
Applications in which standardized evaluation criteria will be
beneficial particularly include assessments of the prophylactic or
therapeutic efficacy of candidate vaccines or drugs that are on their
way (14). In addition, the list can be helpful in determining
differences in the virulence of virus isolates, effects of infectious
dosage, comorbidities, age, or differences to other models including
transgenic mice (4). In all scenarios, distinct study goals may
justify different choices among the patterns proposed here. For
example, perivascular lymphocytic cuffs may be relevant for the
assessment of specific immune responses, as expected from vaccine
trials, whereas aspects of regeneration and repair may be important
age-related parameters. For any kind of comparative study, a
bouquet of histologic quantification tools is already available
that convert differences in each morphological parameter into
statistically testable data, including scoring schemes (12), Cavalieri’s
principle (15), and computed digital image analyses (16).

We are only at the beginning of our understanding of COVID-
19. The application of a structured, evidence-based catalog of
relevant diagnostic criteria will certainly increase the value of
information that can be obtained from animal models. n
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Effects of Asthma and Human Rhinovirus A16 on the
Expression of SARS-CoV-2 Entry Factors in Human
Airway Epithelium

To the Editor:

The factors that facilitate and impact transmission of the severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) are
not well understood, particularly in children and young adults. It has
been established that the S (Spike) protein of SARS-CoV-2 binds to
ACE2 (angiotensin-converting enzyme 2) as the entry receptor and
employs the serine protease TMPRSS2 for proteolytic separation of
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the S protein subunits, termed “S protein priming,” which is
necessary for membrane fusion (1). ACE2 and TMPRSS2 are
expressed in ciliated epithelial cells of the upper and lower airway
where the initial transmission of the virus likely occurs and are
expressed at high concentrations on pneumocytes in the distal lung
(2). Although the upregulation of this system serves as a potential
mechanism to facilitate viral entry and thus transmission, there is
also evidence that upregulation of ACE2 may decrease the severity
of the disease (3, 4). Thus, we questioned whether asthma, which is
the most prevalent chronic medical condition in children and
young adults, or respiratory viral infection, which serves as a
common trigger for asthma in this population, alters the expression
of either ACE2 or TMPRSS2. Infections with major serotype
rhinovirus, including human rhinovirus-A16 (HRV-A16) are
responsible for the majority of HRV infections in children and
young adults. For other respiratory viruses, it has been established

that heterologous viral infection can alter the susceptibility and
immune response to a second respiratory viral insult (5).

We initially examined the expression of the ACE2 and
TMPRSS2 genes in epithelial brushings from a previously described
cohort of individuals with and without asthma who were extensively
characterized for airway hyperresponsiveness (AHR) and were not
using controller therapy (6). We did not see any evidence of
differential expression between subjects with asthma and healthy
control subjects (Figures 1A and 1C), which is consistent with other
emerging data (7). We did not detect any correlation between ACE2
expression and baseline lung function or direct AHR (data not
shown). However, subjects with asthma defined by both a positive
methacholine challenge (i.e., direct AHR) and indirect or endogenous
AHR as determined by a dry air exercise challenge to assess exercise-
induced bronchoconstriction (EIB1) were found to have
higher concentrations of ACE2 expression in comparison with
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Figure 1. Epithelial brushings were obtained via bronchoscopy from the fourth- and fifth- generation airways from a cohort of individuals with
and without asthma, and for those with asthma, with and without exercise-induced bronchoconstriction (EIB) (control, n = 3; EIB2, n = 9; EIB1,
n = 11). (A and C) ACE2 (angiotensin-converting enzyme 2) expression (A) and TMPRSS2 expression (C) were quantified by normalized log2 counts.
Median values with interquartile ranges are shown. P values represent the result of a one-way ANOVA. There was a trend toward correlation
between ACE2 expression and indirect or endogenous airway hyperresponsiveness as determined by the severity of EIB, defined by the area under
the forced expiratory volume in 1 second (FEV1) versus 30 minutes postexercise challenge time curve (B). (D) TMPRSS2 expression correlated with
baseline FEV1. Linear regression lines are shown with the 95% confidence intervals as dotted lines. AUC30 = 30 minutes postexercise challenge
time curve; TMPRSS2 = transmembrane serine protease 2.
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subjects with asthma without EIB (EIB2, Figure 1A). There was also a
modest association between ACE2 expression with the severity of EIB
as determined by the area under the forced expiratory volume in 1
second (FEV1) versus 30 minutes postexercise challenge time curve
(AUC30) (Figure 1B). In ptcontrast, the expression of TMPRSS2
correlated with lower baseline FEV1 (Figure 1D) and baseline

FEV1/forced vital capacity (FVC) values (r2=0.31; P=0.006) but not
direct or indirect AHR. We acknowledge the inherent limitations of this
study and their impacts on our findings, particularly the small number
of control subjects and the analysis of multiple subgroups.

We also examined the expression of ACE2 and TMPRSS2
in ex vivo cultured lower airway epithelial cells (AECs) from
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Figure 2. (A and D) RNA sequencing was performed on airway epithelial cells (AECs) obtained via blind bronchial epithelial brushings from intubated
pediatric study subjects (healthy control subjects [HC], subjects with asthma [A], and all subjects [All]) and differentiated in organotypic cultures.
ACE2 expression (A) and TMPRSS2 expression (D) were quantified by normalized log2 counts both at baseline and after infection with human
rhinovirus-A16 (HRV-A16) at 48 hours. Median values with interquartile ranges are shown. P values comparing HC to A6HRV-A16 represent
the results of a two-way ANOVA. P values comparing All6HRV-A16 represent the results of paired t tests. (B and E) PCR analysis was performed
on nondiseased lung transplant donor AECs differentiated in air–liquid interface organotypic cultures and exposed to HRV-A16. ACE2 (B) and
TMPRSS2 (E) expression levels in comparison with the housekeeping gene HPRT were assessed at various time points after infection (n = 4,
each data point represents the mean of two PCR reactions). Mean values are shown with error bars representing the SE of the mean. P values
represent the result of one-way ANOVA. (C and F) PCR analysis was performed on AECs from healthy control pediatric study subjects who
were stimulated with IFNb1 (1 ng/ml) and IFNl2 (1 ng/ml) for 72 hours. ACE2 (C) and TMPRSS2 (F) expression levels in comparison with the
housekeeping gene GAPDH (n = 4, each data point represents the mean of three PCR reactions) are shown. Mean values are shown with error bars
representing the SE of the mean. The P value in C is the result of a one-way ANOVA. *P, 0.05, **P, 0.01, ***P, 0.001, and ****P, 0.0001.
Ctrl = control; HPRT = hypoxanthine guanine phosphoribosyltransferase.
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children with and without asthma both at baseline and during
infection with HRV-A16 for 48 hours (6). There were no
significant differences in the age, sex, baseline FEV1, and
fraction of exhaled nitric oxide between the groups, but the
children with asthma had more airflow obstruction measured by
the FEV1/FVC ratio (P = 0.02), significantly higher total serum
IgE concentrations (mean values of 381 vs. 16 kU/L; P = 0.01),
and higher number of positive allergen-specific IgE titers on
radioallergosorbent testing (mean values, 2.7 vs. 0; P, 0.01)
relative to healthy control children. We did not identify any
difference in the baseline expression amount of ACE2 and
TMPRSS2 between AECs cultured from children with asthma
compared with healthy control children; however, there was
upregulation of both ACE2 and TMPRSS2 expression in response
to infection with HRV-A16 in AECs from children with asthma
and healthy control children (Figures 2A and 2D). We further
confirmed these results using primary tracheal AECs from
nondiseased donors to demonstrate increased expression of ACE2
(Figure 2B) and TMPRSS2 (Figure 2E) after infection with HRV-
A16. Interestingly, the expression pattern of these genes differs
after HRV-A16 infection, as TMPRSS2 expression increased
at 4 hours postinfection and remained elevated at 72 hours
(Figure 2E), whereas ACE2 expression was decreased at 4 hours
but then increased at 48 and 72 hours after infection (Figure 2B).
This suggests that changes in ACE2 and TMPRSS2 expression
after HRV infection are regulated by different mechanisms.
Rhinovirus infection is known to induce a type 1 and type III
IFN response in airway epithelium (8), which prompted us to
stimulate pediatric AECs with IFNb1 and IFNl2 and evaluate
their effects on ACE2 and TMPRSS2 expression. We found IFNb1
stimulation resulted in increased ACE2 expression, but IFNl2
stimulation did not induce the expression of ACE2 (Figure 2C).
There was no effect of either IFN on TMPRSS2 expression
(Figure 2F).

Our findings demonstrate that HRV-A16 infection
significantly upregulates the expression of the ACE2 and
TMPRSS2 in epithelial cells and indicates ACE2 expression
is regulated by IFNb1. Major serotype rhinoviruses are
among the most common respiratory viral infections in children
and young adults (9, 10), and upregulation of ACE2 and
TMPRSS2 on AECs with symptomatic infection or asymptomatic
harboring of rhinovirus could impact transmission of SARS-CoV-2
through our communities. Studies of the original SARS coronavirus
suggested that the virus itself decreased ACE2 expression and that
the upregulation of ACE2 may be protective for severe disease
in mice (3, 4). We expand on recently published studies that
have demonstrated ACE2 is an IFN-stimulated gene (11–13) by
specifically exploring the roles of IFNb1 and IFNl2, which are
known to be induced in the airway epithelium in response to
rhinovirus infection and evaluated effects on both ACE2 and
TMPRSS2. These results suggest that infection with major serotype
HRVs could facilitate SARS-CoV-2 transmission and modulate
disease severity through IFNb1.

Our results further refine the relationship between asthma
and the expression of the ACE2 and TMPRSS2 in the airway
epithelium by identifying relationships to AHR and lung
function. Prior studies have found that individuals with asthma
may have heightened susceptibility to HRV infection, and
although ex vivo infection with HRV-A16 upregulated ACE2 and

TMPRSS2 expression, there was no specific effect of asthma status.
Our findings are concordant with initial reports suggesting that
asthma is not a major risk factor for severe disease (14), but little is
known about how these factors affect transmission. Our results
should spur additional studies that focus on risk factors involved in
SARS-CoV-2 transmission, including the prevalence of asthma and
the frequency of infection or coinfection with HRVs, particularly
the timing of these factors in relation to community surges of
coronavirus disease (COVID-19). n
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Bystander Macrophage Metabolic Shift after
Mycobacterium tuberculosis Infection

To the Editor:

Mitochondrial metabolic changes in response to a pathogenic
stimulus results in the upregulation of aerobic glycolysis in a manner
similar to the Warburg effect to sustain the bioenergetic demand of
an immune response. This metabolic shift ultimately determines
immune cell effector polarization and has been adopted as a core
paradigm in the field of immunometabolism.

In the context of pathogen-induced metabolic derangements,
such as those observed during Mycobacterium tuberculosis infection

(1, 2), it is now evident that the successful host response to
M. tuberculosis by the macrophage induces glycolysis, which drives a
proinflammatory phenotype. The microenvironment in which these
infected macrophages reside also contain the rather understudied
bystander immune cells. These include resident T cells and
macrophages, which in vivo, occupy a significant proportion
of the lung microenvironment. The question arises as to whether
these bystander cells metabolically respond to the neighboring
M. tuberculosis infection and whether this influences the
immunobiology of the affected tissue. Besides inflammatory
mediators such as cytokines and chemokines, evidence suggests
that some metabolic intermediates secreted by the glycolytic cell
have functions beyond self-regulation, which include sensing of
microenvironmental conditions that influence the outcome of an
immune response (3). This work as well as previous work by our
group show that M. tuberculosis–infected macrophages induce dose-
dependent T-cell apoptosis (4) and bystander macrophage (by-mac)
apoptosis (5) and suggest that M. tuberculosis–infected macrophages
significantly influence their bystander counterparts. Using an in vitro
approach, we aimed to assess the metabolic responsiveness of the by-
mac during an infectious episode and address whether this effect
includes metabolic reprogramming of these immune cells.

We used human monocyte–derived macrophages prepared
from buffy coats from healthy donors and infected them with
either irradiated H37Rv (iH37Rv) or H37Ra mycobacteria at a
multiplicity of infection (MOI) of 1–5 bacilli/cell as previously
described (6). After a 24-hour infection period, supernatants were
removed and then sterile filtered. By-macs (M0 phenotype
confirmed through CD14 and CD68 expression) were then exposed
to either the H37Ra or iH37Rv supernatant for 90 minutes prior to
either confocal microscopy or metabolic measurements, as it has
been established that glycolytic induction occurs within 120
minutes of stimulus exposure (7). Mitochondrial morphological
assessment was accomplished by staining with MitoTracker Red
CMXRos and staining iH37Rv bacteria with PKH67 membrane dye
(green) on the morning of infection. Metabolic measurements
using the Mito Stress test were assessed using the Seahorse XF
extracellular flux analyzer (see online supplement).

Because changes in mitochondrial morphology are associated
with metabolic changes within the cell (8), we first sought to
determine whether supernatants from iH37Rv- and H37Ra-
infected cells induced changes in mitochondrial morphology from
by-macs (Figure 1A). Using macrophages infected with iH37Rv
(green) for 24 hours as a comparison, confocal microscopic
examination revealed increased mitochondrial fragmentation
in by-macs, as evidenced by an increase in small, punctate
mitochondria in both supernatant-treated groups. To determine
whether this morphological change accompanied changes in the
bioenergetics of the cell, we utilized the Seahorse XF Flux analyzer
and the Mito Stress test (Figures 1B–1E). Current metabolic
profiles examined during M. tuberculosis infection provide
collective data for a mixed population of macrophages (i.e., both
infected and by-macs are simultaneously assessed), which is an
aspect we address in this study. We observed that by-macs
exposed to supernatants had significantly lower basal oxygen
consumption rates (OCRs) in comparison to the control group.
Furthermore, maximal OCR in all three experimental groups was
significantly reduced (Figure 1C). Additionally, we noted that
basal extracellular acidification rate (ECAR) was significantly

Supported by the Royal City of Dublin Hospital Trust.

This letter has a data supplement, which is accessible from this issue’s table
of contents at www.atsjournals.org.
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