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SARS-CoV-2 Cell Entry Factors ACE2 and TMPRSS2
Are Expressed in the Microvasculature and Ducts of
Human Pancreas but Are Not Enriched in 3 Cells
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e ACE2 and TMPRSS2 protein is not detected in B cells of the
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In Brief

Coate et al. examined expression of
canonical SARS-CoV-2 entry proteins
ACE2 and TMPRSS2 in the human
pancreas and report ACE2 expression in
the microvasculature, including islet
pericytes, whereas both ACE2 and
TMPRSS2 are expressed in some ducts.
Conversely, neither protein is detected in
B cells, arguing against direct g cell viral
infection in vivo.
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SUMMARY

Isolated reports of new-onset diabetes in individuals with COVID-19 have led to the hypothesis that SARS-
CoV-2 is directly cytotoxic to pancreatic islet B cells. This would require binding and entry of SARS-CoV-2
into B cells via co-expression of its canonical cell entry factors, angiotensin-converting enzyme 2 (ACE2)
and transmembrane serine protease 2 (TMPRSS2); however, their expression in human pancreas has not
been clearly defined. We analyzed six transcriptional datasets of primary human islet cells and found that
ACE2 and TMPRSS2 were not co-expressed in single B cells. In pancreatic sections, ACE2 and TMPRSS2
protein was not detected in B cells from donors with and without diabetes. Instead, ACE2 protein was ex-
pressed in islet and exocrine tissue microvasculature and in a subset of pancreatic ducts, whereas TMPRSS2
protein was restricted to ductal cells. These findings reduce the likelihood that SARS-CoV-2 directly infects
cells in vivo through ACE2 and TMPRSS2.

INTRODUCTION

In coronavirus disease of 2019 (COVID-19), elevated body mass
index (BMI) and plasma glucose levels, with or without pre-exist-
ing diabetes, have been identified as independent risk factors of
morbidity and mortality with severe acute respiratory syndrome-
associated coronavirus-2 (SARS-CoV-2) infection (Barron et al.,
2020; Cariou et al., 2020; Holman et al., 2020; Riddle et al., 2020;
Wang et al., 2020b; Zhou et al., 2020). Isolated cases of new-
onset diabetes and diabetic emergencies such as ketoacidosis
and hyperosmolar hyperglycemia have been reported with
COVID-19 (Chee et al., 2020; Goldman et al., 2020; Hollstein
etal., 2020; Kim et al., 2020; Li et al., 2020a; Rafique and Ahmed,
2020; Unsworth et al., 2020), leading to the hypothesis that
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SARS-CoV-2 has a diabetogenic effect mediated by direct cyto-
toxicity to pancreatic islet B cells (Koch et al., 2020).

In vitro studies have shown that SARS-CoV-2 entry into human
host cells requires binding to the cell surface receptor angio-
tensin-converting enzyme 2 (ACE2), as well as proteolytic cleav-
age of the viral spike (S) protein by transmembrane serine prote-
ase 2 (TMPRSS2) (Hoffmann et al., 2020; Lan et al., 2020; Shang
et al., 2020; Wiersinga et al., 2020). In 2010, Yang et al. (2010)
examined autopsy samples from a single deceased patient in-
fected by SARS-CoV-1, which uses similar machinery for bind-
ing and cellular entry, and reported expression of ACE2 in
pancreatic islet cells. Though the identity of these islet cells
was not assessed, the authors suggested that binding of ACE2
by SARS-CoV-1 damages islets and causes acute diabetes,
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Figure 1. ACE2 and TMPRSS2 Expression in Isolated Human Islet Cells and Juvenile Pancreas

(A) Relative expression of ACE2 and TMPRSS2 compared with select o (white bars) and f (green bars) cell-type-enriched genes in sorted human islet o and B cells
from previously published bulk RNA-seq datasets, reported as transcript per million mapped reads (TPM; n = 7; Blodgett et al., 2015) or reads per kilobase of
transcript per million mapped reads (RPKM; n = 8; Arda et al., 2016). Mean expression values are presented as log, (TPM+1) or log, (RPKM+1) to account for
negative values. Dotted line highlights ACE2 and TMPRSS2 expression.

(legend continued on next page)
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which could be reversed after viral recovery (Yang et al., 2010).
Further, there have been occasional reports of other viral infec-
tions eliciting a diabetogenic effect (reviewed in Filippi and von
Herrath, 2008). More recently, Yang and colleagues reported
that B-like cells derived from human pluripotent stem cells
(hPSCs) as well as B cells of primary human islets express
ACE2, raising the possibility of direct infection and cytotoxicity
of B cells by SARS-CoV-2 (Yang et al., 2020). Importantly, neither
of these prior studies (Yang et al., 2010, 2020) characterized the
expression and localization of TMPRSS2, an obligate co-factor
for SARS-CoV-2 cellular entry. Thus, a more detailed analysis
of both ACE2 and TMPRSS2 expression and localization in hu-
man pancreatic tissue from normal donors and those with dia-
betes is urgently needed. The purpose of this study was to test
the hypothesis that native pancreatic islet B cells possess the
cellular machinery that could render them direct targets of
SARS-CoV-2. Importantly, we found that ACE2 and TMPRSS2
proteins are not detectable in human islet endocrine cells from
normal donors or those with diabetes, making a direct diabeto-
genic effect of SARS-CoV-2 via ACE2 and TMPRSS2 unlikely.

RESULTS AND DISCUSSION

ACE2 and TMPRSS2 mRNA Expression Is Minimal in
Human « or B Cells

We first evaluated mRNA expression of ACE2 and TMPRSS2
from two existing bulk RNA sequencing (RNA-seq) datasets
(Arda et al., 2016; Blodgett et al., 2015), where human islet o
and B cells were enriched by fluorescence-activated cell sorting,
and compared their expression to that of key islet-enriched
genes, some of which are normally expressed at relatively low
levelsinislet cells (e.g., transcription factors). Median expression
level of ACE2 and TMPRSS2 mRNA was much less than tran-
scripts of such key islet-enriched genes in human « and B cells
(~84% and 92% lower than o and B cell-enriched transcripts,
respectively) (Figure 1A; n = 7-8 adult donors per study). In addi-
tion, analysis of four single-cell (sc) RNA-seq datasets of human
pancreatic cells (Baron et al., 2016; Camunas-Soler et al., 2020;
Kaestner et al., 2019; Segerstolpe et al., 2016) revealed that, in
aggregate, less than 1.5% of B cells expressed ACE2 or
TMPRSS2, and each transcript was minimally expressed or un-
detectable in all other endocrine cell subsets (Figures 1B and
S1A; Table S1). We note that this included analysis of the robust
Human Pancreas Analysis Program (HPAP) dataset that con-
tained more than 25,000 cells from 11 normal donors (Kaestner
etal., 2019), the findings of which were confirmed in the analyses
of three previously reported, but smaller, datasets (Figures 1B
and S1A). Furthermore, given that ACE2 and TMPRSS2 co-
expression is required for canonical SARS-CoV-2 host cell entry
(Hoffmann et al., 2020), we also evaluated this occurrence but
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found that no B cells co-expressed ACE2 and TMPRSS2 in any
of these four datasets (Table S1).

As for non-endocrine cells, the HPAP dataset (Kaestner et al.,
2019) revealed that a small subset (<5%) of endothelial and stel-
late cells (which include pericytes) expressed moderate to high
levels of ACE2, whereas only ~1%-3% of either population ex-
pressed ACE2 in the datasets by Baron et al. (2016) and Seger-
stolpe et al. (2016) (Figure 1B). This difference most likely
stemmed from the number of cells analyzed; the HPAP dataset
contains ~2.5- and 20-fold more total cells than that of Baron
et al. (2016) or Segerstolpe et al. (2016), respectively. In addition,
pooled analysis of these datasets (Baron et al., 2016; Camunas-
Soler et al., 2020; Kaestner et al., 2019) showed that less than
1% of acinar or ductal cells expressed ACE2, whereas ~35%
of both cell types expressed TMPRSS2. In the dataset by Seger-
stolpe et al. (2016), ACE2 was expressed in ~20% of acinar and
ductal cells, whereas TMPRSS2 was expressed in greater than
75% of both populations (Figure 1B). Evaluation of ACE2 and
TMPRSS2 co-expression in non-endocrine cells revealed that
on average, less than 1% of acinar, ductal, endothelial, and stel-
late cells co-expressed both transcripts in these datasets (Baron
etal., 2016; Camunas-Soler et al., 2020; Kaestner et al., 2019). In
the Segerstolpe et al. (2016) dataset, ~5% of acinar cells and
15% of ductal cells co-expressed ACE2 and TMPRSS2, but
this difference could represent unintended cell selection bias
as this study analyzed the fewest number of cells.

Altogether, these gene expression findings reduce the likeli-
hood that SARS-CoV-2 can bind and enter human B cells via
the canonical pathway involving ACE2 and TMPRSS2. How-
ever, they do not exclude the possibility of viral entry via
non-canonical pathways involving other suggested effector
proteases of SARS-CoV-2, such as Cathepsin L (CTSL),
ADAM metallopeptidase domain 17 (ADAM17), FURIN, and
TMPRSS4 (Breidenbach et al., 2020; Schreiber et al., 2020;
Seyedpour et al.,, 2020; Zang et al., 2020). We evaluated
the expression of these transcripts across all four scRNA-
seq datasets and found that with the exception of TMPRSS4,
each is ubiquitously expressed to varying degrees in all cell
types (Figures 1B and S1A; Table S1). In aggregate, however,
less than 1.3% of B cells co-expressed ACE2 with CTSL,
ADAM17, FURIN, or TMPRSS4 (Table S1). An outstanding
question is whether expression of these transcripts in even
1% of B cells is sufficient to confer permissiveness to
SARS-CoV-2 infection in vivo. Furthermore, heparan sulfate
in the extracellular glycocalyx (Clausen et al., 2020) and
motile cilia (present on islet endocrine cells) (Lee et al.,
2020) are mechanisms proposed to assist ACE2-mediated
viral entry. Future studies addressing these possibilities in B
cells are urgently needed. Notwithstanding, CTSL, ADAM17,
FURIN, and TMPRSS4 were more highly expressed in

(B) Dot plots of ACE2, TMPRSS2, CTSL, ADAM17, FURIN, TMPRSS4, and DPP4 expression compared with cell-type-enriched genes from three single-cell (sc)
RNA-seq datasets (Baron et al., 2016; Kaestner et al., 2019; Segerstolpe et al., 2016). Dot size indicates percentage of cells in a given population expressing the
gene; dot color represents scaled average expression. Dotted lines highlight expression of putative SARS-CoV-2 entry machinery. Percentages of B cells ex-

pressing and co-expressing these genes are available in Table S1.

(C) Representative images of an isolated islet from an adult human donor (top panels; n = 6 total images analyzed) and a pancreatic section from a juvenile human
donor (bottom panels; n = 10 total images analyzed) stained for ACE2 (red; antibody ab15348), insulin (INS; green), glucagon (GCG; white), and DAPI (blue).
Dotted yellow line denotes islet area. Human pancreatic donor information is available in Table S2 (donors 11-13 and J1-J5). See also Figures S1, S2, and S4.

Scale bar, 50 pm.
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Figure 2. ACE2 and TMPRSS2 Protein in Human Islets and Exocrine Tissue of Adult Pancreas

(A-F") Immunostaining of SARS-CoV-2 cell entry markers ACE2 (red; antibody AF933; A, C, C,’ D, F, and F') or TMPRSS2 (green; B, C, C”, E, F, and F"’) in islet
cells (insulin, blue; C and C’) and islet « cells (glucagon, blue; F and F') in native pancreatic sections from adult normal donors without diabetes (n = 14 total images
analyzed).

(G-L") Immunostaining of SARS-CoV-2 cell entry markers ACE2 (red; antibody AF933; G, I, I', J, L, and L') or TMPRSS2 (green; H, I, I, K, L, and L") inislet B cells
(insulin, blue; I and I') and islet . cells (glucagon, blue; L and L') in native pancreatic sections from adult donors with type 2 diabetes (n = 8 total images analyzed).

(legend continued on next page)
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exocrine, endothelial, and stellate cells, as was ACE2 (Fig-
ure 1B). These gene expression patterns raise the possibility
that infection of certain pancreatic cell types by SARS-CoV-2
indirectly impacts B cell function.

Obesity is a key metabolic risk factor associated with mor-
tality with COVID-19. A recent report found a positive corre-
lation between BMI and TMPRSS2, but not ACE2, expression
(Taneera et al., 2020). We evaluated the expression of ACE2,
TMPRSS2, and ADAM17 in B cells from 11 donors according
to their BMI in our largest scRNA-seq dataset (Kaestner
et al., 2019). We did not observe changes in the expression
of ACE2 or TMPRSS2 expression with higher BMI but
observed a trend toward higher ADAM17 expression (Fig-
ure S1B). However, this dataset included only one patient
with a BMI in the obese range. Studies with a larger number
of donor islets are needed to address the role of obesity and
other pancreas-resident SARS-CoV-2 effector molecules on 8
cell function in the context of COVID-19.

ACE2 and TMPRSS2 Proteins Are Not Detected in Adult
or Juvenile Human Islet o or 8 Cells

Recently, Yang et al. (2020) reported that ACE2 protein was pre-
sent in o and B cells from primary human islets and in B-like cells
derived from hPSCs. To investigate ACE2 expression, we immu-
nostained cryosections of intact isolated human islets using the
same ACE2 antibody as used by Yang et al. (2020) (antibody vali-
dation studies in Figure S2; mouse [Figure S2A] and human [Fig-
ures S2J, S20, and S2T] kidney tissues were utilized as positive
controls for ACE2 immunostaining). In accordance with the tran-
scriptomic data reported above, ACE2 was not detected in insu-
lin-positive B cells or glucagon-positive o cells in our samples;
instead, ACE2 signal was prominent in surrounding cells such
as those of the microvasculature (Figure 1C, top panels).

Since hPSC-derived B-like cells differentiated in vitro are
considered “juvenile-like” and not functionally mature § cells
(Nair et al., 2019), one possibility is that ACE2 is expressed in
less differentiated cells, or in the cultured, immortalized B cells
(EndoCpBH1) studied by Fignani et al. (2020). We investigated
such a possibility by staining for ACE2 in pancreatic sections
from juvenile human donors (age range 5 days to 5 years) using
the same ACE2 antibody as used by Yang et al. (2020). However,
ACE2 was not detected in these juvenile B or a cells (Figure 1C,
bottom panels), making this explanation less likely.

To further characterize ACE2 and TMPRSS2 protein expres-
sion in the native pancreas, we next analyzed human pancreatic
tissue sections from normal donors (ND, n = 14; age range 18-59
years) and those with type 2 diabetes (T2D, n = 12; age range 42—
66 years) or type 1 diabetes (T1D, n = 11; age range 13-63 years)
for these proteins on the same sections. ACE2 protein did not
co-localize with markers of o or B cells but was detected within
the distinct islet areas indicative of microvascular structures in
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all ND individuals (Figures 2A-2F"” and S3A-S3D) as well as
those with T2D (Figures 2G-2L" and S3I-S3L) or T1D (Figures
2M-2R"” and S30-S3R). We noted similar findings with three
additional ACE2-directed antibodies, including the same anti-
bodies and dilutions reported by Yang et al. (2020) and Fignani
et al., (2020), and one antibody validated by the Human Protein
Atlas (HPA) (Hikmet et al., 2020) (Figure S2). Three of these anti-
bodies detect epitopes corresponding to the extracellular
domain of ACE2 (AF933, MAB933, and HPA000288), while one
detects an epitope in the C-terminal domain (ab15348). Staining
patterns were similar across all antibodies (Figure S2). Further-
more, ACE2 antibody specificity (ab15348) was confirmed via
peptide competition with the commercially available immunizing
peptide (Figures S2F-S2I).

TMPRSS2 protein was not detected within islets in ND (Fig-
ures 2A-2F"” and S3E-S3H), T2D (Figures 2G-2L", S3M, and
S3N), or T1D donors (Figures 2M-2R” and S3S-S3V). The
TMPRSS2-positive structures in exocrine tissue resembled
intercalated and larger ducts as indicated by the typical organi-
zation of their nuclei (Figures 2C”, 2F”, 21", 2L"", 20", and 2R").
We did not detect differences in the signal intensity or spatial dis-
tribution of ACE2 or TMPRSS2 between ND and T2D tissue (Fig-
ures 2 and S3), but labeling for both proteins appeared to be
reduced in T1D pancreatic sections (Figures 2M-2R"” and
S30-S3V). Altogether, these observations indicate that the cell
surface proteins required for canonical SARS-CoV-2 host cell
entry were not detected on islet endocrine cells from normal or
diabetic donors.

Recent in silico analyses by Vankadari and Wilce (2020) and Li
et al. (2020b) suggested that human dipeptidyl peptidase 4
(DPP4) may interact with SARS-CoV-2 and facilitate its entry
into host cells. Therefore, we examined the distribution of
DPP4 in human pancreas and found that it localized to a cells,
but not B cells, of ND, T2D, and T1D islets (Figures S4A-S4l).
This finding is consistent with our analysis of four scRNA-seq da-
tasets showing DPP4-enriched o cells (Figures 1B and S1A).
Given that we did not detect TMPRSS2 within islets, these
data suggest that DPP4 is an unlikely mediator of  cell entry
by SARS-CoV-2 (Drucker, 2020).

The discrepancy between our findings and those of recent
studies identifying ACE2 and TMPRSS2 in human $ cells (Fignani
et al., 2020; Yang et al., 2010, 2020) is likely explained by impor-
tant differences in experimental approaches and contexts. Yang
et al. (2010) showed ACE2 staining in a single donor islet but did
not identify its cellular identity with endocrine markers. In addi-
tion, the ACE2 antibody used in their study was not reported,
which precluded replication of their finding. Furthermore, Yang
etal. (2020) examined ACE2 expression in isolated dispersed hu-
man islet cells, whereas our study examined ACE2 in isolated
intact islets and in human islets in native pancreas in situ. It is
possible that dispersion of pancreatic cells alters the expression

(M-R”") Immunostaining of SARS-CoV-2 cell entry markers ACE2 (red; antibody AF933; M, O, O’, P, R, and R’) or TMPRSS2 (green; N, O, 0", Q, R, and R”) iniislet B
cells (insulin, blue; O and O’) and islet « cells (glucagon, blue; R and R’) in native pancreatic sections from adult donors with type 1 diabetes (n = 4 total images

analyzed).

Dotted yellow lines denote islets. Islet (i) and exocrine (e) inset areas are marked by yellow boxes in MERGE column with DAPI counterstain. Pancreatic ducts,
identified structurally by rosette pattern of DAPI-labeled nuclei (white), are shown within dotted yellow lines in exocrine INSET column. Human pancreatic donor
information is available in Table S2 (A-F"’, donor N9; G-L"", donor 2H; M-R”, donor 1C). See also Figures S2-S4. Scale bars, 50 pm (A-R) and 25 pm (insets,

C'-R").
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Figure 3. ACE2 Protein Localization with Islet and Exocrine Capillaries in Adult and Juvenile Human Pancreas
(A-C’) Representative images of endothelial cells (CD31, white) and ACE2-positive perivascular cells (red; antibody ab15348) in the adult islet microvasculature
(n = 14 total images analyzed).

(legend continued on next page)
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of ACE2 in this context (van den Brink et al., 2017). Fignani et al.,
(2020) reported ACE2 protein in some islet endocrine cells from
seven non-diabetic donors; however, ACE2 was primarily seen
in subcellular compartments rather than the expected cell
surface location. Intriguingly, Fignani et al., (2020) observed dif-
ferential immunostaining patterns in human pancreas and islets
upon testing three ACE2 antibodies that recognize different epi-
topes of the full-length ACE2 protein, leading them to conclude
that a recently discovered short isoform of ACE2 (Blume et al.,
2020; Ng et al., 2020; Onabajo et al., 2020) is expressed in hu-
man B cells. However, at least two of the four ACE2 antibodies
(ab15348 and AF933) we used in our study are predicted to
recognize both the short and long isoforms of ACE2, yet we
did not detect either form of the ACE2 protein in human islet
cells with either of these reagents. One of these antibodies
(ab15348) was also used by Fignani et al., (2020). Furthermore,
the short isoform of ACE2 appears to be unstable (Ng et al.,
2020) and, importantly, lacks the residues required for SARS-
CoV-2 spike glycoprotein binding (Blume et al., 2020; Ng et al.,
2020; Onabajo et al., 2020), making it an unlikely receptor for
SARS-CoV-2. Sources of variability in immunostaining tech-
niques can stem from differences in tissue fixation procedures,
antigen retrieval methods, antibodies used, and their dilutions.
Notwithstanding, the remarkable concordance of our findings
with those from a recent independent effort in native human
pancreas (Kusmartseva et al., 2020) suggests that differences
in experimental conditions may explain the discordance with
other studies.

ACE2 Is Localized to Islet and Exocrine Tissue
Capillaries

The non-endocrine cell staining pattern of ACE2 in islets promp-
ted us to examine whether ACE2 was expressed in the micro-
vasculature, as described in other organs (Hamming et al.,
2004). Indeed, staining of adult and juvenile human pancreatic
tissue sections with CD31, an endothelial cell marker, revealed
that ACE2 labeling was localized to the perivascular compart-
ment of islet capillaries (Figures 3A-3D’, 3I-3L', and S5A-
S5H'). In addition, exocrine tissue capillaries, similar to those in
islets, showed perivascular ACE2 labeling (Figures 3E-3H’ and
S51-S5P"). As ACE2-positive cells were scarce in T1D pancreatic
tissues (Figures 2M, 20/, 20", 2P, 2R/, 2R”, and S30-S3R), the
presence of ACE2 labeling in the perivascular compartment was
relatively rare in both islet (Figures S5E-S5H’) and exocrine
(Figures S5M-S5P’) T1D tissues. The structure and close rela-
tionship between ACE2-positive perivascular cells and CD31-
positive endothelial cells in islet and exocrine tissue capillaries
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raised the possibility that ACE2-positive cells were in fact peri-
cytes enveloping capillary endothelial cells of the vascular tube
(Almaca et al., 2018). In addition, we observed ACE2-positive
cytoplasmic processes extending along CD31-positive endothe-
lial cells colocalized with the extracellular matrix marker
collagen-IV within the vascular basement membrane (Figures
3D, 3H/, S5D’, S5H’, S5L7, and S5P), a pattern that is consistent
with pericyte morphology (Almaca et al., 2018).

To address this observation more directly, we visualized ACE2
expression in relationship to known pericyte markers and found
that ACE2 was enriched in pericyte populations expressing
PDGFRp (Figures 4A-4D). Indeed, colocalization analysis re-
vealed that ~60% of ACE2-positive cells were PDGFR positive
(Figures 4H and 4l). Since PDGFR} labels pericytes and perivas-
cular fibroblasts (Almaca et al., 2020), we also stained tissues
with a more specific pericyte marker, NG2, and found that
~30% of ACE2-positive cells were NG2 positive (Figures 4E-
4G/, 4H, and 4l). These data agree with our scRNA-seq analysis
of the HPAP dataset, which identified a subset of pericytes,
marked by PDGFRB, that expressed moderate levels of ACE2
(Figure 1B). In addition, our findings support recent reports of
pericyte-specific vascular expression of ACE2 in brain and heart
tissue (Chen et al., 2020; He et al., 2020). Emerging evidence
from both pre-clinical models of SARS-CoV-2 infection (Aid
et al., 2020) and patients with COVID-19 indicates that cells of
the microvasculature (e.g., endothelial cells and pericytes) are
requisite contributors to the initiation and propagation of severe
disease (Teuwen et al., 2020). Although we found that TMPRSS2
expression was negligible in endothelial and stellate cells (which
includes pericytes) of human islets, CTSL, ADAM17, FURIN, and
ACE2 were moderately to highly expressed in these populations
(Figure 1B), raising the intriguing possibility of direct infection of
cells in the islet microvasculature by SARS-CoV-2. Such an
occurrence could trigger B cell dysfunction and the metabolic
sequelae of COVID-19. Future studies addressing this possibility
in human islets and pancreatic tissue are urgently needed.

Both ACE2 and TMPRSS2 Proteins Are Present in
Pancreatic Ducts but Rarely Are Co-expressed

Our work indicated that TMPRSS2 protein was localized to the
apical surface of intercalated and larger ducts in ND (Figures
2B, 2C", 2E, 2F”, and S3E-S3H), T2D (Figures 2H, 21", 2K,
21", S3M, and S3N), and T1D pancreatic tissues (Figures 2N,
20",2Q, 2R"”, and S3S-S3V). To further define ductal expression
of TMPRSS2 and determine whether ACE2 was expressed
beyond exocrine tissue capillaries, we visualized expression of
these two proteins in relationship to cytokeratin-19 protein

(D and D’) ACE2-positive perivascular cells (red; antibody ab15348) and the extracellular matrix marker collagen-IV (COL4, green) within the vascular basement

membrane; DAPI counterstain (blue).

(E-G’) Representative images of endothelial cells (CD31, white) and ACE2-positive perivascular cells (red; antibody ab15348) in the exocrine tissue microvas-

culature (n = 14 total images analyzed).

(H and H’) ACE2-positive perivascular cells (red; antibody ab15348) and the extracellular matrix marker collagen-IV (COL4, green) within the vascular basement

membrane; DAPI counterstain (blue).

(I-L') Representative images of endothelial cells (CD31, white) and ACE2-positive perivascular cells (red; antibody ab15348) in juvenile human islet microvas-
culature. Islet endocrine cells expressing insulin and glucagon (ENDO, green; L and L) are shown with DAPI counterstain (blue) (n = 10 total images analyzed).
Yellow arrowheads point to CD31-positive endothelial cells while magenta arrowheads point to perivascular ACE2-positive cells. Inset areas (A'-L’) are
marked by yellow boxes in (A)~(L). Human pancreatic donor information is available in Table S2 (A-H', donor N2; I-L’, donor J4). See also Figure S5. Scale bars,

50 um (A-L) and 10 pum (insets, A’-L).
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Figure 4. ACE2 Colocalization with Islet Pericytes

(A-C) Representative images of an adult human islet labeled for platelet-derived growth factor receptor B-positive (PDGFRB, red; A and C) and ACE2 (green;
antibody ab15348; B and C) in perivascular cells within a normal donor. DAPI (blue) (n = 20 total images analyzed).

(D) Image of the same islet shown in (A)—~(C) with insulin labeling (INS, blue). Inset areas in (A)—(C) are marked by the yellow box.

(E-G’) Representative images of an adult human islet labeled for neuron-glial antigen 2 (NG2, red; E and G), ACE2 (green; antibody ab15348; F and G), and insulin
(INS, blue; G) in perivascular cells within a normal donor. DAPI (blue; E, F, and G'). Inset areas in (G’) are marked by yellow boxes in (G) and represent a subset of
ACE2-expressing islet pericytes (n = 36 total images analyzed).

(H) Colocalization of ACE2 with NG2- or PDGFRB-positive cells.

(I) Quantification of ACE2-positive cells expressing pericyte markers PDGFRpB and NG2. Shown are average values obtained for 3 confocal planes per islet for a
minimum of 5 islets per each donor of a given age.

Human pancreatic donor information is available in Table S2 (donors HP1754, HP2041, and HP2091). See also Figure S5. Scale bars, 20 um (A-C), 40 um (D-G),
and 10 um (G).

(KRT19), a ductal cell marker. TMPRSS2, but not ACE2, was ex-  distinct (Figures 5E-5H'). These findings agree with our
pressed by KRT19-positive cells on the apical surface of interca- scRNA-seq analysis in which TMPRSS2 was more highly ex-
lated and larger ducts throughout the exocrine compartment pressed in ductal cells than ACE2, but cells positive for both
(Figures 5A-5D'). Rarely, both ACE2 and TMPRSS2 were found ACE2 and TMPRSS2 were rare. In addition, although TMPRSS2
on the apical surface of ductal epithelial cells but were spatially = mRNA was detected in acinar cells by scRNA-seq (Figure 1B),

Cell Metabolism 32, 1028-1040, December 1, 2020 1035




- ¢? CellPress Cell Metabolism

%)
c
—_
[0}
==
©
o
o)
£
=
®
3
Al
I
3}
:.
al |

W
N
)

'%H'i.

“;‘i’g? TR TR o)

g
£
N

Ly

<ol

o

i
AN

b

. 8T Py ; o
27 e AP LN Y X R
LA e e N R A
e mf‘ i '-.‘f’ﬁé?f‘

(legend on next page)

1036 Cell Metabolism 32, 1028-1040, December 1, 2020



Cell Metabolism

TMPRSS2 protein was undetectable by immunofluorescence
analysis (Figure 5), indicating that studies of mMRNA and protein
may be discordant.

Because rare cells in the exocrine compartment co-express
ACE2 and TMPRSS2, it is possible that SARS-CoV-2 could
infect those cells, induce pancreatitis, and consequently
impact islet function. While recent case reports of individuals
with COVID-19 have noted mild elevations of amylase and
lipase or frank pancreatitis (Karimzadeh et al., 2020; Meireles
et al., 2020; Rabice et al., 2020; Wang et al., 2020a), the vast
majority of individuals with COVID-19 have neither elevated
pancreatic enzymes nor frank pancreatitis (Ashok et al.,
2020; Bonney et al., 2020; Bruno et al., 2020). To investigate
this possibility, we analyzed the histology of pancreatic tissue
obtained at autopsy from seven individuals with COVID-19,
three of whom had diabetes. We did not find signs of pancre-
atitis, interstitial edema, inflammatory infiltrate, hemorrhage,
or necrosis (Figure 5I). It is important that exocrine inflamma-
tion and ACE2/TMPRSS2 expression be analyzed in a
larger number of COVID-19 autopsy samples, particularly in
those with new-onset diabetes. Such studies will be chal-
lenging since the pancreas rapidly undergoes autolysis
upon death.

In summary, recent reviews, commentaries, and clinical
guidelines (Apicella et al., 2020; Bornstein et al., 2020; Gold-
man et al., 2020; Gupta et al., 2020; Heaney et al., 2020)
have highlighted an attractive hypothesis of direct cytotoxicity
by SARS-CoV-2 to B cells. Here, we addressed the funda-
mental question of whether canonical SARS-CoV-2 cell entry
machinery is present in B cells of human pancreatic tissue.
By examining pancreatic ACE2 and TMPRSS2 expression in
normal donors and in those with diabetes, we found that (1)
B cells do not coexpress ACE2 and TMPRSS2 transcripts by
scRNA-seq analysis and neither protein is detectable in a or
B cells by immunofluorescence; (2) ACE2 is primarily ex-
pressed in the islet and exocrine tissue capillaries, including
pericytes, as well as a subset of ductal cells; (3) TMPRSS2
is primarily expressed in ductal cells; (4) ACE2 and TMPRSS2
are infrequently co-expressed in pancreatic ducts; (5) ACE2
and TMPRSS2 protein expression and distribution appear
similar in ND and T2D pancreata, but studies of additional
pancreata are needed to definitively answer this question;
and (6) alternative pathways facilitating SARS-CoV-2 viral
infection in B cells cannot be excluded. These findings align
considerably with independent observations from Kusmart-
seva et al. (2020) and do not support the hypothesis that
SARS-CoV-2 binds and infects islet B cells via a canonical
pathway mediated by ACE2 and TMPRSS2, eliciting a diabe-
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togenic effect. As outlined below in the Limitations of Study
section, additional studies are needed to investigate whether
direct SARS-CoV-2 infection of B cells occurs or is detrimental
to B cell health or function by other mechanisms. However,
based on current data, it appears that the interaction of dia-
betes and SARS-CoV-2 is mediated by systemic inflammation
and/or metabolic changes in other organs such as liver, mus-
cle, or adipose tissue.

Limitations of Study

We did not directly measure SARS-CoV-2 binding or entry into
human B cells but instead assessed expression of canonical
co-receptors, ACE2 and TMPRSS2, in the human pancreas.
While studies culturing SARS-CoV-2 and human islets
in vitro will be of considerable interest, such experiments
may be challenging to interpret as the islet isolation process
itself may impact ACE2 or TMPRSS2 expression or suscepti-
bility to viral infection. In addition, infection of islet cells within
an intact, isolated islet with a variety of viruses has proven
difficult, as is selection of an appropriate ratio of viral particles
and islet cells reflective of the in vivo environment. Further-
more, it is not clear if infection of an isolated islet accurately
models the physiology of a vascularized, innervated islet
within the context of the pancreas.

While the preponderance of research suggests that ACE2 and
TMPRSS2 are the primary means for SARS-CoV-2 entry into
host cells, knowledge about additional pathways and/or mecha-
nisms of SARS-CoV-2 cell entry and infection is rapidly evolving.
We sought, but did not find, expression evidence, suggesting
other proposed pathways (namely DPP4, CTSL, ADAM17,
FURIN, or TMPRSS4) for B cell entry.

We did not assess the presence of SARS-CoV-2, its proteins,
or RNA in the pancreas from individuals with COVID-19. It is
possible that SARS-CoV-2 could infect pancreatic exocrine
cells, ductal cells, endothelial cells, or microvasculature, leading
to pancreatic inflammation that negatively impacts B cell health
or function. We did not find evidence of inflammation in the
pancreas of seven individuals with COVID-19 (three of whom
had diabetes). It is also possible that COVID-19 could induce
ectopic expression of SARS-CoV-2 cell entry factors in the endo-
crine pancreas and render islet cells susceptible to direct infec-
tion. Future efforts are needed to collect a large number of pan-
creata from individuals with COVID-19 with and without diabetes
(long-standing and recent onset) to search for presence of
SARS-CoV-2 or inflammation (islet or exocrine). Since the
pancreas undergoes rapid autolysis after death, care must be
taken to collect the pancreas very soon after death for this
analysis.

Figure 5. ACE2 and TMPRSS2 Protein in Pancreatic Ducts and Pancreas Histology from an Individual Infected with SARS-CoV-2
(A-D’) TMPRSS2 (green), ACE2 (red; antibody R&D AF933), and KRT19 (blue) immunostaining of the exocrine compartment. DAPI (white). Yellow arrowheads
point to TMPRSS2 on the apical surface of ductal cells (KRT19-positive). Magenta arrowheads point to ACE2-positive non-ductal cells. Inset areas in (A')—~(D’) are

marked by yellow boxes in (A)-(D) (n = 44 total images analyzed).

(E-H’) TMPRSS2 (green) and ACE2 (red; antibody R&D AF933) immunostaining of ductal epithelial cells (KRT19, blue). Yellow and white arrowheads point to
TMPRSS2 and ACE2 labeling, respectively, localized to the apical surface of larger ducts (KRT19-positive cells). Inset areas in (E')~(H’) are marked by yellow

boxes in (E)-(H) (n = 44 total images analyzed).

(I) Representative H&E image of human pancreas upon autopsy after COVID-19 disease. BV, blood vessel; D, duct (n = 7 total images analyzed).
Human pancreatic donor information is available in Table S2 (A-D’, donor N8; E-H', donor N9; I, COVID-19 donor 1). See also Figure S3. Scale bars, 50 um (A-H),

10 um (A’-H’), and 100 um (I).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-Cytokeratin 19 (1:1000) Abcam Cat# ab194399

Rabbit anti-TMPRSS2 (1:400) Sigma Cat# HPA035787; RRID: AB_2674782
Mouse anti-Glucagon (1:500-1:1000) Abcam Cat# ab10988; RRID: AB_297642
Guinea pig anti-Glucagon (1:500) LSBio Cat# LS-C202759-50

Rat anti-C-peptide (1:1000) DSHB Cat# GN-ID4; RRID: AB_2255626
Guinea pig anti-Insulin (1:500-1:1000) Dako Cat# A0564; RRID: AB_2617169
Rabbit anti-ACE2 (1:500, Figure S2) Atlas Antibodies Cat# HPA000288; RRID: AB_1078160
Rabbit anti-ACE2 (1:1000, Figures 1C, 3, 4, Abcam Cat# ab15348; RRID: AB_301861

S2, S8, and S5)

Goat anti-ACE2 Figures S1) (1:200, Figure R&D Cat# AF933; RRID: AB_355722

S2; 1:400 in Figures 2 and 5)

Mouse anti-ACE2 (1:33, Figure S2) R&D Cat# MAB933; RRID: AB_2223153
Mouse anti-CD31 (1:50) BD Biosciences Cat# 550389; RRID: AB_2252087
Goat anti-collagen IV alpha 1 (1:500) Novus Cat# NBP1-26549; RRID: AB_1853202
Goat anti-DPP4 (1:200) R&D Cat# AF1180; RRID: AB_354651
Mouse anti-NG2 [647] (1:50) R&D Cat# FAB2585R

Goat anti-PDGFR (1:100) R&D Cat# AF385; RRID: AB_355339

Donkey anti-mouse-Cy2 (1:500)
Donkey anti-mouse-Cy3 (1:500)
Donkey anti-mouse-Cy5 (1:250 — 1:500)
Donkey anti-rabbit-Cy3 (1:500)

Donkey anti-rat-Cy2 (1:500)
Donkey anti-guinea pig-Cy2
Donkey anti-goat-Cy2 (1:500
Donkey anti-goat-Cy3 (1:500
Donkey anti-guinea pig-Cy5

—

1:500)

—_ = =

1:250-1:500)
Normal Donkey Serum

Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch

Cat# 715-225-150; RRID: AB_2340826
Cat# 715-165-150; RRID: AB_2340813
Cat# 715-175-151; RRID: AB_2340820
Cat# 711-165-152; RRID: AB_2307443
Cat# 712-225-153; RRID: AB_2340674
Cat# 706-225-148; RRID: AB_2340467
Cat# 705-225-147; RRID: AB_2307341
Cat# 705-165-147; RRID: AB_2307351
Cat# 706-175-148; RRID: AB_2340462
Cat# 017-000-121; RRID: AB_2337258

Biological Samples

Human pancreatic islets

Human pancreatic tissue

Human pancreatic tissue

Integrated Islet Distribution
Program (IIDP)

International Institute for the
Advancement of Medicine (IIAM)
National Disease Research
Interchange (NDRI)

http://iidp.coh.org; RRID: SCR_014387

http://www.iiam.org; RRID: SCR_016172

http://ndriresource.org; RRID:
SCR_000550

Chemicals, Peptides, and Recombinant Proteins

Propidium lodide

Antigen Unmasking Solution, Citrate-Based
1X PBS

Triton X-100

BSA

Human ACE2 Peptide

Aqua-Poly/Mount

10% Neutral Buffered Formalin

16% paraformaldehyde

BD Biosciences

Vector Laboratories

Corning

usB

Sigma

Abcam

Polysciences

Electron Microscopy Sciences
Electron Microscopy Sciences

Cat# 556463
Cat# H-3300-250
Cat# 46-013-CM
Cat# 22686
Cat# A6003-25G
Cat# ab15352
Cat# 18606-5
Cat# 15740-01
Cat# 15710
(Continued on next page)

Cell Metabolism 32, 1028-1040.e1-e4, December 1, 2020 el


http://iidp.coh.org
http://www.iiam.org
http://ndriresource.org

¢? CellPress

Cell Metabolism

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
0.C.T. compound Fisher Scientific Cati# 4585
Critical Commercial Assays

RNAqueous-Micro Kit Fisher Scientific (Invitrogen) Cat# AM1931
High Capacity cDNA Reverse Fisher Scientific (Invitrogen) Cat# 4368814

Transcription Kit

Deposited Data

RNA-seq data for FACS purified human
alpha and beta cells (Blodgett et al., 2015)

RNA-seq data for FACS purified human
alpha and beta cells (Arda et al., 2016)
Single-cell RNA-seq data for human islets
(Baron et al., 2016)

Single-cell RNA-seq data for human islets
(Camunas-Soler et al., 2020)

Single-cell RNA-seq data for human islets
(Segerstolpe et al., 2016)

Single-cell RNA-seq data for human islets
(Human Pancreas Analysis Program

NCBI Gene Expression Omnibus
NCBI Gene Expression Omnibus
NCBI Gene Expression Omnibus
NCBI Gene Expression Omnibus
ArrayExpress

HPAP Database

GEO: GSE67543

GEO: GSE57973

GEO: GSE84133

GEO: GSE124742

ArrayExpress: E-MTAB-5061

https://hpap.pmacs.upenn.edu;
RRID: SCR_014393

[HPAP])
Software and Algorithms
FV31S-SW Viewer 2.4.1.198 Olympus

https://www.olympus-lifescience.
com/en/support/downloads/

Butler et al., 2018; Stuart et al., 2019 N/A
Graphpad Software

Seurat 3.1 R package

Prism for macOS v.8.4.3 http://www.graphpad.com;

RRID: SCR_002798
https://imagej.nih.gov/ij/plugins/
track/jacop2.html

JACOoP: Just Another Co-localization Plugin ImagedJ

RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Alvin C.
Powers (al.powers@vumc.org).

Materials Availability
This study did not generate new unique reagents.

Data and Code Availability

All data generated or analyzed during this study are included in this published article and in the data repositories listed in the Key
Resources Table. Original/source data for Figure 1A (bulk RNA-seq of FACS sorted human islet o and B cells) is available under
NCBI GEO accession numbers GSE67543 (Blodgett et al., 2015) and GSE57973 (Arda et al., 2016). Original/source data for Figures
1B and S1A (single cell RNA-seq of human islets) is available under NCBI GEO accession number GSE84133 (Baron et al., 2016),
GSE124742 (Camunas-Soler et al., 2020), and ArrayExpress (EBI) accession number E-MTAB-5061 (Segerstolpe et al., 2016).
This manuscript used data acquired from the Human Pancreas Analysis Program (HPAP) Database (https://hpap.pmacs.upenn.
edu), a Human Islet Research Network consortium.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Human Subjects
Pancreata and islets from juvenile and adult human donors including individuals with T1D or T2D were obtained through partnerships

with the International Institute for Advancement of Medicine (IIAM), National Disease Research Interchange (NDRI), Integrated Islet
Distribution Program (IIDP), and local organ procurement organizations. Pancreata from normal donors were processed for islet
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isolation (Balamurugan et al., 2003) and/or histological analysis as described previously (described below and in Table S2) (Brissova
et al., 2018; Dai et al., 2017). Pancreata from COVID-19 decedents after autopsy were obtained from the Translational Pathology
Shared Resource (TPSR) at Vanderbilt University Medical Center (Nashville, TN) and processed for histological analysis as
according to standard procedures for clinical diagnostics (VUMC Histology Peloris Processing Protocol). Human kidney samples
were provided by Dr. Agnes B. Fogo, Vanderbilt University Medical Center. Subject samples were allocated by disease status.
Samples from donors of both sexes were used in our analyses. Donor demographic information is summarized in Table S2. The
Vanderbilt University Institutional Review Board has declared that studies on de-identified human pancreatic specimens do not
qualify as human subjects research.

Mice

Adult NOD.Cg-Prkdcs°@I12rg"™ Wi/ SzJ (NSG) male and female healthy mice ages 12 to 18 weeks (purchased as needed from Jack-
son Laboratory) were used in this study. Mice were maintained by Vanderbilt Division of Animal Care in group housing in sterile con-
tainers at ambient temperature within a pathogen-free barrier facility housed with a 12 h light/12 h dark cycle and access to free water
and standard rodent chow. Mice were used directly after importation from Jackson Laboratory following acclimatization. All animal
procedures were approved by the Vanderbilt Institutional Animal Care and Use Committee.

METHOD DETAILS

Bulk RNA-seq Data Acquisition

Transcripts Per Million (TPM) and Reads Per Kilobase Per Million (RPKM) normalized counts were extracted from publicly available
RNA-seq datasets (Arda et al., 2016; Blodgett et al., 2015). The sources of the datasets are summarized in the Key Resources Table.
GraphPad Prism v8 was used to generate plots in Figure 1A.

Single Cell RNA-seq Data Acquisition

Raw gene count matrices were extracted from existing single cell RNA-seq datasets (Baron et al., 2016; Camunas-Soler et al., 2020;
Segerstolpe et al., 2016) and from the Human Pancreas Analysis Program (HPAP) Database (https://hpap.pmacs.upenn.edu), a
Human Islet Research Network consortium. SMART-seq technology (Picelli et al., 2014) was used to generate datasets by
Camunas-Soler et al. (2020) and Segerstolpe et al. (2016), while droplet-based scRNA-seq by InDrop (Klein et al., 2015) or 10x ge-
nomics was utilized for databases by Baron et al. (2016) and the HPAP (Kaestner et al., 2019), respectively. The sources of the
datasets are summarized in the Key Resources Table. Gene count matrices were further analyzed using the R package Seurat
version 3.1 (Butler et al., 2018; Stuart et al., 2019). Gene count measurements were normalized for each cell by library size and
log-transformed using a size factor of 10,000 molecules per cell. The data was further scaled to unit variance and zero mean imple-
mented in the “ScaleData” function. Cell types already annotated by the authors in the original study were used and thus, no clus-
tering was performed. Seurat’s “DotPlot” function was used to generate plots shown in Figures 1B and S1A to visualize scaled
expression.

Human Pancreas Preparation

Pancreata from juvenile, adult, T1D and T2D donors were obtained within 18 h from cross-clamp and maintained in cold preservation
solution on ice until processing, as described previously (Balamurugan et al., 2003; Brissova et al., 2018). Briefly, connective tissue
and fat were cleaned from the pancreas, 2- to 3-mm thick cross-sectional slices were collected from the head, body and distal tail,
and each slice was cut into four quadrants. For cryosections, slices were fixed in 0.1 M PBS containing 4% paraformaldehyde for 3 h
on ice with gentle agitation, washed four times over 2 h with 0.1 M PBS, equilibrated in 30% sucrose (prepared in 0.01 M PBS)
overnight, and embedded in Tissue-Plus O.C.T. compound. For FFPE sections, slices were fixed in 10% neutral buffered formalin
for 24-48 h at room temperature, washed four times in 0.01 M PBS at 4°C for 2-3 h with gentle agitation, transferred to 70% ethanol
and kept at 4°C until paraffin embedding. Pancreata recovered from seven COVID-19 decedants were obtained from Vanderbilt Uni-
versity Medical Center (Nashville, TN) within 8-27 h of death. COVID-19 autopsy samples were fixed in 10% formalin for 5 days at
room temperature prior to processing in the clinical pathology laboratory.

Mouse Kidney Preparation _ _
Kidneys from adult NOD.Cg-Prkdcs°li2rg'™"™il/ Sz (NSG) mice ages 12 to 18 weeks (Jackson Laboratory) were isolated. Tissue
specimens were processed for OCT-embedded, 5-um cryosections as described previously (Brissova et al., 2018).

Immunohistochemical Analysis

Immunohistochemical analysis was performed on 5-um cryosections (Figures 1C, 3, 4, S2A-S2I, S3A-S3D, S3I-S3L, S30-S3R, S4,
and S5) or formalin-fixed paraffin embedded (FFPE) pancreatic sections (Figures 2, 5, S2J-S2W, S3E-S3H, S3M, S3N, and S3S-
S3V) as indicated and described previously (Brissova et al., 2014, 2018; Wright et al., 2020). Briefly, cryosections were thawed at
room temperature for 10-15 min, washed 3x for 5 min each in 1X PBS, permeabilized with 0.2% Triton X-100 in 1X PBS for
15 min at room temperature, and washed 3x for 5 min each in 1X PBS. FFPE sections were first deparaffinized and rehydrated in
xylene and ethanol (3x for 3 min each, xylene; 2x for 2 min each, 100% ethanol; 1x for 2 min, 95% ethanol; 1x for 2 min, 90% ethanol;
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1x for 2 min, 70% ethanol; 1x for 1 min, 50% ethanol; 1x for 5 min, distilled water) followed by heat-induced epitope retrieval in a
citrate-based antigen unmasking solution (Key Resources Table), pH 6.0 (microwaved on high [1100W] for 14 min). Sections were
cooled at room temperature for 20 min and then rinsed in distilled water for 10 min. Both cryosections and FFPE sections were
blocked with 5% normal donkey serum at room temperature for 60-90 min in a humidified chamber. All primary and secondary an-
tibodies were diluted in filter-sterilized antibody buffer (0.1% Triton X-100, 1% BSA, 1X PBS). Tissue sections in primary antibody
were incubated in a humidified chamber overnight at 4°C, washed 3x for 10 min each in 1X PBS, incubated in secondary antibody
in a humidified chamber for 60-90 min at room temperature (protected from light), counterstained with DAPI for 10 min at room tem-
perature (protected from light), washed 3x for 15 min each in 1X PBS, and mounted with Aqua-Poly/Mount. Immunofluorescence
analysis of isolated islets was performed on 8-um cryosections of islets embedded in collagen gels as described previously and
above (Brissova et al., 2005, 2018). Primary antibodies to all antigens and their working dilutions are listed in the Key Resources
Table. The antigens were visualized using appropriate secondary antibodies listed in the Key Resources Table. Digital images
were acquired with an Olympus FLUOVIEW FV3000 laser scanning confocal microscope (Olympus Corporation).

H&E Staining

FFPE pancreas tissue sections (5-um sections, n = 7 donors) were processed according to standard procedures for clinical diagnos-
tics (Vanderbilt University Medical Center Histology Peloris Processing Protocols). Slides were stained with hematoxylin & eosin and
reviewed by a clinical pathologist (M.E.K.) at Vanderbilt University Medical Center.

Peptide Competition

We combined 1 pg of anti-ACE2 antibody (ab15348) with or without 10 pg of the immunizing human ACE2 peptide (ab15352) in anti-
body buffer solution (0.1% Triton X-100/1% BSA/1X PBS) and incubated overnight at 4°C with gentle agitation. Immunofluorescence
staining of 5-um serial cryosections from the same donor was performed as described above. One section was incubated with the
neutralized antibody buffer while the other section was incubated with the non-neutralized antibody buffer. ACE2 staining patterns
were visualized via confocal microscopy as described above.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data Representation and Statistical Analysis

Details of statistical analyses, when applicable, can be found in the figure legends. Bulk RNA-seq (Figure 1A) and ACE2 colocalization
(Figures 4H and 4l) data are expressed as mean = standard error of mean. Sample size (n) is provided as the number of independent
donor samples. Mander’s coefficients were determined to quantify colocalization between pericyte markers (NG2 and PDGFRp) and
ACE?2 in confocal images of islets using the ImageJ plugin “Just Another Co-localization Plugin” (https://imagej.nih.gov/ij/plugins/
track/jacop2.html). These data were all continuous and showed a normal distribution (Shapiro-Wilk normality test; p > 0.05). The
remaining immunofluorescence data was not analyzed quantitatively. Blinding, power calculations and exclusion criteria were not
utilized in this study. Sample sizes were determined based on tissue availability and disease status. There were no exclusion criteria
in this study; donors were placed into categories based on disease status.
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Figure S2
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Figure S1. Related to Figure 1. Stratification of ACE2, TMPRSS2, and ADAM17

Expression in p cells by BMI.

(A) Dot plots of ACE2, TMPRSS2, CTSL, ADAM17, FURIN, TMPRSS4, and DPP4 mRNA
expression compared with cell type-enriched genes from a previously published single cell (sc)
RNA-seq datasets (Camunas-Soler et al., 2020). Dot size indicates percentage of cells in a given
population expressing the gene; dot color represents scaled average expression. Dotted line
highlights ACE2, TMPRSS2, CTSL, ADAM17, FURIN, TMPRSS4, and DPP4 expression.

(B) ACE2, TMPRSS2, and ADAM17 mRNA expression in single § cells according to BMI. {3 cell
gene expression from eleven donors (ages 1-39 years) from the HPAP scRNA-seq dataset
(Kaestner et al., 2019) are displayed from lowest to highest BMI. Only one donor had a BMI in

the obese range in this dataset. Human pancreatic donor information is available in Table S2.

Figure S2. Related to Figure 1 and 2. Testing and Characterization of Four ACE2-directed
Antibodies on Human Pancreatic Tissue.

(A-E) Characterization of ACE2 antibody (red; ab15348) used by Yang et al. (Yang et al., 2020)
and Fignani et al. (Fignani, 2020). Antibody epitope encompasses the ACE2 C-terminal domain
(human aa 788-805). Mouse kidney tissue served as a positive control for ACE2 (A), while
normal adult human pancreatic tissue incubated with anti-rabbit-Cy3 secondary antibody only
served as a negative control (B). Normal adult human pancreas labeled for ACE2 (red), INS
(green, B cells) and GCG (blue, a cells) (C-E). Inset area is marked by a yellow box in MERGE
column (n = 14 total images analyzed).

(F-1) ACEZ2 neutralization with immunizing peptide. Scale bars are 100 um (A-E) and 50

um (Inset, E and F-I) (n = 8 total images analyzed).

(J-N) Characterization of ACE2 antibody (red; R&D MAB933) at same dilution (1:33) reported by
Fignani et al. (Fignani, 2020). Antibody epitope encompasses the ACE2 extracellular domain
(human aa 18-740). Human kidney tissue served as a positive control for ACE2 (J), while

normal adult human pancreatic tissue incubated with anti-mouse-Cy3 secondary antibodyonly



served as a negative control (K). Normal adult human pancreas labeled for ACE2 (red), INS
(green, B cells) and GCG (blue, a cells) (L-N). Inset area is marked by a yellow box in MERGE
column. Scale bars are 50 ym (J-N) and 25 um (Inset, N) (n = 18 total images analyzed).

(O-S) Characterization of ACE2 antibody (red; R&D AF933) at same dilution (1:200) reported by
Yang et al. (Yang et al., 2020). Antibody epitope encompasses the ACE2 extracellular domain
(human aa 18-740). Human kidney served as a positive control for ACE2 (O), while normal adult
human pancreatic tissue incubated with anti-goat-Cy3 secondary antibody only served as a
negative control (P). Normal adult human pancreas labeled for ACE2 (red), INS (green, B cells)
and GCG (blue, a cells) (Q-S). Inset area is marked by a yellow box in MERGE column. Scale
bars are 50 um (O-R) and 25 pm (Inset, S) (n = 13 total images analyzed).

(T-W) Characterization of ACE2 antibody (red; HPA000288) used by the Human Protein Atlas
(Uhlen et al., 2015) and Hikmet et al. (Hikmet et al., 2020). Antibody epitope encompasses the
ACE2 extracellular domain (human aa 1-111). Human kidney tissue served as a positive control
for ACE2 (T). Normal adult human pancreas labeled for ACE2 (red) and INS (green, B cells) (U-
W). Inset area is marked by a white dashed box in MERGE column. Scale bars are 100 uym (T-
V) and 50 um (Inset, W). DAPI (white) (n = 6 total images analyzed).

Human pancreatic donor information is available in Table S2 (B, donor N8; C-E, donor N4; F-I,

donors N6 and N2; J-N, donor N2; O-S, donor N7; T-W, donor N8).

Figure S3. Related to Figures 2 and 5. ACE2 and TMPRSS2 Protein in Human Islets and
Exocrine Tissue from Adult Donors With and Without Diabetes.

(A-H) Immunostaining of SARS-CoV-2 cell entry markers ACE2 (antibody ab15348) and
TMPRSSZ2, both shown in red, inislet o cells (GCG, blue) or B cells (INS, green) in pancreatic
sections from adult donors without diabetes. Insets are depicted by a yellow box. DAPI (white)

(n = 14 total images analyzed).



(I-N) Immunostaining of SARS-CoV-2 cell entry markers ACE2 (antibody ab15348) and
TMPRSS2, both shown in red, inislet a cells (GCG, blue) or B cells (INS, green) in
pancreatic sections from adult donors with type 2 diabetes. Insets are depicted by a yellow
box. DAPI (white) (n = 12 total images analyzed).

(O-V) Immunostaining of SARS-CoV-2 cell entry markers ACE2 (antibody ab15348) and
TMPRSS2, both shown in red, inislet a cells (GCG, blue) or B cells (INS, green) in
pancreatic sections from adult donors with type 1 diabetes. Insets are depicted by a yellow
box. DAPI (white) (n = 11 total images analyzed).

Human islet and pancreatic donor information is available in Table S2 (A-D, donors N3, N7,
N9, N8; E-H, donors N14, N12, N11, N10; I-L, donors 2L, 2B, 2G, 2I; M-N, donors 2H, 2G; O-
R, donors 1B, 1D, 1C, 1A; S-V, donors 1H, 1K, 1J, 1G). Scale bars are 100 um (A-V) and 25

pum (Insets).

Figure S4. Related to Figures 1 and 2. DPP4 Protein in Human Islets from Adult Donors
With and Without Diabetes.

(A-C) Immunostaining of DPP4 (red) in human pancreatic islet a cells (GCG, blue; merged,
magenta) and B cells (INS, green) in pancreatic sections from adult donors without diabetes (n
= 2 total images analyzed).

(D-F) Immunostaining of DPP4 (red) in human pancreatic islet a cells (GCG, blue; merged,
magenta) and B cells (INS, green) in pancreatic sections from adult donors with type 2
diabetes (n = 2 total images analyzed).

(G-1) Immunostaining of DPP4 (red) in human pancreatic islet a cells (GCG, blue; merged,
magenta) and B cells (INS, green) in pancreatic sections from adult donors with type 1
diabetes (n = 2 total images analyzed).

Human islet and pancreatic donor information is available in Table S2 (A-C, donor N8; D-F,



donor 2K; G-I, donor 1H). Scale bars are 50 pym (A-).

Figure S5. Related to Figures 3 and 4. ACE2 Protein Localization with Islet and Exocrine
Capillaries in Adult Human Pancreas of Individuals with Diabetes.

(A-H’) Representative images of endothelial cells (CD31, white) and ACE2-positive
perivascular cells (red; antibody ab15348) in the islet microvasculature of individuals with
type 2 (A-D’) or type 1 diabetes (E-H’). DAPI (blue). ACE2-positive perivascular cells (red;
antibody ab15348) and the extracellular matrix marker collagen-IV (COL4, green) within the
vascular basement membrane are shown (D, D’, H and H’); DAPI counterstain (blue) (n = 23
total images analyzed).

(I-P’) Representative images of endothelial cells (CD31, white) and ACE2-positive
perivascular cells (red; antibody ab15348) in the exocrine tissue microvasculature of
individuals with type 2 (I-L’) or type 1 diabetes (M-P’). DAPI (blue). ACE2-positive
perivascular cells (red; antibody ab15348) and the extracellular matrix marker collagen-1V
(COL4, green) within the vascular basement membrane are shown (L, L', P and P’); DAPI
counterstain (blue) (n = 23 total images analyzed).

Human pancreatic donor information is available in Table S2 (A-D’, donor 2E; E-H’, donor 1F;
I- L', donor 2E; M-P’, donor 1C). Yellow arrowheads point to CD31-positive endothelial cells,
while magenta arrowheads point to perivascular ACE2-positive cells. Insets (A’-P’) are

depicted by yellow boxes in A-P. Scale bars are 50 ym (A-P) and 10 ym (Insets, A’-P’).



Table S1. Related to Figure 1. Number and Percentage of §§ cells that Express and Co-express Putative
SARS-CoV-2 Cell Entry Genes Across Four Independent scRNA-seq Datasets.

Droplet-based scRNA-seq SMART-seq
Genes HPAPa_ Baron et a_l. b Segerstolpe (it al.c Camunas-SoIe[ etal.°©

(B cell total, n = 2828) | (B cell total, n = 2525) | (B cell total, n = 157) (B cell total, n = 194)

#Bcell | %Bcells| #Bcell | %oBcells] #Bcell | %P cells # B cell % B cells
ACE2 17 0.6 4 0.2 3 1.9 7 3.6
TMPRSS2 60 2.1 7 0.3 4 25 2 1.0
TMPRSS4 0 0.0 0 0.0 0 0.0 3 1.5
CTSL 1421 50.2 977 38.7 132 84.1 161 83.0
FURIN 779 275 942 37.3 91 58.0 138 711
ADAM17 494 17.5 251 9.9 78 49.7 52 26.8
ACE2, TMPRSS2 0 0.0 0 0.0 0 0.0 0 0.0
ACE2,TMPRSS4 0 0.0 0 0.0 0 0.0 0 0.0
ACE2, CTSL 0 0.0 2 0.1 3 1.9 6 3.1
ACE2, FURIN 0 0.0 1 0.0 1 0.6 3 1.5
ACE2, ADAM17 0 0.0 0 0.0 1 0.6 2 1.0

210x genomics; °InDrop (Klein et al., 2015); “SSMART-seq?2 (Picelli et al., 2014)



Table S2. Related to STAR Methods. Demographic Information of Donors.

Ethnicity / Diabetes Cause of | Tissuel/lslet
Donor ID Age Race Duration | Sex | BMI | Death Source
J1 5 days Caucasian -- F 14.9 | Anoxia 1AM
. J2 3 months | Caucasian -- M 16.8 | Anoxia NDRI
Z’Ifl‘l‘; ‘:Q;Legy) 33 10 months | Caucasian | - F_[154|cva NDRI
J4 20 months | Caucasian -- F 23.5 | Anoxia 1AM
J5 5 years Caucasian -- M 16.2 | Anoxia 1AM
N1 42 years Caucasian -- M 32.2 | Overdose | TNDS
N2 45 years Caucasian -- F 29.7 | Anoxia OPO
N3 46 years Caucasian -- F 32.9 | CVA 1AM
N4 48 years Caucasian -- M 24.6 | Anoxia OPO
N5 51 years Caucasian -- M 20.4 | Anoxia OPO
N6 52 years Black -- M 29.2 | ICH TNDS
Head
N7 52 years Caucasian -- M 28.1 | Trauma OPO
N8 55 years Black -- M 35.6 | CVA 1AM
Head
N9 59 years Caucasian -- M 32.7 | Trauma 1AM
Normal Head
Adult N10 20 years | Hispanic -- M 19.4 | Trauma 1AM
(Histology) ['N11 24 years | Caucasian | -- M 35.5 | ICH 1AM
Head
N12 35 years Caucasian -- M 26.8 | Trauma 1AM
Head
N13 20 years Caucasian -- M 27.8 | Trauma NDRI
Head
N14 18 years Caucasian -- M 25.1 | Trauma 1AM
Head
HP1754 15 years N/A -- M 22.6 | Trauma 1AM
Head IAM
HP2041 29 years N/A -- M 22.3 | Trauma
HP2091 44 years N/A -- F 23.7 | CVA 1AM
1A 43 years N/A 36 years M 31.2 | CVA NDRI
1B 45 years Caucasian 43 years M 25.0 | Anoxia IIAM
1C 54 years Caucasian 14 years F 24.9 | Anoxia 1AM
1D 57 years Black 45 years M 33.3 | CVA IIAM
1E 58 years Caucasian 31 years M 21.8 | Anoxia NDRI
ﬁ-ldi::)r:g?/) 1F 63 years Caucasian 44 years M 24.1 | Anoxia 1AM
1G 35 years Caucasian 23 years M 26.9 | Anoxia NDRI
1H 20 years Caucasian 7 years M 25.5 | Anoxia NDRI
11 27 years Caucasian 17 years M 18.4 | Anoxia NDRI
1J 13 years Caucasian 5 years M 19.1 | Anoxia IIAM
1K 30 years Caucasian 20 years M 29.8 | Anoxia NDRI
2A 44 years Caucasian 7 years M 44.4 | CVA 1AM
2B 52 years Caucasian 7 years M 33.6 | CVA 1AM
ﬁ_ldi::)l)zgz) 2C 52 years | Asian T0years |F__ | 219 | CVA NDRI
2D 52 years Caucasian <1 year F 29.2 | CVA 1AM
2E 42 years Black <1 year M 42.0 | CVA 1AM




Head

2F 43 years Black 1 year M 36.0 | Trauma 1AM
2G 66 years Caucasian 3 years F 32.8 | CVA 1AM
2H 47 years Caucasian 3 years M 31.3 | CVA 1AM
2| 64 years Caucasian 5 years M 33.2 | ICH IIAM
2J 59 years Caucasian 6 years F 27.5 | CVA 1AM
2K 60 years Caucasian 1 year M 38.3 | CVA IIAM
2L 49 years Caucasian 3 years F 33.8 | CVA 1AM
Head
11 40 years Caucasian -- F 30.8 | Trauma IIDP
12 41 years N/A -- M 20.3 | N/A IIDP
13 42 years Caucasian -- M 32.2 | Overdose | IIDP
HPAP022 | 39 years Caucasian -- F 34.7 | Anoxia HPAP
HPAPO026 | 24 years Caucasian -- M 20.8 | Anoxia HPAP
Normal Head
Adult HPAP034 | 13 years | Caucasian | -- M | 186 | Trauma | HPAP
Islets HPAP035 | 35 years Caucasian -- M 26.9 | Anoxia HPAP
(Gels and
ScRNA- . Head
Seq) HPAPOQ36 | 23 years Caucasian -- F 16 Trauma HPAP
HPAP037 | 35 years Caucasian -- F 21.9 | CVA HPAP
HPAPOQ39 | 5 years Caucasian -- F 16.3 | Anoxia HPAP
HPAP040 | 35 years Caucasian -- M 23.9 | CVA HPAP
HPAPQO42 | 1 year Caucasian -- M 17.9 | Anoxia HPAP
HPAP044 | 3 years Caucasian -- F 12 Anoxia HPAP
HPAP047 | 8 years Caucasian -- M 16.8 | CVA HPAP
1 82 years Caucasian -- M 26.8 | ALI VUMC Autopsy
2 97 years Caucasian -- F 19.7 | ALI VUMC Autopsy
>10 23.3 | ALI VUMC Autops
ggt}gr?t-w 3 81 years Caucasian years? M i
Autopsy 4 60 years Hispanic -- M 36.7 | ALI VUMC Autopsy
Samples 9 51 years Hispanic 23 years M 294 | ALl VUMC Autopsy
(Histology) | 6 60 years Caucasian - F 38.4 | PE VUMC Autopsy
Pre-
7 71 years Black existing® M 31.5 | ALI VUMC Autopsy

ALl — acute lung injury; CVA, cerebrovascular accident;

HPAP — Human Pancreas Analysis Program (Human
Islet Research Network); ICH, intracerebral hemorrhage; IIAM — International Institute for the Advancement of
Medicine; IIDP — Integrated Islet Distribution Program; N/A — not available; NDRI — National Disease Research
Interchange; OPO — Organ Procurement Organization; PE — pulmonary embolism; T1D = type 1 diabetes; T2D
— type 2 diabetes; TNDS — Tennessee Donor Services, Nashville; VUMC Autopsy — Vanderbilt University
Medical Center Autopsy Pathology
20ldest clinical patient note including diagnosis of diabetes mellitus was signed in 2010, suggesting disease
duration of at least 10 years.
bPatient was prescribed an oral anti-diabetic medication confirming pre-existing diabetes diagnosis of unknown
duration prior to admission with COVID-19.
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