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The pathogenesis of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is not completely understood. SARS-CoV-2 in-
fection frequently causes significant immune function consequences including reduced T cell numbers and enhanced T cell exhaus-

tion that contribute to disease severity. The extent to which T cell effects are directly mediated through infection or indirectly result

from infection of respiratory-associated cells is unclear. We show that primary human T cells express sufficient levels of angiotensin
converting enzyme 2 (ACE-2), the SARS-CoV-2 receptor, to mediate viral binding and entry into T cells. We further show that T cells
exposed to SARS-CoV-2 particles demonstrate reduced proliferation and apoptosis compared to uninfected controls, indicating that

direct interaction of SARS-CoV-2 with T cells may alter T cell growth, activation, and survival. Regulation of T cell activation and/

or turnover by SARS-CoV-2 may contribute to impaired T cell function observed in patients with severe disease.
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Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) infection ranges in clinical severity from asymptomatic
infection to severe respiratory distress [1]. While SARS-CoV-2
infection is often characterized by inflammation-related res-
piratory tract damage, extrapulmonary effects, including cy-
tokine storm and dysregulation of T-cell differentiation, are
also described [2-4]. A hallmark of severe SARS-CoV-2 infec-
tion is lymphopenia and T-cell exhaustion. Direct interactions
of SARS-CoV-2 with T cells could contribute to this reduced
T-cell number and exhaustion accompanying coronavirus dis-
ease 2019 (COVID-19) disease [5, 6].

SARS-CoV-2 binds to cells via interactions between its
spike protein and the cell surface receptor angiotensin-
converting enzyme 2 (ACE2) [7]. Expression of ACE2 in
various respiratory-associated cell populations has been ex-
tensively studied [8, 9]; however, the expression of ACE2 by
T lymphocytes is not known conclusively. Although some
flow cytometry and RNA sequencing studies have found that
most immune cells, including T lymphocytes, contain low
or undetectable expression of ACE2 [10, 11], other studies
have demonstrated ACE2 expression on human T cells using
either flow cytometry [12] or single-cell RNA sequencing
[13]. A 2020 report in medRxiv suggested that low levels of
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ACE2, in conjunction with transmembrane serine protease 2
(TMPRSS2) and CD4, mediates SARS-CoV-2 entry into CD4"
T lymphocytes [14]. In that study, interleukin 10 expression
was impaired following entry of SARS-CoV-2 into T cells,
suggesting that direct T-cell interactions may contribute to the
poor adaptive immune response observed in many patients
with COVID-19 [14, 15].

To further characterize T cells for ACE2 expression and
assess potential functional consequences of SARS-CoV-2
binding to T-cell ACE2, we directly measured ACE2 RNA and
protein expression in primary human T lymphocytes and in an
immortalized CD4" T-cell line (Jurkat). We found that T cells
express approximately 1000 ACE2 molecules on their surface
and interestingly, T-cell activation, either by stimulation of the
T-cell receptor (TCR) or by nonspecific mitogen (phorbol myr-
istate acetate [PMA] and ionomycin), significantly increased
ACE2 expression levels. ACE2 levels on T lymphocytes were
sufficient to mediate SARS-CoV-2 binding and entry, and this
SARS-CoV-2 internalization significantly reduced T-cell pro-
liferation and apoptosis. These data indicate that SARS-CoV-2
directly interacts with T cells via ACE2, and this may con-
tribute to the immune dysregulation observed in COVID-19
illness.

METHODS

Human Subjects

All protocols involving human subjects were reviewed and ap-
proved by the University of Iowa Institutional Review Board
(IRB-01). All human subjects were adults who provided written
informed consent.

810 « JID 2022:225 (1 March) « Welch et al


mailto:jack-stapleton@uiowa.edu?subject=

Cells

Vero E6 (provided by Wendy Maury, PhD, University of Iowa),
Vero (American Type Culture Collection), Ramos-B (American
Type Culture Collection), and Jurkat E6.1 T cells were main-
tained in medium, as described elsewhere [16]. Human pe-
ripheral blood mononuclear cells (PBMCs) were obtained
from healthy blood donors, as described elsewhere, or from the
University of Iowa DeGowin Blood Center and were prepared
using Histopaque (Sigma-Aldrich) purification [17]. CD3" or
CD4" T cells were further purified (>90%) from PBMCs by neg-
ative selection (R&D Systems), with purity assessed by means
of flow cytometry (Supplementary Figure 1). Jurkat cells were
activated with 1-ug/mL anti-CD3 (Invitrogen) and anti-CD28
(BD Biosciences) or 50-ng/mL PMA (Tocris Bioscience) and
1-pg/mL jonomycin (Alfa Aesar). Primary cells (1 million cells/
mL) were activated with 200-ng/mL anti-CD3 (Invitrogen)
or 5-ng/mL PMA and 100-ng/mL ionomycin. Cell activation
was assessed by measuring interleukin 2 release 16 hours after
stimulation, using enzyme-linked immunosorbent assay (BD
Biosciences) as described elsewhere [18, 19].

Viruses

SARS-CoV-2 (Seattle, Washington, strain MN985325; provided
by Stanley Perlman, MD, PhD, University of lowa) and vesicular
stomatitis virus (VSV; VSV-glycoprotein and VSV-CoV-2 spike
protein; provided by Wendy Maury, PhD, University of Iowa)
[16, 20] were included in these studies. Viruses were expanded
in Vero E6 or Vero cells for SARS-CoV-2 and VSV, respectively.
SARS-CoV-2 studies were completed in the University of Iowa
biosafety level 3 core facility.

Quantitative Reverse-Transcription Polymerase Chain Reaction

Cellular RNA was extracted using TRIzol reagent (Invitrogen)
isolation method before complementary DNA synthesis (High-
Capacity, cDNA Reverse Transcription Kit, Applied Biosystems).
Viral RNA was extracted from supernatants using the QIAamp
Viral RNA kit (Qiagen) and the Platinum Quantitative RT-PCR
ThermoScript One-Step System (Invitrogen), as described
elsewhere [21]. Gene-specific primers were used to identify
Glyceraldehyde 3-phosphate Dehydrogenase (GAPDH) [22],
ACE2 [23], and SARS-CoV-2 [24] from 1 million cells, and ex-
periments were repeated 23 times.

ACE2 Protein Expression

Cell Iysates (100 000 cell equivalents per well) were probed with
antibodies to GAPDH (R&D Systems), 3-actin (Sigma-Aldrich),
and ACE2 (Novus Biologicals). The appropriate secondary
horseradish peroxidase antibodies were used for imaging with
an iBright 1500 system (Invitrogen), and Image] (Version 1.49
23) software was used for quantification. Cell surface expression
was measured by means of flow cytometry using ACE2-phy-
coerythrin (PE) (Novus Biologicals), as recommended by the
manufacturer. Primary cell populations were incubated with

CD19-PacificBlue (BioLegend), CD3-fluorescein isothiocya-
nate (FITC), CD4-FITC, CD8-FITC, CD14- allophycocyanin
(APC), and CD56-AlexaFluor700 (all BD Biosciences). Primary
cells were treated with human immunoglobulin G (10 pg/1 mil-
lion cells) to block Fc receptors on B cells. Data were acquired
on an LSRII flow cytometer using a single-stained AbC bead kit
(ThermoFisher) for compensation [17]. Viable cells were gated
based on forward and side scatter, doublets were excluded, and
“fluorescence minus 1”7 controls were assessed. PE quantita-
tion beads (BD Quantibrite) were analyzed, according to the
manufacturer’s instructions, to quantify ACE2 molecules per
cell. At least 10 000 total events were collected in each exper-
iment and the FlowJo program (Tree Star) was used for data
analysis.

SARS-CoV-2 Spike Recombinant Protein

Recombinant trimeric SARS-CoV-2 spike recombinant protein
(AcroBiosystems) was labeled with the FITC Conjugation Kit
(Fast)-Lightning-Link (Abcam), according to the manufacturer’s
instructions. Unlabeled protein was detected by means of fixa-
tion/permeabilization (BD Biosciences) and anti-spike 1 (S1)
(GeneTex) and anti-rabbit APC (BioLegend) antibodies. ACE2
binding was blocked with 2-pg/mL anti-ACE2 (R&D Systems)
for 3 hour before spike recombinant protein addition [7]. Cells
were treated with 2.5 pg/mL recombinant protein, and cell vi-
ability was verified using the MTT assay (Sigma-Aldrich; not
shown).

SARS-CoV-2 Binding and Entry

To quantify binding, 1 x 10° cells were incubated at 4°C for 1
hour before addition of SARS-CoV-2 (multiplicity of infection,
1.0) at 4°C for 3 hours in triplicate. Cells were then washed 3
times with cold phosphate-buffered saline before cell lysis in
TRIzol reagent. To quantify entry, virus was added to cells for
3 hours at 37°C. Cells were then incubated in 0.25% trypsin-
ethylenediaminetetraacetic acid (EDTA; Gibco) and washed
3 times with phosphate-buffered saline. Cells were resus-
pended in growth media and incubated at 37°C for 5 days, after
which supernatants were collected for viral RNA extraction or
titering on Vero E6 cells and cells were lysed in TRIzol reagent.
Experiments were repeated 3 times.

Cell Proliferation and Apoptosis

Cell proliferation was determined with Ki67-PE (BioLegend)
staining 24 hours after infection. Apoptosis was measured with
the EnzChek Caspase-3 Assay Kit #1 (Invitrogen) 5 days after

infection, according to the manufacturer’s instruction.

Statistical Analysis

Statistical analysis were performed using GraphPad software
(version 9.0.0; GraphPad Software). Two-sided Student ¢ tests
were used to compare results between test and controls, and dif-
ferences were considered statistically significant P < .05.
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RESULTS

Up-regulation of ACE2 Expression on T Cells During Cell Activation

To address the conflicting descriptions of ACE2 expression
and T cells [10-13], multiple approaches were used to detect
ACE2 expression in resting and activated Jurkat-T and primary
human T cells. Quantitative reverse-transcription polymerase
chain reaction (PCR) showed that Jurkat-T, PBMCs, and puri-
fied CD3" T cells contained detectable ACE2 RNA (Figure 1A).

As expected, positive control Vero E6 cells with high expres-
sion of ACE2 contained significantly (approximately 1000-fold)
more ACE2 RNA than the Jurkat-T-cell line or primary PBMCs
and enriched CD3" T cells [25-27]. ACE2 RNA was not de-
tected in immortalized Ramos-B cells (Figure 1A); thus, we
used Ramos-B as negative controls thereafter.

Unexpectedly, ACE2 RNA levels were significantly increased
10-100-fold in Jurkat-T and purified CD3" T cells after activation
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Figure 1.

Angiotensin-converting enzyme 2 (ACE2) expression on T cells is up-regulated during cell activation. A, Relative ACE2 messenger RNA (mRNA) levels in T cells

determined with quantitative reverse-transcription polymerase chain reaction. B, Interleukin 2 (IL-2) levels released by cells following activation. C, ACE2 protein detected in
T cells with immunoblot analysis. Image is representative of 3 biological replicates. Jurkat cells were activated with anti-CD3 and anti-CD28 and primary T cells with anti-CD3
antibodies. Alternatively, T cells were activated by phorbol myristate acetate (PMA) and ionomycin for 24 hours before analysis. Vero E6 cells were used as a positive control
and Vero or Ramos-B cells as a negative control. *P< .05; #xP < .01; »*+P< .001. Error bars represent standard errors of the mean from biological replicates. Abbreviation:

PBM(Cs, peripheral blood mononuclear cells.
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through the T-cell receptor (TCR) with anti-CD3/CD28 or after
stimulation with PMA and ionomycin (Figure 1A). T-cell activa-
tion was confirmed by measuring cellular interleukin 2 release
(Figure 1B). In addition to messenger RNA (mRNA) expression,
ACE2 protein was detected in PBMCs, purified CD3" T cells, and
Jurkat-T cells in immunoblot analysis (Figure 1C). In findings
similar to the mRNA results, Vero cells had considerably more
ACE2 protein. and Ramos-B cells had negligible ACE2 (Figure
1C). ACE2 protein levels also increased with cell activation
(Figure 1C includes the fold increase in ACE2 relative to actin).

To examine ACE2 cell surface expression, we used flow
cytometric analysis and confirmed that Jurkat-T cells express
low levels of ACE2 and that levels increase with cell activation
(Figure 2A). Based on the shift of the entire curve compared
with >5% of the unstained negative control cells, it appears that
the entire cell population expresses at least some ACE2 (Figure
2A). To quantify the number of ACE2 receptors on the surface
of T cells, we used fluorescence quantitation beads containing
a known number of fluorescent molecules per bead w. Linear
regression analysis was used to calculate the number of receptor
molecules per cell (Figure 2B).

Based on the quantification curve, approximately 50 000
ACE2 receptors were present on Vero E6 control cells (Figure
2C). The background fluorescence was set for Ramos-B cells

or primary CD19" B cells. Subtracting background fluores-
cence, Jurkat-T cells had approximately 1000 ACE2 receptors
per cell, and detection was enhanced after T-cell activation by
either TCR or PMA and ionomycin (Figure 2C). Examination
of a healthy blood donor’s primary PBMCs found that CD3"
T cells contained approximately 353 ACE2 surface molecules
per cell, and expression also significantly increased to 579 or
765 molecules per cell after stimulation with TCR or PMA and
ionomycin, respectively (Figure 2D).

SARS-CoV-2 Spike Protein Binding of T Cells

Because the SARS-CoV-2 spike protein mediates binding to
ACE2 in permissive cells, we evaluated whether the level of ACE2
present on T cells was sufficient to mediate binding to SARS-
CoV-2 spike protein. To address this, we used flow cytometry
to determine the amount of FITC-labeled SARS-CoV-2 trimeric
spike protein bound to Jurkat-T cells compared with nonspecific
FITC binding (Figure 3A and 3B). This interaction was partially
dependent on ACE2, because blocking of ACE2 with anti-ACE2
antibody [7] moderately, but significantly, reduced spike protein
binding levels in Jurkat-T cells (Figure 3C). Detection of bound
spike protein after anti-ACE2 blocking may indicate incom-
plete antibody blocking or interaction between spike protein
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Figure 2. (Quantification of angiotensin-converting enzyme 2 (ACE2) receptor molecules on T cells. A, Flow cytometry analysis of ACE2 surface expression on Jurkat-T cells.
B, Quantification of BD Quantibrite phycoerythrin (PE) bead fluorescence by flow cytometry. The value for log,; PE molecules per bead was provided to generate quantitation
curve as recommended by the manufacturer. B-D, Quantification of ACE2 molecules per cell in immortalized B (Ramos) and T (Jurkat) cells (C) and primary cells (D) was
determined using the linear regression curve generated for BD Quantibrite bead fluorescence (B). Cells were activated with anti-CD3 and anti-CD28 antibodies or phorbol
myristate acetate (PMA) and ionomycin for 24 hours before analysis. Vero E6 cells were used as the positive control, and Ramos-B or CD19" cells as the negative control.
*P< .05, »*P< .01; NS, not significant. Error bars represent standard errors of the mean from biological replicates.
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and alternative surface molecules, as suggested by others [14].
The binding of the FITC-labeled spike trimers to Jurkat-T cells
was not due to protein alterations during fluorescent labeling,
as SARS-CoV-2-specific antibodies detected unlabeled SARS-
CoV-2 trimeric protein incubated with T cells (Figure 3D).

Furthermore, infection of Jurkat cells was demonstrated using
a SARS-CoV-2 spike protein pseudotyped VSV (VSV-CoV-2
spike) containing a green fluorescent protein (GFP) reporter
gene [20, 28]. Measuring virus by GFP expression, VSV-spike
infection increased in Jurkat-T cells compared with uninfected
control cells, and infection (as determined by GFP levels) was
enhanced when infection followed TCR-mediated cell activa-
tion (Figure 4A and 4B). The increase in VSV-CoV-2 spike
infection of activated Jurkat-T cells was correlated with ACE2
levels. In contrast, VSV-glycoprotein did not show an increase
with T-cell activation (Figure 4C). These results do not reflect
a defect in VSV-CoV-2 spike binding ability, as cell-associated
virus levels in Vero E6 cells were similar to that observed with
VSV-glycoprotein (Figure 4A and 4C).

SARS-CoV-2 Particles Binding, Entry, and Infection

To determine whether replication-competent SARS-CoV-2
binds to T lymphocytes, SARS-CoV-2 particles were incubated
with Jurkat-T cells, PBMCs, and purified CD4" and purified

CD3" primary lymphocytes at 4°C for 3 hours to allow virus
binding while preventing internalization events [21]. Subsequent
washing and evaluation of SARS-CoV-2 RNA present in cells
found significant SARS-CoV-2 bound to Jurkat-T cells, PBMCs,
purified CD4" T cells, and purified CD3" T cells compared with
Ramos-B cells (Figure 5A). Surprisingly, virus binding levels in
primary cell populations were comparable to levels in Vero E6
cells (Figure 5A) containing significantly more ACE2 (Figure
1). These data strongly suggest that low levels of ACE2 are suf-
ficient to mediate SARS-CoV-2 binding to cells.

Significant levels of intracellular SARS-CoV-2 RNA were de-
tected in Jurkat-T cells, PBMCs, and purified CD4" and CD3"
T cells, compared with Ramos-B cells (Figure 5B); however,
intracellular virus levels were orders of magnitude lower than
that detected in Vero E6 cells 3 days after infection (Figure
5B). To evaluate internalization of SARS-CoV-2, cells were in-
cubated with SARS-CoV-2 particles at 37°C for 3 hours. They
were then treated with 0.25% trypsin-EDTA and washed to re-
move surface-associated virus. Complete removal of input virus
was verified by evaluating SARS-CoV-2 extracellular RNA re-
maining in the final wash (Figure 5C). Release of SARS-CoV-2
RNA from these cells was measured in cell culture supernatants
5 days after infection. Extracellular or supernatant viral RNA
levels in PBMC and T-cell models were not different from levels

A 40 Jurkat-T
FITC-SARS-CoV-2 spike trimer
ok
£ 304 o
s
S 204
O
= 10
= o
0 —
No FITC No spike  Spike
C
Jurkat-T
FITC-SARS-CoV-2 spike trimer
*
B
g 207 (27
2 o
<
2 104
=
0- T
No FITC Spike  Anti-ACE2 +
Spike

] No spike
D
30— Jurkat-T
Anti-S1 + anti-rabbit APC
o\c Fk
s 20+ °
B
£
2 104
2,
x
0
No spike Spike

Figure 3. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) spike protein binds T cells through angiotensin-converting enzyme 2 (ACE2). A, B, Fluorescein
isothiocyanate (FITC)-labeled SARS-CoV-2 spike recombinant protein was applied to T cells and detected by flow cytometry. C, Levels of FITC-labeled SARS-CoV-2 spike
recombinant protein in T cells were reduced by anti-ACE2 blocking antibody. D, Unlabeled SARS-CoV-2 spike recombinant protein bound T cells as detected by anti—spike 1
(S1) and secondary anti—allophycocyanin (APC) antibody using flow cytometry; 2.5-ug/mL recombinant protein was added to Jurkat-T cells 24 hours before detection by flow
cytometry. *P < .05; *+P< .01. Error bars represent standard errors of the mean from biological replicates.
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in Ramos-B cells (Figure 5D). Furthermore, these PBMC and
T-cell supernatants were not able to infect Vero E6 cells (not
shown), while Vero E6 supernatants contained infectious virus
(median tissue culture infective dose, 10° infectious particles/
mL; not shown). Together, these data indicate that SARS-CoV-2
particles bind and enter into T cells but cannot replicate or pro-

duce detectable infectious particles.

Effect of SARS-CoV-2 Particles on T-Cell Proliferation and Apoptosis
Previous reports identified reduced T-cell numbers in patients
with severe COVID-19, and this has been hypothesized to be

related to enhanced apoptosis [5, 6, 29]. To examine potential
functional consequences of SARS-CoV-2 internalization on the
T-cell growth cycle, we evaluated T-cell proliferation and ap-
optosis in T cells aft4r incubation with SARS-CoV-2. Ki67 sur-
face staining was used as an indicator of cell proliferation, and
SARS-CoV-2-infected PBMCs and purified CD3" T cells had
significantly reduced proliferation compared with uninfected
controls (Figure 6A). Similarly, caspase 3 activity was measured
as a marker of T-cell apoptosis. Caspase 3 levels were signifi-
cantly reduced in infected cells (Figure 6B), demonstrating that
SARS-CoV-2-infected T cells are proliferating at a reduced rate
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Figure 5. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) particles bind and enter T cells but do not produce infectious virus. A, SARS-CoV-2 particles were
applied to T cells maintained at 4°C and binding determined after washing by means of quantitative reverse-transcription polymerase chain reaction (qRT-PCR). B, SARS-
CoV-2 entry into T cells detected 5 days after inoculation. Cells were trypsinized before measurement of intracellular viral RNA. C, Input virus removal assessed after trypsin
treatment and washing of surface-associated virus. [, SARS-CoV-2 RNA released from infected cells 5 days after infection. Vero E6 cells served as the positive control, and
Ramos-B cells as the negative control. SARS-CoV-2 was quantified using gRT-PCR. *P < .05; **P< .01; *»*+P< .001. Error bars represent standard errors of the mean from
biological replicates. Abbreviations: CT, PCR cycle threshold; NS, not significant; PBMCs, peripheral blood mononuclear cells.

and have reduced apoptosis in vitro. Thus, T-cell turnover may
be reduced during SARS-CoV-2 infection, contributing to re-
duced cell numbers. This contribution is likely small; however,
because the cells are resistant to apoptosis, the surviving cells
likely contribute to the massive inflammatory milieu observed
in patients with severe disease.

DISCUSSION

Multiple studies have described alterations in T-cell responses
and T-cell immunity in SARS-CoV-2-infected individuals, and
this is generally attributed to an indirect regulation of T-cell ho-
meostasis following SARS-CoV-2 infection [30-32]. However,
few studies have evaluated direct effects of SARS-CoV-2 in T
cells, and there are conflicting reports on the expression of ACE2
receptor levels on human T cells [10-14]. Our data support
findings of others that both immortalized and ex vivo human T
cells contain detectable levels of ACE2 RNA and protein (Figure
1) [12, 13]. The level of ACE2 measured was sufficient to me-
diate SARS-CoV-2 spike protein trimer binding (Figures 3 and

4) and virus binding and entry (Figure 5). Of note, T cells did
not produce infectious virus; thus, replication appears to be re-
stricted at a postentry replication cycle step (Figure 5).

Similar results identified SARS-CoV-2 binding and uptake in
CD4" T cells [14], and a separate study reported low but de-
tectable levels of SARS coronavirus 1 (SARS-CoV-1)-specific
genomic RNA [33]. Consistent with our finding that T cells do
not produce infectious virus, SARS-CoV-1 replicating (minus
strand) RNA was not found in PBMCs [33]. A potential cor-
ollary is that influenza A virus may cause abortive infection in
macrophages and dendritic cells; however, some strains seem
to lead to productive infection [34]. It has been suggested that
this may contribute to viral amplification and dissemination,
and understanding strain differences may provide insights into
pathogenicity and immunogenicity.

Although few studies have evaluated T-cell turnover in coro-
navirus infections, a SARS-CoV-1 study reported low expres-
sion of apoptosis indicators in infected Jurkat-T and PBMCs
[33]. In contrast to our results with SARS-CoV-2, no significant
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differences in apoptosis measurements were observed in SARS-
CoV-1-infected cells compared with mock-infected controls
[33]. However, similar to our in vitro results, a COVID-19 clin-
ical study did not identify significant increases in the apoptosis-
associated indicator, caspase 3 in T cells [34, 35]. Thus, T-cell
apoptosis, as measured by caspase 3 activation, does not appear
to be increased during SARS-CoV-2 infection (Figure 6B), and
enhanced apoptosis may not be responsible for the reduced
T-cell numbers observed in infected patients.

Bulk PBMC and purified CD3" T cells infected with SARS-
CoV-2 showed reduced proliferation (Figure 6). These data are
consistent with findings by others demonstrating significantly
reduced CD4" and CD8" T-cell proliferation in healthy PBMCs
treated with a cocktail of SARS-CoV-2 spike, nucleoprotein,
and protease recombinant proteins [36]. In addition, prolif-
eration of circulating CD4" and CD8" T cells obtained from
patients with COVID-19 was significantly reduced in patients
with prolonged hospitalization (25 days) [36]. Interestingly,
even patients in the most prolonged hospitalization group
(>20 days) who tested negative for virus by PCR at the time of
lymphocyte collection had reduced T-cell proliferation [36,37].
This is consistent with our finding that productive viral repli-
cation was not required to alter normal T-cell function, and
that T-cell interaction with viral proteins appears sufficient to
interfere with proliferation.

Our data suggest that longitudinal assessment of T-cell
ACE2 expression in patients with different COVID-19 disease
severity is warranted. If higher levels of ACE2 are correlate
with T-cell activation in persons with severe disease, this may
suggest a link between ACE2 and inflammation, contributing
to immunopathogenesis underlying severe SARS-CoV-2 infec-
tion. This may be true in other infections as well, as studies of
T cells obtained from human immunodeficiency virus (HIV)-
suppressed patients found reduced proliferation rates com-
pared with uninfected controls [38]. The authors of that study

hypothesized that low but persistent HIV infection in these
cells may prolong the half-life of T cells through reduced pro-
liferation, which may in turn maintain the infected cell popu-
lation [38].
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Supplementary materials are available at The Journal of
Infectious Diseases online. Supplementary materials consist of
data provided by the author that are published to benefit the
reader. The posted materials are not copyedited. The contents of
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Questions or messages regarding errors should be addressed to
the author.
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