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MOTIVATION Protein and peptide drugs, including monoclonal antibodies, represent about 10% of the
pharmaceutical market but face issues like poor solubility and short half-lives. Recent advances using engi-
neered human plasma cells have shown promise in mice, but their safety and effectiveness need further
testing in non-human primates, which provide better models for long-term evaluation.

SUMMARY

Akey step in developing engineered B cells for therapeutic purposes is evaluation inimmunocompetent, large-
animal models. Therefore, we developed methods to purify, expand, and differentiate non-human primate
(NHP; rhesus macaque) B cells. After 7 days in culture, B cells expanded 10-fold, differentiated into a plasma
cell phenotype (CD38, CD138), and secreted immunoglobulin G. Using single-cell sequencing and flow cytom-
etry, we verified the presence of plasma cell genes in differentiated NHP B cells and unearthed less-recognized
markers, such as CD59 and CD79A. In contrast with human cells, we found that the immune checkpoint mole-
cule CD274 (PD-L1) and major histocompatibility complex (MHC) class | molecules were upregulated in NHP
plasma cells in the transcriptional data. Lastly, we established the conditions for efficient transduction of NHP
B cells with adeno-associated virus (AAV) vectors, achieving a delivery rate of approximately 60%. We envision

that this work will accelerate proof-of-concept studies using engineered B cells in NHPs.

INTRODUCTION

Protein or peptide drugs, including monoclonal antibodies
(mADbs), are a growing class of therapeutics that now constitute
~10% of the pharmaceutical market." Although protein drugs
have great promise due to their ability to specifically target path-
ways and cell types that have eluded small-molecule inhibitors,
they have many drawbacks. These drawbacks can include
poor solubility, requirement for mammalian or human post-trans-
lational modifications, and relatively short half-lives in vivo.
Because of these drawbacks, protein drugs are relatively expen-
sive and can be difficult to manufacture. Recently, we developed
a cell-based method to deliver protein drugs, which we have
successfully tested in immune-deficient mice. To do this, we
generated ex vivo differentiated human plasma cells (PCs) and
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engineered them to produce protein drugs (including bispecific
antibodies), and in immuno-deficient mice, we observed long-
lasting antibody secretion for a year and potent tumor killing."™

We and others have previously shown that human® and mu-
rine® PCs can engraft in immune-deficient mice. However, the
safety, feasibility, and scalability of engineered B cells have not
been carefully evaluated in large-animal models. Larger animals,
such as non-human primates (NHPs), more faithfully replicate
human immune responses when compared to mice. They pro-
vide substantially larger tissues (e.g., bone marrow) for PC resi-
dency, more faithful routes of delivery, and the potential for
increased longevity to evaluating the durability of therapy, all sur-
passing what is achievable in mice. The rhesus macaque animal
model is increasingly used for the preclinical development of
HIV vaccines, microbicides, and antiretroviral drugs.7 While
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Figure 1. Monkey ex-vivo-differentiated PC transcriptome with high immunoglobulin expression

(A-E) To assess the impact of cell density, CD20* NHP B cells were cultured in a commercial B cell medium for 7 days (plated and maintained at 1.5 x 10° cells/mL
versus plated at 2.5 x 10° cells/mL and maintained at 1 x 10° cells/mL; 4 donors, n = 4). At day 7 following isolation, the cells were analyzed using flow cytometry.
(A) Dynamic of total cell overtime.

(B) Representative flow cytometry plots of CD3/CD14, CD20, and CD138 expression.

(C) B cells (CD3"CD14").

(D) Naive B cells (CD20%).

(E) Plasma cells (CD138™).

(legend continued on next page)
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conditions for NHP B cell in vitro cultures® and suitability for ad-
eno-associated virus (AAV) transduction® have been explored, a
detailed molecular comparison of these cells with human PCs
has not been achieved.

In vitro PC products derived from progenitor cells exhibit sub-
stantial heterogeneity.’*®> Examining the genomic profile in NHP
cell products is crucial for understanding how likely it is that ex-
periments using these cells are going to mimic a human cell prod-
uct. Using flow cytometry, Terstappen et al. showed that the ca-
nonical human PC marker CD38 is expressed by NHP bone
marrow-derived PCs."° Furthermore, single-cell RNA sequencing
(scRNA-seq) was used to demonstrate that NHP PCs from blood,
bone marrow, and lymph nodes express similar factors to human
primary PCs. They identified ICAM2 as a biomarker present in pri-
mary NHP PCs,"" which they confirmed in humans. Comparisons
between humans and NHPs can help provide a bridge between
preclinical studies in NHPs and future clinical applications.

Inthis study, we refined the reagents and methods we previously
developed'? to establish a comprehensive workflow for expanding
and engineering NHP PCs. This included the identification of a
range of reagents for isolation, transduction with AAV, expansion,
and differentiation of B cells sourced from peripheral rhesus ma-
caque blood mononuclear cells. We anticipate that the level of B
cell expansion in this system will enable multiple transfers of PCs
at proportions relative to body weight, similar to those employed
in previous murine studies of both human and murine PC longevity.
Of particular significance, our work addresses a critical knowledge
gap by providing molecular insights into the ex vivo differentiation
of NHP PCs at the single-cell level. We demonstrated that NHP PC
cultures exhibit remarkable heterogeneity and identified several
potential markers that distinguish different stages of differentiation
in NHP PCs. Additionally, through a comparative analysis of
NHP single-cell data with previously generated human data, we
observed a high degree of conservation in PC genes/markers
(such as CD38, SLAMF7, ICAM2, MZB1, and CD59) across pri-
mates. However, in opposition to what is observed in human
PCs,""® we found that major histocompatibility complex (MHC)
class | genes and CD274 (PD-L1) were significantly increased dur-
ing the differentiation of NHP PCs, which could have implications
for evaluating the immunogenicity of engineered NHP PCs. Finally,
we validated several less-recognized PC markers using flow cy-
tometry. Our findings confirmed that CD59 and CD79A can serve
as surrogate markers for NHP PCs and that they are strongly corre-
lated with canonical PC markers, including CD138.

RESULTS

Workflow for rhesus macaque ex vivo PC differentiation
and illustration of the heterogeneity of the PC

Human cytokines and human-directed antibodies may not effi-
ciently cross-react with NHP surface proteins. We empirically
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tested a suite of human reagents with rhesus macaque B cells.
The first step in ex vivo B cell culture is the isolation of B cells
from peripheral blood mononuclear cells. We identified an NHP
CD20 positive selection kit that enabled the enrichment of NHP
B cells at ~80% purity (flow cytometry panel in Table S1 and
gating strategy in Figures S1 and S2A).

Next, we evaluated the efficacy of a human cytokine cocktail
that included several T cell-dependent cytokines and CpG or a
commercial human B cell expansion medium (Figure S2B).
Following 7 or 13 days of culture, we found that, relative to
defined cytokines, the commercial medium elicited greater B
cell expansion and decreased non-B cell/T cell expansion (Fig-
ure S2C). To test the effect of seeding density on NHP B cell
cultures, we cultured cells for 7 days in the commercial
expansion cocktail at high (1.5 million cells mL™") and low
(100,000 cells mL~") densities (Figures 1A-1E, S2D, and S2E).
We found that NHP B cells grown at low density ex vivo exhibited
significant increases in total numbers relative to those grown at
high density (Figure 1A; ~10.5-fold compared to 1.5-fold). We
found that B cells grown at low density also exhibited similar
viability (Figure S2D) and purity (Figures 1B and 1C; ~95% as
defined by the CD14~CD3 percentage). Upon evaluating the
capacity for differentiation following culture, we found that the
commercial media exhibited fewer CD20" (naive B) cells
(Figures 1B and 1D; <10%), and higher percentages (up to
40%) of CD138" (PCs) cells (Figures 1B-1E). Finally, we also
determined that ~50% of the cells produced immunoglobulin
(Ig)G via ELISpot (top right, Figure 1F). These data indicated
that NHP B cells expanded efficiently in commercial media and
exhibited more rapid differentiation than we previously observed
in human B cell conditions (13 days)."*

The preliminary phenotype/ELISpot results suggest efficient
ex vivo differentiation of NHP B cells into PCs. To more accu-
rately assess heterogeneity in populations of differentiated
NHP B cells, we expanded B cells from two donors at low density
in commercial media for 7 days. At this point, we fixed the B cells
and performed scRNA-seq on the mixed populations using the
10x Genomics platform (Figure 1F). Because the NHP genome
was not fully annotated, especially within Ig and MHC genes,
we made a workflow to annotate more genes associated with
PC differentiation (Figure S3; Data S1).

To characterize NHP ex-vivo-differentiated PCs, we used unsu-
pervised Leiden clustering and found the B cell populations to be
heterogeneous, with 13 clusters in ~5,600 cells (Figure S4A). We
categorized the cells by expression of the highly expressed (Fig-
ure 1G) Ig light-chain (LC) genes by drawing “gates” at the local
minimum between the modes in each distribution (Figure S4B). Us-
ing this method, the clustering is primarily driven by the Ig genes,
especially the LCs (IGKC and three IGLCs) (Figure S4B). Tounearth
additional differentiation-related clusters, we excluded the LCs
and mapped LC-independent clusters (Figure 1H). As expected,

(
(

C-E) Mean +/— SD is shown for barplots, and the statistical significance is determined by unpaired Student’s t test. *p value < 0.05.
F) Schematic workflow of monkey ex-vivo-differentiated PC generation for functional (n = 4) and transcriptional (n = 2) profile characterization.

(G) Scatterplot of RNA total counts from two donors (n = 2). Red dots represent immunoglobulin constant genes, and blue dots represent immunoglobulin variable

genes.

(H) UMAP Leiden clusters after removing immunoglobulin light-chain genes and variable genes.
(I) UMAP of antibody isotype. A bar graph of the percentage of antibody isotype in each cluster is shown.
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Figure 2. Monkey ex-vivo-differentiated PC subset classification and differential expression analysis for PCs

(A) Dot plot visualization of ex-vivo-differentiated PCs: subsets are listed on the y axis and genes (features) are listed along the x axis. Dot size represents the
percentage of cells in a group expressing each gene; dot color indicates the normalized mean expression level in a group.

(B) Heatmap showing expression of representative genes of PC markers (CD38, JCHAIN, XBP1) and proliferating marker (VKI67).

(C) Cluster renamed to B cell subsets based on the gene features from (A) and (B).

after reclustering IGKC, IGLCx cells were distributed equally
among the resulting 11 clusters (Figures 1H and S4C), which
were now distributed into multiple subclusters for each antibody
isotype (Figures 1H and 1l). Upon assessing unique molecular
identifiers (UMls) by cluster, we found that clusters 3 and 6 ex-
pressed higher mitochondrial genes and lower UMIs (Figure S4D).
Additionally, clusters 10 and 11 had fewer than 100 cell counts and
few detectable Igs (Figure 11). Consequently, we excluded these
clusters from further analysis (clusters 3, 6, 10, and 11). In sum-
mary, we predicted that the removal of the LC Igs and cleanup of
non-B cell clusters would enable us to better understand the
impact of lower expressed genes, such as transcription factors
and surface marker genes.

Ex-vivo-differentiated rhesus macaque B cells form
clusters analogous to those in human B cell cultures

To classify the cell types in the clusters, we looked at genes
restricted to specific B cell clusters in human cells,”'® including
activated B cells (PAX5, MS4A1, CD79B, and MAMU-DPA) and
differentiated B cells (plasmablasts [PBs] and PCs; IRF4,
PRDM1, XBP1, etc.) (Figures 2A and 2B). Cluster 2 exhibited

4 Cell Reports Methods 4, 100878, October 21, 2024

low Ig counts and clear expression of activated B cell markers.
Additionally, we categorized cluster 8 as pre-PBs (pre-PBs)
due to the expression of activated B cell markers as well as
increased IRF4 and PRDM1. The remaining clusters exhibited
similar expressions of human PC markers (Figures 2A and 2B),
where the only obvious markers that qualitatively distinguished
PBs from PCs were cell cycle genes (e.g., MKI67 and CDKT1).
While some canonical markers, XBP1 and JCHAIN (Figure 2B),
were uniformly distributed among the NHP PB/PC populations,
others like SLAMF7, CD38, and TNFRSF17 (otherwise known
as BCMA) were either poorly or differentially expressed within
the NHP B cell subsets (Figures 2A and 2B). After assessment
of human PB/PC markers and antibody isotypes, we were able
to cluster ex-vivo-differentiated NHP B cells into activated B
cells, pre-PBs, PBs, and PCs (Figure 2C).

CD59, CD274, and CD79A are robust rhesus macaque
PC markers

To identify potential NHP PC markers, we used differential gene
expression (DGE) analysis to find genes that are specifically ex-
pressed in PCs and/or PBs (Figure 3A). To accomplish this, we
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performed two comparisons: (1) clusters containing PBs/PCs
versus undifferentiated B cells (activated B cells and pre-PBs),
and (2) PCs versus PBs. Similar to previous observations in hu-
man cells,”*"®"* we found that SSR4, MZB1, CD63, JCHAIN,
CYBA, and TMEM59 were enriched in PBs and PCs relative to
undifferentiated B cells (Figure 3A)."*"%"'* Furthermore, the ma-
jority of genes upregulated in PBs/PCs were predominantly
associated with the endoplasmic reticulum (ER), protein trans-
portation, and protein modification (Figure 3B).

Because PBs/PCs exhibit a global program driven by activa-
tion of “master regulator” factors like IRF4, PRDM1, and
XBP1,">"® we were not surprised to find pronounced differences
between PBs/PCs and undifferentiated B cells relative to the dif-
ferences between PCs and PBs (Venn diagram showing surface
markers, Figure 3C). Several genes enriched in PBs/PCs are ex-
pressed at similar levels in both cell subsets (Figure 3D, top),
such as canonical human PC markers, CD38 and SLAMF?7,
and ICAM2, which was previously reported to mark NHP PCs
(CD102) (Figure 3D)."" We plotted the expression of the canoni-
cal PC marker SDC1 (CD138; Figure S4E) because of its low
detection in scRNA-seq data. In contrast, a subset of surface
markers are upregulated in PBs/PCs and are increased in PCs
relative to PBs (Figure 3C, bottom; e.g., CD59, CD274, CD79A,
MAMU-A, and MAMU-E). In contrast to previous findings in hu-
man cells,® we observed an upregulation of several MHC class |
molecules in NHP PBs/PCs. We previously reported that CD59 is
highly expressed in human IgG PCs and correlated with Ig secre-
tion.? Because of its robust expression in NHP PCs and its cor-
relation with PC function in human cells, we propose that CD59
and possibly other genes in this dataset are likely to be useful
surrogate markers for functional NHP PCs.

To understand whether the identity of the antibody isotype
correlated with transcriptional differences, we performed a
DGE analysis of IgM and IgG PBs/PCs (Figures 3E and 3F). We
found that some canonical PC markers, including CD38, and
some non-canonical markers were expressed at higher levels
in 1gG relative to IgM PBs/PCs. In contrast, genes associated
with ER quality control were enriched in IgM (CRELD2, MANF,
and HSPAS) PBs/PCs. It is possible that these differentially ex-
pressed markers relate to the unique functions of IgM and IgG
PCs in short- and long-term humoral immunity.

Finally, given the differential expression of apoptotic pathwaysin
long-lived human PCs,"®'"'® we investigated the presence of
apoptotic genes in NHP ex-vivo-differentiated PCs. Similar to the
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description in human cells, we found that pro-apoptotic genes
are generally downregulated during NHP PC differentiation
(Figure 3G), with the exception of BNIP3, BNIP3L, and CASP3,
which were upregulated in PBs and then downregulated in
PCs. Additionally, among pro-survival (anti-apoptotic) genes, we
observed the upregulation of TMBIM6 (one of the highest IgG
DGE genes in Figure 3E) and BCL2L1 in IgG PCs (Figure 3G).
Collectively, these scRNA-seq data demonstrate that ex-vivo-
derived NHP B cells produced a heterogeneous population that
included subsets of PCs with similar transcriptional profiles to
long-lived human PCs.

Dynamic expression and kinetic differential analysis of
NHP potential PC markers

mRNA splicing can provide supportive information about the
progression of cellular differentiation. Upon upregulation of
gene expression, unspliced transcripts are often present at a
relatively high proportion relative to that observed in steady-
state conditions.'® RNA velocity, or the relative ratio of unspliced
to spliced RNA, can be used to infer the upregulation of tran-
scripts in cell subsets within sScRNA datasets.'® As expected,
the velocities of I1gG, IgM, and IgA were increased in PBs/PCs
expressing each isotype, although there appeared to be some
heterogeneity within each group (top, Figure 4A).

In support of the steady-state mRNA data, we found that
CD274, CD59, and MAMU-A exhibited positive RNA velocity in
IgG* PC clusters (Figure 4A). In contrast, genes enriched in acti-
vated B cells (e.g., MAMU-DPA and PAX5) only exhibited posi-
tive RNA velocity in non-PC clusters (Figure S5A). Next, we
used scVelo, an unsupervised method that leverages RNA veloc-
ity to infer the progression of cells along a developmental trajec-
tory, or pseudotime. The pseudotime trajectory generated by the
model proceeded from activated cells (right side of the uniform
manifold approximation and projection [UMAP], Figure S5B) to
IgG PCs (left side of the UMAP, Figure S4B). Using the parti-
tion-based graph extraction analysis (PAGA) connection anal-
ysis,” we calculated the transition probability from one cluster
to another (Figure 4B, bottom). The trajectory analysis of acti-
vated B cells into antibody-secreting PCs in the NHP system
was similar to that observed in human cells.””’

After ordering cells based upon velocity pseudotime, we can
see the progression/dynamic of genes of interest along the PC dif-
ferentiation (Figures 4C and S5C). Similar to the connection anal-
ysis, the gene expression trajectories followed canonical B cell

Figure 3. Monkey PCs’ potential markers from differentially expressed genes

(A) Volcano plot of differential expression genes: PBs/PCs versus activated B cells/pre-PBs and PCs versus PBs. Only the top 30 differential genes are highlighted
as black dots. *JCHAIN, MZB1, and SSR4 are infinitely small adjusted p values and not plotted in the plot.

(B) Volcano plot of enriched gene set from an over-representation analysis using the single-cell anslysis in Python algorithm. Heatmap represents the number of

genes enriched in each gene set.

(C) Venn diagram of genes upregulated in PB/PCs and PCs by comparison with activated B cells/pre-PBs and PBs with adjusted p value <0.05. Only surface

markers for some transmembrane genes are highlighted.

(D) Dot plot visualization of ex-vivo-differentiated PCs: subsets are listed on the y axis and genes (features) are listed along the x axis.
(E) Volcano plot of differential expression genes: IgG PBs/PCs versus IgM PBs/PCs (left) and IgM PBs/PCs versus IgG PBs/PCs (right). Only the top 25 differential

genes are highlighted as black dots.

(F) Dot plot visualization of ex-vivo-differentiated PBs/PCs: subsets with different isotypes are listed on the y axis and representative surface marker genes or

genes from (E) are listed along the x axis.

(G) Schematic cartoon of a PC’s anti-apoptotic program. Dot plot visualization of ex-vivo-differentiated PBs/PCs: subsets with different isotypes are listed on the

y axis and representative anti-/pro-apoptotic genes are listed along the x axis.
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(A) Heatmap of indicated gene velocity and RNA expression level superimposed onto UMAP.
(B) Velocities derived from the stochastic model and visualized as streamlines in a UMAP-based embedding (top). PAGA/transition confidence probability from

one node to the next node (bottom).

(C) Expression heatmap of genes shows gene regulation along plasma cell development and genes upregulated in PCs from differentially expressed gene (DEG)
analysis. The velocity pseudotime is shown along the x axis and the indicated genes are shown on the y axis. Potential PC markers are highlighted orange.

differentiation, starting from cells with markers of B cell activation
(AICDA, MHC class Il, CD19, and BIRC3), followed by the upregu-
lation of transcription factors associated with PB/PC differentia-
tion (IRF4, PRDM1, etc.). Potential PC markers can be classified
into three groups based on the timing of the onset: (1) genes
initially expressed in pre-PBs (CD79A, MAMU-E, HLA-B38,
MAMU-A, and ICAM2), (2) genes initially expressed in pre-PBs/
PBs (CD59 and CD63), and (3) genes initially expressed in PCs
(CD274, CLDN14, ITGA8, and CADM1). Some genes did not
follow the patterns above. HLA-B15 was upregulated in PBs but
downregulated in PCs. CD38 was expressed in pre-PBs but

only upregulated in IgG PBs/PCs. PECAM1 (encoded CD37) is
isotype specific: it was more abundant in IgG PBs/PCs relative
to either IgM or IgA PBs/PCs. By applying kinetic differential anal-
ysis (Figure S5D), CD274 was also identified as being differentially
upregulated in IgG PCs, validating its importance as a potential
marker for NHP PCs.

Flow cytometry validated that CD59 and CD79A can
serve as surrogate PC markers

In order to determine if markers identified by RNA sequencing
could be used to phenotype PCs by flow cytometry, B cells
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Figure 5. Using flow cytometry to validate

non-canonical markers for NHP PCs

(A) Flow plot of canonical PC markers (CD38,
CD138) and IgG versus non-canonical markers.
(B) 1gG, CD59, and CD79A expression in CD38™
CD138 B cells versus CD38*CD138* PCs. CD59
and CD38 were stained prior to fixation, while
CD138, CD79A, and IgG were stained after fixation.

observed in human cultures. Additionally,
the NHP PCs exhibited similar maturity
(e.g., PC markers in Figure 3, ER/Golgi
features in Figure 3B, and ELISpot in Fig-
ure 1F) following 7 days of culture to
what humans achieved in 13 days.

We proceeded to compare the NHP PC
markers we identified (Figure 3) with those
in human PCs. As anticipated, canonical
markers such as CD38 and SLAMF7 ex-
hibited higher expression in PB/PC

stages. In both species, we found that
CD38 exhibited higher expression in IgG
PCs (Figures 6C and S6A), and the para-
mount PC marker CD138 (SDCT7) was
expressed at higher levels in PCs but ex-
hibited low RNA counts in all subsets
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were isolated and cultured at low density in commercial media
for 8 days prior to analysis by flow cytometry.

Cells were stained for canonical PC markers (CD38, CD138, and
IgG) as well as non-canonical PC markers (CD59 and CD79A).
CD59 and CD79A were more highly expressed in CD138" cells,
a pattern that was less clearin CD38" cells (Figure 5). Furthermore,
we found that IgG, CD59, and CD79A were expressed at higher
abundance in B cells expressing canonical PC markers
(CD38"CD138") relative to B cells that did not (CD38"CD1387;
Figure 5B). Based on these results, we concluded that CD59 and
CD79A are likely surrogate markers for NHP PCs.

Primate: Rhesus macaque PCs in comparison with
human PCs

Previously, we used CITE-seq to characterize the ex-vivo-differ-
entiated human PCs with CD38, CD138, and IgM oligo-conju-
gated antibodies.’ We used these markers to categorize human
B cells into subsets based on surface expression: activated
B cells (IgM"CD38~CD1387), pre-PBs (IgM"CD38'°CD1387),
PBs (IgM'°CD38*CD1387), and PCs (IgM'°CD38*CD138") (Fig-
ure BA, left UMAP), which we validated via quantification of the
B cell and PC transcription factors PAX5 and XBP1, respectively
(Figure 6B). In PCs, the majority of antibody isotype is IgG (Fig-
ure 6A, right UMAP). Ex-vivo-differentiated NHP PCs primarily
expressed IgG but exhibited higher proportions of IgM than we
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CD79A — CD38+CD138+

(Figures 2A and 6C). CCR10, canonically
expressed in mucosal IgA PCs, was de-
tected specifically in IgA PCs in both spe-
cies (Figures 6C and S6A). Finally, we
found several understudied markers,
including CD59, CD79A, CD63, CADM1,
and BSG (CD147), to be upregulated in both human and NHP
PCs, suggesting further research is justified to clarify potential
roles for these genes in PC biology. CD27 is highly expressed
in human PBs and PCs. In NHPs, CD27 is only upregulated in
pre-PBs and PBs, and its expression is significantly lower in
IgG and IgA PCs (Figure 3F). It has been reported previously
that CD27 is not a critical marker for NHP PCs (Figure S6B).2%2°
Of particular interest was the behavior of MHC class | genes.
HLA-A and HLA-E (which correspond to Mamu-A and
Mamu-E), while highly expressed in all human B cell subsets,
are downregulated in PCs (Figure 6C). This result directly con-
trasts with our observations in NHP PCs (Figure 3D) whereby
the MHC class | genes are upregulated during PC maturation.
Additionally, CD274 (PD-L1), which is dramatically upregulated
in NHP PCs, was hardly detectable in human pre-PBs and PCs
(Figure 6C, right). Collectively, these data imply that while the
transcriptional signatures of ex-vivo-derived PCs are well
conserved between NHPs and humans (Figure 6D), there may
be substantive differences in the expression of T cell regulators
(MHC class | and PD-L1) between the species.

— CD38-CD138-

Efficient transduction of NHP B cells with the AAV
serotypes

To assess the potential for transduction of NHP B cells with re-
combinant AAV vectors, we isolated B cells, cultured them
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Figure 6. Comparison of human and monkey PC makers by scRNA-seq analysis
(A) Ex-vivo-differentiated human PCs with CITE-seq. Classification of B cell subsets categorized by the indicated protein markers: IgM"CD38'" (activated B cells,
ActB), IgM'°CD38"° (pre-PBs), CD38"CD138"° (PBs), and CD38"CD138" (PCs). B cell subsets and isotype are superimposed onto UMAP; day 13 B cells (n =

2,897) are from two biological replicates.
(B) Violin plot of indicated genes.

(C) Dot plot visualization of ex-vivo-differentiated human PC: subsets are listed on the y axis and representative genes from Figure 3D are listed along the x axis.
(D) Schematic cartoon summary of human PC markers compared with monkey PC markers from scRNA analysis. *"MHC class | is expressed in most cell types but

is not ideal as a marker for NHP PCs.

briefly, and exposed the cells to a panel of self-complemen-
tary AAV vectors. We assessed a series of AAVs with alterna-
tive serotypes, each carrying a GFP expression cassette to
permit efficient tracking of transduced cell populations.
Following exposure to AAV, B cells were maintained in culture
for 9 more days prior to assessment of GFP positivity in
CD37CD14™ cells. In a volume-matched experiment (20%
AAV by volume), we found that AAV D-J serotypes exhibited

the most efficient transduction (Figures S7A and S7B;
Table S2). To rule out the impact of titer, we directly compared
transduction with the 2.5 (control) and D-J serotypes using the
same titers (Figure 7A). We found that 2.5 and D-J exhibited
similar transduction efficiencies at day 2, but D-J increased
the efficiencies to 60% at day 4 and retained high percentages
at late time points (day 10; Figure 7B). Next, to determine
whether AAV D-J is useful for the delivery of a candidate,
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Figure 7. Efficient transduction of NHP B
cells with the AAV

(A) Diagram of the AAV and transduction and
culturing protocol.

(B) NHP CD20* B cells were cultured for 3 days
before transduction with the indicated AAV pseu-
dotypes expressing GFP (MOl = 4 x 10%. Trans-
duction efficiency was quantified by flow cytometry
at the indicated time points.

(C-E) NHP CD20" B cells grown at high (1.5 x 10°®
cells/mL) or low (2.5 x 10° cells/mL) density were

C AAVD-J [GER AAVD- GERBAEE D 50 E 50 i transduced with either AAV D-J GFP or AAV D-J
e High High GFP-BAFF (3 donors, n = 3).
— 407 e Low % 40— e Low (C) Representative flow plot of GFP and GFP-BAFF
v
%’ . I 30 transduced cells. . 3
2 & (D) Bar plot of BAFF secretion was quantified
w 20 5 20 4 days post-transduction.
5 10 T (E) Bar plot of percentage of GFP* cells with indi-
ND  ND cated high or low cell density and AAV.

0
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BAFF

physiologically relevant payload in NHP B cells, we trans-
duced NHP B cells with single-stranded AAV expressing the
cytokine B cell activating factor (BAFF) cis-linked to GFP.
While the transduction rates using the BAFF AAV vector
were slightly lower than the self-complementary GFP vector
(Figure 7C), we detected high levels of BAFF secretion (Fig-
ure 7D) in NHP B cells. We also tested whether transduction
was different in B cells cultured at different densities. We
found that NHP B cells cultured at low density were trans-
duced at higher rates than those cultured at high densities
(Figure 7E), and produced more BAFF in culture (Figure 7D).
In conclusion, because AAV D-J generally produces higher ti-
ters, we predict that the DJ serotype will be more useful than
2.5 for the transduction of NHP B cells.

DISCUSSION

An important proof-of-concept experiment for developing a
future human PC-based therapy is the assessment of PC survival
and production capacity in an immunocompetent system.
Although NHP models have been used extensively to study the
response to vaccines®* and PC longevity,”® we are unaware of
comprehensive studies optimizing the expansion/differentiation
of NHP PCs, describing their heterogeneity, or comparing
them to human PCs. To address this challenge, we developed
methods to purify, expand, and differentiate rhesus macaque
B cells ex vivo. We achieved a 10-fold expansion of NHP B cells
and observed efficient differentiation into antibody secretion
cells (~90% IgM9" cells). Using scRNA-seq, we confirmed that
after 7 days in culture, the majority of differentiated NHP B cells
express markers associated with antibody-secreting cells,
including transcription factors, genes regulating protein secre-
tion, and Ig molecules. Furthermore, we identified several surro-
gate NHP PC markers (CD59, CD79A) with flow cytometry and
compared the transcriptional profiles of NHP and human ex-
vivo-derived PCs. Finally, we identified the serotypes (D-J) and
conditions necessary for the efficient transduction of NHP B cells
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with AAV vectors, which we hope will be used in homology-
directed repair studies to generate cells producing biologic
drugs.

Of particular significance, our observations revealed an upre-
gulation of several MHC class | molecules in NHP (B2M, HLA-A,
HLA-E, HLA-G) PBs/PCs. While it is well established that MHC
class |l molecules are downregulated in human PCs, the expres-
sion of MHC class | genes by PCs in other species has received
relatively limited characterization.’®?® As shown in our human
PC scRNA-seq data (Figure 6) and data generated by other
groups,’® MHC class | genes are downregulated in human
PCs. We also observed the upregulation of PD-L1 (CD274) in
NHP, but not human, PCs." PD-L1 is a cell surface protein ex-
pressed by various cell types, including cancer cells. PD-L1
expression by cancer inhibits cytotoxic T cell function and pro-
motes immune evasion.”>®' Because MHC class | and PD-L1
are likely to drive opposing effects on T cell function, it will be
important to understand whether these differences between
NHP and human PCs have functional impacts on the presenta-
tion of foreign antigens by NHP PCs and the impact on T cell sur-
veillance. It is possible that the upregulations of MHC class | and
PD-L1 are linked and play a functional role to maintain homeo-
stasis and prevent excessive killing of PCs. However, this is an
area that warrants additional evaluation.

To address the question how many PCs will be required in pri-
mates to generate a neutralizing dose of antibody or relevant
levels of alternative therapeutic proteins, there are several vari-
ables to be considered: the half-life of the protein, the effective
dose, the production of protein per PC, and the engraftment ca-
pacity of the PC product. Fortunately, for most clinical mAbs, we
know the half-life and the required neutralizing dose. We also
know fully differentiated long-lived PCs are estimated to produce
~50 pg/cell/day,* and even in an immuno-deficient mice setting
with limited humanized factors (interleukin [IL]-6 and BAFF), we
can still observe at least 50 pg/mL IgG from a one-time 10 million
PC infusion after 150 days." We can expect that with an immuno-
competent primate and the larger capacity for PCs, it is likely to
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achieve more than 50 ng/mL therapeutic antibodies, which is an
effective dose to neutralize certain viruses.*® It is important to
note that this topic requires further study, but it is beyond the
scope of our current research.

Upon successful development of engineered primate PCs, we
expect that production of a non-clinical cell therapy product
could be multiplexed and delivered singly or repeatedly into
autologous donor recipients. In summary, these results suggest
that proof-of-concept experiments using one or more doses of
engineered primate PCs are likely to be feasible with minor ad-
justments to the protocol presented here.

Limitations of the study

The NHP donors were randomized at the time of purchase from a
commercial source; we do not have access to the historical
health information for these donors. While our data show no dis-
crepancies among the donors, we are unable to perform a care-
ful study that accounted for heterogeneity among them. This lim-
itation should be considered when interpreting the results of our
study. While ex-vivo-generated rhesus monkey PCs resemble
human PCs in function (as shown by ELISpot) and transcriptomic
features, it is uncertain whether the markers we identified will be
sustained long term in vivo. Further studies are needed to access
the timing and functional relevance of these makers, as well as
the longevity of these ex-vivo-generated PCs or engineered
PCs in vivo.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be
directed to and will be fulfiled by the lead contact, Richard G. James
(rickerj@u.washington.edu).

Materials availability
This study did not generate new reagents. Commercially available reagents
are listed in the key resources table.

Data and code availability

o The scRNA-seq data are available at GEO: GSE247023.

o Codeis available here: https://github.com/Rene2718/Rhesus-Macaque-
Plasma-B-Cells-single-cell-RNAseqg-. An archival DOl is listed in the key
resources table.

e Any additional information required to reanalyze the data reported in this
work paper is available from the lead contact upon request.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

anti-CD3 APC-Cy7 BD Bioscience AB_396863
clone:SP34-2

anti-CD3 A700 clone:SP34-2 BD Bioscience AB_396938
anti-CD4 BV605 clone:L200 BD Bioscience AB_2737833
anti-CD14 APC.Cy7 clone:MoP9 BD Bioscience AB_396889
anti-CD20 PerCPCy5.5 clone:L27 BD Bioscience 340955
anti-CD31 BV605 clone:WM59 Biolegend AB_2562149
anti-CD31 PE clone:WM59 BD Bioscience AB_395839
anti-CD38 mFluor450 clone:OKT10 Caprico Biotechnologies 1008144
anti-CD38 FITC Caprico Biotechnologies 100815
clone: OKT10

anti-CD56 PE clone:MY31 BD Bioscience 347747
anti-CD138 PE clone:DL-101 Biolegend AB_10900437
anti-CD59 APC clone:p282 (H19) Biolegend AB_2819929
anti-CD79A BV421 clone:HM47 BD Bioscience AB_2737839
anti-lgG AF700 clone:G18-145 BD Bioscience AB_10612406
anti-lgM FITC clone:G20-127 BD Bioscience AB_396117
IgG capture antibody (ELISpot) Invitrogen A18813

IgG AP detection antibody (ELISpot) Jackson AB_2337601
Biological samples

Frozen rhesus macaque (macaca mulatta) PBMC BiolVT -

Critical commercial assays

NHP CD20 Isolation Kit Miltenyi 130-091-105
IgG (Total) ELISA Invitrogen 885055088
BAFF DuoSet ELISA R&D Systems DY124-05
Chromium Next GEM Single cell 3’ kit 10x genomics PN-1000268
Chromium Next GEM Chip G Single cell 3’ kit 10x genomics PN-1000127
Chemicals, peptides, and recombinant proteins

IMDM Gibco 12-440-053
StemCell B-cell supplement ACF StemCell 10974
Multimeric CD40L Adaptogen AG-40B-0010
IL-2 PeproTech AF-200-02
IL-10 PeproTech 200-10

IL-15 Miltenyi 130-095-765
IL-21 PeproTech 200-21

IL-6 PeproTech 200-06

IFN alpha 2B Proteintech Hz-1072
AF350 amine reactive dye Invitrogen A10168
Oligonucleotides

CpG oligodeoxynucleotide 2006 Invitrogen tIr-2006-5
Deposited data

scRNAseq raw and processed data This paper GEO: GSE247023
Data processing and analysis This paper https://doi.org/10.5281/zenodo.13737831

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Cellranger 10X Genomics https://support.10xgenomics.com/single-cell-gene-
expression/software/downloads/3.0/

bcl2fastg2/2.20.0 illumina https://support.illumina.com/downloads/bcl2fastq-
conversion-software-v2-20.html

scanpy Wolf et al. 2019°%%* https://scanpy.readthedocs.io/en/stable/

scVelo Bergen et al., 20207 https://scvelo.readthedocs.io/en/stable/

Velocyto Manno et al., 2018°° http://velocyto.org/

METHOD DETAILS

B cell isolation

Frozen rhesus macaque (macaca mulatta) PBMCs were obtained from a commercial source (BiolVT). All source material was nega-
tive for the following viral antigens: HBV, SRV, SIV and STLV. The sex, genotype, and medical history of the animals was not provided,
or considered in this study. Each data point was taken from a unique donor. In certain experiments, replicates were done using the
same donor as indicated in the legends. Using an NHP specific CD20 positive selection isolation kit (Miltenyi Biotec), we isolated
CD20" cells.

B cell culture conditions

Unless otherwise stated, all cells were cultured in a base media composed of Iscove’s modified Dulbecco’s medium (IMDM) (Gibco)
supplemented with 10% FBS (Omega Scientific, FB-11), 1% Glutamax (Gibco), and 55 mM beta-mercaptoethanol (BMe). The com-
mercial expansion cocktail we used was ImmunoCult-ACF Human B Cell Expansion Supplement (StemCell,10974) added to
the base media as directed. For the defined B cell expansion and differentiation cocktails, the compositions are as follows.
Phase I: 100 ng/mL recombinant human MEGACD40L (Enzo Life Sciences), 1 mg/mL CpG oligodeoxynucleotide 2006 (Invitrogen),
250 ng/mL IL-2 (PeproTech), 50 ng/mL IL-10 (PeproTech), and 10 ng/mL IL-15 (PeproTech), and 50 ng/mL IL-21
(PeproTech, 200-21). Phase II: IL-2 (250 ng/mL), IL-6 (50 ng/mL, PeproTech), IL-10 (50 ng/mL), and IL-15 (10 ng/mL). Phase lIl:
IL-6 (50 ng/mL), IL-15 (10 ng/mL), and human interferon-a 2B (15 ng/mL, Sigma-Aldrich). All cell counts were done manually using
a hemocytometer and trypan blue exclusion.

Flow cytometry

Flow cytometry was run on an LSR Il flow cytometer (BD Biosciences) and data were analyzed using FlowJo software (Tree Star). All
cells were fixed using Fix/Perm (BD Biosciences) for 20 min prior to intracellular staining and/or analysis. The flow cytometry antibody
panels (Table S2) and gating schemes (Figure S1) are detailed in supplemental figures.

ELISpot and ELISAS

Membranes were coated with an anti-human IgG capture antibody (Thermo Fisher Scientific, A18813). Cells were then added to the
plate in duplicate in 2-fold serial dilutions and incubated for 24hrs prior to detection using an alkaline phosphatase-linked anti-human
IgG detection antibody (Jackson, 109-055-008). Protein secretion levels in culture supernatant were quantified via ELISA for human
IgG (Invitrogen, 50-112-8849) and human BAFF (R&D Systems, DY124-05) using protocols recommended by the manufacturer.

Virus production and transduction

All viruses were made in house previously published methods. GFP-BAFF was previously published in King et al. AAV transduction
was done on day three of culture. First cells were replated at 1.5x10° cells/mL (unless otherwise noted) in IMDM + Bme + Glutamax +
commercial supplement without FBS, then virus was added to culture at 20% by volume unless indicated otherwise and incubated at
37°C. After 2 h FBS was added back to the media for a final concentration of 10% and returned to 37°C. The next day the media
volume was doubled in order to minimize any cell death caused by the addition of the AAV. For Lentivirus transduction, cells were
replated at 1.5x10° cells/mL IMDM alone, and virus was added. Cells were spinoculated for 30 min at RT at 400xg, then returned
to 37°C for 6 h. After 6 h cells were spun down for 5 min at 400xg, half the media volume was taken, and IMDM was added back
with two times the concentration of FBS, BMe, Glutamax, and commercial supplement and returned to 37°C.

Single cell RNA sequencing

NHP Single cell cDNA libraries were created using the 10x genomics platform (3’ chemistry V3.1 dual index kit, 10x genomics). Hu-
man cells were labeled with oligo-conjugated antibodies for tracking surface expression and sample identity labeling using the Bio-
legend Totalseqg-B protocol. We prepared libraries using the 10X genomics platform (Single-Cell v3.1 with feature barcode dual index
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kit, 10x genomics). Both NHP and human libraries were evaluated by tapestation (Agilent) before sequencing. Finally, libraries were
sequenced with NextSeq 1000/2000 kit (lllumina).

Single-cell RNA-seq analysis

Fastq files were processed by CellRanger and Velocyto based on the customized Macaca mulatta gene annotation (Figure S2,
Data S1). The h5 file is then further analyzed by a python script (https://github.com/Rene2718/Rhesus-Macaque-Plasma-B-Cells-
single-cell-RNAseqg-). Analysis including normalized, hierarchical clusterings, dimensional reduction, and cell clustering are analyzed
by python package scanpy. Cell velocity and velocity pseudotime is analyzed by python package scVelo.

Comparison between monkey and human

Human and monkey’s PCs are both generated ex vivo. For Human PCs scRNAseq experiment is generated by CITE-seq with surface
markers oligos (IgM, CD38, and CD138). We used the surface markers to define human B cell subsets. For NHP cells, we fixed first
with formaldehyde and recovered before running in 10X Chromium controller. We used transcriptomic clusters and markers to define
the NHP B cell subsets. We categorized ActB, prePB, PB and PC, as well as different isotypes for the human and NHP datasets sepa-
rately, and then compared the upregulated or downregulated genes between the species at different stages in PC differentiation as
interpreted from the clustering.

QUANTIFICATION AND STATISTICAL ANALYSIS

Sample sizes in each experiment were described in each figure and legend. Flow cytometry, Elispot experiments are designed to
have at least three biological replicates. scRNAseq experiment is designed to have two biological replicates. Clustering and gene
differential analysis were using scanpy (1.8.2). Dataframe-based analysis and table output is generated by pandas (1.4.2). Other sta-
tistical analysis was performed by Graphpad (GraphPad, San Diego, CA). To assess significance for bar graph in Figures 1 and 7, we
used two-sided unpaired t-test, significance is under a significance level of o = 0.05. (*p < 0.05, **p < 0.01, **p < 0.001). Data were
presented as mean + SD in all bar graph.
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Supplemental

Table S1: Staining Panels. Related to Figures 1, 5, and 7.

Panel 1: Day 0 Purity assessment

Antigen Fluorophore Clone Vendor Cat# Dilution
Live Dead AF350 N/A Invitrogen A10168 1:1000
CD20 PerCP-Cy5.5 L27 BD Bioscience 340955 1:20
CD14 APC-Cy7 MoP9 BD Bioscience 557831 1:200
CD56 PE MY31 BD Bioscience 347747 1:200
CD4 BV605 L200 BD Bioscience 562843 1:200
CD3 A700 SP34 BD Bioscience 557917 1:200
Panel 2: Phenotyping and transduction efficiency panel
Antigen Fluor Clone Vendor Cat# Dilution
Live Dead AF350 N/A Invitrogen A10168 1:1000
CD20 PerCP-Cy5.5 L27 BD Bioscience 340955 1:100
CD14 APC-Cy7 MoP9 BD Bioscience 557831 1:200
CD31 PE WM59 BD Bioscience 555446 1:100
CD38 mFluor450 OKT10 Caprico 1008144 1:100
Biotechnologies
CD3 AF700 SP34 BD Bioscience 557917 1:200
Transduction GFP -
Panel 3: Phenotyping and intracellular Ig staining
Antigen Fluor Clone Vendor Cat# Dilution
Live Dead AF350 N/A Invitrogen A10168 1:1000
CD20 PerCP-Cy5.5 L27 BD Bioscience 340955 1:20
CD14 APC-Cy7 MoP9 BD Bioscience 557831 1:200
CD138 PE DL-101 Biolegend 352306 1:100




CD38 mFluor450 OKT10 Caprico 1008144 1:50
Biotechnologies

CD38 FITC OKT10 Caprico 100815 1:200
Biotechnologies

CD3 APC-Cy7 SP34 BD Bioscience 557917 1:200

CD31 BV605 WM59 Biolegend 303122 1:100

CD59 APC p282 Biolegend 304712 1:50

CD79A Bv421 HM47 BD Bioscience BDB566225 1:200

lgG-ic AF700 G18-145 | BD Bioscience 561296 1:200

IgM-ic FITC G20-127 | BD Bioscience 555782 1:200




Table S2: AAV transduction with different titers. Related to Figure 7.

DAY 5
698 A17104 relative titer

no AAV 1.55 0.58 0
1 | scAAV1 9.41 2.33 0.664063
2 | AAV2 18.4 9.41 1
3 | AAV25 11.2 6.36 0.46875
4 | scAAV6 9.46 2.09 0.086328
5 | AAVD-J 22 9.92 1.757813
6 | AAVS 284 12.3 4.84375
7 | AAVS 7.48 1.75 2.402344
8 | AAV9 3.96 0.99 2.773438
9 | AAVRh.8 11 0.36 0.332031
10 | AAVllcapll 0.91 0.34 0.214844
11 | AAVcapll 0.94 0.4 0.46875
12 | AAV HSC7 1.8 0.59 0.992188
13 | AAV1110 pLT AAV Help | 16.2 6.95 0.5

(AAV2) Y444F, Y500F,

Y730F

DAY 7
698 Al17104 relative titer

no AAV 2.42 1.05 0
1 | scAAV1 5.91 2.34 0.664063
2 | AAV2 26.5 23.9 1
3 | AAV25 14.6 11.3 0.46875
4 | scAAV6 6.74 1.82 0.086328
5 | AAVD-J 33.7 23.2 1.757813
6 | AAVS 26.2 14.5 4.84375
7 | AAVS 5.18 2.18 2.402344
8 | AAV9 3.2 1.9 2.773438




13 | AAV1110 pLT AAV Help 19 13.7 0.332031

(AAV2) Y444F, Y500F,

Y730F

DAY 10
698 Al17104 relative titer

no AAV 7.27 1.63 0
1 | scAAV1 3.28 1.37 0.664063
2 | AAV2 21.5 21.1 1
3 | AAV25 10.4 8.34 0.46875
4 | scAAV6 3.78 1.3 0.086328
5 | AAVD-J 35.6 26.4 1.757813
6 | AAV5S 22.9 145 4.84375
7 | AAVS 4.27 211 2.402344
8 | AAV9 2.92 1.58 2.773438
13 | AAV1110 pLT AAV Help 12.5 10.5 0.332031

(AAV2) Y444F, Y500F,

Y730F
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Figure S1. Flow cytometry gating strategy. Related to Figures 1, 5, and 7. A. Gating scheme for flow
cytometry Panel 1 (Table S1) to determine purity at the time of isolation. B. Gating scheme for flow
cytometry Panel 2 (Table S1) to determine B cell phenotype and transduction efficiency through GFP
expression. C. Gating scheme for flow cytometry Panel 3 (Table S1) to determine B cell phenotype and

intracellular g production.
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Figure S2. Method of ex vivo expansion and differentiated NHP PCs. Related to Figure 1. A.

Following isolation of CD20+ Rhesus B cells from PBMCs, we assessed cell purity via flow cytometry

using the indicated antibodies (4 donors, n=4). B. Schematic workflow of monkey ex vivo differentiated

PC generation with two different time course and two different conditions. C. CD20+ NHP B cells were

cultured for 7 days/13 days with defined cocktail or commercial expansion medium (1.5-1x10° cells/mL) (3

donors, n=3), Total cells were counted on days 3, 5, and 7 (left and middle). Percentage of contaminating



T cells cells (CD3+, left). D. To assess the impact of cell density, CD20+ NHP B cells were cultured in the
commercial B cell medium for 7 days (Plated and maintained 1.5x10° cells/mL versus plated at 2.5x105
cells/mL and maintained at 1x10° cells/mL; 4 donors, n=3). At day 7 following isolation, the percent
viability was analyzed using flow cytometry. Data presented as individual data points and error bar

represent standard deviation.
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Figure S3. Monkey (Macaca mulatta) gene annotation workflow. Related to Figure 1. Gene
annotation workflow. (GTF: Gene transfer fomat, Macaca_mulatta.Mmul_10.104.chr.gtf, generated new

GTF: genes.gtf)
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Figure S4. Monkey ex vivo differentiated PCs subsets classification and differential expression
analysis for PCs. Related to Figures 1, 2, and 3. A. Single cell graph UMAP dimension-reduction
projection of day13 B cells (n = 5567) from two biological replicates. B. Classification of immunoglobulin
heavy chain (upper panel) and light chain (lower panel). UMAP projection of the subclass of IGHG+,
IGHA+, IGHM+ cells (upper panel) and IGKC+, IGLC+ cells (lower panel), and bar graph represent the
percentage of subclasses from two individual donor. C. UMAP projection of IGKC+, IGLC+ cells in LC-
independent clusters. D. Heatmap showing total count and expression of representative MT genes in LC-
independent clusters. E. Dotplot visualization of ex vivo differentiated monkey PCs: subsets are listed on

y-axis and SDC1 (CD138) gene on x-axis.
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Figure S5. RNA velocity of immunoglobulin and kinetic differentiation analysis. Related to Figure
4. A. Heatmap of indicated gene velocity and RNA expression level superimposed on to UMAP. B.
Heatmap of velocity pseudotime superimposed on to UMAP. C. Scatter plot of indicated genes with
velocity pseudotime and mean of spliced mRNA in every 0.1 pseudotime. D. scVelo kinetic differentiation

analysis.
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Figure S6. Comparison of human and monkey PC makers by scRNAseq analysis. Related to

Figure 6. A. Dotplot visualization of ex vivo differentiated human PC: subsets with different isotypes are

listed on y-axis and representative genes from Fig. 3D are listed along the x-axis. B. Dotplot visualization

of ex vivo differentiated human and monkey PC: subsets are listed on y-axis and CD27 gene on x-axis.
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Figure S7. NHP B cell transduction with AAV. Related to Figure 5. A-B NHP B cells were transduced

on day 3 of culture. 20% by volume was added of GFP encapsulated in different AAV pseudotypes, with
varying titers A. and flow for GFP+ B. was run 2 days later.
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