of B cells is particularly remarkable, given the roles these
molecules play in follicular movement and GC positioning of B cells (54, 64-68). The
dysregulation of GPRI83/EBI2 across five B cell clusters, including the newly recirculating
transitional-like subsets, suggests that strictly regulated tolerance mechanisms that are initiated as
B cells first recirculate and enter the SLO microenvironment may be disrupted in cGVHD patients.
This finding is consistent with the notion that altered intrinsic functions of lymphocytes and
stromal cells within SLOs disrupt normal architecture during follicle organization and GC
development, potentially leading to premature displacement of B cells to extrafollicular spaces
before they re-enter the circulation and home to peripheral tissue sites (7/). Remarkably,
expression of GPRI83 (EBI2), P2RYS8, and S1PR2 were significantly altered in Cluster 5, which
is enriched for ABCs and other memory B cells. P2RYS expression was additionally decreased in
metabolically active Cluster 9, also intriguing given the recent evidence that decreased B cell
P2RY$8 expression propagates pathogenic antibody-producing plasma cells and ABCs in humans
with lupus or antiphospholipid syndrome (70). The ligands for each of these molecules are known,
and in some cases inhibitors and agonists have been described, permitting future studies in mouse
models of cGVHD and eventually perhaps clinical trials. This concept is supported by an
observation in a mouse lung transplant model of bronchiolitis obliterans (BO), a condition that
frequently causes lung damage in cGVHD patients, where inhibition of EBI2 signaling with a
highly selective inhibitor reduced pulmonary lymphoid lesions and lung damage (99). Elucidating
B cell transcriptional changes that help incite cGVHD development, versus transcriptional changes
that occur after cGVHD genesis and nevertheless contribute to ongoing pathogenesis in an

unrelenting cycle, will remain an area of future investigation.
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While the full implications of the findings herein are currently limited and remain to be
realized in the clinical setting, our data provide a foundation for future assessment of novel,
potentially targetable pathways that alter B cell homeostasis during the diversification of B cells
in the periphery when alloantigens or autoantigens are prevalent. Mouse models afford avenues
for continuing to elucidate the hierarchy of importance for some of these molecules in initiating

and propagating loss of B cell tolerance.
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MATERIALS AND METHODS
Design

Single-cell RNA-Seq was performed on peripheral B cells from allo-HCT patients chosen at
random, with the desire to gain new knowledge about the molecular mechanisms that emerge in
the allo-HCT setting to drive B cell hyper-responsiveness and cGVHD development in some
patients (loss of tolerance), whereas other allo-HCT patients do not develop cGVHD and B cells
function normally (maintenance of tolerance). Beyond some basic inclusion and exclusion criteria
given to clinicians for obtaining PBMC samples for study (including cGVHD status), samples
were obtained and chosen for use in a blinded fashion. For all supporting experiments, allo-HCT

patient samples were likewise obtained and chosen for use in a blinded fashion.

Patient and healthy donor blood samples

De-identified whole blood samples or apheresis samples were obtained from allo-HCT patients
under IRB protocols from Duke University, the National Cancer Institute (NIH), or the Dana-
Farber Cancer Institute. Anonymous healthy donor samples were buffy coats purchased from Gulf
Coast Regional Blood Center (Houston, TX). Viably frozen PBMCs from allo-HCT patients or
healthy donors were prepared by Ficoll-Paque® PLUS (GE Healthcare) gradient separation prior
to storage in a liquid nitrogen freezer. For some experiments, purified B cells were additionally
isolated immediately following PBMC gradient separation using a Human B Cell Isolation Kit II
(Miltenyi Biotech), washed in cold Dulbecco’s phosphate-buffered saline, and stored as B cell

pellets at -80°C. The characteristics of allo-HCT patients who provided the samples used for
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single-cell RNA-Seq analysis and the samples used for additional experiments are described in

tables S1 and S2, respectively.

B cell culture, single-cell RNA-Seq library preparation, and library sequencing

B cells were purified from viably cryopreserved allo-HCT patient PBMCs using the Human B Cell
Isolation Kit II (Miltenyi Biotech). B cells were then cultured for 18 h at 5% CO2 in RPMI-1640
medium containing 10% fetal bovine serum (FBS) and 55 uM 2-Mercaptoethanol (Gibco). In some
wells, cells were treated with 100 nM ATRA (MP Biomedicals, cat# 190269) for the entire culture
period. Tissue culture-grade dimethyl sulfoxide (DMSO) alone (Sigma Chemical Co) was used as
the vehicle control in wells not treated with ATRA. The cells were then harvested, and dead cells
were removed using an EasySep™ Dead Cell Removal (Annexin V) Kit (STEMCELL
Technologies, Inc.). Live B cells (in HBSS containing 2% FBS) were immediately transferred on
ice to the Duke Molecular Genomics Core for 10X Genomics Chromium™ Single-Cell 3' library
generation according to the manufacturer’s instructions and the Core Facility’s standard methods,
targeting 10,000 B cells per sample. 10X Genomics libraries were then transferred directly to the
Duke Center for Genomic and Computational Biology, Sequencing and Genomic Technologies
Shared Resource, for sequencing. All individual 10X Genomics libraries (16 total) were pooled
and then applied evenly across all 4 lanes of a NovaSeq S4 Flow Cell (Illumina) with 100-bp

paired-end sequencing at a depth of ~700 million reads per sample (~70,000 reads per cell).

Single-cell RNA-Seq data analysis on purified B cells from allo-HCT patients
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The raw data in BCL format were de-multiplexed into FASTQs by Illumina’s bcl2fastq

(https://support.illumina.com). The extraction of cellular barcodes and unique molecular

identifiers (UMI sequences) and genome alignment of the biological sequences were performed
using the cellranger pipeline (version 2.1.1, https://support.10xgenomics.com) to generate a
filtered sparse matrix of gene read counts per cell. The 16 individual matrices were integrated
using Stuart et al.’s method to remove batch effects (27). Any cells in which fewer than 500 genes
were detected and those with greater than 5% mitochondrial gene counts were considered poor
quality and excluded from the analysis. Any genes detected in fewer than 150 cells were likewise

excluded from the analysis.

Clustering analysis was conducted by using R statistical environment (/00) and its
extension package Seurat v3.1.4 (21). DEG analysis with respect to disease status (Active cGVHD
vs. No cGVHD) within each cluster was performed based on the read counts across all cells within
each sample using the Bioconductor package DESeq2 (version 1.26.0) (/017). Global interaction
between disease status and the B cell clusters also was analyzed. Multiple testing was accounted
for within the framework of control of the false discovery rate (FDR) using the Q-value approach
(version 2.14.1) (102). Visualizations of single-cell-level transcription profiles in UMAP space
using color was performed using R package Seurat v3.1.4 (217). Trajectory analysis was performed
to infer the relative relationship among cell clusters over ‘pseudotime’ using the package Slingshot

as described previously (87).

Comparison of allo-HCT patient single-cell RNA-Seq data on purified B cells to a publicly

available dataset on purified B cells from HDs, HIV patients, and malaria-exposed individuals
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To compare scRNA data from this study to data published by Holla et al. (24), both datasets were
filtered for cell quality using the same thresholds; i.e., cells with more than 5% mitochondrial gene
counts, counts from fewer than 200 genes, or counts from more than 2,500 genes were excluded.
Cells that passed quality filtering were then filtered to retain only B cells since non-B cells were
considered contaminants. Cell type was inferred based on the tumor microenvironment signature
genes from CellAssign (/03) and expression of the union of those signature genes and the top 2000
most variable genes (following variance stabilizing transformation (/0/)) using the R package
scSorter (/04). To normalize the allo-HCT and Holla et al. datasets, gene counts for the remaining
cells were transformed to counts per million reads mapped (CPM) using the Seurat R package. For
a visual comparison of gene expression, data from the present study and Holla et al.(24) were
integrated following the steps recommended by the developers of Seurat (/05). A total of five
cohorts were integrated to account for batch effects, specifically: the data from Holla et al. (24)
were split by sample type (HD vs. HIV vs. Malaria), and data from the allo-HCT patients were
split by the two sequencing runs. After integration, cells were clustered and plotted in the UMAP
space to illustrate variation between B cell expression across studies and sample types. To
investigate the expression of biologically-relevant genes in CD27 ITGAX -, CD27 ITGAX" and
CD27 ' ITGAX " B cells across studies and sample types, we generated a heatmap with the following
attributes: First, we identified each subset based on a detection threshold of 50 CPM for /[TGAX
and CDZ27 expression. We then scaled and centered the CPM values for the genes to highlight
variation across cells. To illustrate the distribution of gene expression across cell populations,
values were plotted lowest to highest from left to right for each gene and within each cell type (3
levels: CD27 single-positive, ITGAX single-positive, CD27/ITGAX double-positive), and study

and sample type (2 levels from this study: Active cGVHD, No cGVHD; 3 levels from Holla, et
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al.(24): Healthy, HIV, Malaria). Cell populations with more than 100 cells were randomly down-
sampled to 100 cells. A subset of 9 genes from the heatmap were selected to show variation in
expression and summarize the percentage of cells per population with expression greater than 50
CPM. Data analyses and plot generation were carried out in the R statistical environment (/07)
with packages from the comprehensive R archive network (CRAN; https://cran.r-project.org/) and
the Bioconductor project (/08). Code needed to replicate the analyses and figures follows
principles of reproducible analysis, leveraging knitr (/09) dynamic reports and git source code

management (/70).

Data and Code availability

All blood B cell scRNA-Seq library data from the 8 allo-HCT patients (16 samples) will be made
available through the Gene Expression Omnibus (GEO) database
(https://www.ncbi.nlm.nih.gov/geo/) following peer review. The R scripts to reproduce the

analyses of these scCRNA-Seq data will be made available following peer review.

Dermal skin cell isolation and single-cell RNA-Seq analysis

A skin punch biopsy was collected from an adult allo-HCT patient with Active cGVHD in
accordance with an IRB protocol approved by Duke University. Likewise, a skin punch biopsy
from surgically discarded abdominoplasty tissue from a healthy individual was obtained in
accordance with an IRB protocol approved by Duke University. The freshly collected skin biopsies
were washed with cold DPBS and digested with 1X dispase (ThermoFisher Scientific) overnight

at 4°C. The dermis was mechanically separated from the epidermis and then digested at 37°C and
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5% CO2 with 0.25% trypsin/EDTA for 1.5 hr. Dermal cell suspensions were then passed through
70 um and 40 um cell strainers; the cells were pelleted by centrifugation and resuspended in
Keratinocyte-SFM (ThermoFisher Scientific) containing 0.4% BSA. Single-cell suspensions were
then subjected to 10X Genomics Chromium library generation and Illumina sequencing as
described above. Signature gene analysis was performed using the R package Seurat to identify B
cells within dermal cell clusters. DE gene analysis was performed using the R package DESeq?2,
as described for B cells above. The skin cell scRNA-Seq library data will be made available
through the Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/)

following peer review.

Quantitative PCR (qPCR)

Frozen (-80°C) B cell pellets were thawed on ice, and total RNA was isolated using the RNeasy
Plus Mini Kit (Qiagen) and quantified with a Qubit® 3.0 Fluorometer (ThermoFisher). RNA (500
ng) was reverse-transcribed with an iScript cDNA Synthesis Kit (BioRad). CKS2 gene expression
was assessed by qPCR using ACTB (f-ACTIN) as the housekeeping gene. Primers were designed
with the NCBI primer BLAST program, with the following sequences: CKS2, forward 5°-
ACGAGTACCGGCATGTTATGT-3" and reverse 5’-GCCTAGACTCTGTTGGACACC-3’;
ACTB: forward, 5’-GCTGTGCTACGTCGCCCT-3’ and reverse, 5°-
AAGGTAGTTTCGTGGATGCC-3’. Amplification was performed using the iTaq Universal
SYBR® Green Supermix (Bio-Rad) with an annealing temperature of 60°C on an ABI StepOne
Plus™ Real-time PCR System (ThermoFisher Scientific). Each 20-ul reaction contained 2.5 ng of
cDNA, with each primer used at a concentration of 250 nM. Data analysis was performed using

Step One Software v2.3 software, and relative quantitation of gene expression was achieved using
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the standard-curve method. Fold change in expression in each sample was calculated using the

average gene expression in patients with No cGVHD.

Flow cytometry and PhenoGraph analysis

Viably frozen PBMCs from allo-HCT patients were surface stained using antibodies against CD19,
CDl1lc (ITGAX), CD21, CD24, CD27, EBI2 (GPR183), and TACI, along with their
corresponding isotype control antibodies. 7-AAD (BioLegend) was used to assess cell viability.
PhenoGraph cluster analysis was then performed on the remaining 6 markers after first pre-gating
on viable B cells (CD19* 7AAD"), using this available function in Flowjo in combination with R.
A detailed summary of all antibodies used is as follows: CD19 Pacific blue (clone J3-119,
Beckman Coulter, cat#A86355); CD24 BV510 (clone ML5, BioLegend, cat#311126); CD21 FITC
(Bu32, BioLegend, cat#354910); TACI PE (clone 1A1, BioLegend, cat#311906), EBI2 (GPR183)
PE (clone SA313E4, BioLegend, cat#368912); CD11c¢ APC (clone 3.9, BioLegend, cat#301614);
CD27 PE-Cy7 (clone 0323, eBioscience, cat#25-0279-42); IgD APC-H7 (clone 1A6-2, BD
Biosciences, cat#561305). Isotype control antibodies used for flow cytometry were: Mouse IgG2a
BV510 (clone MOPC-173, BiolLegend, cat#400268); Mouse IgGl FITC (clone MOPC-21,
BioLegend, cat#400110); Rat IgG2a PE (clone R35-95, BD Biosciences, cat#553930); Mouse
IgG2a PE (clone MOPC-173, BioLegend, cat#400214); Mouse IgGl APC (clone MOPC-21,
BioLegend, cat#400120); Mouse IgGl PE-Cy7 (clone MOPC-21, BioLegend, cat#400126);

Mouse IgG2a APC-H7 (clone G155-178, BD Biosciences, cat#560897).

Phosphoarray analysis
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Proteome Profiler™ Human Phospho-Kinase Array Kits (R&D Systems) were utilized according
to the manufacturer’s instructions to analyze whole cell lysates of purified, untreated B cell
samples from patients with Active cGVHD (n=3) or No cGVHD (n=3). Spot densities on the arrays

were quantified using ImageJ software (https://imagej.nih.gov/ij/).

Western blot analysis

Frozen (-80°C) pellets of purified B cells from allo-HCT patients with Active cGVHD (n=4) or
No cGVHD (n=4) were lysed using a commercially available whole cell lysis buffer (Roche
Complete Lysis-M) with freshly added protease inhibitors (Roche). Protein lysates were then
denatured and loaded into wells of a 4-12% Bis-Tris gel (ThermoFisher) for electrophoresis under
reducing conditions. Proteins were transferred from the gels to a nitrocellulose membrane using
dry electroblotting (20 V for 9 min). Membranes were blocked in 2% fish gelatin buffer for 75 min

and then incubated with rabbit anti-human P27XIP!

polyclonal antibody (C-19, Santa Cruz
Biotechnology, cat#sc-528, lot#K0413) overnight at 4°C. The membrane was thoroughly washed
in Tris-buffered saline containing Tween 20 (TBST) before incubation for 1 h with donkey anti-
rabbit polyclonal secondary antibody labeled with a near-infrared fluorescent dye (IRDye® 680,
LI-COR, cat#926-68073, lot#C50821-05). The membrane was then washed thoroughly in TBST,

and fluorescently labeled proteins were detected using an LI-COR Odyssey CLX Imaging System.

Supplementary Materials
figs. S1 to S6

tables S1 to S7
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