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Abstract
Angiotensin-converting enzyme 2 (ACE2) and transmembrane proteases 
(TMPRSS) are multifunctional proteins required for SARS-CoV-2 infection or for 
amino acid (AA) transport, and are abundantly expressed in mammalian small 
intestine, but the identity of the intestinal cell type(s) and sites of expression are 
unclear. Here we determined expression of SARS-CoV-2 entry factors in different 
cell types and then compared it to that of representative AA, electrolyte, and min-
eral transporters. We tested the hypothesis that SARS-CoV-2, AA, electrolyte, and 
mineral transporters are expressed heterogeneously in different intestinal cell 
types by making mouse enteroids enriched in enterocytes (ENT), goblet (GOB), 
Paneth (PAN), or stem (ISC) cells. Interestingly, the expression of ACE2 was api-
cal and modestly greater in ENT, the same pattern observed for its associated 
AA transporters B0AT1 and SIT1. TMPRSS2 and TMPRSS4 were more highly ex-
pressed in crypt-residing ISC. Expression of electrolyte transporters was dramati-
cally heterogeneous. DRA, NBCe1, and NHE3 were greatest in ENT, while those 
of CFTR and NKCC1 that play important roles in secretory diarrhea, were mainly 
expressed in ISC and PAN that also displayed immunohistochemically abundant 
basolateral NKCC1. Intestinal iron transporters were generally expressed higher 
in ENT and GOB, while calcium transporters were expressed mainly in PAN. 
Heterogeneous expression of its entry factors suggests that the ability of SARS-
CoV-2 to infect the intestine may vary with cell type. Parallel cell-type expression 
patterns of ACE2 with B0AT1 and SIT1 provides further evidence of ACE2's mul-
tifunctional properties and importance in AA absorption.
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1   |   INTRODUCTION

Many bacteria and viruses have evolved clever adap-
tations to breach the gut barrier, including the SARS-
CoV-2 virus which is causing the ongoing COVID-19 
pandemic. As in other tissues, entry of SARS-CoV-2 
into intestinal cells depends on the binding of its spike 
(S) protein to a specific cellular receptor angiotensin-
converting enzyme 2 (ACE2) and on sequential S pro-
tein priming by cellular serine proteases. Other than 
serving as SARS-CoV-2 receptor, the main function of 
ACE2 is to regulate blood pressure, and in the intestine, 
to interact with absorption of AAs and electrolytes, and 
with the gut microbiota (Camargo et al., 2020; Koester 
et al., 2021; Rushworth et al., 2008; Vuille-dit-Bille 
et al., 2015).

Surface expression of ACE2 protein is greatest in 
mouse and human lung alveolar and small intestinal ep-
ithelial cells (Hamming et al., 2004; Zhang et al., 2020). 
Furin, whose normal function is to activate cellular pre-
cursor proteins, initially primes the S protein to mediate 
viral attachment to mucosal ACE2. The primed S protein 
is then activated by the host transmembrane serine pro-
tease 2 (TMPRSS2) and/or TMPRSS4, leading to viral 
fusion with the host membrane (Hoffmann et al., 2020; 
Zang et al., 2020). Although ACE2 was demonstrated to 
be highly expressed in differentiated absorptive entero-
cytes, its expression in goblet, Paneth, and other cell types 
is not known (Lamers et al., 2020; Zhang et al., 2020). 
Moreover, it is not known which cell type(s) express the 
other SARS-CoV-2 entry factors TMPRSS2, TMPRSS4, 
furin, and ADAM17 (metallopeptidase domain 17 func-
tioning as tumor necrosis factor α-converting enzyme) 
thought to participate in SARS-CoV-2 entry or ACE2 se-
cretion (Gheblawi et al., 2020).

Electrolyte and fluid abnormalities are highly cor-
related with severity of COVID-19 (Lippi et al., 2020; 
Wu et al., 2020). Moreover, ACE2 expression is affected 
by sodium and chloride homeostasis (Post et al., 2020; 
Rushworth et al., 2008). Intestinal fluid transport depends 
on ion gradients generated by transporters strategically lo-
cated in either the apical or basolateral membranes, and 
in either the crypt or villus regions. The location along the 
crypt–villus axis of these major electrolyte transporters is 
well established (Foulke-Abel et al., 2016; Turner, 2020). 
Thus, the chloride anion exchanger DRA (dysregulated in 
adenoma) and the sodium–hydrogen exchanger NHE3 are 
located mainly in the apical membrane of villus cells, the 
chloride channel CFTR (cystic fibrosis transmembrane 
conductance regulator) mainly in the apical membrane of 
crypt cells, the electrogenic sodium bicarbonate cotrans-
porter 1 (NBCe1) in the basolateral membrane of villus 
cells, and the sodium-potassium-chloride cotransporter 

1 (NKCC1) in the basolateral membrane of crypt cells 
(Jakab et al., 2011) (Foulke-Abel et al., 2016).

Iron, ferritin, and calcium or their transporters have 
been linked to SARS-CoV-2 and COVID-19 (Liu et al., 
2020; Straus et al., 2020; Vargas-Vargas & Cortes-Rojo, 2020; 
Wagener et al., 2020; Zhao et al., 2019). Specifically, reg-
ulation of the body's iron status relies on the appropriate 
expression of iron transporters/carriers DMT1 (divalent 
metal transporter 1), IREG1 (iron-regulated transporter 1 
or FPN1), FTL (ferritin light chain), and HEPH (hephaes-
tin), in the small intestine, and on their appropriate distri-
bution between villus and crypt cells (Pietrangelo, 2010). 
Hypocalcemia is an independent risk factor associated with 
long-term hospitalization in patients with COVID-19 (Wu 
et al., 2020). Increased nutritional requirements for calcium 
is met by enhanced expression in the proximal intestine 
of calcium transporters TRPV6 (transient receptor poten-
tial cation channel subfamily V, member 6) and PMCA1 
(plasma membrane calcium ATPase 1) (Peng et al., 2018) lo-
cated in the apical and basolateral membranes, respectively.

Determining the expression of ion transporters in cell 
types other than enterocytes (ENT) has been difficult be-
cause of their low numbers. While absorptive ENTs con-
stitute ~75%–80% and mucus-secreting goblet (GOB) cells 
~5%–10% of all epithelial cells lining the mucosa in vivo, 
intestinal stem (ISC), enteroendocrine, and Tuft cells each 
represent <1% of epithelial cells (Cheng & Origin, 1974; 
Gerbe et al., 2011; Montgomery & Breault, 2008; Umar, 
2010). Secretory Paneth cells (PAN, ~5% of cells) migrate 
down to the crypt region where stem cells are also located. 
Because ENTs predominate, many functions of the small 
intestine are ascribed primarily to this cell type, and there 
has been no study using enteroids enriched in specific cell 
types to determine the expression of SARS-CoV-2 entry 
factors as well as major electrolyte and mineral trans-
porters in non-enterocytes. We used mouse enteroids as 
no standardized protocols exist to reliably direct the dif-
ferentiation of the major epithelial cell types of human 

New and Noteworthy
SARS-CoV-2, the virus responsible for the 
COVID-19 pandemic, can infect the small intes-
tine and cause diarrhea, but the specific intestinal 
cell type(s) expressing its primary receptor ACE2 
are unclear. Directed differentiation of mouse en-
teroids indicated higher expression of ACE2 along 
the apical membrane of enterocytes compared to 
that of intestinal stem, goblet, and Paneth cells, 
suggesting greater potential vulnerability of this 
cell type to infection.
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intestine, whereas directed differentiation of murine ISC 
have been well established (Kishida et al., 2017; Pearce 
et al., 2018). ACE2 and TMPRSS2 proteins are highly con-
served among vertebrates suggesting that determinants of 
cell type expression may be similar among humans, mice, 
and other mammals (Damas et al., 2020; Lam et al., 2020; 
Li et al., 2020).

In this study, we tested the hypothesis that SARS-CoV-2 
entry factors, electrolyte transporters, ACE2-associated 
AA transporters, calcium as well as iron transporters are 
distributed heterogeneously among the various intestinal 
cell types. We directed the differentiation of small intesti-
nal crypt precursors to enteroids enriched in ENTs (~90% 
of all cells per enteroid), GOB cells (~80%), PAN (~65%), 
or stem cells (~90%) (Kishida et al., 2017; Pearce et al., 
2018), then used these enteroids to probe for expression 
of these transporters and SARS-CoV-2 entry factors.

2   |   METHODS

2.1  |  Animals

All procedures conducted in this study were approved by 
the Institutional Animal Care and Use Committee, New 
Jersey Medical School, Rutgers University. Crypts from 
the proximal intestine were isolated from 6- to 8-week-old 
wild-type male mice (WT; Taconic Laboratories, Hudson, 
NY).

2.2  |  Directed differentiation of 
intestinal enteroids

In vitro differentiation of ISCs in isolated crypt fragments 
can be controlled by taking advantage of binary cell fate deci-
sions regulated by the Wnt- and Notch-signaling pathways 
(Pearce et al., 2018; Yin et al., 2014). Briefly, we used various 
combinations depending on the desired enteroid outcome, 
the following small molecules: 3 μM CHIR99021 (Wnt ac-
tivator; Stemgent, Cambridge, MA), 2  mM valproic acid 
(Notch activator; Tocris Bioscience, United Kingdom), 2 μM 
C59 (Wnt inhibitor; Stemgent, Cambridge, MA), and 10 μM 
DAPT (Notch inhibitor; Tocris Bioscience, United Kingdom) 
that were added to the basic culture medium containing 
epidermal growth factor (50 ng/ml; Life Technologies), mu-
rine R-spondin-1 (a Wnt modulator, 500 ng/ml; PeproTech, 
Rocky Hill, NJ), and murine Noggin (ligands of TGF-β fam-
ily, 100 ng/ml; PeproTech). The type of enteroid produced 
is confirmed by determining the expression of biomarker 
genes known to be expressed specifically in ISC, PAN, ENT, 
or GOB cells. If crypt precursors are grown only in the basic 
culture media, the enteroids produced would consist of all 

cell types in proportions similar in vivo, and are referred to 
as typical (TYP) enteroids. ENT, GOB, and PAN enteroids 
were differentiated from ISC enteroids and characterized at 
~3 days after initiation of differentiation when biomarker ex-
pression becomes stable (Kishida et al., 2017).

Comparative mRNA and protein expression levels of 
characteristic biomarkers of ISC, ENT, GOB, and PAN 
cells confirmed that directed enteroids were highly en-
riched in specific cell types and were similar to our previ-
ous work (Kishida et al., 2017; Pearce et al., 2018).

2.3  |  Dedifferentiation

Crypts were isolated and differentiated into ENT enteroids 
as described above. After 72 h in ENT-enriching media, 
ENT enteroids were dedifferentiated (dENT) by adding 
ISC-enriching media containing 6 μM CHIR99021 + 2 mM 
VPA for 36 h (Pearce et al., 2018).

2.4  |  Real-time PCR

Total RNA was extracted from intestinal enteroids using 
a commercially available kit (RNeasy Micro, Qiagen). 
Real-time PCR using Mx3000P (Stratagene, La Jolla, CA) 
was used to analyze cDNA using Maxima SYBR Green 
(Thermo Fisher Scientific, Grand Island, NY). Primer se-
quences (Integrated DNA Technologies [IDT; Coralville, 
IA]) are listed (Table 1). All samples were standardized to 
β-actin expression.

2.5  |  Staining

Enteroids were fixed in 4% paraformaldehyde, gently 
centrifuged (200 g), and processed following earlier work 
(Pearce et al., 2018). Samples were subsequently de-
paraffinized and subjected to antigen retrieval by 10 min 
incubation in 10  mM boiling sodium citrate buffer (pH 
6.0). Immunostaining was then performed using antibod-
ies and dilution factors (Table 2) as previously described 
(Kishida et al., 2017).

2.6  |  Statistical analyses

Data are presented as means ± SEM. To analyze the signif-
icance of enteroid type, genotype, or enteroid age, either 
a one-way or multi-way ANOVA was used with a Tukey’s 
test for multiple comparisons. Differences were consid-
ered significant at p ≤ 0.05 (GraphPad Prism, GraphPad 
Software, San Diego, CA).
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3   |   RESULTS

3.1  |  Expression of SARS-CoV-2 entry 
cofactors in small intestinal enteroids

ACE2 expression was 2- to 2.5-fold greater in ENT com-
pared to other enteroids (Figure 1a). There was modest 

but still significant expression in ISC, GOB, and PAN 
enteroids. This result is consistent with single-cell anal-
ysis of ileum from 13 children that revealed ACE2 in 
absorptive and “crypt-based” (perhaps transitory) en-
terocytes but reduced and still significant expression in 
all other cell types (Zhang et al., 2020). The expression 
of TMPRSS2 and TMPRSS4 was modestly higher in PAN 

T A B L E  1   Primer sequences used in PCR

Gene name Sense (5’-3’)—Forward Antisense (5’-3’)—Reverse

ACE2 (Angiotensin-converting enzyme 2) TCCATTGGTCTTCTGCCATCC AACGATCTCCCGCTTCATCTC

ACTIN (β—actin) (Actb) TTGTTACCAACTGGGACGACATGG CTCGGGTGTTGAAGGTCTCAAACA

ADAM17 (Disintegrin & metallopeptidase domain 17) AGCTGCAGCGTCAGAGC CAGCACTGTCACCAGGAAC

B0AT1 (Sodium-dependent neutral amino acid 
transporter 1) (Slc6a19)

TCACCTGTGTGGGCTTTTGT CCTCGAACACCAGAAGGATG

CFTR (Cystic fibrosis transmembrane conductance 
regulator)

AAGGCGGCCTATATGAGGTT AGGACGATTCCGTTGATGAC

DMT1 (Divalent metal transporter) (Slc11a2) GAGCAGTGGCTGGATTTAAG CGGTGACATACTTCAGCAAG

DRA (Downregulated in Adenoma) (Slc6a3) TTCCCCTCAACATCACCATCC GTAAAATCGTTCTGAGGCCCC

FTL (Ferritin-light-chain) CTTCCAGGATGTGCAGAAG ATCCAAGAGGGCCTGATT

Furin CAGCGAGACCTGAATGTGAA CAGGGTCATAATTGCCTGCT

HEPH (Hephaestin) GCAGTGGAACTATGCTCC CAA CAGCCTGTAACAGTGGTC CTA

IREG1 (Ferroportin-1) GGGTGGATAAGAATGCCAGAC CCTTTGGATTGTGATCGCAGT

LYZ (Lysozyme) ATGGCTACCGTGGTGTCAAG CGGTCTCCACGGTTGTAGTT

MUC2 (Mucin-2) CTTCTGTGCCACCCTCGT TTCGGGATCTGGCTTCTT

NHE3 (Na-H Antiporter 3) (Slc9a3) TGCCTTGGTGGTACTTCT GG TCGCTCCTCTTCACCTTCAG

NKCC1 (Na-K-Cl symporter) CAAGGGTTTCTTTGGCTAT TCACCTGAGATATTTGCTCC

NBCe1 (Sodium bicarbonate cotransporter) AGCCATCTTCTGCCTTTTTG TTCTTCTGTGAAACGGGTGA

OLFM4 (Olfactomedin 4) GCCACTTTCCAATTTCAC GAGCCTCTTCTCATACAC

PMCA1 (Plasma membrane Ca2+ ATPase 1) TGACGATGAACAGGATGACG CCAAGAGAAACCCCAACAAG

SI (Sucrase-isomaltase) ATCCAGGTTCGAAGGAGAAGCACT TTCGCTTGAATGCTGTGTGTTCCG

SIT1 (Sodium-dependent imino acid transporter 1) 
(Slc6a20)

TCATTGTGCTGGTAGAGACCAT CCCGAAGGTCACTTTCAAAT

TMPRSS2 (Mucosa-specific serine protease 2) GAGAACCGTTGTGTTCGTCTC GCTCTGGTCTGGTATCCCTTG

TMPRSS4 (Mucosa-specific serine protease 4) CTGCCTTGACTGTGGAAAG GCTGCTTGTTGTACTGGATG

TRPV6 (Transient receptor potential cation channel 
subfamily V member 6, Intestinal)

GCTGATGGCTGTGGTAATTCT GGGATCCTCTGTCTGGAAAA

T A B L E  2   Dilution factors and source of antibody

Protein Company Cat # Dilution

Angiotensin-converting enzyme 2 (ACE-2) Abcam Ab108252 1:50

Chromogranin A (CHGA) Santa Cruz Biotechnology sc-13090 1:200

Lysozyme (LYZ) BioGenex AR0245R None

Mucin-2 (MUC2) Santa Cruz Biotechnology sc-15334 1:200

Na-K-Cl symporter (NKCC1) Santa Cruz Biotechnology sc-21547 1:100

Olfactomedin-4 (OLFM4) Cell Signaling D6Y5A 1:1000

Sucrase-isomaltase (SI) Santa Cruz Biotechnology sc-27603 1:500

Transmembrane serine protease 2 (TMPRSS2) Santa Cruz Biotechnology sc-515727 1:50
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and ISC, (Figure 1b and c). Levels of furin mRNA were 
similar among the four types of intestinal enteroids, in 
accordance with their known ubiquitous expression in 
all cells (Figure 1d). The expression of ADAM17 known 
to shed ACE2 from cell membranes was also similar 
among cell types (Figure 1e). The neutral AA transporter 
B0AT1 was threefold higher in ENT compared to ISC en-
teroids, and fivefold higher than PAN enteroids (Figure 
1f). Likewise, the imino acid transporter SIT1 expression 
(Figure 1g) was greatest in ENT by 2- to 4-fold compared 
to that in other cells types. Thus, ACE2 expression mir-
rors that of B0AT1 and SIT1.

Protein expression of ACE2 via immunofluorescence-
matched mRNA expression closely with highest expression in 
ENT enteroids (Figure 2a, arrows). Minimal ACE2 protein ap-
peared in the apical membranes of ISC, GOB, or PAN enteroids 
(Figure 2b–d). Luminal accumulation of ACE2 in enteroids, 
especially in ENT, indicates that this enzyme is also secreted 
or shed by enterocytes as was found for ACE2 in other organ 
systems (Gheblawi et al., 2020). This distribution matches ex-
actly the immunocytochemistry of ACE2 distribution along 
the crypt–villus axis of mouse intestinal tissue (Figure 2e). 
TMPRSS2 protein expression via immunofluorescence was 

modest in ENT, GOB, and PAN and highest in ISC enteroids 
(Figure 3a–d, arrow). Differences between mRNA and protein 
expression of TMPRSS2 in some cell types suggest posttran-
scriptional regulation as previously shown (Deng et al., 2011). 
Negative controls without primary antibodies were devoid of 
significant immunofluorescence (not shown).

3.2  |  Electrolyte transporters

Classical transport models depict ion transporters in vil-
lus cells to drive net fluid absorption from lumen to blood 
(Thiagarajah et al., 2018). The mRNA levels of a relevant 
transporter, DRA (absorbs chloride from the lumen in ex-
change for bicarbonate; located in the apical membrane 
of villus cells (Foulke-Abel et al., 2016)), were ~twofold 
higher in ENT and GOB enteroids compared to those 
in ISC and PAN (Figure 4a). The DRA expression also 
seemed higher in differentiated compared to undiffer-
entiated enteroids (Foulke-Abel et al., 2016). Similarly, 
NBCe1 (absorbs bicarbonate from the blood in exchange 
for chloride; in the basolateral membrane of villus cells 
(Jakab et al., 2011) was most highly expressed in ENT 

F I G U R E  1   Effect of cell type 
on mRNA expression of SAR-CoV-2 
entry factors. (a) ACE2 (angiotensin-
converting enzyme 2), (b,c) TMPRSS2 
and 4 (mucosa-specific serine proteases 
2 and 4), (d) ADAM17 (a disintegrin and 
metallopeptidase domain 17), (e) Furin 
proteinase, (f) B0AT1 (neutral amino 
acid transporter) and (g) SIT1 (sodium-
dependent imino acid transporter). Levels 
of mRNA in all enteroids were normalized 
to those in ENT enteroids (=1.0). Analysis 
by one-way ANOVA, pa,b ≤ 0.05, n = 5–8
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enteroids, with mRNA levels ~2.5- to 10-fold greater than 
those of other enteroids (Figure 4b). The expression of an-
other transporter known to contribute to fluid transport, 
NHE3 (located mainly in the apical membrane of villus 
cells (Jakab et al., 2011)) seemed to be present mainly in 
differentiated cell types. NHE3 (absorbs sodium from the 
lumen in exchange for hydrogen) was significantly lower 
in ISC enteroids (more than twofold) compared to ENT, 
GOB, and PAN enteroids (p < 0.05; Figure 4c).

In contrast, ion transporters in crypt cells are thought 
to drive fluid secretion from blood to lumen (Thiagarajah 
et al., 2018). CFTR (secretes chloride through the apical 
membrane of crypt cells (Foulke-Abel et al., 2016; Jakab 

et al., 2011) was found mostly (by 1.5- to 4-fold) in crypt-
dwelling cell types, ISCs and PAN cells (Figure 4d)). In hu-
mans, however, CFTR protein expression seemed similar 
in differentiated and undifferentiated enteroids (Foulke-
Abel et al., 2016). The mRNA levels of NKCC1 (sodium 
and potassium cotransport into the cell from the blood 
with chloride, in the basolateral membrane of crypt cells 
(Jakab et al., 2011) were greatest in ISC followed closely by 
PAN enteroids. NKCC1 was >20-fold higher in ISC than 
in ENT and GOB enteroids (Figure 4e)). Distribution of 
NKCC1 expression by immunocytochemistry parallels that 
of mRNA and was greatest in the ISC and PAN enteroids 
(Figure 4e). The mRNA distribution among cell types was 

F I G U R E  2   Immunofluorescence 
staining of ACE2 in enteroids enriched 
in different cell types, and in vivo. 
Nuclei are stained blue. Enteroids were 
probed with ACE2 antibody (green) in 
ENT (a), ISC (b), GOB (c), and PAN 
(d) enteroids. ACE2 is present along 
the apical membrane of ENT but not in 
ISC, GOB, and PAN enteroids. ACE2 
accumulation in the lumen (L), especially 
in ENT enteroids, suggests that this 
protein is likely secreted or shed from the 
cells as previously demonstrated in other 
organ systems (Gheblawi et al., 2020). 
Representative enteroids are shown at 60X 
magnification. Scale bars, 20 μm. In vivo, 
ACE2 is found lining the villus, but not 
crypt, region (e). Image is shown at 20X 
magnification, scale bar, 50 μm. Images 
are representative of several enteroids or 
sections from two mice
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confirmed with NKCC1 protein that clearly occupied the 
basolateral membrane of ISC and PAN cell types that line 
the crypt. There was little immunocytochemical expression 
of NKCC1 in GOB enteroids where this transporter is also 
localized basolaterally, and virtually no expression in ENT 
enteroids (Figure 5).

3.3  |  Iron and calcium transporters

By one-way ANOVA, iron and calcium transporters were 
heterogeneously distributed among different intesti-
nal cell types (p  <  0.05 in all cases), with the exception 
of DMT1 which transports iron from the lumen into the 

F I G U R E  3   Immunofluorescence 
staining of TMPRSS2 in enteroids 
enriched in different cell types. Nuclei are 
stained blue. Enteroids were probed with 
TMPRSS2 antibody (green) in ENT (a), 
ISC (b), GOB (c), and PAN (d) enteroids. 
TMPRSS2 is present (arrow) along the 
apical membrane and in the cytosol of ISC 
and, more modestly, of GOB enteroids. 
Representative enteroids are shown at 60X 
magnification. Scale bars, 20 μm. Images 
are representative of several enteroids 
from two mice
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F I G U R E  4   Effect of cell type on 
mRNA expression of representative 
intestinal ion transporters. (a) DRA 
(downregulated in Adenoma, a chloride-
anion exchanger), (b) NBCe1 (sodium-
bicarbonate co-transporter 1), (c) NHE3 
(sodium hydrogen exchanger 3), (d) 
CFTR (cystic fibrosis transmembrane 
conductance regulator, a chloride 
channel), and (e) NKCC1 (sodium-
potassium-chloride cotransporter). Levels 
of mRNA in all enteroids were normalized 
to those in ENT enteroids (=1.0). Analysis 
by one-way ANOVA, pa,b ≤ 0.05, n = 4–6
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cytosol. DMT1 was expressed homogeneously among four 
cell types (Figure 6a, i). Expression of FTL which regu-
lates cytosolic iron levels was significantly (also twofold) 
lower in GOB enteroids compared to that in other enteroid 
types (Figure 6a, ii). Expression of IREG1 which exports 
iron from the cytosol to the blood was greatest in GOB 
enteroids (Figure 6a, iii). mRNA expression of hephaestin 
(HEPH) which contributes to basolateral export of iron to 
the blood was highest in ENT enteroids (Figure 6a, iv). In 
general, intestinal mucosal factors that mediate iron ab-
sorption were usually highly expressed in ENT enteroids.

Interestingly, PAN enteroids had significantly much 
higher mRNA expression of TRPV6 compared to that in other 
cell types (Figure 6b, i). The mRNA levels of the basolateral 
PMCA1 which actively exports calcium from the cytosol to the 
blood were lowest in GOB enteroids (2.5-fold; Figure 6b, ii).

3.4  |  Dedifferentiation and expression of 
electrolyte transporters

Because of remarkable differences between ISC and differen-
tiated cell types, we determined whether ISC characteristics 
were reacquired if mature cell types were forced to dediffer-
entiate. Once ENT enteroids reached full differentiation as 
tracked by biomarker expression (Pearce et al., 2018), we were 

able, by reintroducing growth factors that promoted stemness 
and proliferation, to initiate and maintain dedifferentiation, 
and thus could evaluate the properties of dedifferentiated 
ENT (dENT) enteroids. Of specific interest was NKCC1 ex-
pression which differed by ~50-fold between crypt- and villus-
dwelling cell types (Figure 7). In general, when ENT enteroids 
were forcibly dedifferentiated, the ENT phenotype tended to 
revert to the ISC phenotype (compare Figure 4 and Figure 7). 
It is interesting to note that expression of DRA, NKCC1, and 
CFTR in dENT enteroids was intermediate between those of 
ISC and ENT. However, there was a transient increase in ex-
pression of NBCe1 during the process of de-differentiation.

4   |   DISCUSSION

Our main finding is that the distribution pattern of mRNA 
expression of SARS-CoV-2 entry cofactors among dif-
ferent intestinal cell types was modestly heterogeneous, 
with ACE2 being significantly higher in ENT, and with 
TMPRSS2 as well as TMPRSS4 being greater in ISC. The 
expression of ACE2 was matched exactly by that of its co-
regulated AA transporters, providing further evidence of 
the nutritional importance of ACE2. In contrast, expression 
of major intestinal electrolyte transporters showed marked 
differences among cell types depending primarily on their 

F I G U R E  5   Immunofluorescence 
staining of NKCC1 in enteroids enriched 
in different cell types. Nuclei are stained 
blue. Enteroids were probed with 
NKCC1 antibody (red) in (a) ENT, (b) 
ISC, (c) GOB, and (d) PAN enteroids. 
Representative enteroids are shown at 
60X magnification. NKCC1 is present 
(arrows) along the basolateral membrane 
of ISC and of PAN enteroids. Scale bars, 
20 μm. Images are representative of 
several enteroids from two mice

(b) ISC(a) ENT NKCC1NKCC1

20 µm 20 µm 
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location along the villus crypt axis (Table 3). Forced dedif-
ferentiation of ENT enteroids showed enterocytes reacquir-
ing stem cell characteristics of electrolyte transporters.

4.1  |  Expression of SARS-CoV-2 entry 
factors in different intestinal cell types

The prevalence of GI symptoms and the numerous reports 
of SARS-CoV-2 RNA in fecal specimens as well as the pres-
ence of the viral nucleocapsid protein in the cytoplasm of 

duodenal cells of COVID-19 patients (Xiao et al., 2020) sug-
gest that the small intestine can be a major route of viral 
entry into the human body. SARS-CoV-2 cannot enter 
BHK-21 cells unless these are transfected with ACE2, and 
antiserum raised against ACE2 blocked SARS-CoV-2 entry 
(Hoffmann et al., 2020), suggesting that ACE2 is required 
for viral binding to the mucosal surface. Since ACE2 and 
TMPRSS2 in mice and humans are already highly ex-
pressed throughout the small intestine and the colon 
(Burgueno et al., 2020; Camargo et al., 2020), modest dif-
ferences in the expression of ACE2 among different intesti-
nal cell types suggest that the S protein of SARS-CoV-2 has 
the potential to bind to all intestinal cells.

Cross-species sequence comparisons reveal that only the 
sequence of the spike protein involved in virus binding is 
highly variable, resulting in significant differences in SARS-
CoV-2 vulnerability among mammals (Damas et al., 2020; 
Lam et al., 2020; Li et al., 2020). Otherwise, the sequence 
of ACE2 which has other important physiological functions, 
is highly conserved among vertebrates. This suggests that, 
while the S protein-dependent affinity for SARS-CoV-2 may 
differ among mammals, ACE2 regulation of AA and elec-
trolyte transporters, its interactions with gut microbiota, and 
its expression among intestinal cell types are likely similar 
(Jia et al., 2020). Thus, there is now an increasing number of 
studies using mouse genetics involving ACE2 deletion and 

F I G U R E  6   Effect of cell type on mRNA expression of members 
of the intestinal iron (a) and calcium (b) transport systems. Genes 
analyzed include (i) DMT1 (divalent metal transporter 1), (ii) FTL 
(ferritin light chain), (iii) IREG1 (iron regulatory protein 1), and 
(iv) HEPH (hephaestin). Levels of mRNA in all enteroids were 
normalized to that in ENT enteroids (=1.0). Analysis by one-way 
ANOVA, pa,b ≤ 0.05, n = 4–6. For calcium ion transporters, the 
following were analyzed: (i) TRPV6 (transient receptor potential 
cation channel vallinoid family 6), and (ii) PMCA1 (plasma 
membrane calcium ATPase 1). Levels of mRNA in all enteroids 
were normalized to that in ENT enteroids (=1.0). Analysis by one-
way ANOVA, pa,b,C ≤ 0.05, n = 4–6
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all treatments are normalized to ENT (=1.0) for both dENT and 
ISC enteroids. Data were analyzed with a one-way ANOVA. 
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overexpression, for further understanding of ACE2 biology 
and for the investigation of ACE2 not only in the pathogen-
esis and treatment of COVID-19 but also in human AA nu-
trition (Jia et al., 2020; Johansen et al., 2020).

The ubiquitous nature of furin is confirmed by its rela-
tively homogeneous expression among small intestinal cell 
types. TMPRSS2 as well as the other proposed host recep-
tors/facilitators of intestinal SARS-CoV-2 entry, ADAM17 
and TMPRSS4 (Zang et al., 2020) also are highly expressed 
with modest differences among cell types. The significant 
expression of these proteases suggests that the S protein can 
be cleaved and primed to facilitate fusion between intesti-
nal and SARS-CoV-2 membranes in all cell types.

4.2  |  ACE2 and intestinal amino 
acid transport

Expression levels of ACE2, B0AT1, and SIT1 are all greatest 
in ENT enteroids. This similarity in patterns of expression 
among cell types of functionally unrelated brush border 
proteins is due to B0AT1 and SIT1 regulation by ACE2 
which heterodimerizes with either transporter (Camargo 

et al., 2020). This association with ACE2 by SIT1 or B0AT1 
is required for AA absorption. Expression of B0AT1 in ro-
dent intestine depends on the presence of ACE2, acting as 
a chaperone (Vuille-dit-Bille et al., 2015), and both ACE2 
and B0AT1 expression levels increase with levels of dietary 
protein (Jando et al., 2017). ACE2 has been tightly linked 
to Hartnup's disease, and regulates neutral AA transport in 
both rodents and humans (Jando et al., 2017; Kowalczuk 
et al., 2008). Although these ACE2:SIT1 or ACE2: B0AT1 het-
erodimers have been proposed to function as binding sites 
for the SARS-CoV-2 spike proteins (Guney & Akar, 2021), 
there is really no clear evidence that this association affects 
the role of ACE2 in viral infection. However, possible loss 
of B0AT1-mediated AA absorption due to SARS-CoV-2 may 
contribute to gastrointestinal symptoms observed during 
COVID-19, including diarrhea (Barbosa da Luz et al., 2020).

4.3  |  Distribution of electrolyte and 
mineral transporters among cell types

Current models of normal homeostatic fluid transport 
propose that substantial ion and ion-coupled nutrient 

ENT ISC GOB PAN

SARS-CoV-2 entry

ACE2 ++++ ++ +++ ++

TMPRSS2 +++ +++ +++ ++++

TMPRSS4 ++ +++ ++ +++

FURIN +++ +++ +++ +++

ADAM17 +++ +++ +++ +++

Amino acid transporters

B0AT1 ++++ ++ ++ ++

SIT1 ++++ ++ +++ ++

Ion transporters

DRA ++++ ++ ++++ ++

NBCe1 ++++ ++ + +

NHE3 ++++ + ++++ ++

CFTR ++ ++++ + +++

NKCC1 + ++++ + +++

Mineral transporters

DMT1 +++ +++ +++ +++

FTL ++++ ++++ ++ ++++

IREG ++ ++ ++++ ++

HEPH ++++ ++ +++ ++

TRPV6 + ++ ++ ++++

PMCA1 ++++ ++++ ++ ++++

Expression relative to that in organoids enriched in enterocytes (ENT).
ISC, intestinal stem cells; GOB, goblet cells; PAN, Paneth cells; +, no or low expression; ++, modest; 
+++, high; ++++, very high.

T A B L E  3   mRNA expression of SARS-
CoV-2 entry factors as well as amino acid, 
ion, and mineral transporters in different 
intestinal cell types
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absorption by enterocytes along the villus drives water 
absorption, negating modest fluid secretion occurring in 
the crypt region (Thiagarajah et al., 2018). In secretory 
diarrhea, Cl– secretion via CFTR in crypt cells is dramati-
cally enhanced by cAMP, markedly increasing crypt fluid 
secretion that results in net fluid loss even though fluid 
absorption in the villus region remains normal (Petri 
et al., 2008). Our findings that the mRNA of important ion 
transporters are distributed appropriately in specific cell 
types are supported by previous immunocytochemical lo-
calization of NBCe1 and DRA in the villus region lined 
by enterocytes, with CFTR and NKCC1 mainly in intes-
tinal crypts containing PAN and ISC (Foulke-Abel et al., 
2016; Jakab et al., 2011). NKCC1 is also highly expressed 
in crypt-like, undifferentiated but not in villus-like dif-
ferentiated human enteroids (Foulke-Abel et al., 2016). It 
is not clear how co-expression of ACE2 with NBCe1 and 
DRA in villus-dwelling cells, or with CFTR and NKCC1 
in crypt-dwelling cells affect ACE2 regulation by chloride 
and sodium (Post et al., 2020; Rushworth et al., 2008). Its 
basolateral location enables NKCC1 to transport sodium, 
potassium, and chloride from the blood into the cell, al-
lowing electrogenic chloride secretion by CFTR across the 
apical membrane to the lumen followed by cations and 
then fluids (Thiagarajah et al., 2018). Thus, the membrane 
location and expression of NKCC1 in crypt-dwelling cells 
reflect its prominent role in intestinal fluid secretion.

Protein expression of DMT1, FTL, IREG1, and HEPH 
has been localized primarily in villus-residing cells 
(Fuqua et al., 2014; Yeh et al., 2011). As expected, signifi-
cant mRNA levels of genes involved in iron transport were 
expressed in villus-residing ENT already known to regu-
late nutritional iron needs. It is not clear why other cell 
types express such high mRNA levels of these genes, be-
cause the sugar transporters GLUT5, GLUT2, and SGLT1 
are much greater in ENT and GOB compared to ISC and 
PAN (Kishida et al., 2017). GOB cells have been observed 
to transport iron in human intestine (Refsum & Schreiner, 
1980) while bactericidal PAN cells may transport iron from 
the crypt lumen to reduce luminal bacterial load as bacte-
ria and viruses (including SARS-CoV-2) depend on iron to 
thrive (Kortman et al., 2014; Liu et al., 2020). Moreover, 
iron regulates levels of antimicrobial peptides that PAN 
cells secrete. ISC may express relatively significant levels 
of iron transporters, not only because iron is required for 
intestinal epithelial proliferation and homeostasis (Chen 
et al., 2015) but also because crypt cells regulate systemic 
iron status by sensing levels of iron-occupied transferrin 
in the blood (Pietrangelo, 2002).

TRPV6 is an epithelial calcium channel mediating di-
etary calcium entry into intestinal cells then PMCA1 is 
an ATPase that extrudes calcium from the cytosol to the 
blood. In rodents whose calcium status is normal, we have 

previously shown that entry factors for intestinal calcium 
absorption are repressed (Douard et al., 2014). Thus, the 
relative expression of TRPV6 is low in ENT as these were 
obtained from calcium-replete adult mice with minimal 
calcium requirements. Since calcium ions increase cell 
infectivity to corona viruses (Straus et al., 2020), downreg-
ulation of TRPV6 levels in the gut should be helpful. Our 
findings of high levels of mRNA expression of PMCA1 
in most cell types confirm previous work indicating that 
PMCA1 has higher expression and activity in cells along 
the villus (Centeno et al., 2004).

4.4  |  Perspective and limitations

Unlike electrolyte transporters whose marked heteroge-
neous expression in specific cell types and membranes 
is strategically localized to promote net intestinal fluid 
absorption, entry factors of SARS-CoV-2 are expressed 
significantly in virtually all cell types. This information, 
coupled with literature reports of their expression in all 
intestinal regions, suggests that this virus has the potential 
to enter any mucosal cell from the duodenum to the distal 
colon, explaining in part its virulence. However, signifi-
cantly higher numbers of enterocytes in vivo compared to 
the other lineages studied underlie the relative importance 
of this cell type for viral entry. While SARS-CoV-2 spike 
protein is a poor ligand of mouse ACE2, the remaining 
primary structure of ACE2 protein likely regulating func-
tion and cell type distribution is highly conserved and in 
rodents is phylogenetically closer to that of primates when 
compared to those of other mammalian and bird families 
(Johansen et al., 2020). This suggests that cell type dis-
tribution of ACE2 may probably be similar for mice and 
humans.

While both species possess the same transporters and 
genes associated with SARS-CoV-2 and secretory diarrhea, 
whose intestinal cell type distributions are now known, 
there are limitations to the interpretation of these findings 
because of inherent complexities in recreating human di-
arrheal symptoms in mice.

In this study, we guided the strict differentiation of 
cultured intestinal epithelial enteroids so they can be en-
riched with their assigned cell types (Kishida et al., 2017; 
Yin et al., 2014) and allowed us to compare, in different 
cell types, the expression of transporters involved in ion 
transport to that of SARS-CoV-2 entry. While the small 
number of cells in these enteroids limit readouts to mRNA 
expression, our new findings allow for a better character-
ization of the capabilities of PAN, GOB, and ISC found in 
relatively small proportions in the gut mucosa. Although 
each enteroid type representing a specific cell cannot 
be created as to be comprised purely of that cell type, it 
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does contain a much greater proportion of that single cell 
type compared with that in vivo in the small intestine. 
Moreover, there are a number of proteases proposed to 
participate in intestinal cellular entry of SARS-CoV-2, but 
because of limited amount of material from organoids, we 
had to prioritize our list of entry co-factors to those most 
widely, if not universally cited, like ACE2, TMPRSS2 and 
4, furin, and ADAM17. Although enteroids were induced 
to differentiate almost exclusively to a specific epithelial 
lineage, studies are typically not conducted in enteroids 
forcibly differentiated to, for example, goblet and Paneth 
cell lineages, so that it is not at all clear that these mod-
els necessarily reflect the transporter properties of these 
lineages when present at their natural abundances, where 
the gene expression of a given lineage might well be in-
fluenced by paracrine interactions with neighboring cells 
(readers are referred to comprehensive reports on numer-
ous transporters from the (Foulke-Abel et al., 2016) and 
(Turner, 2020) laboratories regarding comparative expres-
sion of various transporters in intact intestinal tissues and 
enteroids.
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