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Defining the immunological landscape of human tissue is an important area of
research, but challenges include the impact of tissue disaggregation on cell
phenotypes and the low abundance of immune cells in many tissues. Here, we
describe methods to troubleshoot and standardize Cellular Indexing of
Transcriptomes and Epitopes by sequencing (CITE-seq) for studies involving
enzymatic digestion of human tissue. We tested epitope susceptibility of 92
antibodies commonly used to differentiate immune lineages and cell states on
human peripheral blood mononuclear cells following treatment with an enzymatic
digestion cocktail used to isolate islets. We observed CD4, CD8a, CD25, CD27,
CD120b, CCR4, CCR6, and PD1 display significant sensitivity to enzymatic
treatment, effects that often could not be overcome with alternate antibodies.
Comparison of flow cytometry-based CITE-seq antibody titrations and
sequencing data supports that for the majority of antibodies, flow cytometry
accurately predicts optimal antibody concentrations for CITE-seq. Comparison
by CITE-seq of immune cells in enzymatically digested islet tissue and donor-
matched spleen not treated with enzymes revealed little digestion-induced
epitope cleavage, suggesting increased sensitivity of CITE-seq and/or that the
islet structure may protect resident immune cells from enzymes. Within islets,
CITE-seq identified immune cells difficult to identify by transcriptional signatures
alone, such as distinct tissue-resident T cell subsets, mast cells, and innate
lymphoid cells (ILCs). Collectively this study identifies strategies for the rational
design and testing of CITE-seq antibodies for single-cell studies of immune cells
within islets and other tissues.
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1 Introduction

Type 1 diabetes (T1D) is an autoimmune disease characterized by
T-cell mediated destruction of insulin-producing beta cells in
pancreatic islets (1). The balance between beta cell function and
regeneration versus dysfunction and death is influenced by a variety
of islet-proximal immune cells such as macrophages and other innate
cells, as well as effector and regulatory T cells and other lymphoid
populations (2-7). However, much of our current understanding
comes from studies in mice (8-12) and there is a need to better
understand cellular-cross talk mechanisms that control the function
of human islets in both health and T1D. Characterization of human
islet-resident immune cells and their interactions has proven
challenging, however, due to low frequency of immune cells within
islets and effects of dissociating tissue that can impact surface antigens
(13-17).

Phenotyping of human tissue-resident immune cells has been
significantly advanced by the advent of Cellular Indexing of
Transcriptomes and Epitopes by sequencing (CITE-seq). This method
allows simultaneous capture of cell surface protein and messenger RNA
(mRNA) expression of single cells (18), and is particularly useful for
detecting immune cell lineage markers with low mRNA expression (19)
as well as unbiased capture of the transcriptome of novel cell types (20).
For example, T cell populations such as y/6 and mucosal-associated
invariant T cells, and cell types such as innate lymphoid cells (ILCs) and
neutrophils are not well identified by single-cell RNA sequencing due to
low RNA content of lineage defining transcripts, high levels of RNase
(20-22), and mRNA expression patterns that do not correlate with
protein expression (19). Thus, annotating immune populations solely on
the basis of mRNA expression can lead to misidentification or an inability
to distinguish distinct populations with overlapping transcriptional
characteristics.

Despite the advantages of assessing surface protein expression
using CITE-seq, there are several methodological challenges. One
obstacle is the identification of optimal antibody titrations, as hyper-
concentration can lead to high background signal and increased
sequencing costs without adding sequencing depth, whereas
insufficient antibody can lead to insufficient signal to distinguish
positive expression patterns (23). Flow cytometry is often used as a
surrogate to define CITE-seq antibody titrations, on the basis of the
assumption that the signals of oligo-tagged antibodies correlate to
those from the same clone in a fluorochrome-tagged format (18).
However, due to differences in antibody lots, tissue source,
fluorescence spillover, tissue autofluorescence, and non-specific
background binding, optimal concentrations of flow cytometry
versus CITE-seq antibodies may differ.

Abbreviations: CITE-seq, Cellular indexing of transcriptomes and epitopes by
sequencing; EDTA, Ethylenediaminetetraacetic acid; FACS, Fluorescence-activated
cell sorting; FBS, Fetal bovine serum; ILC, Innate lymphoid cell; mRNA, Messenger
RNA; PBMC, Peripheral blood mononuclear cell; PCA, Principal component
analysis; RC, Relative change; T1D, Type 1 diabetes; UMAP, Uniform manifold
approximation and projection; UMI, Unique molecular identifier; ADT, Antibody-
derived tags; DEGs, Differentially expressed genes; DEPs, Differentially

expressed proteins.
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Another challenge in studying human tissue samples is the use of
enzymatic digestion to create single cell suspensions. The type of
enzymes used and length of digestion time can significantly affect the
presence of cell surface proteins (24). For islets, a variety of purified
digestive enzymes can be used during the isolation process for clinical
or research applications, including collagenase NB1 (Nordmark;
Uetersen, Germany), Liberase ™ (Roche; Basel, Switzerland) and/or
Collagenase Gold (Vitacyte; Indianapolis IN, USA) (25, 26). The
comparison between these collagenase enzymes used in islet isolation
shows that they produce similar islet purity and viability (27). During
the tissue digestion process, cell surface molecules on both immune
and parenchymal populations may be damaged (17, 24), necessitating
assessment of the digestion-induced destruction of epitopes of
interest to accurately assess the phenotype of resident immune
cells (17).

Herein, we assessed the impact of pancreas digestion and islet
isolation on extracellular immune cell lineage and phenotype
markers, and identified antibody clones that are sensitive or
resistant to the digestion process. We also optimized titration of
antibodies for CITE-seq using flow cytometry, and characterized
expression of immune cell markers in healthy human islets by
paired flow cytometry and CITE-seq.

2 Materials and methods
2.1 Experimental design

To evaluate the effect of digestive enzymes used during islet
isolation on CITE-seq oligo-antibodies, peripheral blood
mononuclear cells (PBMCs) were treated with enzymes to mimic
the process used by the University of Alberta IsletCore (26).
Splenocytes were used in during CITE-seq antibody titrations. All
donor information can be found in Supplemental Table S1. Cells were
incubated for 30 minutes, with or without digestion enzymes, and
then stained with a variety of antibody panels to comprehensively
classify and characterize T cell-, myeloid-, and ILC-derived
subpopulations. We then compared the proportion of cells positive
for each antibody stain in a common parent cell type: either lymphoid
or myeloid, depending on the marker of interest (Figure 1A and
Supplemental Figure S1).

2.2 PBMC and spleen preparation

Human tissue specimens were collected in accordance with
biosafety and ethical protocols approved by the University of
British Columbia Clinical Research Ethics Board (B22-0075 and
H18-02553, respectively) and Canadian Blood Services, and the
University Health Networks Research Ethics Board and biosafety
protocols (17-6229 and 20-5206, respectively). PBMCs were derived
from venous blood and cryopreserved in aliquots as previously
described (28).

For digestion experiments, PBMCs were thawed in a 37°C water bath
and transferred to pre-warmed (37°C) X-VIVO cell culture media
containing 5% human serum at a concentration of 1 million cells/mL.
For panels consisting of markers requiring immune activation, cells were
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divided into two equal-volume aliquots, one of which was activated with
CytoStimTM polyclonal T cell stimulant to a concentration of 1:200
(stimulant to media) and cultured for 48 hours at 37°C.

Islet perfusion solution was prepared following a standardized
protocol from the University of Alberta (26) from HBSS with 3.6 mM
calcium chloride, 0.81 mM magnesium sulfate, 4.2 mM sodium
bicarbonate, 10 mM HEPES, and 100 U penicillin-streptomycin
adjusted to a pH value of 7.35. Perfusion buffer was combined with a
digestion solution of 2.8 mg/mL Collagenase Gold, 12,500 U/g BP
Protease, and 5.6 mg/mL DNAse I, Grade II. Up to 2x10° PBMCs
were then incubated for 30 min at 37°C in the combination perfusion
buffer/digestive solution. The vials were gently agitated at 10-minute
intervals. After digestion cells were washed in PBS containing 0.5 mM
EDTA and resuspended in 4.5 mL PBS/EDTA. Trypsin (390 pL of
0.25%) was added to the cell suspension and incubated at 37°C for 10
min. The reaction was stopped by adding 10 mL PBS containing 1% fetal
bovine serum (FBS), 1 mM EDTA, and 11 mM GlutaMAX . Finally,
cells were transferred to a 96-well V-bottom polystyrene plate for flow
cytometry staining.

Spleens were received from the University of Alberta IsletCore or
the Ajmera Transplant Centre Islet Transplant Program. Samples
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were cut into small pieces using a sterile scalpel then placed into
gentleMACS C-tubes with 10 mL PBS plus 2% FBS and placed in a
gentleMACS dissociator using the m_spleen_01_01 setting. After
dissociation, the slurry was mashed through a 70 um cell strainer
and ACK lysed to remove red blood cells (29). Cell pellets were
resuspended in 50 mL RPMI media and 1x10° cells were removed per
well, centrifuged and resuspended in 50 uL master mixes containing
cell staining buffer and either flow cytometry or CITE-seq antibodies.

2.3 Flow cytometry of PBMCs to assess
clonal sensitivity to enzymatic digestion

PBMCs, either exposed to islet perfusion solution or unexposed
controls, were stained with a combination of the 61 anti-human
antibodies listed in Supplemental Table S2. Each staining panel was
selected to distinguish key subpopulations of myeloid cells and
lymphocytes. For each cell surface marker, at least one of the
antibody clones tested matched that of the corresponding marker in
BioLegend’s TotalSeqTM-C Human Universal Cocktail selection kit.
Panels were designed to allow standard lineage gating of immune cell
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phenotypes whenever possible. Samples for flow cytometry were
acquired on the FACS Symphony A5 platform and analyzed using
FlowJo software (BD Biosciences; version 10.8.1). All events were
gated on live, single lymphoid or myeloid populations as applicable
(gating strategy shown in Supplemental Figure S1). Gates were set on
undigested cells and then applied to the digested cells. Markers were
assigned to either a myeloid lineage or activated/non-activated
lymphocyte lineage, and percent positive of parent populations
reported. Figures were generated with Prism 9 (GraphPad Software;
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FIGURE 2

UpSet plot of clones included in the study, organized by immune cell lineage (T cell, NK/ILC, or monocyte).(A) Relative proportions of sensitive, partially
sensitive, and insensitive clones per grouping. (B) Histogram representing number of clones tested per grouping. (C, left) From top to bottom, total
number of clones tested for markers that are expressed by T cells, NK/ILCs, and monocytes, respectively. Line plot (right) signifies groupings of markers
for data in (A, B) that are expressed by one, two, or all three cell types, as indicated by connected dots (e.g., the first column describes data for markers
that are expressed by all three cell types, the second column for markers expressed only by T cells and NK/ILCs, etc.). Groupings are exclusive.

10.3389/fimmu.2023.1107582

version 9.3.1) and the R statistical computing environment (version
4.2.0). Figure 2 was generated using the ComplexUpset package (30).

All data pertaining to fluorophore-conjugated antibody staining
of cells treated with digestion enzymes were considered for quality-
related inclusion or exclusion from the study at the time of data
collection and analysis. Our a priori criteria for inclusion of data in
the final assessment were as follows: 1) Data for n=2 or more PBMC
donors; 2) a population of positive cells clearly identifiable in the
undigested cell sample; 3) for markers on activated cells, a sufficient
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activation signal, determined via CD69 staining, must be visible in the
flow cytometry output.

Readings of identical clone-fluorophore combinations during a
single flow cytometry experiment (e.g., repeat measurements from
different staining panels on the same day) were used to determine
mean values and recorded in the final dataset. Digestion sensitivity of
technical replicates (or the mean value for repeated measurements)
for each antibody was assessed by calculating the relative change (RC)
of the positive population in digested cells (to undigested cells) and
converting to a percentage (see Equation 1).

% positive (undigested) — % positive (digested)

RC =100
% positive (undigested)

Equation 1. Expression for quantifying relative change in positive
staining for flow cytometry antibodies in digested and
undigested cells.

A sample was considered sensitive if the RC was > 50, and
partially sensitive if 25 < RC < 50. As the equation is biased to
output large values for small inputs (e.g., markers for rare cell
populations), replicates with < 5% positivity of the undigested cells
were assessed for sensitivity via standard flow gating. If a positive
population for the antibody was visible, it was considered insensitive
to digestion.

Subsequently, overall clone sensitivity to digestion was assessed by
computing the proportion of replicates for each clone with full or
partial sensitivity. Antibody clones were considered sensitive if the
majority of replicates had an RC > 50; partially sensitive if the majority
of clones had an RC > 25 but < 50; and insensitive if the majority of
replicates had an RC < 25. Clones with a 50% split between full/partial
or partial/insensitive replicates were categorized as partially sensitive.

2.4 Human islet preparation

Human islets were received in accordance with research ethics
protocols 20-5206 (UHN) and H20-01930 (UBC). Human islets
(~10,000 islet equivalents) were obtained from the IsletCore
(University of Alberta) and shipped overnight in CMRL 1066
media. Prior to CITE-seq staining, islets were dissociated into a
single cell suspension by centrifugation (800 rpm, 5 min),
resuspended in 5 mL trypLE, and incubated in a 37°C water bath.
After 2 minutes, the islets were removed, pipetted vigorously, and
returned to the water bath for an additional 3 minutes. Islets were
counted and immune cells enriched using an Easysep human CD45
Depletion kit II. Cells were resuspended at 1.0x10% cells/mL in
EasySepTM buffer and 12.5 uL/mL EasySep Human CD45 Depletion
Cocktail II was added and incubated for 5 minutes at room
temperature. EasySep Dextran RapidSpheres (20 pL/mL) were then
added and incubated for 3 minutes at room temperature. The mixture
was then topped up to 2.5 mL with EasySep buffer and placed in an
EasySep purple magnet for 5 minutes. The CD45-negative fraction
was decanted, and the positive fraction added to the magnet for an
additional 5 minutes in 2.5 mL EasySep buffer. The resulting CD45-
positive fraction was then counted, 1x10° cells were removed,
centrifuged, and resuspended in 50 pL master mix containing cell
staining buffer and flow cytometry antibodies or TotalSeq-C
antibodies for CITE-seq, or a mix of both for ILC enrichment.
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As ILCs are present in very low abundance and display significant
overlap in protein and RNA level expression of molecules expressed
by T cells, we also performed an ILC enrichment on the same sample.
CD45-enriched islet cells (1x10°) were stained with flow cytometry
antibodies as well as the TotalSeqTM—C antibody cocktail (at a 1:1
ratio) and flow sorted before sequencing. FITC-conjugated antibodies
against B cells, T cells, and myeloid cells were used to differentiate
these immune cells from ILCs. Antibodies used for lineage exclusion
are listed in Table 1. We also used a live/dead dye (FVS700) and
antibodies directed against CD45 (APC Cy7, clone HI30), CD56
(BV605, clone HCD56), and CD127 (PE, clone hIL-7R-M21) to
differentiate helper ILCs from NK cells. Cells were sorted as Live,
CD45", Lineage™ (Supplemental Figure S2) washed as above and sent
for sequencing.

2.5 Assessing optimal antibody titrations
using splenic samples

To capture tissue-resident myeloid populations, such as those
seen in islets, we used human splenocytes for flow cytometry-based
CITE-seq antibody titrations. Splenocytes were thawed in pre-
warmed, serum-free RPMI, washed and resuspended at 5x10° cells/
mL in RPMI containing 5% human serum and 1% penicillin/
streptomycin. Since some markers of interest were only expressed
upon activation, cells were either activated (with LPS + IFNy or PMA/
ionomycin) or rested for 6 hours in complete RPMI at 37°C. If the
marker of interest was expressed more abundantly on myeloid lineage
cells, cells were activated with 10 ng/mL LPS + 100 ng/mL IFNY. If the
marker of interest was expressed more abundantly on ILCs or T cells,
cells were activated in PMA/Ionomycin cell stimulation cocktail.
After stimulation, 3x10° cells were washed with PBS plus 2% FBS
(FACS buffer), resuspended in 75 uL Human TruStain FeX™ Fe
Blocking reagent (at a 1:10 dilution in FACS buffer) and 1x10° cells
(25 pl of Fc blocked cells) were plated in a V-bottom plate for 15
minutes at 4°C. Each antibody was tested in 3 dilutions: 2x, 1x and
0.5x the recommended dilution and added to 25ul of FACS buffer.
Samples were stained for 30 minutes at 4°C and washed in FACS
buffer. Acquisition was performed on a BD LSRFortessa flow
cytometer and analyzed using FlowJo software (BD Biosciences;
version 10.8.1).

2.6 CITE-seq staining of spleen and islets

Surface staining was performed as described in the BioLegend
protocol (31). Briefly, 1x10° cells were resuspended in 45 UL Cell
Staining Buffer in 1.5 mL microcentrifuge tubes. Human TruStain
FcX'™ Fe Blocking reagent (5 uL) was added, and cells were incubated
for 10 minutes at 4°C. TotalSeqTM—C antibody cocktails were made
during the incubation using concentrations determined by previous
flow-cytometry-based CITE-seq titrations. All TotalSeqTM—C
antibodies added can be found in Supplemental Table S3. The
resulting cocktail was then added to cells and incubated for 30
minutes at 4°C. After incubation, cell pellets were resuspended with
1 mL PBS plus 0.05% BSA and centrifuged for 5 minutes at 400%g. The
wash was repeated twice more for a total of 3 washes, and the final
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TABLE 1 Flow cytometry antibodies used to identify cells positive for
classical immune cell lineage markers.

CD3 OKT3
CD3 UCHT1
CD4 RPA-T4
CD8a RPA-T8
CD14 M5E2
CD15 We6D3
CD19 HIB19
CD20 2H7
TCR a/b 1P26
TCR g/d Bl
CD33 HIM3-4
CD34 583
CD203c NP4D6
FceRla AER37
CD79%a HM47
CD138 MI15

concentration was adjusted to 1200 cells/uL and sent for sequencing
to a local biomedical research core.

2.7 CITE-seq data analysis pipeline

Samples were prepared for sequencing using the 10X Genomics
Single Cell 5 v2 platform in accordance with manufacturer’s
instructions for capture of 12,000 cells per sample. Reverse
transcription, cDNA amplification and sequencing libraries were
generated using 10X Genomics Single Cell 5° v2 reagents. Across
samples, cells were sequenced to a target depth of 40,000 reads per
cell. Read alignment to the reference human genome (GRCh38/hg38)
and gene expression matrices were generated by the 10X Genomics
CellRanger pipeline (version 6.1.2) 7. In line 640 please remove “to
generate UMAPS.

Data were loaded into R and Seurat objects were created individually
for both islets and spleen. High mitochondrial content cells were
removed from the islet clusters by removing cells with >10% of
Unique Molecular Identifiers (UMIs) mapped to mitochondrial genes
and <200 unique genes. For splenocytes, cells which had >20% of UMIs
mapped to mitochondrial genes and <200 unique genes were removed.
Data were normalized with SCTransform (32), principal component
analysis was used for dimensionality reduction (RunPCA) and cells were
clustered using the Louvain algorithm with 30 principal components
(FindNeighbors and FindClusters) in Seurat (33). Clusters were
visualized using the Uniform Manifold Approximation and Projection
(UMAP) algorithm (34).

In each object, immune cells (identified as clusters expressing
PTPRC), were used to create an immune cell-only object. The

Frontiers in Immunology

10.3389/fimmu.2023.1107582

individual datasets were then merged and integrated using harmony
(RunHarmony) (35). Cell type-specific thresholds were set to remove
low quality cells and all cells with >10% of UMIs mapped to
mitochondrial genes, as above. Cells with low transcript abundance
(<200 features) and high antibody expression indicative of antibody
aggregates were removed. Integrated data was then normalized
following the same process above. Cell types and lineages were
annotated by analysing the top differentially expressed genes and/or
proteins (FindMarkers) and manually labelled. T cell UMAPs were
generated by selecting cells which expressed either CD3E or CD3 and
re-clustered.

3 Results

3.1 Epitopes for several antibody clones
in the TotalSeq™-C kit are affected by
digestive enzymes

We performed flow cytometry on PBMCs which were or were not
exposed to a mock islet digestion protocol using a total of 92 antibody
clones specific for 64 immune cell markers (Figure 1). Surface marker
expression by cell type is displayed in Figure 1B. Up to five antibody
clones were tested per marker, with 2-18 replicates per clone on cells
from 2-4 PBMC donors. In the final analysis, data from 75/92 (82%)
of tested clones, specific for 61 immune cell markers were included.

To assess epitope sensitivity to digestive enzymes, we first
analyzed data via traditional flow cytometry to identify potentially
problematic clones/markers for which no positive population was
observed in the digestion condition. We then assessed the quantity of
cells positive for each marker as a proportion of the parent
cell population.

Across all replicates included in the final analysis (n=216), we
observed a median relative change of 8.2 (IQR: -1.1 to 52.7), with
values ranging from -188% to 100% (Note: RC values correspond to
relative change of mean fluorescence intensity for the marker of
interest in digested versus undigested cells). We found that 37/216
(17%) replicates displayed low, but quantifiable, relative expression in
the parent population of cells in both the digested and undigested
samples, and we treated these replicates for reporting purposes as
non-sensitive. A total of 116/216 (54%) replicates were non-sensitive
with >5% positivity in the undigested parent cells (i.e. true non-
sensitives), 20/216 (9%) partially sensitive, and 43/216 (20%)
significantly sensitive. A summary of these observations stratified
by immune cell type is provided in Figure 2.

We found that most (47/75, 63%) antibody clones tested using
flow cytometry that align with TotalSeq-C oligo-antibodies were not
sensitive to the enzymatic digestion process, with some notable
exceptions (Figure 3; Table 2). We observed partial sensitivity in
n=16 (21%) of clones tested, and high sensitivity in n=12 (16%) of
clones. A library of figures for each marker is included as a
supplementary download, indicating the proportion of parent cells
positive for each antibody stain and subsetted by clone tested. Of the
n=12 clones found to be highly sensitive, n=8 (75%) belonged to the
TotalSeq-C library, summarized in Table 2. Additionally, Figure 4
summarizes the sensitivity of each clone included in our final results
in a hierarchical heatmap format.
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FIGURE 3

The effects of enzymatic digestion on key phenotypic markers of concern in the TotalSeq-C antibody library. White and blue circles indicate pre- and
post-digestion values, respectively. Each pairing signifies an independent experimental replicate of pre- and post-treatment measurements, and the
proportion of cells positive for the marker of interest was determined using standard flow gating. Parent cells were total live lymphocytes after applying

quality control gating as outlined in Supplemental Figure S1

3.2 Flow cytometry antibody titrations allow
estimates of antibody concentrations for
CITE-seq studies

Flow-based antibody titrations were used to determine the
optimal concentration for CITE-seq staining, as prior studies
suggested flow-based signal would be analogous to CITE-seq signals
(18). PE-conjugated antibodies corresponding to the same markers
and epitopes (clones) as the TotalSeq-C antibodies were utilized.
Three titrations were performed on each antibody of interest with the
middle concentration being that recommended by the vendor
(BioLegend). Flow cytometric analysis was used to determine the
lowest amount of PE-conjugated antibody needed to generate a
positive signal (Table 3; Figure 5). As some populations of interest
are rare or absent in PBMCs, we used human splenocytes to perform
the antibody titrations. For markers which were more highly
expressed upon activation, cells were activated for 6 hours before
staining. For activation markers on myeloid cells (e.g., CD80, CD86
and CD163), cells were stimulated with a combination of LPS and
IFNY, and for those on T cells and/or ILCs (e.g. CD69, ICOS, and
CD107a), cells were activated with PMA/Ionomycin. Concentrations
were assessed by the ratio of percent positive signal plus noise (gated
based on unstained) to the percent positive signal (gated based on
peak separation). The optimal antibody concentration was
determined to be that which gave a positive peak with the lowest
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positive signal plus noise (Figure 5A). Titration results for each
marker are listed in Table 3 and Figure 5B gives examples of
titration plots for markers affected by enzymatic digestion and
Figure 5C is the legend for these plots, with the titration
concentration selected to move forward with shown in blue. For 15
antibodies, the recommended dilution (titration concentration #2)
was appropriate. However, for only 1 marker (CD11b), the highest
concentration (titration concentration #3) gave a positive signal
without substantial background staining (signal - (signal + noise)
ratio). For the remainder and majority of antibodies (47), we noted
the lowest concentration, titration #1, to be optimal. We therefore
moved forward with the appropriate concentration based on these
results for CITE-seq studies.

3.3 CITE-seq antibody concentrations
determined by flow cytometry allow
identification of islet-resident
immune populations

To test the effects of enzymatic digestion on CITE-seq samples,
enzymatically dissociated islets and donor-matched spleen
(mechanically dissociated only) from one individual were stained
with a panel of 67 oligo-tagged antibodies associated with myeloid, T
cell and ILC populations (Supplemental Table S3) and sequenced. As
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TABLE 2 List of clones tested for key markers of concern.

10.3389/fimmu.2023.1107582

Clone Clone with best Number of donors> clone Num.ber of Propo.rtion of Proportion c?f Proportion of
tested obsgr_ved was tested with r.epllcates rep_ll.cates repllcat_e:s partially repllc_a.tes not
staining included sensitive (%) sensitive (%) sensitive (%)
CD4 OKT4
OKT4 4 16 0 0 100
RPA-T4 2 3 67 33 0
CD8a SK1
RPA-T8 2 3 100 0 0
SK1 3 9 22 22 56
CD25 (IL2R) 4E3
243 2 2 100 0 0
4F3 2 2 0 0 100
B1.49.9 2 2 0 50 50
BC96 3 3 67 0 33
M-A251 3 5 20 20 60
CD27 0323
0323 2 4 75 25 0
o o
3G7A02 2 2 100 0 0
CD19%4
(CCR4) 161
1GI 2 2 0 50 50
L291H4 3 4 75 0 25
corse e
11A9 2 2 50 0 50
GO34E3 3 4 75 25 0
R6HI 2 2 100 0 0
D2
ﬁ)m? PD1.3
eBio]105 2 2 100 0 0
EHI2.1 2 2 100 0 0
EHI2.2H7 3 3 100 0 0
PDL3 2 2 50 0 50

TotalSeq-C clones highlighted in bold text.

we were primarily focused on how enzymatic digestion impacted
epitopes on immune cells and how CITE-seq could aid in better
delineation of immune cell subsets, the panel of antibodies selected
included markers commonly used to distinguish immune cell subsets
and activation states.

To ensure sufficient immune cells were captured by sequencing,
CD45-enrichment using magnetic separation was performed on islets,
as immune cells account for only 1-2% of cells within human islets
(15). To further enrich for rare ILC populations, which can have
overlapping transcriptomic signatures with CD4" T cell subsets, ILCs
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were isolated via flow cytometry sorting by negatively gating on
expression of lineage markers (Table 1) on islet-resident CD45" cells
(Supplemental Figure S2). This ILC-enriched sample was sequenced
along with the donor-matched CD45-enriched sample (Figure 6A).
Donor-matched spleen was also sequenced to serve as a control for
assessing epitopes negatively impacted by enzymatic digestion and to
aid in annotation of immune populations.

After sequencing, islet CD45-enriched and islet ILC-enriched
samples were integrated (Figure 6B) and populations defined by
RNA expression and antibody-derived tags (ADT) were compared
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Circle packing heat map of clone sensitivity to digestive enzymes. The colour scale indicates relative proportion of replicates sensitive or partially
sensitive to digestion, and the size of each circle indicates the number of replicates included in analysis. Circle containers indicate successive levels of
hierarchy, where clones are grouped according to immune marker (the colour of these encapsulating hierarchy circles, which contain multiple daughter

clones, is not indicative of daughter clone sensitivity).

to those observed in donor-matched spleen (Figure 6B). Individual
islet and spleen UMAPs with clustering based on combined RNA
expression and ADT were annotated based on cell types and origin
(CD45-enriched or sorted) (Figure 6B). Next, islet-resident immune
cells were merged with the splenocytes and normalization, PCA and
cell-clustering analysis performed. Clusters in the merged islet and
spleen dataset were then manually annotated based on cell lineage
and cell type and compared across tissue of origin (islet or spleen)
(Figure 6C). We noted the contribution and proportion of each cell
type from islets or spleen differed (Figure 6D). Mast cells originated
primarily from islets whereas B cells and plasma cells were
predominantly from the spleen (Figure 6D). To annotate subsets of
immune cell lineages, the expression of genes and proteins associated
with T cells and ILCs (Figure 6E), myeloid cells (Figure 6F) and
plasma cells, B cells and mast cells (Figure 6G) were assessed. Unique
to islets, we also identified a CD8 T cell population with surface
protein expression of NKG2D and CD94 (Figure 6E).

We noted, however, that although flow cytometric titrations were
performed to optimize antibody dilutions for CITE-seq, the
concentrations used based on this optimization were not always ideal,
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with some markers displaying a large degree of non-specific background
signal. In particular, 4-1BBL, CD138, TCR /3, CD64, NKp44 and OX40
contained notable background contamination. To correct this, minimum
cut-offs were used to eliminate background signal from non-specific
binding of oligo-tagged antibodies (Supplemental Figure S3).

To validate the CITE-seq protein data based on ADT, flow
cytometry analysis was performed on islets from n=4 donors.
Proportions of immune cells in healthy human islets (Figure 7A)
were used to compare expression patterns in myeloid, T cell and ILC
populations (Figures 7B-D). CD14 and CD68 were used to identify
myeloid populations (Figure 7B) and the expression of HLA-DR and
CD206 was validated in healthy human islets in comparison to PBMC
control myeloid cells. CD3, CD4, and CD8 were used to identify T cell
populations. CITE-seq revealed that islet-resident CD4" T cells
expressed CCR4 and CD45RO, which was also observed via flow
cytometry (Figure 7C). In CD8" T cells, high expression of CD103
and CD45RO was observed via both CITE-seq and flow cytometry
(Figure 7C). Thus, there was concordance in positive expression
between protein detected by flow cytometry and protein detected
by CITE-seq in islet resident immune cells.
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TABLE 3 List of antibodies titrated, stimulation condition, recommended titration from the vendor and 3 point titration values.

Antibody Stimulation condition Recommended Titration Titration 1 Titration 2 Titration 3
CD56 - 0.05-0.8 0.05 0.425 0.8
CD161 - 0.125 -2 0.125 1.0625 2
CD117 (c-kit) - 0.25-1 0.25 0.625 1
CD16 - 0.025 - 0.4 0.025 0.2125 0.4
TIGIT (VSTM3) - 0.125 - 2 0.125 1.0625 2
CD335 (NKp46) - 0.05-0.8 0.05 0.425 0.8
CD294 (CRTH2) - >0.5 0.5 1.25 2
CD127 (IL-7Rot) - 0.05-0.8 0.05 0.425 0.8
CD196 (CCR6) - 0.0125 - 0.2 0.0125 0.106 0.2
CD314 (NKG2D) PMA 0.0625 - 1 0.0625 0.53125 1
CD336 (NKp44) - >0.5 0.5 1.25 2
CD%4 - 0.025 - 0.4 0.025 0.2125 0.4
KLRGI1 (MAFA) - 0.1-0.5 0.1 0.3 0.5
CD183 (CXCR3) - 0.05-0.8 0.05 0.425 0.8
TCR v/ - N/A 0.05 0.425 0.8
CD45 - 0.01-0.1 0.01 0.055 0.1
TCR Vo24-Jo18 (iNKT cell) - N/A 0.5 1.25 2
TCR o/ - 0.015 - 0.24 0.015 0.1275 0.24
CD8a - N/A 0.025 0.2125 0.4
CD3 - 0.0125 - 0.2 0.0125 0.106 0.2
CD4 - 0.025 - 0.4 0.025 0.2125 0.4
CD138 (Syndecan-1) - N/A 0.05 0.425 0.8
CD14 - 0.025 - 0.4 0.025 0.2125 0.4
CD206 (MMR) - 0.25-1 0.25 0.625 1
HLA-DR - 0.0125 - 0.2 0.0125 0.106 0.2
CD45RA - 0.03125 - 0.5 0.03125 0.2656 0.5
CD45RO - 0.125 -2 0.125 1.0625 2
CD25 PMA 0.025 - 0.4 0.025 0.2125 0.4
CD223 (LAG-3) PMA 0.125 -2 0.125 1.0625 2
CX3CR1 - 0.0625-1 0.0625 0.53125 1
TSLPR (TSLP-R) - >0.5 0.5 1.25 2
CD49b - 0.025 - 0.4 0.025 0.2125 0.4
CD38 PMA 0.05-0.8 0.05 0.425 0.8
CD57 Recombinant - 0.025 - 0.4 0.0.25 0.2125 0.4
CD49%a - 0.025 - 0.4 0.025 0.2125 0.4
CD278 (ICOS) PMA 0.0625 - 1 0.0625 0.53125 1
CD357 (GITR) PMA N/A 0.5 1.25 2
CD39 PMA 0.0125 - 0.2 0.0125 0.10625 0.2
CD69 PMA 0.025 - 0.4 0.025 0.2125 0.4
CD279 (PD-1) PMA 0.125 -2 0.125 1.0625 2
(Continued)
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TABLE 3 Continued

10.3389/fimmu.2023.1107582

Antibody Stimulation condition Recommended Titration Titration 1 Titration 2 Titration 3
CD152 (CTLA-4) PMA 0.25-1 0.25 0.625 1
CD107a (LAMP-1) PMA 0.0625 - 1 0.0625 053125 1
CD95 (Fas) PMA 0.125 -2 0.125 1.0625 2
CD134 (OX40) PMA 0.125 -2 0.125 1.0625 2
CDI37L (4-1BB Ligand) PMA 0.5 0.5 125 2
CD40 LPS/IEN 0.025 - 0.4 0.025 02125 0.4
CD137 (4-1BB) PMA 0125 -2 0.125 1.0625 2
CD194 (CCR4) - 0.0125-0.2 0.0125 0.10625 02
CD27 - 0.005 - 0.08 0.005 0.0425 0.08
CD28 - 0.03125 - 0.5 0.03125 0.2656 05
GARP (LRRC32) - 0.125-0.5 0.125 0375 05
CD122 (IL-2RB) - 0.0625 - 1 0.0625 053125 1
CDI184 (CXCR4) - 0.5 0.5 1.25 2
CD49d PMA 0.0125 - 0.2 0.0125 0.10625 02
CD274 (B7-H1, PD-L1) PMA 0.0625-1 0.0625 053125 1
CD120b LPS/IFN N/A 0.01 0.255 05
CD80 LPS/IFN 0.25-1 025 0.625 1
CD32/Fcg RII LPS/IEN 0.0125 - 0.2 0.0125 0.10625 02
CD11b LPS/IEN 0.0125 - 0.2 0.0125 0.10625 0.2
CD64 (FCGRIA) LPS/IFN 0.0125 - 0.2 0.0125 0.10625 02
CD86 LPS/IFN 0.005 - 0.08 0.005 0.0425 0.08
CD163 LPS/IFN 0.0625 - 1 0.0625 0.53125 1
CD197 (CCR?) - 0.5 0.5 125 2

All titration values are pg per 100ul with 1 million splenocytes. Chosen titration values are bolded. N/A stands for Not Available.

To examine whether combined RNA and protein data allowed for
better delineation of cell types than either individually, we performed
normalization and UMAP projections based on either RNA or ADT
data alone from the merged islet and spleen dataset (Supplemental
Figure S4). Manual annotation of the UMAPs was informed by
heatmaps of select differentially expressed genes (DEGs) or
differentially expressed proteins (DEPs) present in clusters defined
by RNA, ADT, and/or combined RNA and ADT (Supplemental
Figure S5). We found that analysis using RNA, ADT or RNA with
ADT all generated UMAPs with 14 clusters (Supplemental Figure
S4A). Populations labelled as ‘Unclear’ in Supplemental Figure S4B
were those which lacked lineage defining markers by either RNA or
ADT. Notably, manual annotation with information from either RNA
or ADT alone did not match annotations derived from RNA and
ADT (Supplemental Figure S4B). Specifically, clusters 0, 1, 2, 3, 4, 5, 8,
9, 11, and 14 were not accurately annotated using RNA or ADT data
alone. Further, UMAPs derived from combined RNA and protein
data were necessary to identify CD4" T cells, NK/CD8" T cells, NK
cell/ILCs and CD8" T cells as key lineage markers were not highly
expressed at the RNA level. These findings emphasize the importance
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of including protein data to accurately distinguish T cell, ILC and NK
cell types.

We also assessed how protein and mRNA expression levels were
correlated in human islet-resident immune cells by comparing lineage
markers associated with T cells, ILCs, myeloid and plasma cells, as
well as molecules associated with activation or inhibition (Figure 8A).
Of the markers included in our CITE-seq panel, 15/67 had positive
mRNA expression levels that overlapped with positive protein levels,
37/67 had some overlap between protein and corresponding mRNA
expression and 10/61 did not overlap in either islet and spleen
populations (visualized by FeaturePlot and DotPlot). Markers not
assessed did not have RNA level equivalents, such as CD45RA. For
example, consistent expression patterns of CD3, CD127 and CD14
were observed at both the protein and mRNA levels. In contrast CD8,
CD4, CD56 and CD138 were not highly expressed at the mRNA level
but could be readily detected at the protein level. (Figure 8A).
Importantly, protein level data within the CITE-seq dataset
increased the resolution and accuracy of our annotations. For
example, T cell populations can be more clearly delineated by
distinct surface level CD4 and CD8 expression and likewise,
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Workflow and combined islet and spleen lineage maps. (A) Example workflow of CITE-seq. Spleen and islet samples were enriched for CD45" immune
cells. Immune cells from spleen were stained with oligo-antibody conjugated TotalSeqC antibodies and sent for 10x sequencing. Islet immune cells were
either were stained with oligo-antibody conjugated TotalSeqC antibodies or stained for both oligo-antibody conjugated TotalSeqC and flow cytometry
antibodies at the same time and FACS sorted to enrich for NK cells and ILCs and then sent for 10x sequencing. (B) UMAPs of islet cell types, islet cell
origin (FACS sorted or CD45-enriched), and spleen cell types. (C) Merged islet and spleen lineage, cell types and tissue of origin UMAPs. (D) Composition
of cell types from each organ. (E) T, NK and ILC lineage markers. (F) Myeloid lineage markers. (G) B cell, plasma cell and mast cell lineage markers.
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CITE-Seq protein expression is validated by flow cytometry on healthy human islets. Healthy human islets were analyzed by CITE-seq and flow
cytometry. Surface marker proteins found to be expressed by islet-resident immune cells by CITE-seq were analyzed by flow cytometry in order to

validate CITE-seq findings. PBMCs were used a staining control for flow cy
CD14, CD206 and HLA-DR expression. (C) T cell population analysis of CD

cytotoxic T cell and NK cell populations can be delineated with clear
expression of surface CD56.

We also compared mRNA to protein expression on islet- and
spleen-derived T cells to determine whether protein level
quantification may have been affected by digestion (Figures 8B, C).
T cells from the merged spleen and islet Seurat object were re-
clustered (Figure 8B), and T-cell-associated gene and protein
expression were compared between digested (islet), and undigested
(spleen) tissue. While all 67 CITE-seq proteins were assessed, we
focused on analysis of CD4, CD8A, CD25, PD1, CD27 and CCR6
(Figure 8C), since flow cytometry studies identified these markers as
being highly susceptible to digestion (Figure 3). Minimal differences
in protein expression between the two measurement methods
were observed.

Frontiers in Immunology

cbié (BUV737)

tometry analysis. (A) human islet UMAP, (B) Myeloid population analysis of
4, CD8, CD45Ro, CCR4 and CD103. (D) ILC analysis of CD56 and CD127.

4 Discussion

In this study we examined strategies to optimize CITE-seq of
resident immune cells by testing epitope susceptibility to an
enzymatic digestion cocktail commonly used to isolate islets,
titrating antibodies for CITE-seq by flow cytometry, and comparing
CITE-seq data generated with 67 oligo-conjugated antibodies in
parallel samples of spleen and islet immune cells. This work
revealed epitopes that are highly susceptible to enzymatic digestion,
but that were still detectable on cells within the islet capsule. Parallel
analysis of flow cytometry and CITE-seq-detected protein expression
revealed good data concordance and enabled identification of islet
resident immune cells that would have been difficult to detect on the
basis of mRNA expression alone.
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CITE-seq allows identification cell types through the expression of surface markers not captured by single cell RNA sequencing. (A) RNA (genes shown in
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Digestion of the exocrine pancreas in collagenase is a well-
established method for human islet isolation in preparation for
transplantation or for laboratory studies of islets, beta cells and/or
islet-resident immune cells (27, 36). To determine whether this
process could affect cell surface proteins on immune cells, we
performed flow cytometry with PBMCs experimentally exposed to
enzymes commonly used in the preparation of islets. These data
showed that depending on the antibody clone, the ability to detect
CD4, CD8a, CD25, CD27, CCR6, and PD-1 can be affected by
enzymatic digestion. In accordance with our findings, CD4, CD8a,
CD25, and CD27 have also been observed by other groups to be
sensitive to digestion (24).

To further assess the impact of collagenase on cell surface marker
expression by CITE-seq, we compared protein and mRNA expression
in digested islets and mechanically dissociated spleen, focusing on the
proteins found to be most cleavage-susceptible by flow cytometry.
Contrary to flow cytometry data, protein expression of CD8a and PD-
1 was higher in islets (digested) than in spleen (undigested). These
findings suggest that while these epitopes are sensitive to enzymatic
digestion, CITE-seq has sufficient sensitivity to detect expression.
Similar expression of CD4 in islets and spleen at the protein and
mRNA was observed, suggesting that digestion did not negatively
affect the ability to detect this marker by CITE-seq. We did not detect
CD25 or CD27 protein expression on immune cells from human islets
but could observe immune cells expressing these markers in spleen.
This may be a result of collagenase-induced cleavage, but as reported
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by other groups (15) it is more likely that CD25" cells are not present
in islet-resident immune cells from people without T1D, as it was also
not detected by flow cytometry or at the mRNA level. Further, FOXP3
mRNA (expressed by CD25™ Tregs) was not detected. We noted low
CD27 gene expression in both tissues, making it unclear if the
difference in CD27 expression between islets and spleen are a result
of collagenase-induced cleavage or reflective of biological differences
in immune cells from these distinct tissues. Finally, we observed no
CCRG6 protein or mRNA expression in either islets or spleen, so while
this marker is sensitive to digestion, it was likely not expressed by
immune cells within tissues studied within this donor.

Surface protein cleavage by collagenase can be impacted by the
length of digestion time and concentration of the enzyme. In human
islet isolation protocols, collagenase is typically delivered via the
common bile duct for dispersal throughout the pancreas (26, 36).
Exposure of islet-resident immune cells to collagenase during this
process varies among donors, collagenase lots (36), and islet
preparations. We theorize that the epitopes of immune cells within
islets may have been shielded by cells that comprise the islet mantle,
minimizing the exposure of immune cells to digestion enzymes and
mitigating any potential proteolytic effect. Thus, our assessment of the
impact of collagenase on PBMCs may not enable direct comparison to
islet-resident immune cell cleavage after digestion. Nonetheless,
identifying the epitopes most susceptible to cleavage is still
important to determine whether differences in cell surface
expression might be biological or related to the islet digestion
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protocol. Our study highlights the utility of parallel sequencing of
control tissues (e.g., splenocytes) that do not require enzymatic
digestion to create single cell suspensions, whenever possible.
Titrating oligo-conjugated antibodies for multimodal single-cell
analysis is important for improving sensitivity, lowering background
signal, and reducing sequencing costs (23). In our study, we did 3-
point serial dilutions with the middle concentration being suggested
by the manufacturer (BioLegend) using PE-conjugated versions of the
same clones used for CITE-seq. We noted that the manufacturer’s
recommended antibody staining concentration, which had been
optimized on circulating immune cells in blood, was only optimal
for 15 of 67 antibodies, suggesting antibody optimization may have to
be tailored for tissue studies. By using splenocytes rather than PBMCs
for optimizations, we were better able to select a concentration which
had the optimal balance between positive signal and low background.
This observation is of note, as unlike antibody titrations for flow
cytometry, with CITE-seq it is important to not use saturating
amounts of antibody, as this may result in sequencing of unbound,
aggregated antibodies and reduced overall sequencing depth (23).
Due to the high cost of sequencing and the rarity of human islet
donors, we performed our antibody titrations using flow cytometry
analysis of human splenocytes, rather than with human islets and
sequencing. While this enhanced our ability to select optimal antibody
dilution for most markers, it may also have led to sub-optimal selection
of CITE-seq antibody concentrations for islet studies. We noted that
while helpful for many epitopes, the use of PE-conjugated antibodies as
a proxy for CITE-seq oligo-tagged antibodies was imperfect. This could
in part be due to the variance in conjugation stoichiometry that is often
not consistent between varying formats and batches of fluorescent
antibodies (37). It may also be due to differences in sensitivity of ADT
sequencing as compared to fluorescent antibody detection (38). While
flow based titration methods are used widely as an economical and
relatively quick method of antibody optimizations for CITEseq studies,
this may lead to using sub-optimal CITE-seq antibody concentrations.
Despite this, in cases where there was a background signal, we were able
to perform manual modifications of signal expression to visualize the
differential expression, leading us to conclude that oligo-conjugated
antibody titration by flow cytometry is for the most part a helpful
technique to obtain concentrations needed for CITE-seq but the source
of immune cells can influence selection of appropriate concentration.
CITE-seq allows for optimal annotation of cell populations and
identification of rare cells that cannot be identified by RNA
sequencing alone. We found that protein expression data from 67
surface markers increased our ability to annotate myeloid cells, T
cells, NK cells and other ILCs, as well as mast cells in human islets. As
ILCs are present in low abundance in islets, and can have very similar
profiles at the RNA level to T cell populations, including expression of
CD3 at the transcriptional level (39, 40), we enriched NK cells and
helper ILCs by flow cytometry-sorting prior to sequencing. CITE-seq
enabled clear differentiation of helper ILCs from T cells by positive
expression of CD127 without high surface CD4 and CD8 protein
expression. There were discrepancies between mRNA and protein
expression for ILC markers including IL7R and CD127, KLRDI and
CD94, and CD56 and NCAMI. The latter is particularly relevant, as
CD56 is expressed by several ILCs — NK cells, key among - but also
natural killer T cells and activated T cells. The poor capture of
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NCAMI in mRNA data illustrates the benefit of CITE-seq versus
single cell RNA sequencing to identify CD56-expressing cells (41).

In summary, we found that although digestion of immune cells
with islet isolation enzymes has the potential to significantly affect cell
surface expression of several epitopes, the structure of islets might
mitigate any proteolytic effects on resident immune cells. With the use
of accurately titrated antibodies, CITE-seq adds a valuable layer of
information to single-cell RNA sequencing in the characterization of
islet-resident immune cell subsets. This work sets the stage for a more
comprehensive investigation of how these cells change in health
and disease.
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