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Abstract
Coronavirus disease 19 (COVID-19) is caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) and currently has detrimental human health, community and economic impacts around
the world. In SARS-CoV-2-infected lung, induction of immune cell-recruiting cytokines is initially poor.
When induction does occur, this may in fact exacerbate infection. These observations suggest that
baseline levels of leukocytes, already residing in the lung prior to infection, may be important for
orchestrating an effective early immune response. Hence, we performed "in silico flow cytometry" on
1,927 human lung tissues to deconvolute the levels of seven leukocyte types involved in triggering an
acute anti-viral cellular immune response. Baseline levels of CD8+ T cells, resting natural killer (NK)
cells and activated NK cells are significantly lower in lung tissues with high expression of the SARSCoV-2 host cell entry receptor ACE2. We observe this in univariate analyses, in multivariate analyses
that include sex, age, race, body mass index and smoking history, and in two independent datasets.
Elevated ACE2 expression increases sensitivity to coronavirus infection. Thus, our results suggest that
a subgroup of individuals may be exceedingly susceptible to COVID-19 due to concomitant high preexisting ACE2 expression and low baseline cytotoxic lymphocyte levels in the lung.
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Introduction
Coronaviruses are viruses belonging to the family of Coronaviridae [1]. They are large, single-stranded
RNA viruses that often originate from bats and commonly infect mammals. While the majority of
coronavirus infections cause mild symptoms, some can cause severe symptoms, such as pneumonia,
respiratory failure and sepsis, which may lead to death [2, 3].
Coronavirus zoonosis constitutes a serious health risk for humans. Indeed, in recent history,
transmissions of three types of coronaviruses to humans have led to varying numbers of deaths. The
outbreak of the Severe Acute Respiratory Syndrome (SARS) epidemic, which is caused by the SARS
coronavirus (SARS-CoV), originated in Guangdong, China in 2002 and led to nearly 800 deaths [4]. The
Middle East Respiratory Syndrome coronavirus (MERS-CoV) outbreak, which emerged in Saudi
Arabia in 2012, similarly caused about 800 deaths, although with over 8,000 cases, nearly four times as
many cases were reported [4]. Finally, Coronavirus Disease 19 (COVID-19), caused by Severe Acute
Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), is currently causing a pandemic. On 1 May 2020,
the World Health Organization reported over 3 million confirmed cases and over 220,000 patients to
have succumbed to COVID-19 around the world [5]. However, the factual number of deaths is probably
considerably higher [6]. In addition, this figure is still soaring, on 1 May 2020 at a rate exceeding 6,400
deaths per day [5].
To infect target cells, coronaviruses use their spike (S) glycoprotein to bind to receptor
molecules on the host cell membrane. Angiotensin-converting enzyme 2 (ACE2) has been identified as
the main SARS-CoV-2 entry receptor on human cells [7, 8], while the serine protease TMPRSS2, or
potentially cathepsin B and L, are used for S-protein priming to facilitate host cell entry [7]. SARS-CoV2 S-protein has a 10 to 20-fold higher affinity to human ACE2 than SARS-CoV S-protein [9]. Moreover,
ACE2 expression proportionally increases the susceptibility to S protein-mediated coronavirus
infection [10-12]. Hence, increased expression of ACE2 is thought to increase susceptibility to COVID19 [13-15].
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Epithelial cells of the respiratory tract, including the lung, are thought to be primary SARSCoV-2 target cells [16-18]. These cells can sense viral infection via pattern recognition receptors (PRRs).
PRRs, including Toll-like receptors and NOD-like receptors, recognize pathogen-associated molecular
patterns (PAMPs) [19]. Upon PRR activation, a range of pro-inflammatory cytokines and chemokines
are produced and released in order to activate the host's immune system. Interferons (IFNs), in
particular type I and type III IFN, are among the principal cytokines to recruit immune cells [19, 20].
Six types of leukocytes have been implicated in detecting and responding to viral infections in
the lung, a major site of SARS-CoV-2 infection, which also presents with severe COVID-19 symptoms.
The cytotoxic activities of CD8+ T cells and NK cells can facilitate early control of viral infections by
clearing infected cells and avoiding additional viral dissemination [21, 22]. Dendritic cells specialize in
sensing infections, including by viruses, and inducing an immune response [23]. CD4+ T cells
contribute to viral clearance by promoting production of cytokines and interactions between CD8+ T
cells and dendritic cells [24]. M1 macrophages interact with pulmonary epithelial cells to fight viral
infections in the lung [25]. Finally, neutrophils may contribute to clearance of viral infections through
phagocytosis of virions and viral particles. However, their precise role is uncertain [26].
SARS-CoV-2 is considerably more efficient in infection, replication and production of
infectious virus particles in human lung tissue than SARS-CoV [17]. Strikingly, despite this, SARS-CoV2 initially does not significantly induce type I, II or III IFNs or various other pro-inflammatory cytokines
and chemokines in infected human lung cells and tissue [17, 27]. When this does occur, it may in fact
promote further SARS-CoV-2 infection, as IFNs directly upregulate expression of the SARS-CoV-2
receptor ACE2 [28]. These observations suggest that the baseline levels of leukocytes, which already
reside in the lung prior to infection, may be important in mounting a rapid immune response against
SARS-CoV-2 infection.

Results
The efficiency of S protein-mediated coronavirus infection increases with elevated host lung cellspecific ACE2 expression levels, suggesting that this is a predictor of increased susceptibility to COVIDPage 3 of 19
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19 [10-15]. In addition, the levels of leukocytes residing in the lung prior to infection may be particularly
important for eliciting a rapid SARS-CoV-2-specific immune response. Thus, we investigated the
relationship between ACE2 expression and the levels of seven leukocyte types implicated in anti-viral
immune response in human lung tissue.
First, we used bulk RNAseq gene expression data from the 578 human lung tissues present in
the Genotype-Tissue Expression (GTEx) database [29, 30]. Using an established “in silico flow
cytometry” pipeline [31], we estimated the levels of CD8+ T cells, resting and activated NK cells, M1
macrophages, dendritic cells, CD4+ T cells and neutrophils in these tissues (Fig. S1a-c). Next, we
compared these to ACE2 expression levels in these lung tissues. This revealed that ACE2 expression is
negatively correlated with the levels of CD8+ T cells, resting and activated NK cells and M1
macrophages (p < 8´10-6, Pearson correlations) (Fig. 1a-d). However, there are no statistically significant
correlations between ACE2 expression and the levels of CD4+ T cells, dendritic cells and neutrophils (p
> 0.05) (Fig. 1e-g). Thus, the levels of a majority of leukocytes involved in anti-viral immune responses
are significantly reduced in lung tissues with elevated ACE2 expression levels.
It is possible that some of above observations are linked to phenotypic characteristics, such as
sex, age, body mass index (BMI), race or smoking status. To test the robustness of our findings, we
applied multivariable regression analysis that includes these five covariates (Table S1), as well as the
levels of the seven above leukocyte types or states. This showed that only 4 of the 12 variables
significantly contribute to predicting ACE2 expression levels, specifically the levels of CD8+ T cells,
resting NK cells, activated NK cells and M1 macrophages (Table 1). Notably, none of the five added
phenotypic covariates showed statistically significant contributions. Consistently, we found limited
statistically significant correlations between these variables and ACE2 expression in univariate
analyses, irrespective of whether they were analyzed as continuous data or binned into discrete ordinal
categories (Fig. S2a-j). Thus, the levels of four types of leukocytes that respond to viral infection in lung
tissue are reduced with elevated ACE2 expression independently of phenotypic covariates.
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Finally, we tested whether above observations could be validated in an independent cohort of
individuals. For this, we used the, to our knowledge, largest publicly available lung tissue dataset. The
Laval University, University of British-Columbia, Groningen University (LUG) dataset includes
microarray gene expression data of 1,349 human lung tissues. Following determination of ACE2
expression levels and estimation of the levels of CD8+ T cells, resting NK cells, activated NK cells and
M1 macrophages (Fig. S1a-c), we found that three of the four also negatively correlated with ACE2
expression in this independent dataset (p < 2´10-8) (Fig. 2a-d). With a correlation coefficient of R = 0.096,
only M1 macrophages did not correlate with ACE2 expression in this dataset (Fig. 2d).
Taken together, our observations indicate that three types of cytotoxic lymphocytes,
specifically CD8+ T cells, resting NK cells and activated NK cells, are robustly and consistently reduced
in lung tissue with elevated expression of the SARS-CoV-2 receptor ACE2.

Discussion
We investigated the baseline expression levels of the SARS-CoV-2 host cell entry receptor ACE2 and
the levels of seven types of leukocytes in 1,927 human lung tissue samples. Although SARS-CoV-2
cellular tropism is broad [16-18], we focused on lung tissue. In addition to epithelial cells elsewhere in
the respiratory tract, alveolar epithelial cells are thought to be a primary SARS-CoV-2 entry point [16,
28]. Consistently, the SARS-CoV-2 receptor ACE2 is expressed in these cells at the mRNA and protein
levels [28, 32-34]. Moreover, in severely affected COVID-19 patients, the lungs are among the few
organs that present with the most life-threatening symptoms. “Cytokine storm”-induced acute
respiratory distress syndrome (ARDS), widespread alveolar damage, pneumonia, and progressive
respiratory failure have been observed [35, 36]. These indications frequently require admission to
intensive care units (ICUs) and mechanical ventilation and may ultimately be fatal.
Early after infection, rapid activation of the innate immune system is of paramount importance
for the clearance of virus infections. Infected cells typically do so through release of pro-inflammatory
cytokines and chemokines, in particular type I and III interferons [19, 20]. Notably, however, several
studies have highlighted multiple complexities related specifically to SARS-CoV2 and innate immune
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system activation at early stages. First, unlike SARS-CoV, SARS-CoV-2-infected lung tissue initially
fails to induce a range of immune cell-recruiting molecules, including several interferons [17, 27],
suggesting that leukocytes are ineffectively recruited to infected lung shortly after infection. Second,
the host cell entry receptor ACE2 has been identified as an interferon target gene [28]. Thus, even when
interferons are upregulated in order to recruit immune cells, concomitant upregulation of ACE2
expression may in fact exacerbate SARS-CoV-2 infection [28].
These findings suggest that the levels of immune cells that already reside in the lung prior to
infection are more critical for dampening SARS-CoV-2 infection at early stages than they are for fighting
infections of other viruses. Consistently, cytotoxic lymphocytes are markedly reduced in both numbers
and functionality in COVID-19 patients [37]. Notably, cytotoxic lymphocytes, including CD8+ T cells
and NK cells, are key early responders to virus infections and these are the cells whose baseline levels
we here identify as significantly reduced in lung tissue with elevated ACE2 expression. Therefore, our
results suggest that individuals with increased baseline susceptibility to SARS-CoV-2 infection in the
lungs may also be less well equipped from the outset to mount a rapid anti-viral cellular immune
response.
Several observations indicate that these cytotoxic lymphocytes are critically important for
effective control of SARS-CoV-2 infection. Recent studies showed that CD8+ T cells in peripheral blood
are considerably reduced and functionally exhausted in COVID-19 patients, in particular in elderly
patients and in severely affected patients that require ICU admission [37-39]. Reduced CD8+ T cell
counts also predict poor COVID-19 patient survival [38].
NK cells are the first immune cells to respond to viral infections. They can recognize and
eliminate virus-infected cells following cytokine stimulation or antibody-mediated activation [22].
However, they can also do so when infected cells express so-called ‘induced-self’ ligands or viral
antigens [22, 40]. This is probably exceedingly important during the initial stages of COVID-19
pathogenesis, as SARS-CoV-2-infected lung fails to significantly induce pro-inflammatory cytokines
and chemokines early after infection [17, 27]. In line with this, at later stages during COVID-19
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progression, the total numbers of NK cells in peripheral blood are substantially lower compared to
healthy individuals [37]. Moreover, they are functionally exhausted [37].
We found that the five phenotypic parameters, sex, age, BMI, race and smoking history did not
statistically significantly contribute to variation in ACE2 expression in human lung tissue, neither in
univariate nor in multivariate analyses. This is consistent with some studies but inconsistent with
others [36, 41-43]. These paradoxical observations may be partially explained by varying gender, age
and race distributions within each study cohort.
Further research will be required to elucidate the precise mechanisms of SARS-CoV-2-induced
activation of the innate immune system early after infection. However, the link that we identified
between high baseline ACE2 expression and reduced cytotoxic lymphocyte levels in human lung tissue
prior SARS-CoV-2 infection is striking. It suggests that increased susceptibility to SARS-CoV-2 infection
in the lungs may be accompanied by a poorer ability to mount a rapid innate immune response at early
stages. This may predict long-term outcome of individuals infected with COVID-19, given that CD8+
T cell and NK cell counts in peripheral blood are low in COVID-19 patients [37-39]. Finally, it may
contribute to the substantial variation in COVID-19 clinical presentation, ranging from asymptomatic
to severe respiratory and other symptoms.

Methods
Discovery dataset and processing
Gene expression data and corresponding phenotype data from human lung tissues (n=578) were
obtained from the Genotype-Tissue Expression (GTEx) Portal (https://gtexportal.org), managed by the
National Institutes of Health (NIH). Gene expression data were publicly available. Access to phenotype
data required authorization. The GTEx protocol was previously described [29, 30]. Briefly, total RNA
was extracted from tissue. Following mRNA isolation, cDNA synthesis and library preparation,
samples were subjected to HiSeq2000 or HiSeq2500 Illumina TrueSeq RNA sequencing. Gene
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expression levels were obtained using RNA-SeQC v1.1.9 [44] and expressed in transcripts per million
(TPM). Log-transformed expression levels were reported, unless otherwise indicated.
Validation dataset and processing
For validation purposes, the Laval University, University of British-Columbia, Groningen University
(LUG) lung tissue dataset (n=1,349) was used. This dataset was accessed via Gene Expression Omnibus
(GEO; https://www.ncbi.nlm.nih.gov/geo), accession number GSE23546, and was previously described
[45]. Briefly, total RNA from human lung tissue samples was isolated, quantified, quality-checked and
used to generate cDNA, which was amplified and hybridized to Affymetrix gene expression arrays.
Arrays were scanned and probe-level gene expression values were normalized using robust multichip
average (RMA). These normalized values were obtained from GEO. To collapse probe-level expression
data to single expression levels per gene, for each gene the probe with the highest median absolute
deviation (MAD) was used. The MAD for each probe 𝑝 was calculated using equation (1).
MAD(𝑝) = 𝑀(|𝑝! − 𝑀(𝑝)|)

(1)

Herein, 𝑀 is the median, 𝑝! denotes probe 𝑝's expression level in sample 𝑖, and 𝑀(𝑝) represents the
median signal of probe 𝑝.
In silico cytometry
The levels of seven types of leukocytes involved in anti-viral cellular immune response, specifically
CD8+ T cells, resting NK cells, activated NK cells, M1 macrophages, CD4+ T cells, dendritic cells and
neutrophils, were estimated in the discovery and validation lung tissue samples using a previously
described approach [31]. Specifically, the following workflow was used. First, only non-logtransformed expression values were used. Thus, where required, expression values for all samples in
the discovery and validation datasets were reverse-log2-transformed using equation 2.
𝑐 = 2"! − 1

(2)

Herein, 𝑐 denotes the calculated non-log2-transformed expression counts and 𝑐# denotes the previously
reported log2-transformed expression counts. Next, to compensate for potential technical differences
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between signatures and bulk sample gene expression values due to inter-platform variation, bulk-mode
batch correction was applied. To ensure robustness, deconvolution was statistically analyzed using 100
permutations. Pearson correlation coefficients R, root mean squared errors (RMSA) and p values are
reported on a per-sample level in Fig. S1a-c.
Univariate statistical analyses
Log2-transformed expression levels of ACE2 in lung tissue samples were compared to the estimated
levels of seven leukocyte types or states. Pearson correlation analyses were performed to determine
Pearson correlation coefficients R and p values. P values were adjusted at a false discovery rate of 0.05
to yield q values, as previously described [46]. Straight lines represent the minimized sum of squares
of deviations of the data points with 95% confidence intervals shown. Continuous phenotypic
covariates were analyzed in the same way and, additionally, as discrete ordinal categories after binning.
Discrete and binned phenotype data were statistically evaluated using Mann-Whitney U tests. All
analyses were performed in the R computing environment (R Project for Statistical Computing, Vienna,
Austria).
Multivariate regression analysis
Multivariate analysis was performed using standard ordinary least squares regression, summarized in
equation 3.
&

(3)

𝑌 = 𝛽$ + 2(𝛽% 𝑋% ) + 𝜀
%'(

Herein, 𝛽$ denotes the intercept, while 𝛽% represents the slope of each variable 𝑋% in a model with 𝑛
variables and 𝜀 denotes the random error component. This analysis was performed using R.
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Figure 1. Baseline levels of CD8+ T cells, resting NK cells, activated NK cells and M1 macrophages
are reduced in human lung tissue with elevated ACE2 expression.
The correlations between the level of SARS-CoV-2 host cell receptor ACE2 expression (x-axis) and the
levels of indicated immune cell types (y-axes) in human lung tissue are shown. Data are from the GTEx
dataset (n=578). Regression lines and 95% confidence intervals are shown. R and p values: Pearson
correlations; q values: Benjamini-Hochberg-adjusted p values using a false discovery rate of 0.05.
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Figure 2. Baseline levels of CD8+ T cells, resting NK cells and activated NK cells are reduced in
human lung tissue with elevated ACE2 expression in an independent dataset.
Correlations between ACE2 expression (x-axis) and the levels indicated immune cell types (y-axes) in
human lung tissue are shown as in Figure 1. Data are from the LUG dataset (n=1,349). R and p values:
Pearson correlations.
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Table 1. Multivariate analysis of ACE2 expression in human lung tissue
b value

S.E.

t value

p value

CD8+ T cells

-2.719

0.584

-4.656

4.02e-06

****

NK cells resting

-3.128

0.583

-5.366

1.18e-07

****

NK cells activated

-2.281

0.704

-3.241

0.0013

**

M1 macrophages

-4.963

1.339

-3.707

0.0002

***

CD4+ T cells

0.453

0.513

0.882

0.3781

Dendritic cells

-12.793

6.688

-1.913

0.0563

Neutrophils

-0.398

0.469

-0.848

0.3971

Sex = male (vs. female)

0.065

0.056

1.16

0.2466

Age

0.004

0.002

1.799

0.0726

BMI

-0.004

0.006

-0.556

0.5787

Race = Caucasian (vs. non-Caucasian)

-0.096

0.073

-1.313

0.1899

Smoking status = yes (vs. no)

-0.025

0.058

-0.433

0.6650

Variable

Abbreviations: S.E., Standard Error.
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Figure S1. In silico cytometry statistics.
Per-sample statistics of in silico cytometry on human lung tissues are shown for the GTEx (n=578) and
LUG (n=1,349) datasets. (a) Pearson correlation coefficients R. (b) Root mean square errors (RMSE). (c)
p values. P values < 2.2´10-16 were processed as equal to 2.2´10-16.
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Figure S2. Univariate analyses of phenotypic covariates included in multivariate analysis.
Univariate analyses of five covariates that were included in multivariate analysis of ACE2 expression
in human lung tissue using the GTEx dataset (Table 1). (a) Sex. (b) Age, (c) Race. (d, e) Body mass index.
(f-j) Smoking behavior, referring to smoking status (smoker/non-smoker) (f), number of units smoked
during the smoke period (g, h) and number of years smoked (i, j). P values in categorical analyses:
Mann-Whitney U tests. R and p values in continuous analyses: Pearson correlations. P values in panels
h and j are only shown if p < 0.05. Samples sizes are shown on the x-axes.
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Table S1. Phenotypic characteristics of GTEx lung tissue donors
Number of
Feature

individuals (%)

Median (range)

Sex
Female

183 (31.7)

Male

395 (68.3)

<40

73 (12.6)

40-49

93 (16.1)

50-59

200 (34.6)

60-69

190 (32.9)

>69

22 (3.8)

Age
56 (21 - 70)

Body mass index
<25

155 (26.8)

25-30

246 (42.6)

>30

177 (30.6)

Caucasian

493 (85.9)

Black/African American

70 (12.2)

Asian

10 (1.7)

American Indian/Alaska Native

1 (0.2)

27.7 (17.0 - 35.4)

Race

Smoking status
Non-smoker

180 (32.0)

Smoker

382 (68.0)
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