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A B S T R A C T   

Repurposing of approved antiviral drugs against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
is a promising strategy to treat Coronavirus disease 2019 (COVID-19) patients. Previously we reported our hy-
pothesis that the antiviral drugs with high lung distributions might benefit COVID-19 patients by reducing viral 
loads. So far, chloroquine, lopinavir, hydroxychloroquine, azithromycin, favipiravir, ribavirin, darunavir, 
remdesivir, and umifenovir have been tested in COVID-19 clinical trials. Here we validated our hypothesis by 
comparing the pharmacokinetics profiles of these drugs and their capabilities of reducing viral load in clinical 
trials. According to bulk RNA and single cell RNA sequencing analysis, we found that high expression of both 
angiotensin converting enzyme 2 (ACE2) and transmembrane Serine Protease 2 (TMPRSS2) makes the lung and 
intestine vulnerable to SARS-CoV-2. Hydroxychloroquine, chloroquine, and favipiravir, which were highly 
distributed to the lung, were reported to reduce viral loads in respiratory tract of COVID-19 patients. Conversely, 
drugs with poor lung distributions, including lopinavir/ritonavir, umifenovir and remdesivir, were insufficient to 
inhibit viral replication. Lopinavir/ritonavir might inhibit SARS-CoV-2 in the GI tract according to their distri-
bution profiles. We concluded here that the antiviral drugs should be distributed straight to the lung tissue for 
reducing viral loads in respiratory tract of COVID-19 patients. Additionally, to better evaluate antiviral effects of 
drugs that target the intestine, the stool samples should also be collected for viral RNA test in the future.   

1. Introduction 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
causes Coronavirus disease 2019 (COVID-19) and killed more than 
881,000 patients (as of Sep 7, 2020, World Health Organization, WHO). 
Previously we reported our hypothesis that the high distributions of 
antiviral drugs in the lung is a key factor that results in reducing viral 
loads in COVID-19 patients (Wang and Chen, 2020). We speculated that 
the disappointing clinical outcome of lopinavir might result from its low 
lung tissue distribution, whereas the high concentration of chloroquine 
in the lung might help to promote viral clearance in COVID-19 patients 
(Wang and Chen, 2020). So far, many antiviral drugs, including 
hydroxychloroquine, azithromycin, favipiravir, ribavirin, darunavir, 
umifenovir and remdesivir, have been tested in COVID-19 clinical trials 
and the results have been released. Here we validated our hypothesis by 
comparing the pharmacokinetics profiles of these drugs and their 

capabilities of reducing viral loads in clinical trials. 

2. Materials and methods 

2.1. Viral receptors expression landscape profile 

Bulk RNA-seq data of mouse tissues are presented as mean ± S.E.M. 
(n = 4 biological replicates per tissue). The data was downloaded from 
public database National Center for Biotechnology Information (NCBI, 
Source: PRJNA375882 (Yan et al., 2017)). Bulk RNA-seq data of human 
tissues was downloaded from THE HUMAN PROTEIN ATLAS (Uhlen 
et al., 2015), available from https://www.proteinatlas.org. SI: Small 
intestine; LI: Large intestine (colon); NX: Normalized eXpression; pTPM: 
protein-coding transcripts per million. 
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2.2. Single-cell sequencing analysis 

The single-cell RNA-Seq (scRNA-seq) data of human lung (Ziegler 
et al., 2020) and ileum (Ziegler et al., 2020) are visualized by Single Cell 
Portal - Broad Institute, available from https://singlecell.broadinstitute. 
org. The scRNA-seq data of human kidney (Liao et al., 2020) 
(GSE131685) was downloaded from the public Gene Expression 
Omnibus (GEO) database and re-analyzed and visualized by Seurat 
(Butler et al., 2018; Stuart et al., 2019). 

2.3. Tissue/plasma ratio calculation 

The tissue drug mean concentrations and the plasma drug mean 
concentrations were compiled from publications. The tissue drug area- 
under-curve (AUC) and the plasma drug AUC were compiled from 
publications. The tissue/plasma ratio was determined by dividing the 
tissue concentrations or AUC of drugs by the plasma concentrations or 
AUC of drugs. 

3. Results 

3.1. High expression of viral receptor makes tissues vulnerable to SARS- 
CoV-2 

Angiotensin converting enzyme 2 (ACE2) is required for SARS-CoV- 
2 cell entry. The spike protein (S protein) of SARS-CoV-2 directly binds 
to ACE2 and is primed by transmembrane Serine Protease 2 (TMPRSS2), 
therefore allowing the fusion of viral membrane with the plasma 
membrane (Hoffmann et al., 2020). Additionally, SARS-CoV-2 was re-
ported to enter cell through endocytosis pathway where the endosomal 
cysteine protease cathepsin L (CTSL) primes S protein to make the 
membrane fusion (Hoffmann et al., 2020). In this way, tissues that 
highly co-express ACE2, TMPRSS2 or CTLS are more likely to be 
attacked by SARS-CoV-2. We re-analyzed mouse and human bulk 
RNA-seq data and found these genes are highly expressed in the lung, 
kidney and intestine, indicating that these tissues are vulnerable for 
SARS-CoV-2 (Fig. 1A and B). Consistently, COVID-19 patients exhibit 
cough symptoms and abnormal lung findings on CT, as well as the high 
viral loads in their bronchoalveolar lavage fluid samples (Liu et al., 
2020). Therefore, the lung is believed to be a major target tissue of 
SARS-CoV-2. Diarrhea is another reported COVID-19 symptom, and the 
SARS-CoV-2 was also detected in the stools of COVID-19 patients 
(Hindson, 2020). It indicates that the intestine is another target tissue of 
SARS-CoV-2. 

Considering the decent expression level of ACE2 and TMPRSS2 in the 
kidney, we would think that SARS-CoV-2 should also attack the kidney. 
However, kidney involvement is not frequent in COVID-19. In most 
cases, SARS-CoV-2 was not observed in urine samples of COVID-19 pa-
tients, and only 0.5%–9% COVID-19 patients had the acute kidney 
injury (Lescure et al., 2020). We then re-analyzed the public single cell 
RNA-seq data to visualize the distribution of ACE2+TMPRSS2+ and 
ACE2+CTSL+ cells in the human lung, intestine (ileum) and kidney. 
ACE2+TMPRSS2+ cells were widely distributed in type II pneumocyte 
(AT2) cells of lung (Fig 1C, top panel) and ileum (Fig. 1C, middle panel), 
as reported by others. Conversely, massive ACE2+CTSL+ cells but not 
ACE2+TMPRSS2+ were observed in the kidney (Fig. 1C, bottom panel), 
indicating that if SARS-CoV-2 indeed enters kidney, the virus is more 
likely to use CTSL for S protein priming. The CTSL-mediated priming 
was reported to make coronaviruses less transmissible and toxic (Shirato 
et al., 2017, 2018), which might partially explain why the kidney 
damage is barely observed in the COVID-19 patients. Another possible 
reason is that lung and intestine could be exposed to SARS-CoV-2 
directly, and SARS-CoV-2 might be difficult to reach kidney, as in the 
most cases, the plasma virus was undetectable (Wolfel et al., 2020). This 
makes kidney reduce potential exposures to SARS-CoV-2. Taken 
together, the relatively direct exposure and high expression of both 

ACE2 and TMPRSS2 make lung and intestine vulnerable to SARS-CoV-2, 
suggesting that the antiviral drugs should accumulate in lung and in-
testine tissues to reduce viral loads. 

3.2. Distribution of antiviral drugs in susceptible tissues impacts on their 
capabilities of reducing viral loads 

Currently, many antiviral drugs have been tested in COVID-19 clin-
ical trials and their clinical outcomes have been reported. Here we 
compiled the AUC or mean concentrations of these antiviral drugs in 
different tissues from various animal studies and calculated tissue/ 
plasma ratio. We then ranked these ratios and identified the major dis-
tribution tissues of these antiviral drugs (Table 1). 

Given that SARS-CoV-2 mainly attacks the lung and intestine, the 
antiviral drugs might be more effective if they could be distributed 
straight to the lung and intestine tissues. How potent the drugs are in 
vitro and how the drugs work might also impact on their capabilities of 
reducing viral loads in COVID-19 patients, therefore we included cell- 
based antiviral EC50 results as well as mechanism of action (MOA) of 
antiviral drugs for our discussion (Table 2). 

Lung is one of the major distribution tissues for chloroquine (Ono 
et al., 2003), hydroxychloroquine (Wei et al., 1995), favipiravir (Gowen 
et al., 2015), ritonavir (Denissen et al., 1997) and umifenovir (Liu et al., 
2013). Chloroquine showed strong inhibitory effects on SARS-CoV-2 
replication in vitro (Wang et al., 2020a) and was the first reported 
drug that can reduce viral loads and benefit COVID-19 patients (Wang 
et al., 2020a). Hydroxychloroquine, the analog of chloroquine, inhibited 
this coronavirus in vitro with EC50 at 4.51 μM (Wang et al., 2020a), and 
significantly reduced viral loads in clinical trials (Gautret et al., 2020). 
Favipiravir, a mild RdRp inhibitor of SARS-CoV-2 (Wang et al., 2020a), 
was reported to accelerate viral clearance in an open-label control study 
(Cai et al., 2020). Ritonavir was highly distributed to lung (Denissen 
et al., 1997), but it did not show anti-SARS-CoV-2 activity in vitro (Choy 
et al., 2020). Therefore, it is not surprising that ritonavir failed to pro-
mote viral clearance in the clinical trial. Umifenovir acts as a potent viral 
inhibitor in vitro with EC50 at 4.11 μM (Choy et al., 2020), and the lung is 
one of its major distribution organs (Liu et al., 2013), but still failed to 
reduce viral loads in the clinical trial (Choy et al., 2020). We speculated 
that although the drug distribution of umifenovir in lung is relatively 
high, its absolute concentration in lung is not adequate to clear the virus. 
Only 0.833 μg/g of umifenovir was detected in lung after 54 mg/kg P.O. 
in rats (Liu et al., 2013), whereas 13.439 μg/g of hydroxychloroquine 
was probed in lung after 30 mg/kg P.O. in rats (Wei et al., 1995). 

Both azithromycin combo (with hydroxychloroquine) (Gautret et al., 
2020) and ribavirin combo (with lopinavir/ritonavir and interferon) 
(Hung et al., 2020) were reported to benefit COVID-19 patients by 
reducing viral loads. However, whether these two drugs can help to kill 
virus alone requires further validation. Lopinavir/ritonavir (LPV/r), the 
drug combination for HIV treatment, significantly reduced SARS-CoV 
viral loads in the patients with SARS 17 years ago (Stockman et al., 
2006). Currently, lopinavir showed a mild inhibitory effect on 
SARS-CoV-2 replication in vitro with EC50 at 26.1 μM (Choy et al., 2020) 
but LPV/r failed to promote viral clearance in the COVID-19 patients 
(Cao et al., 2020). Lopinavir was not mainly distributed to the lung and 
its concentration in lung is only 1.18 μg equiv/ml (Kumar et al., 2004). 
On the other hand, the concentration of ritonavir in lung is high 
(Denissen et al., 1997). But ritonavir is an inhibitor of P450 3A4, which 
is not active in the antiviral screening (Choy et al., 2020). Considering 
that viral loads of SARS-CoV-2 might be much higher than viral loads of 
SARS-CoV in lung, the low concentration of lopinavir in lung limited its 
capability of reducing viral loads in the respiratory tract of COVID-19 
patients (Wang and Chen, 2020). Intestine is another susceptible tis-
sue of SARS-CoV-2, and the viral RNA has been detected in the stools 
(Wolfel et al., 2020). Lopinavir is mainly distributed to gastrointestinal 
tract (GI tract), including small intestine, large intestine and stomach 
(Kumar et al., 2004). In this context, lopinavir might reduce viral loads 
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Fig. 1. RNA-seq analysis reveals transcript levels of ACE2, TMPRSS2 and CTSL genes in lung, intestine and kidney tissues. (A) Bulk RNA-seq data of mouse 
tissues are presented as mean ± S.E.M. (n = 4 biological replicates per tissue). Data source: PRJNA375882 (Yan et al., 2017). (B) Bulk RNA-seq data of human tissues. 
Data Sources: THE HUMAN PROTEIN ATLAS (Uhlen et al., 2015), available from https://www.proteinatlas.org. SI: Small intestine; LI: Large intestine (colon); NX: 
Normalized eXpression; pTPM: protein-coding transcripts per million. (C) The scRNA-seq data of human lung (Ziegler et al., 2020) and ileum (Ziegler et al., 2020) are 
visualized by Single Cell Portal - Broad Institute, available from https://singlecell.broadinstitute.org. The scRNA-seq data of human kidney (Liao et al., 2020) 
(GSE131685) are re-analyzed and visualized by Seurat (Butler et al., 2018; Stuart et al., 2019). 
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in GI tract rather than respiratory tract. 
Currently, remdesivir showed the most potent inhibitory effect on 

SARS-CoV-2 replication in vitro with EC50 at 0.11–0.77 μM (De Meyer 
et al., 2020; Wang et al., 2020a). Notably, as compared with placebo, 
remdesivir did not accelerate the viral clearance in the COVID-19 pa-
tients (Wang et al., 2020b). Because of the poor distribution profiles in 
the lung, it was believed that remdesivir and its active metabolites might 
not be adequate to inhibit SARS-CoV-2 in the lung (Sun, 2020). 

4. Discussion 

We conclude here that the antiviral drugs should be distributed 
straight to or accumulate in the lung for reducing viral loads in respi-
ratory tract of COVID-19 patients. Some antiviral drugs, like LPV/r, 
might inhibit SARS-CoV-2 in the GI tract according to their distribution 
profiles. However, most of samples for viral RNA test were collected 
from nasopharyngeal swabs and oropharyngeal saliva in the clinical 
trials. To better evaluate antiviral drugs that target GI tract, the stool 
samples should also be collected for viral RNA test in the future. 
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Table 2 
Summary of Antiviral activities of antiviral drugs in COVID-19 treatment.  

Antiviral Drugs MOA EC50 [μM] Major distribution organs Does drug reduce viral loads in COVID-19 patients 

Azithromycin Block endocytosis 2.12 Intestine, Heart, Kidney Reduced viral loads in nasopharyngeal swabs with hydroxychloroquines 
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