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In brief

Here, Tang et al. reported the detection of
SARS-CoV-2 viral antigen in autopsy
samples from COVID-19 subjects. In
addition, SARS-CoV-2 infection induces
elF2-pathway-mediated beta cell
transdifferentiation, a phenotype that can
be reversed by trans-ISRIB.
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SUMMARY

Recent clinical data have suggested a correlation between coronavirus disease 2019 (COVID-19) and dia-
betes. Here, we describe the detection of SARS-CoV-2 viral antigen in pancreatic beta cells in autopsy sam-
ples from individuals with COVID-19. Single-cell RNA sequencing and immunostaining from ex vivo infections
confirmed that multiple types of pancreatic islet cells were susceptible to SARS-CoV-2, eliciting a cellular
stress response and the induction of chemokines. Upon SARS-CoV-2 infection, beta cells showed a lower
expression of insulin and a higher expression of alpha and acinar cell markers, including glucagon and
trypsin1, respectively, suggesting cellular transdifferentiation. Trajectory analysis indicated that SARS-
CoV-2 induced elF2-pathway-mediated beta cell transdifferentiation, a phenotype that could be reversed
with trans-integrated stress response inhibitor (trans-ISRIB). Altogether, this study demonstrates an example
of SARS-CoV-2 infection causing cell fate change, which provides further insight into the pathomechanisms
of COVID-19.

INTRODUCTION and have a higher COVID-19 mortality rate (Cummings et al.,

2020; Zhou et al., 2020; Zhu et al., 2020). Conversely, new-

Coronavirus disease 2019 (COVID-19) encompasses a myriad
of pathologies caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2). Although respiratory failure is
the most common clinical feature, many individuals with
COVID-19 present with additional clinical complications,
including cardiac defects, gastrointestinal symptoms, kidney
damage, abnormal liver function, neurological manifestations,
and a number of metabolic phenotypes. Clinical studies have
also suggested a close interaction between COVID-19 and dia-
betes. Individuals with diabetes and severe obesity are more
likely to be symptomatic, are at a higher risk for complications,
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Updates

onset diabetes and severe metabolic complications of pre-
existing diabetes have also been observed in individuals
with COVID-19. Recently, several cases have been reported
involving the new onset of diabetes or diabetic ketoacidosis
following SARS-CoV-2 infection (Chee et al., 2020; Heaney
et al., 2020; Hollstein et al., 2020; Liang et al., 2021; Soliman
et al., 2020; Unsworth et al., 2020). In addition, subjects with
newly diagnosed diabetes have been reported to have signifi-
cantly higher rates of admittance to intensive care unit (Li
et al.,, 2020), in-hospital complications, and death (Fadini
et al., 2020; Wang et al., 2020; Yang et al., 2020a).
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SARS-CoV-2 is an enveloped, non-segmented, positive-
strand RNA virus. Several host factors have been shown to be
involved in SARS-CoV-2 viral entry, including angiotensin-con-
verting enzyme 2 (ACE2) (Hoffmann et al., 2020), the entry factor
neurophilin-1 (Cantuti-Castelvetri et al., 2020; Daly et al., 2020),
the two proteinases TMPRSS2 (Hoffmann et al., 2020) and CTSL
(Ou et al., 2020), and the pro-protein convertase FURIN (Shang
et al., 2020), among others (Daniloski et al., 2021; Schneider
et al., 2021; Wang et al., 2021; Wei et al., 2021). Using single-
cell RNA sequencing (scRNA-seq), ACE2 expression has been
detected in a wide variety of cell types, including ciliated and
secretory cells in the nasal cavity; basal, ciliated, and secretory
cells in lung bronchi; alveolar epithelial type 2 (AT2) cells in
lung parenchyma; basal corneal epithelium, limbal niche, corneal
wing cells, limbal superficial cells, superficial conjunctiva, and
corneal epithelial superficial cells in the cornea; and enterocytes
in ileum, enterocytes, and goblet cells (Ashary et al., 2020; Sung-
nak et al., 2020; Ziegler et al., 2020; Zou et al., 2020). However,
overall ACE2 expression in these tissues based on scRNA-seq
analyses is low. As an example, the percentage of ACE2" cells
in lung AT2 cells, one of the major target cells of SARS-CoV-2,
varies between 0.3% and 2.4% depending on the subjects
(Hou et al., 2020; Ortiz Bezara et al., 2020; Qi et al., 2020), which
might reflect the low detection sensitivity of scRNA-seq plat-
forms, as suggested elsewhere (Hou et al., 2020). Several groups
have reported the detection of ACE2 and TMPRSS2 in human
islet cells, particularly in beta cells, via scRNA-seq (Liu et al.,
2020; Yang et al., 2020b). Consistent with our finding, Coate
et al. reported <1.5% ACE2* cells in human islets based on
scRNA-seq (Coate et al., 2020). In addition, TMPRSS2 is also ex-
pressed at low levels in human endocrine cells. However,
TMPRSS?2 is not required for SARS-CoV-2 entry. This is exempli-
fied by the fact that Vero E6 cells, which lack TMPRSS2 expres-
sion, are a commonly used cell line to propagate SARS-CoV-2.
Thus, the expression of TMPRSS2 alone is not sufficient to pre-
dict SARS-CoV-2 permissiveness.

Previously, we reported that beta cells of primary human islets
can be infected by SARS-CoV-2 (Yang et al., 2020b). Additional
studies confirmed that SARS-CoV-2 could infect and replicate in
cells of the human endocrine pancreas (Muller et al., 2021). Here,
we directly validated the detection of SARS-CoV-2 viral antigen
in pancreatic beta cells using autopsy samples of COVID-19
subjects. In addition, we applied scRNA-seq to analyze SARS-
CoV-2-infected human islets. scRNA-seq has been broadly
used to study heterogeneity within human pancreatic islets in
both healthy (Baron et al., 2016; Li et al., 2016; Muraro et al.,
2016; Wang et al., 2016) and disease states, such as type 2 dia-
betes (Segerstolpe et al., 2016; Xin et al., 2016) and aging (Enge
et al., 2017). Moreover, scRNA-seq has also been applied to
study the molecular mechanisms controlling pancreatic beta
cell development, maturation (Qiu et al., 2017), proliferation
(Zeng et al., 2017), insulin production (Xin et al., 2018), and
intra-species differences (Baron et al., 2016).

Here, we applied scRNA-seq analysis of SARS-CoV-2-in-
fected human islets and showed that most types of endocrine
cells can be infected. Upon SARS-CoV-2 infection, beta cells
transdifferentiate, which leads to lower insulin (INS) expression
and higher production of glucagon (GCG) and trypsini
(PRSS1). Combining a trajectory analysis and the results of a
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high-throughput chemical screen, we found that SARS-CoV-2-
induced beta cell transdifferentiation is mediated by the elF2
pathway. In summary, we dissected the host pancreatic cellular
response upon SARS-CoV-2 infection at the single-cell level and
provide an example of cell fate change caused by SARS-CoV-2.

RESULTS AND DISCUSSION

Detection of SARS-CoV-2 viral antigen in human
endocrine cells of autopsy samples of COVID-19
subjects

Recently, two studies reported neuropilin-1 as a host factor that
facilitates SARS-CoV-2 infection (Cantuti-Castelvetri et al., 2020;
Daly et al., 2020). We stained autopsy pancreatic tissues from
non-COVID-19 subjects using two different antibodies and found
that neuropilin-1 is highly expressed in human islets, in particular
human beta cells (Figures 1A and S1A-S1C; Video S1). We also
inspected the autopsy samples of COVID-19 subjects to deter-
mine whether SARS-CoV-2 viral antigen is detectable in human
islet cells. gqRT-PCR confirmed the presence of viral transcripts,
including SARS-CoV-2-E and SARS-CoV-2-N, as well as a low
amount of replicating viral RNA, as indicated by the presence of
subgenomic RNA (Figure S1D). SARS-CoV-2 nucleocapsid
(SARS-N)* cells were detected in the autopsy samples of
COVID-19 subjects, but not in non-COVID-19 subjects. Co-stain-
ing with pancreatic endocrine and non-endocrine markers
confirmed the detection of SARS-N in INS*E-Cadherin (E-Cad)*
beta cells, CD31* endothelial cells, keratin 19 (KRT19)" ductal
cells, Trypsin1* acinar cells, and vimentin (VIM)* mesenchymal
cells (Figures 1B-1D; Tables S1 and S2), suggesting that both
endocrine and non-endocrine cells in the pancreas can harbor
SARS-CoV-2 viral antigen. High-resolution confocal images (Fig-
ure 1E) and 3D reconstruction of the confocal images (Video S2)
further validated the SARS-N staining in INS™ cells.

scRNA-seq validates the permissiveness of human
endocrine cells to SARS-CoV-2 infection

To determine the response of human islets to SARS-CoV-2
infection, we infected primary human islets ex vivo with SARS-
CoV-2 (MOI = 1). Cells were collected at 24 h post infection
(hpi) and analyzed by scRNA-seq. Clustering analysis confirmed
the presence of PRSS1" acinar cells, GCG" alpha cells, INS* beta
cells, KRT19" ductal cells, COL1A1* fibroblasts, PPY* PP cells,
SST* delta cells, PECAM1* endothelial cells, and LAPTM5" im-
mune cells (Figures 2A and S2). Here, we assessed the expres-
sion of other proteinases known to be involved in the entry of
SARS-CoV-2, including FURIN (Shang et al., 2020) and CTSL
(Ou et al., 2020). We found that FURIN and CTSL are expressed
in all types of pancreatic cells (Figure 2B; Table S3). SARS-CoV-
2 viral RNAs, including SARS-CoV-2-E, SARS-CoV-2-M, SARS-
CoV-2-ORF1ab, SARS-CoV-2-ORF8, SARS-CoV-2-ORF10, and
SARS-CoV-2-S, were highly expressed in acinar cells, alpha
cells, beta cells, ductal cells, and fibroblasts and were expressed
at relatively a low level in PP cells, delta cells, endothelial cells,
and immune cells in the SARS-CoV-2-infected condition, but
not in the mock-infected condition (Figures 2C and S3A). Immu-
nostaining confirmed the presence of SARS-N protein in INS*
beta cells (38.7% = 4.9%), GCG* alpha cells (16.7% + 14.4%),
SST* delta cells (34.0% + 5.7%), PPY" PP cells (44.1% =
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Figure 1. SARS-CoV-2 viral antigen is detected in beta cells and other pancreatic cells of COVID-19 subjects

(A) Arepresentative 63 x confocal image of NRP1 (Abcam) in the autopsy pancreas sample of a non-COVID-19 subject (n = 2 images examined in total). Scale bar,
20 um. Red, NRP1; green, INS; gray, DAPI.

(B) Representative confocal images of INS, E-Cad, and SARS-N in the autopsy pancreas sample of non-COVID-19 and COVID-19 subjects (n = 2 images
examined in non-COVID-19, n = 5 images examined in COVID-19). The inserts represent high-resolution images from the larger field. Scale bar, 50 pm. Scale bar
of insert, 12 um. Red, SARS-N; green, INS; blue, E-Cad; gray, DAPI.

(C) Representative confocal images of CD31, KRT19, and SARS-N in the autopsy pancreas samples of non-COVID-19 and COVID-19 subjects (n = 2 images
examined in non-COVID-19, n = 5 images examined in COVID-19). The inserts represent high-resolution images from the larger field. Scale bar, 50 pm. Scale bar
of insert, 12 um. Red, SARS-N; green, CD31; blue, KRT19; gray, DAPI.

(D) Representative confocal images of trypsin1, VIM, and SARS-N in the autopsy pancreas samples of non-COVID-19 and COVID-19 subjects (n = 2 images
examined in non-COVID-19, n = 5 images examined in COVID-19). The inserts represent high-resolution images from the larger field. Scale bar, 50 pm. Scale bar
of insert, 12 um. Red, SARS-N; green, trypsin1; blue, VIM; gray, DAPI.

(E) A representative 63 x confocal image of INS, E-Cad, and SARS-N in autopsy pancreas sample of a COVID-19 subject (n = 5 images examined in total). Scale
bar, 20 um. Red, SARS-N; green, INS; blue, E-Cad; gray, DAPI.

INS, insulin; NRP1, neuropilin 1; E-Cad, E-cadherin; KRT19, keratin 19; VIM, vimentin; SARS-N, SARS-CoV-2 nucleocapsid.

19.6%), AAT' acinar cells (5.1% = 2.2%), VIM* fibroblasts Plaque assay further validated the production of infectious viral
(16.6% + 2.2%), and CD31" endothelial cells (3.3% + 3.1%; Fig-  particles at 12, 24, 36, 48, 60, and 72 hpi at MOI = 1 (Figure S3E)
ure 2D). The percentage of SARS-N* cells was significantly and MOI = 0.01 (Figures S3F and S3G), suggesting that in the
higher in ACE2*NRP1* cells than ACE2*NRP1~ cells, absence of inflammation, the pancreas represented a potential
ACE2 NRP1™* cells, or ACE2"NRP1~ cells (Figures S3B-S3D). site of productive virus infection if exposed.
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Figure 2. scRNA-seq analysis of mock- and SARS-CoV-2-infected human islets

(A) UMAP of human islets (n = 2 individual islet donors).

(B) UMAP and violin plots showing the expression levels of SARS-CoV-2 entry factors, including FURIN and CTSL (n = 2 individual islet donors).

(C) UMAP and violin plots showing the expression levels of SARS-CoV-2 genes, including SARS-CoV-2-E, SARS-CoV-2-M, SARS-CoV-2-ORF1ab, SARS-CoV-
2-ORF8, SARS-CoV-2-ORF10, and SARS-CoV-2-S (n = 2 individual islet donors).

(D) Representative confocal images of INS, GCG, SST, PPY, AAT, VIM, CD31, and SARS-N of mock- and SARS-CoV-2- (MOI = 1) infected human islets at 48 hpi.
The insert represents a high-resolution image from the larger field. Scale bar, 50 um. Scale bar of insert, 25 um. Red, SARS-N; green, INS, GCG, SST, PPY, AAT,
VIM, and CD31; blue, DAPI (n = 3 individual islet donors).
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Figure 3. Human islets show upregulated chemokine response, cell stress, and interferon signaling upon SARS-CoV-2 infection

(A) Scoring the chemokine and cytokine expression levels in mock- versus SARS-CoV-2-infected human islets at 24 hpi. Higher score indicates higher expression
level and more cells expressing a gene. The red dots indicate the genes encoding upregulated chemokines and cytokines. The blue dots indicate the genes
encoding downregulated chemokines and cytokines (n = 2 individual islet donors).

(B) ELISA analysis of chemokine and cytokine expression in mock- versus SARS-CoV-2-infected human islets at 24 hpi (n = 3 replicates). Data are presented as
mean + SD. p values were calculated by paired two-tailed Student’s t test. *p < 0.05, **p < 0.01, and ***p < 0.001.

(C) Volcano plot highlighting genes differentially expressed in mock- versus SARS-CoV-2-infected whole human islets at 24 hpi (n = 2 individual islet donors).
(D) Ingenuity pathway analysis of genes differentially expressed in mock- versus SARS-CoV-2-infected human islets at 24 hpi (n = 2 individual islet donors).
(E) Dot blot illustrating gene expression levels involved in interferon signaling pathway in mock- versus SARS-CoV-2-infected human islets at 24 hpi. Dot size
shows the fraction of cells with non-zero expression; dot color indicates the relative expression level in the two conditions (n = 2 individual islet donors).

SARS-CoV-2 infection results in higher chemokine and
cytokine expression and cell stress signals

We next compared the gene expression profiles in SARS-CoV-2-
versus mock-infected human islets. Expression levels of multiple
chemokines and cytokines, including CCL2, CXCL2, CXCL1,
CCL4, CCL3, CXCL5, CCL8, IL1RN, and IL1B, were higher in
SARS-CoV-2-infected condition than those of mock-infected con-
dition (Figure 3A), which is consistent with previous reports in lung
autopsy samples of COVID-19 subjects (Blanco-Melo et al., 2020)
and organoid models (Han et al., 2021). ELISA analysis further vali-
dated the upregulation of chemokines and cytokines encoded by
these genes (Figure 3B). Volcano plot analysis comparing the
genes differentially expressed in SARS-CoV-2- versus mock-in-
fected conditions further validated the presence of SARS-CoV-2
transcripts (Figure 3C). Ingenuity pathway analysis of the genes en-
riched in SARS-CoV-2-infected humanislets highlighted canonical
biological pathways associated with virus infection, including the

cellular stress response, eukaryotic translation initiation factor 2
(elF2) signaling pathway, as well as interferon and JAK-STAT
signaling (Figure 3D). Dot blots further validated the upregulation
of interferon stimulated genes in SARS-CoV-2-infected human is-
lets (Figure 3E). We also monitored the function of the human islets
upon SARS-CoV-2 infection. Due to the high variation, we did not
detect statistically significant changes in insulin secretion upon
glucose or KClI stimulation (Figure S3H).

Human pancreatic beta cells undergo
transdifferentiation upon SARS-CoV-2 infection

To determine the response of beta cells to SARS-CoV-2
infection, we analyzed the scRNA-seq data to examine the
expression level of INS in the beta cell cluster of mock- versus
SARS-CoV-2-infected human islets. A dot blot suggested that
the average INS transcriptional expression level is lower in
beta cells upon SARS-CoV-2 infection than that of mock
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Figure 4. Human beta cells undergo transdifferentiation upon SARS-CoV-2 infection

(A—C) Dot bilot illustrating expression level of INS (A); alpha cell markers, including GCG, KLHL41, RFX6, SMARCA1, TM4SF4, and RGS4 (B); and acinar
cell markers, including PRSS1, PRSS2, CPA1, CPA2, CPB1, SPINK1, and OLFM4 (C), in mock- versus SARS-CoV-2-infected human islets at 24 hpi (MOI = 1).
Dot size shows the fraction of cells with non-zero expression; dot color indicates the relative expression level in the two conditions (n = 2 individual islet
donors).

(legend continued on next page)
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condition (Figure 4A). Interestingly, the average transcriptional
expression levels of alpha cell markers, such as GCQG,
KLHL41, RFX6, SMARCA1, TM4SF4, and RGS4 (Figure 4B),
and acinar cell markers, such as PRSS1, PRSS2, CPA1, CPA2,
CPB1, SPINK1, and OLFMA4 (Figure 4C), were upregulated in
beta cells after SARS-CoV-2 infection. The beta cells were
further separated as sub-clusters 0 and 1, in which sub-cluster
1 showed relatively higher GCG expression (Figure S4A). In
both beta cell sub-clusters, the expression of INS was lower
and the expression of GCG, PRSS1, and PRSS2 was higher in
SARS-CoV-2-infected condition than those in mock condition,
suggesting that the relative change of INS, GCG, PRSS1, and
PRSS2 expression is independent of beta cell sub-clusters (Fig-
ure S4B). We further examined the change of PRSS2 in different
cell clusters in SARS-CoV-2-infected islets (Figure S4C). The
expression of PRSS2 was higher in SARS-CoV-2-infected condi-
tion than mock condition only in alpha and beta cell clusters (Fig-
ure S4D). The expression of some other acinar cell markers, such
as CELA3A, CELA3B, and CELA2A, was not significantly
changed in SARS-CoV-2-infected beta cells (Figure S4E).

Immunostaining confirmed the lower level of INS expression
in beta cells upon SARS-CoV-2 infection than that of mock
condition (Figures 4D and 4E). No significant difference of
insulin expression was detected among ACE2*NRP1* cells,
ACE2*NRP1~ cells, ACE2 NRP1™ cells, and ACE2"NRP1~ cells
(Figures S4F and S4G). In addition, both the percentage of
GCG*INS™ cells in INS™ cells and the average intensity of GCG
in INS* cells were significantly higher in SARS-CoV-2-infected
condition than mock condition (Figures 4F-4H). Moreover,
both the percentage of trypsin1*INS* cells in INS* cells and
the average intensity of trypsin1 in INS* cells are significantly
higher in SARS-CoV-2-infected condition than mock condition
(Figures 4l-4K). Together, these data suggest the beta cells
show higher GCG and trypsin1 expression at both transcriptional
and protein levels in SARS-CoV-2-infected condition than mock
condition.

We then confirmed these changes in protein expression
using the autopsy samples of COVID-19 subjects. Consistent
with SARS-CoV-2-infected islets, the average intensity of in-
sulin in INS* cells was significantly lower in the autopsy sam-
ples of COVID-19 subjects than those of non-COVID-19 sub-
jects (Figures 4L and 4M). Furthermore, both the percentage
of trypsin1*INS* cells in INS* cells and the average intensity
of trypsin1 in INS* cells were significantly higher in the au-
topsy samples of COVID-19 subjects than those of non-
COVID-19 subjects in all samples (Figures 4N and 40) and
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age-matched groups (Figures S4H-S4J). Together, these
data suggest that beta cells undergo transdifferentiation
both ex vivo upon SARS-CoV-2 infection and in COVID-19
subjects.

Trajectory analysis identifies the elF2 pathway as
regulating beta cell transdifferentiation

To determine the pathway regulating beta cell transdifferentia-
tion, we reconstructed a trajectory by pseudotemporal ordering
of single beta cells, in which the start of the trajectory showed
less SARS-CoV-2 infection while the end displayed high
SARS-CoV-2 infection (Figure 5A). This trajectory analysis iden-
tified a “beta cell transdifferentiation” path. Along this path, the
level of the beta cell marker INS decreased, while both alpha
cell markers, such as GCG, and acinar cell markers, including
CPA1, PRSS1, and PRSS2, increased (Figure 5B). In addition,
transcript levels of SARS-CoV-2 genes, such as SARS-CoV-
2-N and SARS-CoV-2-ORF1ab, increased along with beta cell
transdifferentiation (Figure 5C).

Ingenuity pathway analysis also identified elF2 signaling as
the topmost pathway changed along with beta cell transdiffer-
entiation (Figure 5D). This is consistent with elF2 signaling be-
ing identified as the topmost pathway when comparing the
genes that are differentially expressed in SARS-CoV-2- versus
mock-infected beta cells (Figure 3D). A heatmap of the results
showed that genes involved in the elF2 pathway were signifi-
cantly changed during beta cell transdifferentiation (Figure 5E),
which indicated activation of the cellular stress response via
phosphorylation of elF2a. Western blotting confirmed the
higher level of phosphorylated PKR and phosphorylated
elF2a. in SARS-CoV-2-infected EndoC-BetaH1 cells than
mock-treated cells (Figures S5A-S5C). The elF2 signaling
pathway is required for most forms of eukaryotic translation
initiation. Protein translation was lower in SARS-CoV-2-in-
fected human islet cells than mock-infected islet cells,
including beta cells (Figures S5D and S5E). To further validate
the higher level of cellular stress in SARS-CoV-2-
infected condition, we applied immunostaining to examine
the expression of G3BP1, which is an essential component
of stress granules. Both the average intensity of stress gran-
ules (Figures 5F and 5G) and the average number of stress
granules (Figures 5F and 5H) in INS* cells were significantly
higher in the SARS-CoV-2-infected islets compared with the
mock-infected islets. Dot blots further validated the modest
upregulation of cell-stress-associated genes in beta cells
upon SARS-CoV-2 infection (Figure 5I).

(D and E) Representative confocal images (D) and quantification of relative INS intensity in INS™ cells (E) of mock- versus SARS-CoV-2-infected human islets at
48 hpi. Three images of each sample were used for quantification for each donor (n = 3 individual islet donors, MOI = 1). Scale bar, 50 um. Green, INS; blue, DAPI.
(F-H) Representative confocal images (F) and quantification of the percentage of GCG*INS™* cells in INS* cells (G) and the average GCG intensity in INS* cells (H)
of mock- versus SARS-CoV-2-infected human islets at 48 hpi (n = 3 individual islet donors, MOI = 1). Scale bar, 50 um. Red, GCG; green, INS; blue: DAPI. Yellow
arrows highlight GCG*INS™ cells.

(I-K) Representative confocal images (I) and quantification of the percentage of Typsin1*INS* cells in INS* cells (J) and the average Typsin1 intensity in INS* cells
(K) of mock- versus SARS-CoV-2-infected human islets at 48 hpi (n = 3 individual islet donors, MOI = 1). Scale bar, 50 um. Red, trypsin1; green, INS; blue, DAPI.
(Land M) Representative confocal images (L) and quantification of the relative INS intensity in INS* cells (M) of autopsy samples of non-COVID-19 and COVID-19
subjects. Three images of each sample were used for quantification for each subject. (M) n = 5 non-COVID-19 subjects; n = 5 COVID-19 subjects; scale bar,
50 um. Red, trypsin1; green, INS; blue, DAPI.

(N and O) Quantification of the percentage of Typsin1*INS* cells in INS* cells (N) and the average Typsin1 intensity in INS* cells (O) of autopsy samples of non-
COVID-19 or COVID-19 subjects. Three images of each subject were used for quantification (n = 5 COVID-19 subjects; n = 5 non-COVID-19 subjects).

Data are presented as mean + SD. p values were calculated by paired or unpaired two-tailed Student’s t test. *p < 0.05 and ****p < 0.0001.
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Figure 5. Trajectory analysis identifies a change of elF2 signaling during beta cell transdifferentiation

(A) Ordering beta cells along a transdifferentiation transition in mock- and SARS-CoV-2-infected islets; each cell was assigned a “pseudotime” indicating its
relative position in the transition (n = 2 individual islet donors).
(B) Changes in expression of INS, GCG, CPA1, PRSS1, and PRSS2 during beta cell transdifferentiation (n = 2 individual islet donors).

(C) Heatmap showing expression changes in INS, GCG, CPA1, CPA2, CPB1, PRSS1, PRSS2, SARS-CoV-2-N, and SARS-CoV-2-ORF1ab during beta cell
transdifferentiation. Cells were ordered in pseudotime (n = 2 individual islet donors).
(D) Ingenuity pathway analysis on genes changed during beta cell transdifferentiation (n = 2 individual islet donors).

(E) Heatmap showing expression changes in elF2-pathway-associated genes during beta cell transdifferentiation. Cells were ordered in pseudotime (n = 2 in-
dividual islet donors).
(F-H) Representative confocal images (F) and quantification of the average stress granule intensity in INS* cells (G) and the average stress granule number in INS*
cells (H) of mock- versus SARS-CoV-2-infected human islets at 48 hpi (n = 3 individual islet donors, MOI = 1). Scale bar, 50 um. Data are presented as mean + SD.
p values were calculated by paired or unpaired two-tailed Student’s t test. *p < 0.05 and **p < 0.01. Red, G3BP1; green, INS; blue, DAPI.

(I) Dot blot illustrating expression of cell-stress-associated genes in mock- versus SARS-CoV-2-infected human islets at 24 hpi (MOI = 1). Dot size shows the
fraction of cells with non-zero expression; dot color indicates the relative expression level in the two conditions (n = 2 individual islet donors).
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Figure 6. A high-throughput screen to identify a compound rescuing beta cell transdifferentiation
(A) Primary screen data. hESC-derived pancreatic endocrine cells were treated at 10 M with compounds from an in-house library containing US FDA-approved
drugs and signaling pathway regulators. DMSO treatment was used as a negative control. After 4 days of culture, cells were fixed and stained with antibodies

against INS and GCG.
B) Chemical structure of trans-ISRIB.

C) Dose curve of trans-ISRIB on the relative polyhormonal rate (n = 3 biological replicates).

n = 3 biological replicates). Scale bar, 50 um. Red, GCG; green, INS; blue, DAPI.
F and G) Flow cytometry analysis (F) and quantification of polyhormonal rate (G) of hESC-derived INS-GFP™ cells after 4 days of treatment of 4 uM trans-ISRIB

(
(
(D and E) Representative images (D) and quantification of the polyhormonal rate (E) of hESC-derived INS-GFP™ cells after 4 days treatment of 4 uM trans-ISRIB
(t
(
(

n = 3 biological replicates).

Data are presented as mean + SD. p values were calculated by unpaired two-tailed Student’s t test. ***p < 0.001.

A high-throughput chemical screen shows that
trans-ISRIB can reverse the transdifferentiation of
polyhormonal cells

Synthetic small molecules provide powerful tools to dissect the
molecular pathways of biological processes. To determine the
molecular pathway controlling pancreatic beta cell transdifferen-
tiation, we performed a high-throughput chemical screen to
identify small molecules that can decrease the number of trans-
differentiated polyhormonal cells. It is technically challenging
to perform a high-throughput screen using primary human
islets and SARS-CoV-2, so we used human pluripotent stem
cell (hPSC)-derived endocrine cells, which also contain a high
percentage of polyhormonal cells. Briefly, we differentiated
MEL-1/NS/GFP hESCs to pancreatic GCG*INS* polyhormonal
cells (Amin et al., 2018; D’Amour et al., 2006). Around 20% of
the derived INS-GFP™ cells expressed glucagon. We plated the
cells on 384-well plates and treated them for 4 days with a chem-
ical library containing the US FDA-approved drugs as well as
other non-approved molecules that regulate various signaling
pathways. Then, we fixed and stained the cells with GCG and
INS antibodies. The percentage of GCG*INS* cells in INS-
GFP* cells was defined as the polyhormonal rate.

The small molecules that decreased the Z score to <—1.5 were
defined as primary hits (Figure 6A). After confirmation, one com-
pound, trans-integrated stress response inhibitor (trans-ISRIB;
Figure 6B), was identified to decrease the polyhormonal rate.
Trans-ISRIB was identified from a chemical screen for small
molecule inhibitors of PERK signaling (Sekine et al., 2015), which

was shown to directly bind with elF2B by cryoelectron micro-
scopy (cryo-EM) (Zyryanova et al., 2018). Here, we found that
the compound decreased the polyhormonal rate through a
dose-dependent manner (Figure 6C; ICsq = 2.19 uM), which
was independent of cytotoxicity (Figure S6A). Further, we found
that the polyhormonal rate was significantly lower at 4 uM trans-
ISRIB treatment condition than control condition, as indicated by
both immunostaining (Figures 6D and 6E) and flow cytometry
(Figures 6F, 6G, and S6B).

Trans-ISRIB blocks beta cell transdifferentiation upon
SARS-CoV-2 infection

To determine whether trans-ISRIB was sufficient to block beta
cell transdifferentiation upon SARS-CoV-2 infection, we treated
human islets with 10 uM trans-ISRIB and infected with SARS-
CoV-2. At 24 hpi, we applied scRNA-seq to compare the gene
expression profiles of control- and trans-ISRIB-treated human
islets. No major difference of SARS-CoV-2 gene expression
was detected between trans-ISRIB- and control-treated human
islets (Figure S6C), suggesting that trans-ISRIB does not affect
SARS-CoV-2 infection.

Dot blots of gene expression levels suggested that the
average INS transcriptional expression level was higher in
trans-ISRIB-treated beta cells than that of control-treated beta
cells upon SARS-CoV-2 infection (Figure 7A). Trans-ISRIB treat-
ment also decreased the expression of alpha cell markers (Fig-
ure 7B) and acinar cell markers (Figure 7C) in beta cells upon
SARS-CoV-2 infection. Immunostaining further validated the
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Figure 7. Trans-ISRIB blocks human beta cell transdifferentiation upon SARS-CoV-2 infection

(A-C) Dot blot illustrating expression level of INS (A); alpha cell markers, including GCG, KLHL41, RFX6, SMARCA1, TM4SF4, and RGS4 (B); and acinar
cell markers, including PRSS1, PRSS2, CPA1, CPA2, CPB1, SPINK1, and OLFM4 (C), in beta cells of control or 10 uM trans-ISRIB-treated human islets at
24 hpi (MOI = 1). Dot size shows the fraction of cells with non-zero expression; dot color indicates the relative expression level in the two conditions (n = 1
islet donor).

(D and E) Representative confocal images (D) and quantification of relative INS intensity in INS* cells (E) of control or 10 uM trans-ISRIB-treated human islets at
48 hpi (n = 3 individual islet donors, MOI = 1). Scale bar, 50 um. Green, INS; blue, DAPI.

(F-H) Representative confocal images (F) and quantification of the percentage of GCG*INS™ cells in INS* cells (G) and the average GCG intensity in INS*
cells (H) of control or 10 uM trans-ISRIB-treated human islets at 48 hpi (n = 3 individual islet donors, MOI = 1). Scale bar, 50 um. Red, GCG; green, INS;
blue, DAPI.

(I-K) Representative confocal images () and quantification of the percentage of Typsin1*INS* cells in INS* cells (J) and the average Typsin1 intensity in INS*
cells (K) of control or 10 uM trans-ISRIB-treated human islets at 48 hpi (n = 3 individual islet donors, MOI = 1). Scale bar, 50 um. Red, trypsin1; green, INS;
blue, DAPI.

(legend continued on next page)
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higher INS expression of trans-ISRIB treated beta cells in SARS-
CoV-2-infected condition than mock condition (Figures 7D and
7E). In addition, both the percentage of GCG*INS* cells in INS*
cells and the average intensity of GCG in INS* cells are signifi-
cantly lower in trans-ISRIB-treated beta cells in comparison
with control-treated condition upon SARS-CoV-2 infection than
mock condition (Figures 7F-7H and S7A). Moreover, both the
percentage of trypsin1*INS* cells in INS* cells and the average
intensity of trypsin1 in INS™ cells were significantly lower in
trans-ISRIB-treated beta cells than control-treated beta cells
upon SARS-CoV-2 infection (Figures 71-7K and S7B).

The protein translation of SARS-CoV-2-infected human islets
was higher in trans-ISRIB-treated condition than control condi-
tion (Figures S7C and S7D). Immunostaining further validated
the lower average stress granule intensity (Figures 7L and 7M)
and the lower number of stress granules in trans-ISRIB-treated
INS* cells than control-treated INS* cells upon SARS-CoV-2
infection (Figures 7L, 7N, and S7E). Furthermore, the cell-
stress-associated genes were downregulated in trans-ISRIB-
treated beta cells compared with control-treated cells upon
SARS-CoV-2 infection (Figure 70). We further examined the
impact of trans-ISRIB on arsenite-treated human islets, as this
compound has been widely used to induce stress granule forma-
tion (Wheeler et al., 2016). Trans-ISIRB also rescued arsenite-
induced increase of stress granule in human islets (Figures S7F
and S7G), suggesting that the effect of trans-ISIRB on SARS-
CoV-2-induced cell stress is not specific to that form of stimula-
tion of the pathway. Together, these data indicate that SARS-
CoV-2-induced beta cell transdifferentiation is mediated through
the elF2 pathway and that this program can be effectively abro-
gated by trans-ISRIB.

Recently, Kusmartseva et al. (2020) and Coate et al. (2020) dis-
cussed the permissiveness of human beta cells to SARS-CoV-2
infection based on ACE2 and TMPRSS2 expression. However,
overall ACE2 expression based on scRNA-seq analyses is low,
and TMPRSS?2 is not essential for SARS-CoV-2 entry, as we
noted in the introduction. Here, we directly validated the detec-
tion of SARS-CoV-2 viral antigen in pancreatic beta cells using
autopsy samples of COVID-19 subjects.

In addition, we applied scRNA-seq to systematically explore
transcriptional changes at the single-cell level and found that
beta cells transdifferentiate upon SARS-CoV-2 infection. Alter-
ation of beta cell identity has been reported in both type 1 and
type 2 diabetes. Pancreatic beta cell dedifferentiation was first
reported using mice with somatic deletion of Foxo17 in beta cells
(Talchai et al., 2012) and further confirmed in human type 2 dia-
betes islets (Cinti et al., 2016; Spijker et al., 2015). Beta cell dedif-
ferentiation is manifested by reduced expression of beta cell
markers, including key transcription factors, insulin, glucose
metabolism genes, protein processing, and secretory pathway
genes. The presence of progenitor cell markers has also been
observed in the dedifferentiated islets beta cells of diabetic ani-
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mals (Kim-Muller et al., 2014; Wang et al., 2014), along with the
upregulation of alpha cell markers (Brereton et al., 2014; Cinti
et al., 2016; Spijker et al., 2015). Consistent with these earlier
works, an emerging study using beta cell-specific IRE1a
knockout NOD mice led to beta cell dedifferentiation as evi-
denced by the downregulation of Ins1 and Ins2, and the upregu-
lation of GCG, which prevented T1D progression (Lee et al.,
2020). Here, in beta cells we found a lower expression of beta
cell marker INS and higher levels of alpha cell markers, including
GCG, KLHL41,RFX6, SMARCAT1, TM4SF4, and RGS4, in SARS-
CoV-2-infected condition than in mock condition. Interestingly,
we also detected the upregulation of acinar cell markers,
including PRSS1, PRSS2, CPA1, CPA2, CPB1, SPINK1, and
OLFM4. We further validated the upregulation of trypsin1 in
beta cells of autopsy samples of COVID-19 subjects. The
expression of GCG was not significantly changed in beta cells
of COVID-19 subjects, suggesting that the upregulation of
GCG might be transient in comparison to the prolonged eleva-
tion of trypsin1. Although most beta cell dedifferentiation studies
have focused on endocrine cell markers, co-expression of acinar
cell marker, CPA, and INS has been reported in type 2 diabetes
islets (Masini et al., 2017), suggesting the involvement of acinar
cell marker upregulation in beta cell dedifferentiation or transdif-
ferentiation. We also monitored the expression of ALDH1A3, a
marker of dedifferentiated human beta cells (Cinti et al., 2016).
Although ALDH1AS3 is only expressed in a very small proportion
of human beta cells, its expression is higher in SARS-CoV-2-in-
fected beta cells than in mock-infected beta cells (Figure S7H),
which is reversed by trans-ISRIB treatment (Figure S7I).
Another study showed polyinosinic-polycytidylic acid, a syn-
thetic double-stranded RNA that mimics a common byproduct
of viral replication, diminishes beta cell-specific gene expression
and increases the expression of SOX9, a progenitor marker in
EndoC-betaH1 cells (Oshima et al., 2018). Our study provides
the previously unreported evidence of SARS-CoV-2-induced
beta cell transdifferentiation. SARS-CoV-2 infection also causes
upregulation of chemokines and cytokines. Considering non-
endocrine cells, such as endothelial cells and ductal cells, can
also be infected by SARS-CoV-2, we cannot fully exclude the
possibility that the non-endocrine cells infected by SARS-
CoV-2 secrete chemokines and cytokines and contribute to
beta cell transdifferentiation.

To dissect the molecular mechanism controlling beta cell trans-
differentiation in SARS-CoV-2-infected human islets, we per-
formed a high-throughput chemical screen and identified trans-
ISRIB, which reduces the co-expression of hormonal markers
(polyhormonal rate) of hESC-derived endocrine cells. In conjunc-
tion, trajectory analysis identified the change of elF2 signaling
during beta cell transdifferentiation. Trans-ISRIB was shown to
reverse the effects of elF2a phosphorylation (Camunas-Soler
et al., 2020; Sidrauski et al., 2015). Together, this suggests that
the presence of aberrant viral RNA and the subsequent change

(L-N) Representative confocal images (L) and quantification of the average stress granule intensity in INS* cells (M) and the average stress granule number in INS*
cells (N) of control or 10 uM trans-ISRIB-treated human islets at 48 hpi (n = 3 individual islet donors, MOI = 1). Scale bar, 50 um. Red, G3BP1; green, INS;

blue, DAPI.

(O) Dot blot illustrating expression levels of cell-stress-associated genes of control or 10 uM trans-ISRIB-treated human islets at 24 hpi (MOI = 1). Dot size shows
the fraction of cells with non-zero expression; dot color indicates the relative expression level in the two conditions (n = 1 islet donor).
Data are presented as mean + SD. p values were calculated by unpaired two-tailed Student’s t test. *p < 0.05.
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of the elF2 pathway plays a causal role in beta cell transdifferen-
tiation upon SARS-CoV-2 infection. elF2, a eukaryotic translation
factor required for most forms of translation initiation, is regulated
by a mechanism involving both guanine nucleotide exchange and
phosphorylation (Adomavicius et al., 2019). Phosphorylation takes
place at the alpha subunit of elF2 by a number of stress-activated
serine kinases, such as GCN2 activated by amino acid deprivation
(Wek et al., 1995), PERK caused by ER stress (Teske et al., 2011),
PKR stimulated by dsRNA (Vyas et al., 2003), or HRI induced by
heavy metal (Matts et al., 1991). Here, we found that both phos-
phorylated PKR and phosphorylated elF2o. were higher in
SARS-CoV-2-infected beta cells than in mock-infected beta cells.
Beta cells are vulnerable to ER stress due to their elevated rate of
insulin biosynthesis in response to glucose stimulation. Inactiva-
tion of the adaptive UPR has been associated with beta cell trans-
differentiation (Chan et al., 2013). Consistent with these data, we
also detected higher cellular stress in SARS-CoV-2-infected
beta cells than in mock-infected beta cells, which was relieved
by trans-ISRIB treatment.

In summary, we performed immunostaining using the autopsy
samples of COVID-19 subjects, as well as scRNA-seq analysis
and immunostaining on SARS-CoV-2-infected human islets to
provide direct evidence that pancreatic endocrine cells, in
particularly beta cells, can be infected by SARS-CoV-2. More-
over, human beta cells undergo elF2-mediated transdifferentia-
tion upon SARS-CoV-2 infection. Finally, we performed a high-
throughput screen and identified trans-ISRIB as a small molecule
that blocks SARS-CoV-2-induced beta cell transdifferentiation,
suggesting elF2 as a potential target to develop therapy to pre-
vent or reverse beta cell transdifferentiation in diabetes.

Limitations of study

These data implicate the detection of viral antigen in the pancre-
atic autopsy sample of COVID-19 subjects. However, the limita-
tions of working with autopsy samples prevented us from being
able to clearly distinguish whether the detection of viral antigen is
the result of direct infection of these cells in vivo or the result of
exposure to viral debris sufficient to induce an antiviral response
as reported in small animal models (Boudewijns et al., 2020;
Hoagland et al., 2021). Moreover, the heterogeneity of human is-
lets from different individuals might affect scRNA-seq analysis.
Additional islets from subjects of different gender and ethnic
backgrounds will further strengthen the conclusion. Finally, the
consequence of transdifferentiation is not clear. While transdif-
ferentiation might be averted by restoring elF2 pathway, addi-
tional work still needs to be done to determine whether long-
term inhibition of such responses could be a treatment modality
caused by viral infection.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Polyclonal Guinea Pig Anti-Insulin Dako Cat#A0564; RRID: AB_10013624
Anti-Glucagon antibody Abcam Cat#ab10988; RRID: AB_659831

Human/Mouse Somatostatin Antibody
Pancreatic Polypeptide/PP Antibody

Human Serpin A1/ alpha 1-Antitrypsin Antibody
Trypsin 1/PRSS1 Antibody

Cytokeratin 19 antibody

Human CD31/PECAM-1 Antibody

Vimentin antibody

NRP1 antibody

NRP1 antibody

NRP1 antibody

G3BP1 Antibody

SARS-CoV/SARS-CoV-2 Nucleocapsid Antibody
Human ACE-2 Antibody

elF2alpha Rabbit mAb

Phospho-elF2alpha (Ser51) Rabbit mAb

PKR Rabbit mAb

B-Actin Rabbit mAb

Recombinant Anti-PKR (phospho T446) antibody

IRDye 800CW Donkey anti-Rabbit IgG Secondary
Antibody

Goat anti-Rabbit IgG (H+L) Cross-Adsorbed
Secondary Antibody, Pacific Blue

Donkey anti-Goat IgG (H+L) Cross-Adsorbed
Secondary Antibody, Alexa Fluor 488

Donkey anti-Rat IgG (H+L) Highly Cross-Adsorbed
Secondary Antibody, Alexa Fluor 488

Donkey anti-Sheep IgG (H+L) Cross-Adsorbed
Secondary Antibody, Alexa Fluor 488

DAPI

R&D Systems
NOVUS Biologicals
R&D Systems
NOVUS Biologicals
Abcam

R&D Systems
Abcam

Abcam

NOVUS Biologicals
R&D Systems

Cell Signaling Technology
Sino Biological
R&D Systems

Cell Signaling

Cell Signaling

Cell Signaling

Cell Signaling
Abcam

LI-COR

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Santa Cruz

Cat#MAB2358; RRID: AB_2722572
Cat#NB100-1793; RRID: AB_2268669
Cat#MAB1268; RRID: AB_2301508
Cat#AF3848; RRID: AB_2171706
Cat# ab7754; RRID: AB_306048
Cat#AF806; RRID: AB_355617
Cat#ab8978; RRID: AB_306907
Cat#ab81321; RRID: AB_1640739
Cat#ST05-30; RRID: AB_2809467
Cat#AF3870; RRID: AB_884367
Cat#17798; RRID: AB_2884888
Cat#40143-R001; RRID: AB_2827974
Cat#AF933; RRID: AB_355722

Cat #5324S; RRID: AB_10692650
Cat #3398S; RRID: AB_2096481

Cat #12297S; RRID: AB_2665515
Cat #8457S; RRID: AB_10950489
Cat # ab32036; RRID: AB_777310
Cat #926-32213; RRID: AB_621848

Cat #P-10994; RRID: AB_2539814

Cat#A-11055; RRID: AB_2534102

Cat# A-21208; RRID: AB_2535794

Cat#A-11015; RRID: AB_141362

Cat#sc-3598; CAS: 28718-90-3

Chemicals, peptides, and recombinant proteins

CHIR99021

Retinoic acid

DAPT

Exendin-4
Cyclopamine-KAAD
trans-ISRIB

Cayman Chemical
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Tocris

Cat#13122; CAS: 252917-06-9
Cat#R2625; CAS:302-79-4
Cat#D5942; CAS: 208255-80-5
Cat#E7144; CAS: 141758-74-9
Cat#239804; CAS: 306387-90-6
Cat#5284; CAS: 1597403-47-8

Critical commercial assays

Chromium Controller & Next GEM Accessory Kit
Chromium Next GEM Chip G Single Cell Kit

Chromium Next GEM Single Cell 5’ Library and
Gel Bead Kit v1.1, 16 rxns

Single Index Kit T Set A

10x Genmoics
10x Genmoics
10x Genmoics

10x Genomics

1000202
1000120
1000165

1000213

Culture medium
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
StemFlex Gibco Thermo Fisher Cat#A3349401
RPMI 1640 Corning Cat#10-040-CMR
DMEM Corning Cat#MT10013CV
CMRL Thermo Fisher Scientific Cat#11530037
Glutamax Supplement Thermo Fisher Scientific Cat#35050079
B-27 Supplement Thermo Fisher Scientific Cat#17504044
Accutase Stemcell Technologies Cat# 07920
Matrigel Corning Cat#354234
Deposited data

scRNA-seq GSE159556 GEO: GSE159556

Code for data analysis

R scran package (v.1.14.1)

https://github.com/shuibingchen/COVID-19_lslets

Experimental models: Cell lines

hESC line MEL-1

Monash University

RRID: CVCL_XA16

Vero E6 ATCC Cat# CRL-1586; RRID: CVCL_0574
EndoC-betaH1 Cellosaurus RRID: CVCL_L909

Growth factors

Activin A R&D Systems Cat#338-AC-500/CF

IGF-1 Peprotech Cat#100-11

HGF Peprotech Cat#100-39H

FGF10 Peprotech Cat#100-26

Software and algorithms

Cell Ranger v3.0.2

Scran v1.14.1

batchelor v1.2.1

Seurat v3.1.0
ggplot2 v3.2.1

pheatmap v1.0.12

MetaMoph

DAVID6.8

Adobe illustrator CC2017

Graphpad Prism 6
ToppCell Atlas

10x Genomics

Bioconductor

Bioconductor

Satijalab
Tidyverse

Raivo Kolde

Molecular Devices

LHRI

Adobe

Graphpad software
Toppgene

https://support.10xgenomics.com/single-cell-gene-
expression/software/overview/welcome; RRID:
SCR_017344

https://bioconductor.org/packages/release/bioc/
html/scran.html; RRID: SCR_016944

http://bioconductor.org/packages/release/bioc/
html/batchelor.html; RRID: SCR_003470

https://satijalab.org/seurat/; RRID: SCR_007322

https://ggplot2.tidyverse.org/index.html; RRID:
SCR_014601

https://cran.r-project.org/package=pheatmap;
RRID: SCR_016418

http://www.moleculardevices.com/Products/
Software/Meta-Imaging-Series/MetaMorph.html;
RRID: SCR_002368

https://david.ncifcrf.gov/home.jsp; RRID:
SCR_001881

https://www.adobe.com/product/photoshop.html;
RRID: SCR_010279

https://www.graphpad.com; RRID: SCR_002798
https://toppgene.cchmc.org/; RRID: SCR_005726

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Shuibing

Chen (shc2034@med.cornell.edu)

Materials availability

This study did not generate new unique reagents.
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Data and code availability
scRNA-seq data is available from the GEO repository database with accession number GEO: GSE159556. The codes used for data
analysis and figure generation are available at https://github.com/shuibingchen/COVID-19_Islets.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

Vero E6 (African green monkey [Chlorocebus aethiops] kidney, CVCL_0574; female) were obtained from ATCC (https://www.atcc.
org/). Cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% FBS and 100 U/mL penicillin
and 100 pg/mL streptomycin. EndoC-betaH1 cells (CVCL_L909; female)were obtained from Cellosaurus, and cultured in DMEM con-
taining 5.6 mM glucose, 2% BSA fraction V(Sigma), 50 uM 2-mercaptoethanol, 10 mM nicotinamide (Calbiochem), 5.5 ng/ml trans-
ferrin (Sigma-Aldrich), 6.7 ng/ml selenite (Sigma-Aldrich), 100 U/ml penicillin and 100 pg/ml streptomycin. INSGT™W MEL-1 cells
(CVCL_XA16; male) were provided by Dr. Ed Stanley at Monash University, Australia. Cells were cultured on Matrigel-coated 6-
well plates in StemFlex medium (Thermo Fisher). All cells were maintained at 37°C with 5% CO2.

Human pancreatic islets

The pancreatic organs were obtained from the local organ procurement organization under the United Network for Organ Sharing
(UNOS). The informed consent was obtained for research purposes. The islets were isolated in the Human Islet Core at University
of Pennsylvania following the guidelines of Clinical Islet Transplantation consortium protocol (Ricordi et al., 2016). Briefly, the
pancreas was digested following intraductal injection of Collagenase & Neutral Protease in Hanks’ balanced salt solution. Liberated
islets were then purified on continuous density gradients (Cellgro, Mediatech) using the COBE 2991 centrifuge and cultured in CIT
culture media and kept in a humidified 5% CO, incubator.

Purified human pancreatic islets for scRNA-seq in Table S3 were obtained from Prodo Laboratories (Aliso Viejo, CA) and the Na-
tional Disease Research Interchange (Philadelphia, PA), were isolated from cadaverous donors. All experimental protocols per-
formed for this study are approved under the National Institutes of Health (NIH) guidelines. Purified islets were cultured in Prodo Islet
Media [PIM(S)] complete media at a density of 10,000 Islet Equivalents (IEQ) per 150mm? for 72 hrs at 37 C. Islets were transported to
the laboratory at 4°C over a period of 24 hrs. Upon receipt, islets were equilibrated to 37°C for 1 hour or overnight prior to processing
for downstream scRNA-seq.

The gender and age information of islet donors has been provided as Table S1. The sample size is not large enough to analyze the
influence of sex or gender on the results of the studies.

Human subjects
Tissue was acquired from deceased COVID-19 human donors, provided by the Weill Cornell Department of Pathology. The unin-
fected human pancreatic samples were similarly obtained. The Tissue Procurement Facility operates under Institutional Review
Board (IRB) approved protocol and follows guidelines set by HIPAA. Experiments using samples from human subjects were conduct-
ed in accordance with local regulations and with the approval of the institutional review board at the Weill Cornell Medicine under
protocol 20-04021814. Autopsy consent was obtained from the families of the patients.

The gender and age information of subjects has been provided as Table S1. The sample size was determined by availability. The
sample size is not large enough to analyze the influence of sex or gender on the results of the studies.

METHOD DETAILS

All studies were performed in a blinded manner without inclusion and exclusion applied. The sample size and statistical analysis
method of each experiments have been provided in the figure legends.

SARS-CoV-2 propagation and infection

SARS-CoV-2 isolate USA-WA1/2020 (NR-52281) was provided by the Center for Disease Control and Prevention and obtained through
BEI Resources, NIAID, NIH. SARS-CoV-2 was propagated in Vero E6 cells in DMEM supplemented with 2% FBS, 4.5 g/L D-glucose,
4 mM L-glutamine, 10 mM Non-essential amino acids, 1 mM sodium pyruvate and 10 mM HEPES using a passage-2 stock of virus.
Three days after infection, supernatant containing propagated virus was filtered through an Amicon Ultra 15 (100 kDa) centrifugal filter
(Millipore Sigma) at ~4000 rpm for 20 minutes. Flow through was discarded and virus was resuspended in DMEM supplemented as
described above. Infectious titers of SARS-CoV-2 were determined by plague assay in Vero E6 cells in Minimum Essential Media sup-
plemented with 2% FBS, 4 mM L-glutamine, 0.2% BSA, 10 mM HEPES and 0.12% NaHCO3; and 0.7% agar. All MOls were based on
titer determined from plaque assays on Vero E6 cells. All work involving live SARS-CoV-2 was performed in the CDC and USDA-
approved BSL-3 facility of the Icahn School of Medicine at Mount Sinai in accordance with institutional biosafety requirements.

scRNA-seq of viral infections
Approximately 1 x 108 untreated, control or trans-ISRIB treated primary human pancreatic islet cells were infected with passage-3
SARS-CoV-2 at an MOI of 1 for 24 hrs in CIT culture media. After 24 hrs, infected and mock infected pancreatic islets were
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dissociated into a single cell suspension using Accutase cell detachment solution (Innovative Cell Technologies) and incubated at 37
°C for ~20 minutes followed by gentle pipetting to break apart groups of cells. Cells were then washed twice in 1x PBS and filtered
using a 40 um Flowmi cell strainer (Bel-Art Scienceware). Cell count and cell viability were then determined using trypan blue staining
and a Countess |l automatic cell counter (ThermoFisher Scientific). Target cell inputs of 10,000 cells for each condition were then
loaded into a Chromium Controller using Chromium Next GEM (Gel Bead-In Emulsion) single Cell 5’ Library & Gel Bead Kit v1.1
(10x Genomics) according to manufacturer’s instructions. After generation of GEMs, cDNA synthesis and library preparation of
all samples was completed using the Chromium Single Cell 5’ Library Kit v1.1 (10x Genomics) according to manufacturer’s
instructions.

Sequencing and gene expression UMI counts matrix generation

The 10x Libraries were sequenced on the lllumina NovaSeq6000 sequencer with pair-end reads (28 bp for read 1 and 91 bp for
read 2). The sequencing data were primarily analyzed by the 10x cellranger pipeline (v3.0.2) in two steps. In the first step, cellranger
mhkfastq demultiplexed samples and generated fastq files; and in the second step, cellranger count aligned fastq files to the reference
genome and extracted gene expression UMI counts matrix. In order to measure both human and viral gene expression, we built a
custom reference genome by integrating the SARS-CoV-2 virus genome into the 10x pre-built human reference (GRCh38 v3.0.0)
using cellranger mkref. The SARS-CoV-2 virus genome (NC_045512.2) was downloaded from NCBI.

Single-cell RNA-seq data analysis

We filtered cells with less than 500 or more than 6000 genes detected, cells with less than 1000 or more than 60000 UMIs detected, as
well as cells with mitochondria gene content greater than 15%, and used the remaining cells (3190 cells for non-COVID-19_5_Mock;
4936 cells for non-COVID-19_5_SARS-CoV-2; 8109 cells for non-COVID-19_6_Mock; 7559 cells for non-COVID-19_6_SARS-CoV-2;
8484 cells for non-COVID-19_6_SARS-CoV-2_trans-ISIRB) for downstream analysis.

We normalized the gene expression UMI counts using a deconvolution strategy implemented by the R scran package (v.1.14.1). In
particular, we pre-clustered cells using the quickCluster function; we computed size factor per cell within each cluster and rescaled
the size factors by normalization between clusters using the computeSumFactors function; and we normalized the UMI counts per
cell by the size factors and took a logarithm transform using the normalize function. We further normalized the UMI counts across
samples using the multiBatchNorm function in the R batchelor package (v1.2.1).

We identified highly variable genes using the FindVariableFeatures function in the R Seurat package (v3.1.0) , and selected the top
3000 variable genes after excluding mitochondria genes, ribosomal genes, viral genes and dissociation-related genes. The list of
dissociation-related genes was originally built on mouse data ; we converted them to human ortholog genes using Ensembl BioMart.
We aligned the five samples based on their mutual nearest neighbors (MNNs) using the fastMNN function in the R batchelor package,
this was done by performing a principal component analysis (PCA) on the highly variable genes and then correcting the principal com-
ponents (PCs) according to their MNNs. We selected the corrected top 50 PCs for downstream visualization and clustering analysis.

We ran Uniform Manifold Approximation and Projection (UMAP) dimensional reduction using the RunUMAP function in the R
Seurat package with the number of neighboring points setting to 30 and training epochs setting to 4000. We clustered cells into
twenty clusters by constructing a shared nearest neighbor graph and then grouping cells of similar transcriptome profiles using
the FindNeighbors function and FindClusters function (resolution set to 0.4) in the R Seurat package. We identified marker genes
for each cluster by performing differential expression analysis between cells inside and outside that cluster using the FindMarkers
function in the R Seurat package. After reviewing the clusters, we merged them into nine clusters representing acinar cells, alpha
cells, beta cells, ductal cells, fibroblast cells, delta cells, PP cells, endothelial cells and immune cells, for further analysis. We re-iden-
tified marker genes for the merged nine clusters and selected top 10 positive marker genes per cluster for heatmap plot using the
R pheatmap package.

We generated UMAP and violin plots highlighting expressions of selected genes using the R ggplot2 package. We presented the
difference in gene expressions between mock and SARS-CoV-2 infected conditions, and between DMSO and trans-ISRIB conditions
by dot blot, where the size of a dot indicates the percentage of cells that express a gene and the color presents the relative expression
level of a gene. The relative expression was calculated by taking mean of non-zero expressions of a gene across all cells within each
condition and then linearly rescaling the two means such that they fall in range [-1, 1] by dividing their means and subtracting one. We
generated a bar plot to present the expression changes in different cell types between mock and SARS-CoV-2 infected conditions.
This was done by selecting cells with normalized expression greater or equal than 1.7, in order to mitigate possible background noise
introduced by ambient RNA contaminations, and then calculating the mean expression over these cells per cluster per condition.

We compared the gene expression levels in beta cells between mock and SARS-CoV-2 infected conditions and identified differ-
entially expressed genes based on Wilcoxon rank-sum test using the FindMarkers function in the R Seurat package. We highlighted
differentially expressed genes with volcano plot and scatter plot. To generate the scatter plot, we calculated a score per gene per
condition by multiplying the percentage of cells expressing the gene by the mean of non-zero expressions of the gene over all cells
in the given condition, and showing the score in the two conditions (x axis for Mock and y axis for SARS-CoV-2 infected). We further
performed pathway analysis on genes with p value less than 0.1 using QIAGEN Ingenuity Pathways Analysis (IPA).

To recover the transition during beta cell transdifferentiation, we performed trajectory analysis on beta cells from mock and
SARS-CoV-2 conditions using R Slingshot package v1.4.0. We extracted beta cells from mock and SARS-CoV-2 infected samples
by sub-setting the Seurat object using subset function in the R Seurat package. We identified highly variable genes using the
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FindVariableFeatures function in the R Seurat package, and selected the top 3000 variable genes after excluding mitochondria
genes, ribosomal genes, viral genes and dissociation-related genes. We aligned the four samples based on their mutual nearest
neighbors (MNNSs) using the fastMNN function in the R batchelor package. We selected the corrected top 50 PCs to perform
UMAP dimensional reduction using the RunUMAP function in the R Seurat package with the number of neighboring points setting
to 30 and training epochs setting to 500. We clustered cells into six clusters using the FindNeighbors function and FindClusters func-
tion (resolution set to 0.2) in the R Seurat package. We removed from the analysis a tiny set of likely-mislabeled cells that were far
away from the beta cell clusters in the UMAP plot. We performed trajectory inference using function slingshot by setting UMAP
as reduced dimensional data, cluster with low or high number of SARS-CoV-2 infected cells as the root and leaf node. We then iden-
tified genes that change their expression over the trajectory pseudo-time by fitting a general additive model (GAM) using R package
gam v1.20. P-values were adjusted for multiple comparisons with Benjamini & Hochberg methods using R function p.adjust. We per-
formed pathway analysis on 578 differentially expressed genes with adjusted p value less than 1.0E-100 using QIAGEN Ingenuity
Pathways Analysis (IPA). We generated heatmap by sorting cells according to pseudo-time using the R pheatmap package. We
generated scatter plot presenting the gene expression per cell as a function of pseudo-time, in which we fitted a line showing the
transition trends using R function loess with span=1.

To further investigate into beta cells, we ran a sub-clustering analysis on these cells. In particular, we identified highly variable
genes in beta cells using the FindVariableFeatures function in the R Seurat package (Stuart et al., 2019a), and selected the top
3000 variable genes after excluding mitochondria genes, ribosomal genes, viral genes and dissociation-related genes. We aligned
these beta cells from the five samples based on their MNNs using the fastMNN function in the R batchelor package. We selected the
corrected top 50 PCs for downstream sub-clustering analysis. We ran UMAP dimensional reduction using the RunUMAP function in
the R Seurat package with the number of neighboring points setting to 35 and training epochs setting to 1000. We clustered cells into
five clusters using the FindNeighbors function and FindClusters function (resolution set to 0.1) in the R Seurat package. We merged
these clusters into two representing cell groups of relatively low or high GCG expression, for further analysis. We presented the dif-
ference in gene expressions in each sub-cluster between mock and SARS-CoV-2 infected conditions, and between DMSO and
trans-ISRIB conditions by dot blot.

Immunofluorescence staining and confocal microscopy

Human islets were fixed with 4% paraformaldehyde at 4 °C overnight and transferred to 30% sucrose solution for dehydration. The
islets were embedded in O.C.T (Fisher Scientific, Pittsburgh, PA) and serial 5 um sections were taken with Leica cryostat microtome.
The slides were blocked and permeabilized in PBS containing 5% horse serum and 0.1% Triton X-100 for 1 hour at room temperature
and then incubated with primary antibodies at 4 °C overnight followed by incubation with fluorescence-conjugated secondary anti-
bodies at room temperature for 1 hour. Nuclei were counterstained by DAPI. Slides were mounted in Prolong Gold Antifade Mountant
(Thermo Fisher). The information of antibodies used forimmunofluorescence staining are provided in Table S4. Images were taken by
Zeiss LSM 800 confocal microscope and were scored using MetaMorph image analysis software (Molecular Devices).

Insulin secretion assays

Human islets were seeded into transwells and infected at an MOI of 1 for 48 hrs (Non-COVID-19_6, Non-COVID-19_7) or 72 hrs (Non-
COVID-19_8). To perform glucose stimulated insulin secretion (GSIS) and KCI stimulated insulin secretion (KSIS) after infection,
supernatant was removed and cells were starved in Krebs-Ringer Bicarbonate Buffer (KRBH) for 2 hrs at 37°C. After incubation,
supernatant was removed and transwells containing islets were transferred into a new plate containing 500 uL of KRBH with
2.8 mM glucose (Non-COVID-19_6, Non-COVID-19_7) or 2 mM glucose (Non-COVID-19_8). An additional 100 uL of buffer was
added to each transwell, and cells were incubated for 30 min at 37°C after which supernatant was collected and stored at -80°C.
The same procedure was used sequentially with KRBH with 16.7 mM glucose (Non-COVID-19_6, Non-COVID-19_7) or 20 mM
glucose (Non-COVID-19_8) followed by KRBH with 30 mM KCI. To measure the total level of insulin in samples, cells were lysed
in RIPA buffer and stored at -80°C. 5% Triton X-100 was added to each sample to a final concentration of 0.5% to inactivate any
remaining viral particles. Samples were then analyzed with a human insulin ELISA kit (Alpco), according to manufacturer’'s
instructions.

Plaque assays

Human islets and Vero E6 cells were infected at an MOI of either 1.0 or 0.01. For 1.0 MOI infections, after an initial 1 hr incubation,
supernatant was removed and cells were washed with fresh media 3 times to remove any remaining virus in supernatant. New media
was added to islets and half of supernatant was collected and replaced with fresh media at each time point. For 0.01 MOl infections
media was not replaced after addition of viral inoculate. Supernatant collected from each time point was frozen at -80°C once prior to
determining titer. Infectious particle titer was determined by plaque assay on Vero E6 cells (ATCC #CRL-1586). 1x10° cells were
plated on 12-well plates and grown until confluent. 10-Fold serial dilutions of supernatant from each time point were prepared in trip-
licate in DMEM (Gibco) + 2% FBS. Vero E6 cells were inoculated with 200 pL of supernatant dilutions for 1 hr at 37°C with agitation
every 10 mins. Inoculum was aspirated after 1hr and with an overlay of MEM (Gibco) with 4mM L-glutamine, 0.2% BSA, 10mM 703
HEPES, 0.12% NaHCO3, 2% FBS and 0.7 % Oxoid agar and incubated at 37°C for 48 hrs. After 48hrs incubation samples were fixed

e5 Cell Metabolism 33, 1577-1591.e1-e7, August 3, 2021



Cell Metabolism ¢ CellPress

by adding 4% PFA on top of overlay for 24 hrs at room temperature. Plagues were then stained with crystal violet solution (0.2%
crystal violet w/v, 20% EtOH v/v) for 1hr. Titer (PFU/mL) at each time point for each sample was calculated using the number of pla-
ques counted at each dilution and the inoculation volume.

OPP staining

Human islets were infected at an MOI of 1 for 48 hrs. After fixation, the cells were stained with Click-iT Plus OPP Protein Synthesis
Assay Kits (Molecular Probe) and insulin antibody. The relative expression was quantified using MetaMorph Microscopy Automation
and Image Analysis Software.

hESC maintenance and pancreatic endocrine cell differentiation

Pancreatic endocrine cell differentiation was performed using INSG™"W MEL-1 cells. Cells were cultured on Matrigel-coated 6-well
plates in StemFlex medium (Thermo Fisher) and maintained at 37°C with 5% CO,. MEL-1 cells were differentiated using a previously
reported strategy (D’Amour et al., 2006). Briefly, on day 0, cells were exposed to basal medium RPMI 1640 (Corning) supplemented
with 1 x glutamax (Thermo Fisher), 50 ng/mL normocin, 100 ng/mL Activin A (R&D systems), and 3 uM of CHIR99021 (Cayman Chem-
ical) for 24 hrs. The medium was changed on day 1 to basal RPMI 1640 medium supplemented with 1x glutamax, 50 ug/mL normo-
cin, 0.2% FBS (Corning), 100 ng/mL Activin A for 2 days. On day 3, the resulting definitive endoderm cells were cultured in RPMI 1640
medium supplemented with 50 ng/ml FGF10, 0.25 uM Cyclopamine-KAAD and 2% FBS for 2 days to generate primitive gut tube
cells. Onday 5, the cells were induced to differentiate to posterior foregut in DMEM medium supplemented with 2 uM all-trans retinoic
acid, 0.25 uM Cyclopamine-KAAD, 50 ng/ml FGF10 and 1% B27 supplement for 2 days. On day 7, the cells were induced to differ-
entiate to pancreatic endoderm and endocrine precursors in DMEM medium supplemented with 1 uM DAPT, 50 ng/ml exendin 4 and
1% B27 for 3 days. On day 10, the cells were induced to differentiate to insulin expressing cells in CMRL medium supplemented with
50 ng/ml exendin 4, 50 ng/ml IGF-1, 50 ng/ml and 1% B-27 for 5 days.

ELISA Analysis

Mock and SARS-CoV-2 infected (MOI=1) pancreatic islet cell supernatants were collected at 24hpi for cytokine and chemokine anal-
ysis. The following cytokines/chemokines were evaluated using multiplex ELISA: CCL3, interleukin 1 receptor antagonist (IL-1RA),
CXCL1, CCL8, CXCL2, CCL4, CXCL5, Interleukin 1 beta (IL1B), and CCL2. All antibodies and cytokine standards were purchased
as antibody pairs from R&D Systems (Minneapolis, Minnesota) or Peprotech (Rocky Hill, New Jersey). Sample supernatants were
first diluted 1:2 in a standard luminex buffer containing PBS supplemented with .01% Tween-20, 20 mM TRIS-HCI, 1% naive
goat serum and 1% naive mouse serum. Diluted samples or analytic standards were then incubated with magnetic cytokine specific
beads overnight at 4°C. Following, the assay plate was washed three times with luminex wash buffer (PBS + 0.01% Tween-20 +
20mM Tris-HCL) utilizing a strong magnet and then co-incubated with a mastermix of biotinylated detection antibodies for each an-
alyte (R&D systems or Peprotech) for 1 hour at room temperature, shaking. Again, samples were washed three times with luminex
wash buffer, and samples were then incubated with SA-PE for 1 hour at room temperature, shaking. Lastly, the assay plate was
washed 3 more times, and samples were fixed with a solution of 2% PFA in the luminex buffer. The assays were read on a MAGPIX
platform after fixation. The median fluorescence intensity of these beads was recorded for each bead and was used for analysis using
a custom R script and a 5P regression algorithm. The limit of detection was defined as the pg/ml value associated with
3*sd(Background)+Median(background) for each analysis.

High throughput chemical screening

To perform the high throughput small-molecule screening, hESC-derived endocrine cells were dissociated using Accutase and re-

plated onto 804G-coated 384-well plates at 10,000 cells per well. Cells were treated at 10 pM with compounds from an in-house

library. DMSO treatment was used as a negative control. After 4 days of culture, cells were fixed and stained with antibodies against

INS (DAKO) and GCG (Abcam). Plates were analyzed using a Molecular Devices ImageXpress High-Content Analysis System. Com-

pounds inducing lower percentage of GCG*INS* cells in INS* cells compared to DMSO treated wells were selected as primary hits.
Z score was calculated as below.

7 score — the polyhormonal rate of chemical treated condition — mean of the polyhormonal rate
- STDEV of the polyhormonal rate

Flow cytometry and intracellular FACS analysis

Flow cytometry intracellular staining was performed following the instruction of user manual of Fixation and Permeabilization Solution
Kit (BD Biosciences). Briefly, hESC-derived endocrine cells were dissociated and resuspended in Fixation and Permeabilization so-
lution for 20 minutes at 4°C, then washed twice in 1x Perm and Wash buffer. Fixed cells were incubated with primary antibody at 4°C
for 1 hrin the dark, washed twice and then incubated with fluorescence-conjugated secondary antibody for 30 minutes at 4°C in the
dark. Cells were washed twice prior to flow cytometry analysis with an Accuri C6 flow cytometry instrument and the data were pro-
cessed using Flowjo v10 software. The information of antibodies used for flow cytometry are provided in Table S4.

Cell Metabolism 33, 1577-1591.e1-e7, August 3, 2021 e6




¢ CelPress Cell Metabolism

OPEN ACCESS

Western blot

EndoC-betaH1 cells were infected with SARS-CoV-2 (MOI=1), and protein was extracted at 48 hpi in RIPA buffer (Sigma) supple-
mented with Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher) before safe removal from the BSL-3 facility. Protein
samples were loaded onto NUPAGE 4-12% Bis-Tris Protein Gels (Thermo Fisher), resolved by electrophoresis and transferred
onto nitrocellulose membranes. Membranes were incubated with the following primary antibodies: rabbit monoclonal anti-beta-Actin
(Cell Signaling, 8457S, 1:1,000), rabbit monoclonal anti-PKR (Cell Signaling, 12297S, 1:1,000), rabbit monoclonal anti-PKR (phos-
phor T446) (Abcam, ab32036, 1:1,000), rabbit monoclonal anti-elF2alpha (Cell Signaling, 5324S, 1:1,000) and rabbit monoclonal
anti-Phospho-elF2alpha (Cell Signaling, 3398S, 1:1,000). Primary antibodies were detected by fluorophore-conjugated secondary
donkey anti-rabbit (IRDye 800CW, 926-32213, 1:15,000) antibodly.

qRT-PCR

Total RNA samples were prepared from formalin-fixed and paraffin-embedded (FFPE) autopsy pancreatic tissues followed by
DNasel treatment using manufacturer’s instructions (Qiagen RNeasy FFPE kit Cat# 73604). To quantify viral replication, measured
by the expression of sgRNA transcription of the viral N gene, viral N or S gene, two-step RT-gPCR was performed using LunaScript
RT SuperMix Kit (E3010L) for c-DNA synthesis and Luna Universal gPCR Master Mix (NEB #M3003) for RT-gPCR. Quantitative real-
time PCR reactions were performed on CFX384 Touch Real-Time PCR Detection System (BioRad). The sequences of primers are
provided in Table S5. Analysis was performed and -delta CT were calculated and normalized to 18S.

QUANTIFICATION AND STATISTICAL ANALYSIS

For in vitro studies, n = 3 independent replicates or 3 individual subjects or donors were used for all experiments unless otherwise
indicated. For human samples, there is a limited resource of autopsy samples of COVID-19 subjects. We used all samples available
when experiments were performed. Data are shown as mean + STDEV. For two-group data, we used a two-tailed unpaired Student’s
t test. For one independent variable data, we used one-way ANOVA. For multiple samples’ comparison, we used two-way ANOVA
coupled with one-way ANOVA analysis. Statistical analysis was performed using GraphPad Prism 6 software.
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SUPPLEMENTAL FIGURES.

Figure S1. Related to Figure 1 and 2. Inmunostaining and gRT-PCR analysis of the autopsy
pancreas samples of a non-COVID-19 and COVID-19 subjects.

(A) A representative image of NRP1 expression in the autopsy pancreas sample of a non-COVID-19
subject. 20X confocal image using NRP1 antibody from abcam. The insert represents a high-resolution
image from the larger field. Scale bar = 50 ym. (n = 6 images examined in total) Red: NRP1; Green: INS;
Grey: DAPI.

(B) A representative image of NRP1 in the autopsy pancreas sample of a non-COVID-19 subject. 63X
confocal image using NRP1 antibody from NOVUS. Scale bar = 20 um. (n = 2 images examined in total)
Red: NRP1; Green: INS; Grey: DAPI.

(C) A representative image of NRP1 in the autopsy pancreas sample of a non-COVID-19 subject. 20X
confocal image using NRP1 antibody from NOVUS. The insert represents a high-resolution image from the
larger field. Scale bar = 50 ym. (n = 6 images examined in total) Red: NRP1; Green: INS; Grey: DAPI.

(D) gqRT-PCR analysis of subgenomic RNA, SARS-CoV-2-E, SARS-CoV-2-N in the autopsy pancreas
samples of non-COVID-19 and COVID-19 subjects. -Delta Ct = Ct (18S)-Ct (subgenomic RNA, SARS-CoV-
2-E, or SARS-CoV-2-N). Red line highlights the detection limit. Data was presented as mean + STDEV. P
values were calculated by one-way ANOVA, ****P < 0.0001.
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Figure S2. Related to Figure 2. Single-cell RNA-seq analysis of mock versus SARS-CoV-2 infected
human islets.

(A) Heatmap showing relative expression of top 10 markers defining the nine cell types in human islets. (n
= 2 individual islet donors).

(B) UMAP and violin plots showing expression levels of pancreatic cell markers. (n = 2 individual islet
donors).

(C) UMAP of human islets by conditions.
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Figure S3. Related to Figure 2. SARS-CoV-2 infects multiple types of human pancreatic cells.

(A) UMAP and violin plots showing the expression levels of SARS-CoV-2 genes of mock infected human
islets. (n = 2 individual islet donors).

(B and C) Flow cytometry analysis of SARS-CoV-2 (MOI=1) infected human islets at 48 hpi. Gating strategy
of ACE2 and NRP1 (B). SARS-N expression in ACE2*/NRP1*, ACE2/NRP1*, ACE2*/NRP1-, and ACE2
/INRP1- cells (C). n = 3 replicates.

(D) Quantification of SARS-N* percentage in ACE2*/NRP1*, ACE2*/NRP1-, ACE2/NRP1*, and ACEZ2-
/INRP1- cells.

(E) Plaque assays of SARS-CoV-2 (MOI=1) infected human islets at 12, 24, 36, 48, 60, and 72 hpi (n =3
replicates per time point) with replacement of media and 3 times washes after initial 3 hr infection.

(F) Plaque assays of SARS-CoV-2 (MOI=0.01) infected human islets at 12, 24, 36, 48, 60 and 72 hpi (n =
3 replicates per time point).

(G) Plaque assays of SARS-CoV-2 (MOI=0.01) infected Vero cells at 24, 48, and 72 hpi (n = 3 replicates
per time points from two individual experiments).

(H) Fold change of glucose stimulated insulin secretion (GSIS) or KCI stimulated insulin secretion (KSIS)
of SARS-CoV-2 (MOI=1) infected human islets. Human islets from non-COVID-19_6 (n = 5 replicates per
condition) and non-COVID-19_7 (n = 4 replicates per condition) were analyzed at 48 hpi. Human islets from
non-COVID-19_8 (n = 3 replicates per condition) were analyzed at 72 hpi.

Data was presented as mean + STDEV. P values were calculated by two-way ANOVA. *P < 0.05, **P <
0.01, ***P < 0.001 and ****P < 0.0001.
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Figure S4. Related to Figure 4. Human beta cells undergo transdifferentiation upon SARS-CoV-2
infection.

(A) UMAP plot showing the two sub-clusters of beta cell population. (n = 2 individual islet donors).

(B) Dot blot illustrating expression level of INS, GCG, PRSS1, PRSS2 in two sub-clusters of mock versus
SARS-CoV-2-infected human islets at 24 hpi (MOI=1). Dot size shows the fraction of cells with non-zero
expression; Dot color indicates the relative expression level in the two conditions. (n = 2 individual islet
donors).

(C) UMAP plot showing the expression level of PRSS2 of SARS-CoV-2 infected human islets. (n = 2
individual islet donors).

(D) Bar plot illustrating mean expression difference of PRSS2 between mock and SARS-CoV-2 infected
cells in different clusters of human islets; Bar color indicates increased (red) or decreased (blue) expression
in the SARS-CoV-2 infected cells. (n = 2 individual islet donors).

(E) Dot blot illustrating expression level of acinar cell markers, including PRSS1, PRSS2, CELA3A,
CELA3B, CELA2A in beta cell cluster of mock versus SARS-CoV-2-infected human islets at 24 hpi (MOI=1).
Dot size shows the fraction of cells with non-zero expression; Dot color indicates the relative expression
level in the two conditions. (n = 2 individual islet donors).

(F and G) Flow cytometry analysis of SARS-CoV-2 (MOI=1) infected human islets at 48 hpi. Gating strategy
of ACE2 and NRP1 (F). Insulin expression in ACE2*/NRP1*, ACE2/NRP1*, ACE2*/NRP1-, and ACE2
INRP1- cells (G). (n = 3 replicates).

(H-J) Quantification of the relative INS intensity in INS* cells (H), the percentage of Typsin17INS* cells in
INS* cells (l) and the average Typsin1 intensity in INS* cells (J) of autopsy samples of COVID-19 subjects
or age-matched non-COVID-19 subjects. Three images of each sample were used for quantification for
each subject (n = 2 individual non-COVID-19 subjects; n = 5 individual COVID-19 subjects).

Data was presented as mean + STDEV. P values were calculated by paired or unpaired two-tailed Student’s
t test. ***P < 0.001 and ****P < 0.0001.
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Figure S5. Related to Figure 4. SARS-CoV-2 infection causes the change of elF2 pathway and the
decrease of protein synthesis.

(A) Representative confocal images of INS and SARS-N of mock and SARS-CoV-2 (MOI=1) infected
EndoC-betaH1 cells at 48 hpi (MOI=1). Scale bar = 50 ym. Red: SARS-N; Green: INS; Blue: DAPI.

(B) Western blotting of p-PKR, PKR, p-elF2alpha, elF2alpha and beta-actin of mock and SARS-CoV-2
(MOI=1) infected EndoC-betaH1 cells at 48 hpi (MOI=1).

(C) Whole gel images of western blotting at (B).

(D and E) Representative confocal images of INS and OPP (O-propargyl-puromycin) (D) and quantification
of OPP staining intensity (E) of mock versus SARS-CoV-2 infected human islets at 48 hpi (n = 3 replicates,
MOI=1). Scale bar = 50 um. Red: OPP; Green: INS; Blue: DAPI.
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Figure S6. Related to Figure 6 and 7. High-throughput chemical screen.

(A) Toxicity curve of frans-ISRIB on hESC-derived INS-GFP* beta-like cells. Data was presented as mean
+ STDEV. (n = 3 biological replicates).

(B) Isotype control of flow cytometry analysis of trans-ISRIB treated hESC-derived INS-GFP* beta-like cells.
(C) UMAP and violin plots showing the expression levels of SARS-CoV-2 genes of control or 10 uM frans-
ISRIB treated human islets at 24 hpi (n = 2 individual islet donors, MOI=1).
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Figure S7. Related to Figure 7. Trans-ISRIB blocks human beta cells transdifferentiation upon
SARS-CoV-2 infection.

(A) Representative confocal images of GCG and INS expression in control or 10 yM trans-ISRIB treated
human islets at 48 hpi (n = 3 individual islet donors, MOI=1). Scale bar = 50 um. Red: INS; Green: GCG;
Blue: DAPI.

(B) Representative confocal images of Typsin1 and INS expression in control or 10 uM trans-ISRIB treated
human islets at 48 hpi (n = 3 individual islet donors, MOI=1). Scale bar = 50 ym. Red: INS; Green: Typsin1;
Blue: DAPI.

(C and D) Representative confocal images of INS and OPP (C) and quantification of OPP staining intensity
(D) of control or 10 uM trans-ISRIB treated human islets at 48 hpi (n = 3 replicates, MOI=1). Scale bar = 50
pum. Red: OPP; Green: INS; Blue: DAPI.

(E) Representative confocal images of G3BP1 and INS expression in control or 10 uM trans-ISRIB treated
human islets at 48 hpi (n = 3 individual islet donors, MOI=1). Scale bar = 50 ym. Red: INS; Green: G3BP1;
Blue: DAPI.

(F and G) Representative confocal images of G3BP1 and INS (F) and quantification of G3BP1 expression
(G) in control, 0.5 mM NaAsO:2 and 10 uM trans-ISRIB+ 0.5 mM NaAsO: treated human islets after 30 min
treatment (n = 3 replicates). Scale bar = 50 ym. Green: INS; Red: G3BP1; Blue: DAPI.

(H) Dot blot illustrating expression level of ALDH1A3 in mock versus SARS-CoV-2 infected human islets at
24 hpi (n = 2 individual islet donors, MOI=1).

(1) Dot blot illustrating expression level of ALDH1A3 in control or 10 uM frans-ISRIB treated human islets at
24 hpi (n = 2 individual islet donors, MOI=1).

Dot size shows the fraction of cells with non-zero expression; Dot color indicates the relative expression
level in the two conditions.

Data was presented as mean + STDEV. P values were calculated by paired or unpaired two-tailed
Student’s t test. **P < 0.01 and ****P < 0.0001.



Table S1. Related to Figure 1. Summary of samples.

Sample ID Gender | Age Assays Chronic Inflammat | COVID- Blood
comorbiditi ory 19 glucose
es status disease level
WBC course (mg/dL)
COVID-19_1 Female 87 Immunostaining DM2, HTN 17.4 7 248
COVID-19_2 | Female 70 Immunostaining Dementia, 4.9 12 223
DM2
COVID-19_3 Male 87 Immunostaining None 9.7 26 213
COVID-19 4 Male 91 Immunostaining Dementia, 6.8 5 229
HTN
COVID-19_5 | Female 71 Immunostaining | Alzheimer’s, 4.2 7 100
HTN, AFIB
Non-COVID- | Male | 75 | Immunostaining | HTN, CAD 18.9 N/A 201
19_1
Non-COVID- | Female | 74 | Immunostaining | CAD, mild 9.2 N/A 190
19 2 HTN
Non-COVID- Male 19 Immunostaining Asthma 20.4 N/A 150
19 3
Non-COVID- | Male 27 | Immunostaining | Ashama, 21.6 N/A 137
19 4 HTN, OB
Non-COVID- Male 27 SARS-CoV-2 Allergic 7.7 N/A 129
195 infection, rhinitis,
scRNA-seq and | pharyngitis
immunostaining
Non-COVID- | Female 58 SARS-CoV-2 HTN, Stroke 12.4 N/A 144
19 6 infection,
scRNA-seq and
immunostaining,
ELISA
Non-COVID- | Male | 52 | SARS-CoV-2 HTN 71 N/A 104
19 7 infection and
immunostaining,
ELISA
Non-COVID- Male 18 SARS-CoV-2 N/A N/A N/A N/A
19 8 infection,
immunostaining,
ELISA
Non-COVID- scRNA-seq N/A N/A N/A N/A
19_15 Male 50 (Table S3)
Non-COVID- scRNA-seq N/A N/A N/A N/A
19_16 Male 28 (Table S3)
Non-COVID- scRNA-seq N/A N/A N/A N/A
19_17 Male 35 (Table S3)




Non-COVID- scRNA-seq N/A N/A N/A N/A
19 18 Male 22 (Table S3)

Non-COVID- scRNA-seq N/A N/A N/A N/A
19_19 Female 41 (Table S3)

Non-COVID- scRNA-seq N/A N/A N/A N/A

19 (T2D)_20 Male 61 (Table S3)

DM2: diabetes mellitus, type 2; HTN: Hypertension; AFIB: Atrial fibrillation; CAD: Coronary Artery

Disease; OB: obesity.




Table S2. Related to Figure 1. The SARS-N* cells in autopsy samples*.

Trypsin1* cells in
Trypsin1* cells

Sample ID COVID-19_1 COVID-19 2 COVID-19_3 COVID-19 4 COVID-19 5
# of SARS-N*INS* 6.5+2.0 9.7+4.7 14.51+4.8 8.0+£7.0 23.6x7.5
cells
% of SARS-N*INS* 10.0£10.9% 15.7£15.3% 7.7+4.1% 8.1+5.9% 12.049.1%
cells in INS* cells
# of SARS-N* 22.0+18.5 4.945.8 8.3+8.5 3.3+3.2 8.0£13.9
KRT19* cells
% of SARS-N* 9.0+6.8% 2.1+2.4% 7.8+6.6% 1.9+1.4% 3.0£5.1%
KRT19* cells in
KRT19* cells
# of SARS-N* 29.3+6.0 34.1+22.6 3.0£3.0 9.3+3.5 1.6%1.5
CD31* cells
% of SARS-N* 21.0+0.9% 27.4+13.1% 4.1+4.8% 11.8+4.2% 2.3+2.3%
CD31" cells in
CD31* cells
# of SARS-N* VIM* 84.7+68.7 5.3+1.5 10.4+4.8 42424 7.7+4.0
cells
% of SARS-N* 16.3+10.8% 2.4+1.5% 2.6£1.0% 4.1+1.9% 4.1+0.4%
VIM*cells in VIM *
cells
# of SARS-N* 133.7+111.4 4.0+1.0 21.6%£15.9 18.244.4 5.7+4.5
Trypsin1* cells
% of SARS-N* 15.4+11.0% 0.8+0.0% 2.9+2.1% 2.2+0.5% 1.241.0%

*The staining was only performed using autopsy samples that contain viral transcripts as confirmed by qRT-

PCR.




Table S3. Related to Figure 2. The percentage of FURIN* or CTSL* cells in six human islet

samples.
Percentage of FURIN* cells Percentage of CTSL* cells
(Mean+STDEV) (MeantSTDEV)
acinar cells 27.3x17.5 25.9+19.0
alpha cells 23.5+13.8 51.5+22.9
beta cells 31.1£19.0 51.4+30.2
delta cells 33.1+12.1 62.7+22.7
PP cells 36.61£26.0 48.5+28.7
ductal cells 42.8+17.9 51.3124.6
fibroblasts 47.2+19.4 76.1£18.5
endothelial cells 32.8+32.8 47.3+28.6
immune cells 29.9+17.8 90.5+11.5




Table S4. Related to STAR Methods. Antibodies used for immunocytochemistry, intracellular flow
cytometry analysis.

Antibody, Alexa Fluor
488

Usage Antibody Clone# Host Catalog | Vendor Dilution
#

Immuno- Polyclonal Guinea Pig | Polyclonal Guinea | #A0564 | Dako 1:500
staining Anti-Insulin Pig
Immuno- Anti-Glucagon antibody | Monoclonal Mouse #ab1098 | Abcam 1:1,000
staining 8
Immuno- Human/Mouse Monoclonal Rat #MAB23 | R&D Systems | 1:100
staining Somatostatin Antibody 58
Immuno- Pancreatic Polyclonal Goat #NB100- | NOVUS 1:200
staining Polypeptide/PP 1793 Biologicals

Antibody
Immuno- Human  Serpin A1/ | Monoclonal Mouse #MAB12 | R&D Systems | 1:200
staining alpha 1-Antitrypsin 68

Antibody
Immuno- Trypsin1/PRSS1 Polyclonal Sheep #AF3848 | NOVUS 1:2,500
staining Antibody Biologicals
Immuno- Anti-Cytokeratin 19 | Monoclonal Mouse # ab7754 | Abcam 1:200
staining antibody
Immuno- Human CD31/PECAM- | Polyclonal Sheep #AF806 | R&D Systems | 1:200
staining 1 Antibody
Immuno- Vimentin antibody Monoclonal Mouse #ab8978 | Abcam 1:200
staining
Immuno- NRP1 antibody Monoclonal Rabbit | #ab8132 | Abcam 1:200
staining 1
Immuno- NRP1 antibody Monoclonal Rabbit #STO5- NOVUS 1:200
staining 30 Biologicals
Immuno- G3BP1 Antibody Polyclonal Rabbit #17798 Cell Signaling | 1:500
staining Technology
Immuno- SARS-CoV/SARS-CoV- | Monoclonal Rabbit #40143- | Sino 1:500
staining 2 Nucleocapsid R001 Biological

Antibody
Immuno- Human ACE-2 Antibody | Polyclonal Goat #AF933 | R & D | 1:400
staining Systems
Immuno- Alexa Fluor 488 | Polyclonal Donkey | #706- Jackson 1:1,000
staining AffiniPure Donkey Anti- 545-148 | ImmunoRese

Guinea Pig IgG (H+L) arch Labs
Immuno- Donkey anti-Mouse IgG | Polyclonal Donkey | #A- Thermo 1:1,000
staining (H+L) Highly Cross- 21202 Fisher

Adsorbed  Secondary Scientific




Immuno- Donkey anti-Mouse IgG | Polyclonal Donkey | #A- Thermo 1:1,000
staining (H+L) Highly Cross- 21203 Fisher

Adsorbed  Secondary Scientific

Antibody, Alexa Fluor

594
Immuno- Donkey anti-Mouse IgG | Polyclonal Donkey | #A- Thermo 1:1,000
staining (H+L) Highly Cross- 31571 Fisher

Adsorbed  Secondary Scientific

Antibody, Alexa Fluor

647
Immuno- Donkey anti-Rabbit IgG | Polyclonal Donkey | #A- Thermo 1:1,000
staining (H+L) Secondary 21207 Fisher

Antibody, Alexa Fluor Scientific

594 conjugate
Immuno- Donkey anti-Rabbit IgG | Polyclonal Donkey | #A- Thermo 1:1,000
staining (H+L) Secondary 31573 Fisher

Antibody, Alexa Fluor Scientific

647 conjugate
Immuno- Donkey anti-Goat I1gG | Polyclonal Donkey | #A- Thermo 1:1,000
staining (H+L) Cross-Adsorbed 11055 Fisher

Secondary  Antibody, Scientific

Alexa Fluor 488
Immuno- Donkey anti-Rat I1gG | Polyclonal Donkey | #A- Thermo 1:1,000
staining (H+L) Highly Cross- 21208 Fisher

Adsorbed  Secondary Scientific

Antibody, Alexa Fluor

488
Immuno- Donkey anti-Sheep IgG | Polyclonal Donkey | #A- Thermo 1:1,000
staining (H+L) Cross-Adsorbed 11015 Fisher

Secondary  Antibody, Scientific

Alexa Fluor 488
Flow Polyclonal Guinea Pig | Polyclonal Guinea | #A0564 Dako
Cytometry | Anti-Insulin Pig 1:500
Flow Anti-Glucagon antibody | Monoclonal Mouse #ab1098 | Abcam 1:1,000
Cytometry 8
Flow Neuropilin-1 antibody Polyclonal Sheep #AF3870 | NOVUS 1:200
Cytometry Biologicals
Flow Alexa Fluor 488 | Polyclonal Donkey | #706- Jackson 1:1,000
Cytometry | AffiniPure Donkey Anti- 545-148 | ImmunoRese

Guinea Pig IgG (H+L) arch Labs
Flow Donkey anti-Mouse IgG | Polyclonal Donkey | #A- Thermo 1:1,000
Cytometry | (H+L) Highly Cross- 31571 Fisher

Adsorbed  Secondary Scientific

Antibody, Alexa Fluor
647




Flow Goat anti-Rabbit 1gG | Polyclonal Goat #P- Thermo 1:1,000
Cytometry | (H+L) Cross-Adsorbed 10994 Fisher

Secondary  Antibody, Scientific

Pacific Blue
Western elF2alpha Rabbit mAb | Monoclonal Rabbit #5324S Cell Signaling | 1:1,000
Blot
Western Phospho-elF2alpha Monoclonal Rabbit #3398S Cell Signaling | 1:1,000
Blot (Ser51) Rabbit mAb
Western PKR Rabbit mAb Monoclonal Rabbit #12297S | Cell Signaling | 1:1,000
Blot
Western B-Actin Rabbit | Monoclonal Rabbit #8457S Cell Signaling | 1:1,000
Blot mAb #8457
Western Recombinant Anti-PKR | Monoclonal Rabbit # Abcam 1:1,000
Blot (phospho T446) ab32036

antibody
Western IRDye® 800CW Donkey | Polyclonal Donkey | #926- LI-COR 1:15,000
Blot anti-Rabbit IgG 32213

Secondary Antibody




Table S5. Related to STAR Methods. Primers used for gRT-PCR.

Primer name Sequence

ACTB-human-F CGTCACCAACTGGGACGACA

ACTB- human-R CTTCTCGCGGTTGGCCTTGG
SARS-CoV-2-TRS-F CTCTTGTAGATCTGTTCTCTAAACGAAC
SARS-CoV-2-TRS-R GGTCCACCAAACGTAATGCG
SARS-CoV-2-N-R TAATCAGACAAGGAACTGATTA
SARS-CoV-2-N-R CGAAGGTGTGACTTCCATG

SARS-CoV-2-E-F

ACAGGTACGTTAATAGTTAATAGCGT

SARS-CoV-2-E-R

ATATTGCAGCAGTACGCACACA

18S-F

GGCCCTGTAATTGGAATGAGTC

18S-R

CCAAGATCCAACTACGAGCTT
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