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Abstract  

The interferon response is a potent antiviral defense mechanism, but its effectiveness depends on its 

timing relative to viral replication. Here, we report viral replication and host response kinetics in patients 

at the start of SARS-CoV-2 infection and explore the impact of these kinetics experimentally. In both 

longitudinal patient nasopharyngeal samples and airway epithelial organoids, we found that SARS-

CoV-2 initially replicated exponentially with a doubling time of ~6hr, and induced interferon stimulated 

genes (ISGs) with delayed timing relative to viral replication. Prior exposure to rhinovirus increased ISG 

levels and blocked SARS-CoV-2 replication. Conversely, inhibiting ISG induction abrogated 

interference by rhinovirus and enhanced SARS-CoV-2 replication rate. These results demonstrate the 

importance of initial interferon-mediated defenses in determining the extent to which SARS-CoV-2 can 

replicate at the start of infection and indicate that biological variables that alter the airway interferon 

response, including heterologous induction of innate immunity by other viruses, could profoundly impact 

SARS-CoV-2 susceptibility and transmission. 
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Introduction 1 

The novel coronavirus SARS-CoV-2 emerged in late 2019 and has led to a global pandemic, causing 2 

over 98M infections and 2.1M deaths at the time of this writing (Dong, 2020). This huge impact has 3 

motivated efforts to understand the host immune response to this virus, both to better predict patient 4 

outcomes and to design interventions.  For an emerging viral infection such as SARS-CoV-2, innate 5 

immune responses can be particularly important in host protection, as these responses do not require 6 

prior exposure to effectively defend against a pathogen. Studies based on patient samples indicate that 7 

dysregulation of innate immune responses late in infection drives immunopathology in severe COVID-8 

19 (Galani et al., 2021; Lee and Shin, 2020; Lucas et al., 2020), but there are relatively few reports 9 

describing host responses to SARS-CoV-2 in patients at the start of infection, when innate immune 10 

mechanisms are most likely to contribute to host defense. 11 

 12 

SARS-CoV-2 enters the body and first replicates in the upper respiratory tract, achieving the highest 13 

viral load in the first few days following infection (Wolfel et al., 2020; Zou et al., 2020).  High viral load in 14 

the nasopharynx correlates strongly with transmissibility in contact tracing studies, and significant viral 15 

replication following exposure is likely a prerequisite, although certainly not the only factor, for COVID-16 

19 disease progression (Cevik, 2020; He et al., 2020). A likely candidate for controlling the infection at 17 

the earliest stages is the mucosal interferon response. This defense mechanism is initiated when 18 

pattern recognition receptors within epithelial cells and immune cells sense general features shared by 19 

many viruses, such as common structural features of viral RNA. This recognition event triggers 20 

expression of type I and type III interferons (IFNs) and interferon-stimulated genes (ISGs). Secreted 21 

interferons, in turn, bind to cell surface receptors on nearby cells, amplifying ISG expression and 22 

creating an antiviral state in the mucosal barrier. Many ISGs encode effectors which directly block viral 23 

replication within virus target cells, whereas others encode cytokines which recruit and activate cells of 24 

the immune system (Odendall and Kagan, 2015; Schneider et al., 2014).  25 

 26 
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Recent evidence supports a protective role for the interferon response in COVID-19, although there is 27 

also evidence that the virus antagonizes this response.  Recombinant interferon blocks SARS-CoV-2 28 

replication in vitro, and genetic deficiencies in the Type I interferon response as well as anti-interferon 29 

autoantibodies have been linked to greater COVID-19 disease severity (Bastard et al., 2020; 30 

Lokugamage et al., 2020; Pairo-Castineira et al., 2020; Vanderheiden et al., 2020; Zhang et al., 2020). 31 

Furthermore, early data from trials of recombinant Type I or Type III interferon for COVID-19 indicate a 32 

therapeutic benefit, particularly when patients are treated early in disease(Feld, 2020; Monk, 2020; 33 

Wang, 2020).   However, during initial infection of the upper respiratory tract, the kinetics of ISG 34 

induction by SARS-CoV-2 are not clear. ISG expression in SARS-CoV-2 infected epithelia can be 35 

observed in vitro and in patients, but there is also strong evidence that SARS-CoV-2 antagonizes the 36 

interferon response, which likely affects the magnitude and timing of this response (Banerjee et al., 37 

2020; Blanco-Melo et al., 2020; Konno et al., 2020; Martin-Sancho et al., 2020; Ravindra et al., 2020; 38 

Xia et al., 2020; Zhou et al., 2020).  Since a major beneficial function of ISGs is preventing viral 39 

replication, the kinetics of the interferon response early in infection are likely to determine its protective 40 

impact, and host and environmental factors which modulate the timing of this response may be key 41 

determinants of whether the virus can amplify to a high viral load following  infection. 42 

 43 

One factor that can potentially modulate antiviral defenses in the airway epithelium is induction of the 44 

ISGs by other viruses, and such effects may be particularly important in limiting viruses which 45 

successfully block autologous interferon induction.  Rhinovirus, the most frequent cause of the common 46 

cold, is frequently detected in the human upper respiratory tract in the presence and absence of 47 

symptoms, and both symptomatic and asymptomatic infections can induce ISG expression in the upper 48 

respiratory tract mucosa(Landry and Foxman, 2018; Wolsk et al., 2016; Yu et al., 2019). Therefore, 49 

rhinovirus is an example of a common environmental factor which could potentially alter the kinetics of 50 

ISG expression at the initial target site of SARS-CoV-2 infection, the airway epithelium. 51 

 52 
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Here, we studied the initial host response to SARS-CoV-2 infection and its relationship to viral 53 

replication, including modulation by rhinovirus infection.  Due to SARS-CoV-2 screening and testing 54 

practices at our hospital at the start of the pandemic in March 2020, we were able to obtain 55 

nasopharyngeal swab samples from patients at different time points post-infection, including serial 56 

samples collected close to the start of infection in asymptomatic subjects.  Using transcriptomic and 57 

biomarker-based analysis of these samples, we observed robust ISG induction in the airway mucosa in 58 

response to SARS-CoV-2, but a delay between viral replication and ISG induction.  Using an organoid 59 

infection model, we modulated the kinetics of ISG induction. We found that enhancing ISG expression 60 

by prior exposure to a rhinovirus profoundly inhibited SARS-CoV-2 replication. Blocking ISG induction 61 

completely rescued the effects of interference by rhinovirus, and increased replication rate of SARS-62 

CoV-2 in a low MOI infection.  These results show the importance of interferon-mediated defenses in 63 

restricting SARS-CoV-2 replication at the start of infection and provide an example of how ISG 64 

induction by a different virus could impact susceptibility to SARS-CoV-2 infection. 65 

 66 

Results 67 

Nasopharyngeal host response to SARS-CoV-2 infection identified by RNA-Seq 68 

The host response to SARS-CoV-2 in the upper respiratory tract and its relationship to viral replication 69 

are not well-defined.  To characterize host responses during SARS-CoV-2 infection in vivo,  70 

 we performed RNA-Seq on nasopharyngeal (NP) swab RNA from SARS-CoV-2-positive patients (n=30) 71 

and SARS-CoV-2-negative healthcare worker controls (n=8). Patients included outpatients and patients 72 

admitted to the hospital of both sexes, who ranged in age from 20s to 90s, with the majority above 60 73 

years of age (Fig S1A-D). Samples varied in viral load over >5 orders of magnitude as assessed by RT-74 

qPCR for the SARS-CoV-2 N1 gene or by read mapping of NP RNA to the SARS-CoV-2 genome, with a 75 

strong correlation seen between PCR Ct value for the SARS-CoV-2 N1 gene and viral RNA reads by 76 

RNA-Seq (r2=0.8380, p<0.0001; Fig S1E). 77 

 78 
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Of reads mapping to the human genome, 1770 RNAs differed significantly between SARS-CoV-2+ 79 

patients and control subjects (Fig 1A). These included 1567 protein-coding genes, of which 1245 (79.4%) 80 

were enriched and 322 reduced in patients relative to controls.  The most significantly enriched genes in 81 

the nasopharynx of SARS-CoV-2 patients were known interferon stimulated genes (ISGs), including three 82 

NP ISG transcripts previously shown by our group to accurately identify patients with viral respiratory 83 

infection, OASL, IFIT2, and CXCL10 (Fig 1A)(Landry and Foxman, 2018). Analysis of ingenuity pathways 84 

and transcription factor binding sites associated with enriched transcripts demonstrated activation of 85 

multiple pathways related to ISG induction in SARS-CoV-2 patients compared to controls, as well as 86 

other pathways linked to innate immunity, leukocyte recruitment, and initiation of mucosal inflammatory 87 

responses (Fig 1B-D).  88 

 89 

Examination of gene expression across patient samples revealed several patterns (Fig 1E-G). First, the 90 

45 most significantly enriched genes were all interferon stimulated genes, according to the Interferome 91 

database (Rusinova et al., 2013). ISGs appeared to be co-regulated within individual patients, i.e. 92 

patients with high expression of one ISG tended to have high expression of other ISGs (Fig 1E). This 93 

was also demonstrated by analysis of the correlation between reads for different ISGs across samples 94 

(Fig 1F). Second, ISG expression appeared to be loosely correlated with viral load, with those patients 95 

with the highest viral load (Fig 1E, left) tending to have higher ISG expression than those with the lowest 96 

viral loads (Fig 1E, right). However, while all SARS-CoV-2+ samples showed enrichment of ISG 97 

expression compared to controls, direct comparison of DEGs in patient groups with distinct clinical 98 

characteristics (sex, age, or outpatient/admitted status)  showed no significant differences in ISG 99 

expression. 100 

 101 

Next, we measured the level of CXCL10 protein in the NP-swab associated viral transport medium using 102 

ELISA. We previously showed that NP CXCL10 is detected in the viral transport medium during other 103 

acute viral respiratory infections and correlates with expression of ISGs at the mRNA level (Landry and 104 
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Foxman, 2018). Consistently, we observed a significant positive correlation between NP CXCL10 protein 105 

level with the NP mRNA level of Cxcl10 in SARS-CoV-2+ patient NP samples (Fig 1E, G). Together, 106 

these results indicated that across subjects with diverse clinical presentations, SARS-CoV-2 induced a 107 

robust interferon response in the nasopharynx and that the NP CXCL10 protein level correlated with ISG 108 

expression at the RNA level.  109 

 110 

Relationship between SARS-CoV-2 viral load and NP host response in vivo  111 

Next, we sought to examine the host response during SARS-CoV-2 infection in a larger set of samples 112 

from patients evaluated in our healthcare system in March and April of 2020 (n=140) (Fig 2 and Fig S2A, 113 

B), to gain further insight into the relationship between viral replication, disease status, and host response 114 

to infection. Based on our previous studies and our finding that NP CXCL10 protein level correlated with 115 

ISG expression in SARS-CoV-2 positive samples (Fig 1), we used NP CXCL10 as an indicator of the 116 

nasopharyngeal antiviral response. First, we examined NP CXCL10 level in SARS-CoV-2+ individuals 117 

who were tested as outpatients and not admitted to the hospital, compared to those who were admitted.  118 

Notably, we observed significantly higher NP CXCL10 levels in outpatients compared to admitted patients 119 

(Fig 2A, p=0.0019). To understand the reason for this, we first examined patient age, since as a group, 120 

admitted patients were significantly older than outpatients (16 years older on average, Fig S2C). 121 

However, there was no correlation between age and CXCL10 level (Fig S2D).  Next, we examined viral 122 

load. We were initially surprised to find that admitted patients had significantly lower viral loads than 123 

outpatients (Fig 2B). This suggested that the main factor driving CXCL10 level was viral load. Supporting 124 

this idea, correlation analysis showed a significant positive correlation between NP CXCL10 level and 125 

viral load by RT-qPCR (for all patients, r2=0.2030, p<0.0001, Fig 2C). This correlation was also seen in 126 

separate analyses of outpatients and admitted patients, with but no significant difference in the slope of 127 

the CXCL10 vs viral load correlation between these groups, although there was a trend towards a higher 128 

slope in outpatients (Fig 2C). We also observed no significant relationship between sex and NP CXCL10 129 

or sex and viral load in this sample set (Fig S2 E,F). 130 
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Prior work on SARS-CoV-2 has shown that the nasopharyngeal viral load is highest in the first few days 131 

of infection, and that the more severe symptoms of COVID-19 requiring hospitalization occur in the 132 

second or third week of infection(Cevik, 2020). Therefore, we hypothesized that admitted patients may 133 

have shown lower viral loads at the time of testing than outpatients because they presented later in 134 

infection, after peak viral replication in the nasopharynx. Consistently, outpatients tended to report fewer 135 

days of symptoms prior to testing compared to admitted patients, although this information was only 136 

available for a subset of patients (about one-third, n=44; Fig 2D). 137 

 138 

Viral load and nasopharyngeal CXCL10 patterns in vivo over time 139 

To further evaluate the relationship between viral replication and the innate antiviral response in the  140 

nasopharynx, we examined viral load and NP CXCL10 data in longitudinal samples. First, we examined 141 

viral load from 29 inpatients from March 12 and April 30, 2020 for whom we had at ≥8 sequential tests 142 

results for SARS-CoV-2 with at least the first sample tested using the CDC assay (our clinical laboratory 143 

also had other testing platforms) (Fig 3, Table S1).  At this time, most serial testing was aimed at patient 144 

clearance for discharge. Consistently, the majority of patients (15/29) showed low viral loads (Ct N1>21) 145 

which remained low throughout the time course. Another common pattern was high viral load in the first 146 

sample (Ct N1<20) followed by a decline in viral load over time, similar to patterns reported in the literature 147 

for patients who presented close to the start of symptomatic illness (7/29 patients, Fig 3A). These patients 148 

showed high CXCL10 level in the sample with peak viral load and a decline in NP CXCL10 after the viral 149 

load had decreased (Fig 3B). One patient had a consistently high NP viral loads for 20 days and did not 150 

survive (not shown). Finally, a third pattern was seen in a several patients (6/29), in which the first sample 151 

had a low viral load which subsequently increased to a high peak level (Ct N1<20), then decreased over 152 

time (Fig 3).  This pattern is consistent with patient presentation close to the start of infection. Two of 153 

these patients had no symptoms of SARS-CoV-2 and the virus was detected incidentally on screening 154 

during hospitalization for other reasons (Fig 3C,D, Table S1). One of these patients had an inconclusive 155 

test and a positive test on the same day, 12 hours later (first test, N1 not detected, N2 Ct 38.4, second 156 
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test N1 Ct 34.6, N2 Ct 35.4), suggesting that this might have been the first day of infection for this patient 157 

(L2, Fig 3C). The other four patients presented with acute symptoms including fever, and in some cases 158 

cough and/or shortness of breath. NP CXCL10 in these patients was undetectable or low in the first 159 

positive sample with low viral load, then rose with viral RNA, and then subsequently declined as viral load 160 

declined. Together, the longitudinal data show a correlation with NP CXCL10 and viral load in individual 161 

patients over time, similar to what we observed across 140 patients tested at a single time point (Fig. 2). 162 

Notably, for patient L2, the only patient for whom three samples were available prior to peak viral load, 163 

there appeared to be a delay between CXCL10 production relative to viral replication during the first few 164 

days of infection, suggesting that initially viral replication outpaced the host innate immune response in 165 

the nasopharynx. 166 

 167 

SARS-CoV-2 replication kinetics and ISG response early in infection  168 

To further evaluate the kinetics of SARS-CoV-2 replication and host response, we performed a time 169 

course of SARS-CoV-2 infection using primary human airway epithelial cells grown at air-liquid interface, 170 

which differentiate into organoids with beating cilia and mucus production, recapitulating the airway 171 

mucosal surface in vivo. Cultures were inoculated with SARS-CoV-2 on the apical surface, washed after 172 

1 hr, then incubated at 35°C to simulate the temperature of the upper respiratory tract and conducting 173 

airways. Cultures were collected for RNA isolation and RT-qPCR at 1 hr (post-inoculation time point), 174 

24hr, 48hr, 72hr, and 96hr and basolateral media was collected for CXCL10 ELISA. Reminiscent of what 175 

we observed during SARS-CoV-2 infection in vivo (Fig 3D-I), viral load increased rapidly for the first three 176 

days of infection, then plateaued between 72-96 hr (Fig 4A).  ISGs were also induced, with ISG mRNA 177 

levels and CXCL10 protein level in the basolateral medium increasing markedly from 72 to 96 hr (Fig 4B-178 

F).  Notably, a very high level of CXCL10 protein was produced by infected epithelia (~4ng/ml by 96 hr), 179 

consistent with the strong NP CXCL10 signal observed in the nasopharynx in vivo. 180 

 181 

 182 
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Doubling time of SARS-CoV-2 in vitro and in vivo 183 

Viral replication in organoid cultures appeared to follow an exponential curve for the first 72hr of infection. 184 

Therefore, we used curve-fitting to exponential growth to estimate the doubling time, which was 5.858 hr 185 

(95% C.I. of 4.85-7.357 hr., based on 20 y-values, 5 per time point; Fig 4G). For patient L2, viral load 186 

data from first three SARS-CoV-2+ time points also appeared to follow exponential growth, therefore we 187 

used the same method to estimate the SARS-CoV-2 doubling time in vivo from this data, which was 188 

6.454 hr (95% C.I. 4.261-13.30 hr based on 3 y-values, Fig 4H).  For all other patients from whom viral 189 

load increased in serial samples (Fig 3), we had only one sample prior to peak viral load. We asked what 190 

the doubling times for SARS-CoV-2 would be in these samples if we assumed exponential replication 191 

between the first and peak viral RNA values. The calculated doubling times across patients ranged from 192 

3.048-6.509 hr for samples less than or equal to 5 days apart. For the two patients with a larger sampling 193 

interval (L44, L12), calculated doubling times were 9.455 and 12.58 hr, although these calculations would 194 

be expected to overestimate doubling time if the second sample was taken after viral replication had 195 

plateaued or begun to decline. Together, the in vitro and in vivo results indicate that SARS-CoV-2 196 

replicates exponentially during the first few days post-infection prior to the peak host anti-viral response, 197 

with an average doubling time of approximately 6 hr. 198 

 199 

Effect of prior rhinovirus infection on ISG induction and SARS-CoV-2 replication 200 

One of the many physiological exposures that could potentially alter the local innate immune response 201 

to SARS-CoV-2 in the upper airway mucosa is recent infection by other viruses. To model this situation, 202 

we used organoid culture to examine the effects of prior exposure to rhinovirus, the most frequently 203 

detected virus in the human upper respiratory tract, on subsequent SARS-CoV-2 infection (Fig 5A). 204 

Based on previous studies, we expected that rhinovirus might curtail infection by inducing an epithelial 205 

antiviral response, but also could potentially promote infection by increasing expression of SARS-CoV-2 206 

entry receptors (Wu et al., 2020; Ziegler et al., 2020). Similar to previous observations, rhinovirus infection 207 

(HRV-01A, MOI ~0.05) led to robust induction of interferon stimulated genes by day 3 post-infection (Fig 208 
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5B).  We then evaluated whether rhinovirus infection altered the expression of ACE2, the SARS-CoV-2 209 

entry receptor. ACE2 was originally reported to be an ISG, but a subsequent study reported that full-210 

length ACE2, which functions as an entry receptor, is not an ISG, and that a truncated form, dACE2, is 211 

an ISG but is not a functional SARS-CoV-2 entry receptor (Onabajo et al., 2020; Ziegler et al., 2020).  212 

Consistent with this finding, we observed that dACE-2 was significantly induced by rhinovirus infection 213 

(~14-fold) and that, as expected for an ISG, induction was prevented by blocking activation of IRF3, a 214 

transcription factor downstream of viral RNA sensors, using the inhibitor BX795 (Clark et al., 2009). In 215 

contrast, full-length ACE2 expression was slightly but significantly increased by rhinovirus infection(~2-216 

fold) and this change was not abrogated by BX795, suggesting a different mechanism of induction (Fig 217 

S3.) Rhinovirus infection had no effect on expression of TMPRSS2 (not shown). 218 

 219 

Next, we evaluated SARS-CoV-2 replication and ISG induction following infection of airway epithelial 220 

organoids, with or without prior rhinovirus infection. SARS-CoV-2 viral load increased exponentially in 221 

infected cultures without prior RV infection, as observed previously (Fig 4), but showed essentially no 222 

increase when cultures had been exposed to rhinovirus 3 days prior (Fig 5C). Evaluation of ISG 223 

expression over the course of infection showed that at early time points of SARS-CoV-2 infection (24, 48 224 

hr, and sometimes 72hr), ISGs were significantly more highly expressed in RV-preinfected cultures that 225 

in cultures infected with SARS-CoV-2 without prior RV exposure (Fig 5D). This included several ISGs 226 

which have been previously reported to limit coronavirus replication or for which polymorphisms are 227 

linked to disease severity of SARS-CoV or SARS-CoV-2, including ISG15, BST2 (tetherin), and LY6E, 228 

and OAS1-3 (Hamano et al., 2005; He et al., 2006; Ma et al., 2014; Martin-Sancho et al., 2020; Pairo-229 

Castineira et al., 2020; Pfaender et al., 2020; Taylor et al., 2015) (Fig 5D). Non-linear regression analysis 230 

was consistent with exponential replication of SARS-CoV-2 from 24-72 hr post infection in mock-231 

pretreated cultures, in contrast to rhinovirus pre-infected cultures which supported essentially no 232 

replication (Fig 5E).   233 

 234 
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To better understand the timing and breadth of the epithelial host response to rhinovirus that appeared 235 

to limit SARS-CoV-2 replication, we evaluated ISG expression over time for five days post rhinovirus 236 

infection and examined ISG expression and viral infection at the single cell level.  Time course analysis 237 

showed that following inoculation, rhinovirus replicated robustly, peaking at 24 hr post-infection, and then 238 

declined significantly but was still detectable by RT-qPCR at day 5, a time point corresponding to 48 hr 239 

post SARS-CoV-2 infection in the sequential infection experiment (FigS4A). ISG expression increased 240 

and decreased in parallel with viral replication but was still significantly higher than in mock-treated cells 241 

at day 5 post-rhinovirus infection(Fig S4B-E). Next, we performed single cell RNA sequencing to evaluate 242 

the host ISG response in infected and bystander cells on day 5 post rhinovirus infection. At this time 243 

point, rhinovirus viral RNA reads were detected in only 70 out of 4200 cells sequenced (Fig 5F). The 244 

infected cells were predominantly ciliated cells but included all major cell types, consistent with the HRV-245 

01A entry receptor LDL-R being ubiquitously highly expressed throughout the culture (Fig S4F,G). 246 

Although rhinovirus was only detected in a small subset of cells in infected cultures at day 5 (1.67%), 247 

ISGs were elevated in all cells compared to mock-treated cultures (Fig 5F), demonstrating that rhinovirus 248 

infection induces a robust bystander antiviral response in uninfected cells that lasts at least 5 days. 249 

 250 

Blocking ISG induction restores SARS-CoV-2 replication following rhinovirus infection 251 

Next, to test whether suppression of SARS-CoV-2 replication by rhinovirus was dependent upon the host 252 

cell interferon response, we pre-treated cells with the signaling inhibitor BX795 18hr before rhinovirus 253 

infection, which prevents interferon and ISG induction by rhinovirus(Fig 6A, B)(Clark et al., 2009; Wu et 254 

al., 2020). There was no significant difference in SARS-CoV-2 viral load in RNA isolated from organoid 255 

cultures at 72 hr for cultures with and without drug treatment,  (Fig 6B). The effect of BX795 treatment 256 

was much more  striking in the setting of sequential rhinovirus-SARS-CoV-2 infection.  As seen previously 257 

(Fig 5), prior infection with rhinovirus suppressed SARS-CoV-2 replication by >1000-fold, but replication 258 

was restored by BX795 pre-treatment (Fig 6C). These results indicate that IRF3 signaling is critical for 259 
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the inhibition of SARS-CoV-2 replication by prior rhinovirus infection, consistent with the effects of RV 260 

pre-infection on ISG induction (Fig 5). 261 

 262 

RV viral RNA was detected at much lower levels than SARS-CoV2 RNA at this time point (72hr post 263 

SARS-CoV-2 infection, 6 days post-RV infection), and showed a slight reduction during SARS-CoV-2 264 

coinfection without BX-795, but significantly higher levels during co-infection in the presence of BX-795.  265 

This result indicates that the antiviral response limits rhinovirus replication in the setting of SARS-CoV-2 266 

co-infection at this time point, and that both viruses achieve higher viral loads with inhibition of innate 267 

antiviral signaling.  In other words, in the presence of an intact antiviral response, viral load of both viruses 268 

is reduced by co-infection, but if the host response is inhibited, the viral load of both viruses is higher 269 

during co-infection. This experiment models viral co-infection in a host with an intact interferon response 270 

(both viruses decrease during co-infection), compared to a host with a deficient interferon response 271 

(equal or greater replication of both viruses during co-infection.) 272 

 273 

Blocking ISG induction enhances SARS-CoV-2 replication in a low MOI infection 274 

Next, we further probed the effect of BX-795 treatment on SARS-CoV-2 replication using a ten-fold lower 275 

MOI (MOI ~0.05), conditions under which SARS-CoV-2 would potentially be more sensitive to 276 

suppression by ISGs. Under these conditions, BX795 treatment led to a ~10-fold increase in intracellular 277 

viral load and ~300-fold increase in virus shedding into the apical wash at 72 hr post infection. A trend 278 

towards an increase (5-10x) was also seen at 96 hrs post-infection, although due to variability among 279 

replicates this difference was not statistically significant (Fig 7A, B). Based on these results, we checked 280 

the effect of BX795 on viral shedding into the apical wash in the MOI 0.5 infection (Fig 6) but in this case 281 

results were similar to those observed in organoid cultures (not shown).  Next, based on the increase in 282 

viral RNA from 1hr to 72 hr during the low MOI infection, we estimated the effect of BX795 on the SARS-283 

CoV-2 doubling time in organoid culture. Assuming exponential growth between 1hr and 72 hr, the SARS-284 

CoV-2 doubling time without BX795 was 5.127 hr (95%C.I. 3.889 to 7.518 hrs), and with BX795 was 285 
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3.578 hr (95%C.I. 3.499 to 3.661). We then examined expression of ISGs that have been shown to limit 286 

coronavirus replication and which have high basal expression in airway epithelial cultures including 287 

IFITM3, ISG15, and BST2 (tetherin), thus could be particularly important for limiting a low MOI infection.  288 

Induction of all of these ISGs was suppressed by BX795 pre-treatment (Fig 7D-F). For BST2 mRNA, 289 

blocking ISG induction with BX795 revealed a decrease in BST2 mRNA below the baseline level during 290 

SARS-CoV-2 infection,  suggesting that SARS-CoV-2 may antagonize BST2 expression at the mRNA 291 

level, in addition to other mechanisms whereby SARS-CoV-2 or SARS-CoV have been reported to 292 

antagonize BST2 at the protein level (Martin-Sancho et al., 2020; Taylor et al., 2015). The effects of 293 

BX795 on SARS-CoV-2 during low MOI infection indicate that the epithelial antiviral response induced 294 

by SARS-CoV-2 does limit viral replication, albeit to a lesser extent than interference by rhinovirus.  295 

 296 

Taken together, our results show that SARS-CoV-2 undergoes exponential replication at the start of 297 

infection and induces ISG expression in vitro and in vivo, and that conditions which alter the initial ISG 298 

expression level or rate of ISG induction, including prior infection by a different virus, can profoundly 299 

impact SARS-CoV-2 replication.   300 
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Discussion  301 

SARS-CoV-2 replication in the nasopharynx is known to peak during the first week of infection, but the 302 

biological variables governing the rate and magnitude of viral amplification are not fully understood 303 

(Cevik, 2020; He et al., 2020). Nasopharyngeal viral load early in infection correlates with likelihood of 304 

transmitting the infection, and robust viral amplification in the respiratory tract is also likely a prerequisite, 305 

although certainly not the only factor, for progression of COVID-19 disease. Here we present evidence 306 

that during the first few days of SARS-CoV-2 infection, the airway interferon response plays a protective 307 

role by curtailing viral replication in its initial target tissue: the airway epithelium. Specifically, our data 308 

show that the extent of viral replication is determined by the magnitude and timing of the host interferon 309 

response during a critical time window at the start of infection.  310 

 311 

The interferon response is a potent mechanism of antiviral innate defense at mucosal surfaces and 312 

effectively curtails replication of many viruses, most of which also antagonize this host response to some 313 

degree in order to enable viral replication(Garcia-Sastre, 2017; Iwasaki, 2012). Viral recognition by innate 314 

immune sensors within infected epithelial cells induces expression of type I and type III interferons and 315 

interferon stimulated genes (ISGs), a diverse family of antiviral effectors, both directly, in infected cells, 316 

and in neighboring cells through paracrine effects of secreted interferons(Odendall and Kagan, 2015; 317 

Schneider et al., 2014). SARS-CoV-2 has been reported to induce interferons and ISGs in the airway 318 

mucosa in vivo and in vitro (Mick et al., 2020; Mulay et al., 2020; Ravindra et al., 2020; Zhou et al., 2020). 319 

Consistently, we observed robust ISG induction in all patients using RNA-Seq of nasopharyngeal RNA, 320 

regardless of disease severity or other biological variables (Fig 1). However, there is also convincing 321 

evidence that SARS-CoV-2 antagonizes the interferon response in infected cells through multiple 322 

mechanisms(Banerjee et al., 2020; Konno et al., 2020; Martin-Sancho et al., 2020; Xia et al., 2020).  Our 323 

observations with organoid culture (Fig 4), and in the one patient for whom we had multiple longitudinal 324 

samples prior to peak viral load (patient L2, Fig 3A) show exponential viral replication at the start of 325 

SARS-CoV-2 infection. ISGs are also induced,  but it is unclear when this host response becomes 326 
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functionally effective.  We found that in the first 72 hours of infection, prior to the peak host response, 327 

blocking ISG induction had no effect in SARS-CoV infection at MOI 0.5 (Fig 6), but did increase viral 328 

replication at ten-fold lower MOI (Fig 7; MOI 0.05). Together, these observations support a model in which 329 

antagonism by SARS-CoV-2 attenuates but does not prevent the interferon response and thereby creates 330 

a time window at the start of infection during which the virus can undergo exponential growth.  331 

 332 

Due to the nature of exponential growth, a small change in biological variables affecting either the rate of 333 

viral replication or the rate of development of an effective interferon response could have a profound 334 

impact on viral amplification and peak viral load. For example, based on an average viral doubling time 335 

estimated from our data of ~6 hr, a 24 hour delay in the development of an effective interferon response, 336 

for example due to host deficiency in innate immune signaling, would lead to a 16-fold increase in peak 337 

viral load. Thus, a peak viral load of 1000 infectious particles would become 16,000 infectious particles, 338 

an upper airway viral load much more likely to lead to viral transmission or spread of the infection to the 339 

lower respiratory tract. Likewise, if conditions or viral differences allowed the viral doubling time to 340 

decrease by two hrs, from 6 hr to 4hr, this would lead to 16-fold greater viral amplification by  48 hr, and  341 

64-fold greater amplification by 72hr, for the faster growing strain. The extent to which NP viral load 342 

correlates with disease severity is still unclear, although several studies show an association (Huang et 343 

al., 2020; Liu et al., 2020; Yilmaz et al., 2020; Zheng et al., 2020). However, there is strong evidence that 344 

high NP viral load correlates with viral transmission, an issue that has come into focus recently due to 345 

the emergence of SARS-CoV-2 strains that appear to have enhanced transmission, such as the B.1.1.7 346 

strain emerging in the U.K.(Cevik, 2020; He et al., 2020; Prevention, 2021; Singanayagam et al., 2020) 347 

Our study predicts biological features of the virus that could potentially underlie this greater 348 

transmissibility, such as better antagonism of the host interferon response or faster doubling time, both 349 

of which would be expected to increase NP viral load and therefore increase transmissibility. 350 

 351 
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Conversely, host factors that enhance interferon-mediated defenses could be impactful in reducing peak 352 

viral load or even preventing infection altogether. One factor that is known to alter ISG expression in the 353 

nasopharynx is recent viral infection. In this study, we focused on rhinovirus, the most frequent cause of 354 

the common cold. Recent epidemiological studies have shown that this virus is much more prevalent in 355 

the upper respiratory tract than previously appreciated (Foxman and Iwasaki, 2011; Jartti et al., 2008). 356 

For example, in a recent year-round study, about one-third (34%) of all nasal samples from young children 357 

(<5 yrs) were rhinovirus-positive, regardless of symptoms (Byington et al., 2015). Rhinoviruses and other 358 

respiratory viruses have also been shown to induce ISGs in the nasopharynx in vivo, in both the presence 359 

and absence of symptoms (Landry and Foxman, 2018; Wolsk et al., 2016; Yahya et al., 2017; Yu et al., 360 

2019).  Thus, rhinovirus fits the characteristics of a common environmental factor that  could impact ISG 361 

expression in the respiratory tract.   362 

 363 

Our data using sequential infection in an airway epithelial organoid model show that prior rhinovirus 364 

infection blocks replication of SARS-CoV-2 that this protection is dependent upon ISG induction. 365 

Furthermore, using time course studies and single cell analysis of organoid cultures, we found that a 366 

significant bystander interferon response can be detected in cells throughout the epithelium for at least 5 367 

days post-rhinovirus infection, even though viral replication peaks at 24 hr and few infected cells are 368 

detected at this time point (Fig 5, Fig S4). This finding is consistent with recent work from our group and 369 

others showing that the host interferon response triggered by one respiratory virus can block infection by 370 

another (Essaidi-Laziosi et al., 2020; Wu et al., 2020). Viral interference seen during sequential influenza 371 

virus infections was in fact the basis for the original discovery and naming of interferons in 1957, but only 372 

recently has this idea been explored in depth with regards to human respiratory viral infections, triggered 373 

in part by epidemiological data suggesting interference among RNA respiratory viruses(Greer et al., 374 

2009; Isaacs and Lindenmann, 1957; Karppinen et al., 2016; Nickbakhsh et al., 2019; Schultz-Cherry, 375 

2015). ISG induction by an unrelated virus may be particularly effective against a virus like SARS-CoV-376 

2, since it would pre-empt many of the mechanisms SARS-CoV-2 has in place to antagonize interferon 377 
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and ISG induction in response to its own replication, including specific targeting of ISGs effective in 378 

blocking the coronavirus life cycle such as BST2 (Martin-Sancho et al., 2020; Taylor et al., 2015).   379 

 380 

The concept of viral interference based on the host interferon response assumes a host with intact innate 381 

immune defenses, which may not always be the case. In our experimental model, there was a profound 382 

difference in the outcome of rhinovirus-SARS-CoV-2 co-infection in the presence and absence of an 383 

intact host cell interferon response (Fig 6).  With an intact host response, viral loads of both viruses 384 

decreased, but when the interferon response was blocked, viral loads of both viruses were equal to or 385 

higher than in single infections (Fig 6.) This result illustrates that the expected outcome of a viral co-386 

infection is not one-size-fits-all: it is likely to be profoundly dependent upon host innate immune status. 387 

Many host factors ranging from genetic polymorphisms to  transient environmental conditions in the 388 

airway (e.g. temperature, humidity) can attenuate interferon responses and promote replication of 389 

respiratory viruses, and would likewise be expected to reduce the interferon-mediated protective effects 390 

of viral co-infection (Asgari et al., 2017; Foxman et al., 2015; Kudo et al., 2019; Lamborn et al., 2017; 391 

Mihaylova et al., 2018; Zhang et al., 2020). Also, interference requires closely spaced virus co-exposures, 392 

which may be less frequent at certain times of the year, or during the use of pandemic mitigation 393 

measures. Low rates of influenza during 2020 in the southern hemisphere indicate that the public health 394 

measures put in place to slow the spread of SARS-CoV-2 also suppressed circulation of other respiratory 395 

viruses, although there is some evidence that rhinoviruses have continued to circulate(Olsen et al., 2020; 396 

Poole et al., 2020). Viral interference may become a more important consideration for understanding 397 

susceptibly to COVID-19 and other viral pathogens as society reopens. 398 

 399 

There are several important caveats to our study.  First, our data indicate a relatively limited effect of the 400 

SARS-CoV-2-induced interferon response on initial viral replication when it is the only virus present, at 401 

least at high MOI (Fig 6). However, the recruitment of cells of the immune system to the respiratory tract, 402 

as indicated by our RNAseq data (Fig 1), could considerably amplify ISG induction in vivo.  Recent work 403 
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showing that interferon deficiencies are linked to severe COVID-19 indicates the importance of interferon-404 

mediated defense against this virus in vivo (Bastard et al., 2020; Pairo-Castineira et al., 2020; Zhang et 405 

al., 2020). Second, in vivo virus-host-virus interactions could be more complicated than those seen in 406 

organoid culture; for example, if a viral infection results in residual lung damage this could exacerbate 407 

rather than protect against a subsequent viral respiratory illness. Studying virus-host-virus interactions in 408 

vivo will be an important future direction of this study. For assessing viral interference, it will be critical 409 

not only to look at co-occurrence or sequential occurrence of viral infections, but also to measure the 410 

antiviral response in vivo.  For example, symptomatic upper respiratory tract infections induce greater 411 

ISG responses than asymptomatic, and the latter may not cause significant interference(Yahya et al., 412 

2017). Such studies will be facilitated by increasing development of nasopharyngeal swab-based 413 

methods to assess the airway host immune response, as presented here and in the recent 414 

literature(Landry and Foxman, 2018; Mick et al., 2020; Wolsk et al., 2016; Yu et al., 2019).   415 

 416 

In sum, our results demonstrate an important role for the interferon-mediated defenses in curtailing 417 

SARS-CoV-2 replication at the start of infection and compel further studies of how the changing 418 

conditions present in the upper respiratory tract, including recent infection by other viruses, can modulate 419 

host antiviral defenses and alter SARS-CoV-2 infection and transmission.  420 
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Methods details 441 

RESOURCE AVAILABILITY 442 

Lead Contact 443 

Further information and requests may be directed to, and will be fulfilled by the lead 444 

contact Ellen F. Foxman, ellen.foxman@yale.edu 445 

 446 

Materials availability 447 

This study did not generate new reagents. 448 

 449 

Data and Code Availability 450 

Nasopharyngeal transcriptome data and single cell RNA sequencing data will be publicly available in the 451 

GEO database at the time of publication.    452 

 453 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 454 

Ethics statement 455 

The use of clinical samples and data in this study was approved by the Yale Human Research Protection 456 

Program Institutional Review Board (Protocol ID #200002765).  Procedures for testing residual clinical 457 

samples and recording linked patient data, followed by sample and data de-identification, were evaluated 458 

and the requirement for specific patient consent was waived.  In vitro experiments used primary human 459 

cells obtained from Lonza Bioscience (Walkersville, Maryland, U.S.A.). Lonza guarantees that all tissue 460 

utilized for human cell products is ethically obtained with donor informed consent in accordance with 461 

processes approved by an Institutional Review Board or comparable independent review body. 462 

 463 

Clinical samples  464 

We used viral residual nasopharyngeal (NP) samples remaining after clinical testing for CXCL10 465 

measurements and transcriptome analysis.  Swab-associated viral transport medium was stored at -80 	466 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted January 27, 2021. ; https://doi.org/10.1101/2021.01.22.21249812doi: medRxiv preprint 

https://doi.org/10.1101/2021.01.22.21249812
http://creativecommons.org/licenses/by-nc-nd/4.0/


 21 

°C following clinical testing and thawed just prior to ELISA assay or RNA isolation for RNA-Seq. Clinical 467 

information including age, sex, virology results, and specific features of clinical course including 468 

presenting symptoms, hospital admission and length of stay, was extracted from the electronic medical 469 

record and recorded, after which samples were assigned a study code and de-identified. In the clinical 470 

laboratory, SARS-CoV-2 was detected in most samples using an EUA-approved TaqMan assay detecting 471 

the CDC targets N1, N2, and RNAseP (Prevention, 2020).  In some longitudinal samples,  SARS-CoV-2 472 

was diagnosed with the commercial Cepheid assay (reference); in this case, RT-qPCR for the CDC N1 473 

gene was repeated using RT-qPCR TaqMan assay for the CDC N1 gene as described previously (Cat 474 

no: 10006600, Integrated DNA Technologies, IA)(Vogels et al., 2020). 475 

 476 

Primary human bronchial epithelial cells.  477 

Primary human bronchial epithelial cells from healthy adult donors were obtained commercially (Lonza, 478 

Walkersville, MD, USA) and cultured at air-liquid interface according to manufacturer’s instructions using 479 

reduced hydrocortisone (Stem Cell Technologies, Vancouver, Canada). Cells were allowed to 480 

differentiate for four weeks by which time they displayed beating cilia and mucus production.   481 

 482 

Viruses 483 

Rhinovirus 1A (HRV-01A; ATCC VR-481) was amplified in H1-HeLa cells (ATCC CRL-1985) and titer 484 

was determined by plaque assay as reported previously (Foxman et al., 2015). SARS-CoV-2 (BEI 485 

resources, USA-WA1/2020) was generously provided by the Wilen lab. Virus was cultured on Vero E6 486 

cells and titer was determined by plaque assay as described previously (Ravindra et al., 2020).  487 

 488 

RNA isolation from clinical samples 489 

At the time of accessioning, the residual viral transport medium from clinical samples was stored at -80C.  490 

Upon thawing, RNA was isolated from 140μl of transport medium using the Qiagen Viral RNA isolation 491 
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kit per manufacturer’s instructions (Ref: 52904, Qiagen, Germany) and one aliquot was reserved for 492 

ELISA. 493 

Library preparation and RNA Sequencing   494 

RNA samples were quantified and checked for quality using the Agilent 2100 Bioanalyzer Pico RNA 495 

Assay. Library preparation was performed using Kapa Biosystem’s KAPA HyperPrep Kit with RiboErase 496 

(HMR) in which samples were normalized with a total RNA input of 25ng. Libraries were amplified using 497 

15 PCR cycles. Libraries were validated using Agilent TapeStation 4200 D1000 assay and quantified 498 

using the KAPA Library Quantification Kit for Illumina® Platforms kit. Libraries were diluted to 1.3nM and 499 

pooled at 1.25% each of an Illumina NovaSeq 6000 S4 flowcell using the XP workflow to generate 25M 500 

read pairs / sample.  501 

 502 

RNA-Seq data analysis 503 

Low quality reads were trimmed and adaptor contamination was removed using Trim Galore (v0.5.0, 504 

https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/). Trimmed reads were mapped to the 505 

human reference genome (hg38) using HISAT2 (v2.1.0)(Kim et al., 2019). Gene expression levels were 506 

quantified using StringTie (v1.3.3b) with gene models (v27) from the GENCODE project(Pertea et al., 507 

2015). Differentially expressed genes (adjusted p value < 0.05, fold change cutoff = 2) were identified 508 

using DESeq2 (v 1.22.1) (Love et al., 2014).  To avoid the unexpected outlier replacement for sex-linked 509 

genes, we turned off the outlier replacement option in the male vs. female comparison by setting 510 

minReplicatesForReplace=Inf for the DESeq() function in the DESeq2 package. 511 

 512 

Visualization of RNA-Seq data. Protein coding genes differentially expressed in SARS-CoV-2+ vs. 513 

negative control were visualized on a volcano plot, with an x-axis cutoff  l log2FC cutoff l =10. All 514 

differentially expressed RNAs are included in Table S1 (n=1770). Significantly differentially expressed 515 

transcripts were defined as those with log2FC>1 and adjusted p value<0.05.  Heatmap shows gene 516 

expression levels of top 45 most significant DEGs using min-to-max scaling of normalized read counts.  517 
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Pathway analysis was performed using Ingenuity Pathway Analysis (version 01-16). Transcription factor 518 

motif enrichment analysis was performed using Cytoscape (version 3.8.1) with the iRegulon plug-in 519 

((version 1.3)(Janky et al., 2014).  520 

 521 

In vitro infections 522 

We infected primary human bronchial epithelial cells differentiated at air-liquid interface with HRV-01A, 523 

SARS-CoV-2, or both. For SARS-CoV-2, high MOI infection was MOI 0.5 and low MOI infection was MOI 524 

0.05. For HRV-01A, MOI 0.1 was used, as this was the minimum viral inoculum that  reproducibly led to  525 

robust HRV-01A viral replication in ALI cultures based on prior studies.  526 

 527 

To evaluate the effect of RV on subsequent infection with SARS-CoV-2, we infected with each virus 528 

individually or sequentially and examined the time course of viral amplification and ISG induction. To 529 

formally test whether prior exposure to RV inhibits SARS-CoV-2 replication  through activation of the host 530 

cell interferon response, we performed sequential infection studies in the presence of BX795.  531 

 532 

RT-qPCR  533 

For RT-qPCR, RNA was isolated from each well of differentiated epithelial cells using the QIAGEN 534 

RNeasy kit by incubating each 24-well insert with 350 µl lysis buffer at room temperature for 5 minutes, 535 

followed by RNA isolation and cDNA synthesis using iScript cDNA synthesis kit (BioRad).  To quantify 536 

viral RNA and mRNA levels for interferon stimulated genes and the housekeeping gene HPRT, qPCR 537 

was performed using SYBR green iTaq universal (BioRad) per manufacturer’s instructions. Viral RNA 538 

was quantified using primers to the RV genome.  Viral RNA per ng total RNA is graphed as fold change 539 

from the limit of detection (40 cycles of PCR) as 240-Ct. ISG mRNA levels are graphed as fold change from 540 

mock-treated cells or are presented relative to the level of mRNA for the housekeeping gene HRPT (2-541 

DDCT). RT-qPCR for SARS-CoV-2 within cultures was performed using the previously-described TaqMan 542 

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted January 27, 2021. ; https://doi.org/10.1101/2021.01.22.21249812doi: medRxiv preprint 

https://doi.org/10.1101/2021.01.22.21249812
http://creativecommons.org/licenses/by-nc-nd/4.0/


 24 

assay for the CDC N1 gene with primers and probes provided by IDT (Cat no: 10006600, Integrated DNA 543 

Technologies, IA). RT-qPCR for SARS-CoV-2 in apical was performed using a combined reverse 544 

transcriptase and qPCR reaction using the Luna Universal Probe One-Step RT-qPCR Kit (New England 545 

Biolabs, MA) 546 

 547 

The following primers were used for RT-qPCR with SYBR green: 548 

HPRT (F-TGGTCAGGCAGTATAATCCAAAG; R- TTTCAAATCCAACAAAGTCTGGC) 549 

ISG15 (F-CATCTTTGCCAGTACAGGAGC; R-GGGACACCTGGAATTCGTTG) 550 

RSAD2 (F-TCGCTATCTCCTGTGACAGC;R-CACCACCTCCTCAGCTTTTG) 551 

MX1 (F-AGAGAAGGTGAGAAGCTGATCC;R-TTCTTCCAGCTCCTTCTCTCTG) 552 

IFITM3 (F-ATCGTCATCCCAGTGCTGAT;R-ATGGAAGTTGGAGTACGTGG) 553 

IFIT2 (F-CCTCAAAGGGCAAAACGAGG; R-CTGATTTCTGCCTGGTCAGC) 554 

CXCL10 (F-CCTGCAAGCCAATTTTGTCC; R-ATGGCCTTCGATTCTGGATTC 555 

LY6E  (F-GCATTGGGAATCTCGTGACA;  R-ATGGAAGCCACACCAACATT)   556 

BST2 (F-CACACTGTGATGGCCCTAAT; R-TGTAGTGATCTCTCCCTCAAGC)   557 

IFITM3 (F-ATCGTCATCCCAGTGCTGAT; R-ATGGAAGTTGGAGTACGTGG) 558 

OAS1 (F-GCTCCTACCCTGTGTGTGTGT; R-TGGTGAGAGGACTGAGGAAGA) 559 

OAS3 (F-GAAAACTGTCAAGGGAGGCTC; OAS3 R-CCCTCTGGTCCACATAGCTC) 560 

HRV-01A (F- CAGGCCAAATTAAAGTCAATAAGC; R- AGGCTGAAGTTTGGTTTTGC) 561 

 562 

Quantification and statistical analysis, RT-qPCR data 563 

GraphPad Prism (version 9.0.0) was used for data analysis.  Data are shown as mean +/- S.E.M. 564 

Statistical significance of differences between conditions was determined by t tests (two-tailed).  Linear 565 

regression analysis was used to determine association between clinical parameters, such as viral load 566 

and NP CXCL10 in clinical samples and to test the null hypothesis that the slope of the association was 567 

significantly different from zero.  Non-linear regression analysis was used to fit viral growth to an 568 
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exponential curve (exponential growth with log(population)) to determine virus doubling times and to test 569 

the null hypothesis that one curve fit both data sets for SARS-CoV-2 growth curve with and without 570 

rhinovirus pre-infection. p<0.05 was considered statistically significant. 571 

 572 

ELISA 573 

CXCL10  levels in cell-free residual nasopharyngeal swab samples or tissue culture supernatants was 574 

quantified using a solid phase sandwich enzyme linked immunosorbent assay (ELISA) (Cat no: DY266, 575 

R&D systems, MN). Briefly, frozen viral transport medium from residual nasopharyngeal swab samples 576 

or basolateral medium from organoid cultures was thawed on ice and centrifuged to remove cell debris. 577 

ELISA was performed according to the manufacturer’s instructions.  578 

 579 

Single cell RNA-Seq of ALI organoid cultures 580 

Library preparation and sequencing  581 

Organoid cultures were digested with trypsin/EDTA to form a single cell suspension.  The 10X genomics 582 

Single Cell 3’ Protocol was used to produce Illumina-ready sequencing libraries with standard Illumina 583 

paired-end constructs, according to the manufacturer’s instructions.   584 

 585 

Analysis of scRNA-Seq data 586 

All downstream analyses were implemented using R version 3.6.3 and the package Seurat v3.1.4(Stuart 587 

et al., 2019). The gene expression matrix mock and RV1A infected sample were first individually analyzed 588 

in this procedure: Genes expressed in less than 3 cells and cells expressing less than 200 genes were 589 

discarded. A distribution histogram of UMI count in all cells was made and cells with less than 8000 UMI 590 

counts were discarded. This resulted in a matrix of 21086 genes expressing in 4511 cells in mock sample, 591 

and a matrix of 21195 genes expressing in 4200 cells in RV1A infected sample. The raw counts were 592 

normalized using the Seurat function NormalizeData with normalization.method = "LogNormalize" and 593 

scale.facto = 10000. All genes are scaled using Seurat function ScaleData with default parameters. 594 
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Variable features were determined using method "vst". A total of top 2000 variable features were used 595 

for principal component analysis (PCA). Graph based clustering was performed individually on mock and 596 

RV1A infected sample. The KNN graph was built by FindNeighbors function with first 20 principal 597 

components and k.param = 10. Louvain clustering was done using FindCluster function with resolution = 598 

0.8 for both samples. Clusters were separately annotated in the mock and RV1A infected sample using 599 

the following markers of the major cell groups in the airway epithelium: Basal Cycling (MKI67, 600 

HIST1H4C), Basal (KRT14, KRT15, KRT5), Hillock (SPINK5, KRT13), Secretory (SCGB1A1, BPIFA1, 601 

LYPD2), Ciliated (CAPS, PIFO, MORN2), Ionocyte (FOXI1) and PNEC(pulmonary neuroendocrine cells, 602 

markers include AZGP1, AVIL)(Plasschaert et al., 2018). Each cluster found by clustering was assigned 603 

to one of the above seven major groups. A group of developing ciliated cells with marker CCNO was 604 

found in the mock sample and was merged into the ciliated cell cluster.  After cluster annotation, mock 605 

and infected samples were merged together to produce tSNE maps and make comparisons. Both 606 

samples used same normalization method and the gene expression level was re-scaled. Dimensionality 607 

reduction was performed by latent semantic analysis using Seurat function RunLSI with the first 50 608 

singular values. The tSNE maps were then produced with the first 50 dimensions and perplexity 30. The 609 

color coding of tSNE plots used cell type, sample source, viral read per cell and expression levels of 610 

genes of interest.  611 
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KEY RESOURCES TABLE 612 

REAGENT or RESOURCE SOURCE IDENTIFIER 
   
Bacterial and Virus Strains  
HRV-01A ATCC ATCC VR-481 
SARS-CoV-2 BEI resources USA-WA1/2020 
Biological Samples   
Residual nasopharyngeal samples from clinical 
testing 

Yale-New Haven 
Hospital   

Chemicals, Peptides, and Recombinant Proteins 
BX795 Millipore Sigma SML0694 
Critical Commercial Assays 
iTaq Universal SYBR Green Supermix 
 BioRad 172-5125 

 
iScript cDNA synthesis kit 
 BioRad 170-8891BUN 

 
Primer-probe assay for SARS-CoV-2 (N1 gene) IDT resources 10006600 
Luna Universal Probe One-Step RT-qPCR Kit New England Biolabs E3006L 
QIAamp Viral RNA isolation kit QIAGEN 52904 
QIAGEN RNeasy RNA isolation kit QIAGEN 74106 
Human CXCL10/IP-10 Duoset ELISA kit R& D systems DY266 
Deposited Data 
Nasopharyngeal transcriptome data – deposited in 
GEO    

Single cell RNA-Seq data – deposited in GEO   
Experimental Models: Cell Lines 

NHBE-Bronchial Epi Cells for ALI Lonza Walkersville 
Inc. CC-2540S 

H1 HeLa cells ATCC ATCC CRL-1958 
Vero E6 cells ATCC ATCC CRL-1586 
Oligonucleotides 
Primer sequences provided in Methods details   
Software and Algorithms   
R   www.r-project.org SCR_001905 

Seurat satijalab.org/seurat/ RRID:SCR_016341 
 

Prism v. 9.0.0 for MacOS GraphPad RRID:SCR_005375 
Excel v. 16.43 Microsoft RRID:SCR_016137 
Ingenuity Pathway Analysis QIAGEN RRID: SCR_008653 
Cytoscape Open source RRID: SCR_003032 

  613 
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Figures 
 
Fig 1. Transcriptome analysis of RNA isolated from SARS-CoV-2+ nasopharyngeal swabs  
 
Fig 2. Relationship between nasopharyngeal (NP) CXCL10 and viral load in 140 SARS-CoV-2+ patients. 
 
Fig 3. Viral load and nasopharyngeal CXCL10 patterns in vivo over time 
 
Fig 4. Kinetics of SARS-CoV-2 replication in organoids and in vivo. 
 
Fig 5. Effect of prior rhinovirus infection on ISG induction and SARS-CoV-2 replication in human airway 
epithelial organoids. 
 
Fig 6. Effect of blocking ISG induction on SARS-CoV-2 replication following rhinovirus infection. 
 
Fig 7. Effect of blocking ISG induction on SARS-CoV-2 replication in a low MOI infection 
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Fig 1. Transcriptome analysis of RNA isolated from SARS-CoV-2+ nasopharyngeal swabs.  
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Fig 1. Transcriptome analysis of RNA isolated from SARS-CoV-2+ nasopharyngeal swabs (related to 
Fig S1).  
 
(A) Volcano plot showing significantly differentially expressed protein-coding genes based on RNASeq of NP 

swab RNA from SARS-CoV-2 patients (n=30) compared to control SARS-CoV-2 negative subjects (n=8). 
Transcripts with fold change>2, adjusted p-value<0.05 are highlighted in red.   

 
(B) Top 20 ingenuity pathways enriched in SARS-CoV-2+ compared to controls, based on 1770 differentially 

expressed RNAs. P-value and Z-score for each pathway is indicated on the x-axis. Pathways related to 
interferon and interferon regulatory factor (IRF) signaling are highlighted in red.    

 
(C) Transcription factor binding sites associated with NP transcripts enriched in SARS-CoV-2+ patients 

compared to controls. Bars show strength of association of motifs/tracks with enriched transcripts, 
indicated by NES score.  Y-axis label indicates top transcription factor associated with each cluster of 
motifs (M) or tracks (T) and the cluster code. Number of enriched transcripts associated with each 
track/motif is indicated to the right of each bar. Transcription factors associated with the interferon 
response are highlighted in red. 

 
(D) Graphical summary of pathways and regulators enriched based on ingenuity pathway analysis of 

differentially expressed genes enriched in NP RNA of SARS-CoV-2+ patients compared to controls. 
 
(E) Heatmap showing relative expression level of top 45 most significant differentially expressed genes in 

patients (left) or SARS-CoV-2-negative controls (right).  Clinical characteristics of each patient are 
indicated by color: viral load (red=highest viral load/lowest Ct value, green=lowest viral load/highest Ct 
value); NP CXCL10 protein level (red=highest, green=lowest, white=data not available). Heatmap colors 
represent values from highest (red) to lowest (green) for viral load (based on Ct value), CXCL10 
concentration (pg/ml), or gene expression level, scaled from minimum to maximum (green=0; yellow=0.5, 
red=1)  Patient characteristics indicated at the top of the graph include Admission status (grey=outpatient, 
black= admitted); Gender (blue=male, pink=female); Age (blue<55yrs, purple>60 yrs.) White = data not 
available. 

 
(F) Correlation between reads mapping to CXCL10 and reads mapping to other ISGs (Ifit2, OasL, Isg15). 
 
(G) Correlation between reads mapping to Cxcl10 and CXCL10 protein measured by ELISA in NP swab-

associated viral transport medium.   
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Fig 2 (related to Fig S2). Relationship between nasopharyngeal (NP) CXCL10 and viral load in 140 SARS-CoV-2+ 
patients. 
 
(A) NP CXCL10 level in patients testing positive for SARS-CoV-2 by RT-qPCR at Yale-New Haven Hospital in March 
2020. Black symbols indicate patients tested as outpatients or in the emergency department and not admitted to the 
hospital, red symbols indicate patients admitted to the hospital.  
 
(B) Ct value for SARS-CoV-2 N1 gene in outpatients and admitted patients. Number in parenthesis (A, B) indicates 
number of outpatient (total n=38) and admitted (total n=102) samples for which data was available. 
 
(C) Regression analysis showing relationship between viral load and NP CXCL10 protein for all samples (black solid line, 
r2 and p-value indicated) or for only outpatients (dashed black line) or admitted patients (dotted red line).  
 
(D) Days of symptoms reported prior to testing for samples with this information available (number indicated n 
parentheses).  
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Fig 3 (related to Table S1). Nasopharyngeal viral load and CXCL10 in patients diagnosed prior to peak 
viral load. 

(A) Viral load over time in seven longitudinal samples from patients with high viral load in first sample (Ct 
N1>20).  
 

(B) Paired viral RNA and NP CXCL10 measurements at the peak viral load and at the end viral load, 
defined as the first sample with Ct N1>30, for 6 patients shown in (G) (data not available for one 
sample). CXCL10 level was significantly different in peak and end samples by paired t-test. 
 

(C) – (H) Viral load and NP CXCL10 level in longitudinal samples from SARS-CoV-2+ patients who presented with a 
low viral load (Ct N1>28)  that increased to a high viral load (Ct N1<20). Viral load is expressed as fold change 
from the limit of detection for the SARS-CoV-2 N1 gene (black circles) and CXCL10 is expressed as pg/ml in the 
NP-swab associated viral transport medium (red squares).   Samples with low levels of RnaseP, an indicator of 
sample quality, are shown with open symbols. Patient characteristics are described in Table S5.  
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Figure 4. Kinetics of SARS-CoV-2 replication in organoids and in vivo. 
(A) Time course of SARS-CoV-2 replication in human primary airway epithelial organoids, expressed as fold 

increase from 1hr (post-inoculation time point).  
(B) - (E) ISG mRNA level relative to HPRT mRNA  in organoids during SARS-CoV-2 infection.  
(F) CXCL10 protein in the basolateral medium during SARS-COV-2 replication.  For A-H, symbols show mean 
and S.E.M. of five biological replicates per condition. 
(G) Exponential curve fit for increase in RNA during SARS-CoV-2 during replication in organoids from 1-72 hr 
and calculated doubling time for exponential growth.   
(H) Exponential curve fit for increase in viral RNA during SARS-CoV-2 replication for first three virus-positive 
samples from patient L2 and calculated doubling time for exponential growth with 95% confidence interval. 
(I) Estimated doubling times for increase in viral RNA during SARS-CoV-2 replication in patients with one 
SARS-CoV-2 positive sample prior to peak viral load, shown in fig 3 B-F. Y-axis shows change in viral RNA 
and x-axis shows time interval between samples.  Doubling time calculation assumes exponential growth 
between first and peak viral load samples. 
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Figure 5. Effect of prior rhinovirus infection on ISG induction and SARS-CoV-2 replication in human 
airway epithelial organoids. 

(A) Timing of infection of epithelial organoids with rhinovirus followed by SARS-CoV-2 
(B) Expression of interferon stimulated genes in airway epithelial organoids 3 days post-rhinovirus 

infection, relative to mRNA for the housekeeping gene HPRT  
(C) SARS-CoV-2 viral RNA at 24, 48, and 72 hr post-infection, with or without RV pre-infection 
(D) Expression of interferon stimulated genes at 24, 48, and 72 hr post SARS-CoV-2 infection, with or 

without RV pre-infection, expressed as fold change from uninfected cells   
(E) Replication of SARS-CoV-2 in mock- vs. rhinovirus-pretreated cultures, fit to exponential growth curve 
(F) Single cell sequencing of human airway epithelial cell organoids, mock or 5 days post rhinovirus 

infection.  Red and orange dots indicate 70/4200 cells with detectable viral RNA at this time point in 
rhinovirus-infected cultures (at least 1 read from viral RNA).   TSNE plots show expression of mRNA for 
ISGs in mock and infected cultures at the same time point.  
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Figure 6. Effect of pretreatment with BX795 during sequential rhinovirus, SARS-CoV-2 infection 
 
Organoid cultures were pretreated with or without BX795 for 18 hr, then mock-infected or infected with 
HRV01A, incubated for 3 days, then infected with SARS-CoV-2. 

 
(A) Effect of BX-795 pre-treatment on ISG induction, 3 days post rhinovirus infection.  Bars show fold 

change in ISG mRNA level in RV infected cultures compared to mock without (left) or with (right) BX-
795 pre-treatment. P values indicate significant differences between ISG levels in cultures with or 
without BX795 pretreatment by t-test. 
 

(B) SARS-CoV-2 viral RNA level relative to the limit of detection in organoid cultures, 72 hr post SARS-
CoV-2 infection, with and without BX-795 and/or RV pre-treatment. P values indicate significant 
differences in viral RNA levels, n.s. = not significant. 
 

(C) HRV01A viral RNA level relative to the limit of detection in organoid cultures, 72 hr post SARS-CoV-2 
infection, with and without BX-795 and/or RV pre-treatment. This graph also includes cultures infected 
with RV but not subsequently infected with SARS-CoV-2.  P values indicate significant differences in 
viral RNA levels. 
 

For all graphs, bars show mean and S.E.M. of 4-6 biological replicates per condition. 
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Fig 7.  Effect of BX795 on SARS-CoV-2 replication in low MOI infection 
 
(A) Cultures were pre-treated with 6µM BX-795 or medium only, then inoculated with SARS-CoV-2, MOI 0.05, 
at t=0 hr. Cultures were collected for RNA isolation and RT-qPCR at t=1, 72, and 96 hr post infection. Apical 
wash was collected at 72 and 92 hr post-infection. 
 
(B)SARS-CoV-2 viral RNA in RNA isolated from organoid cultures 72 hr and 96 hr post-inoculation, with (hatched 
bars) or without BX795 (black bars), relative to the limit of detection. 
 
(C)SARS-CoV-2 viral RNA in RNA isolated from the apical wash of cultures collected at 72 hr and 96 hr post-
inoculation, with (hatched bars) or without BX795 (black bars), relative to the limit of detection. 
 
(D)-(F) ISG mRNA level in SARS-CoV-2 infected cultures, graphed relative to the mRNA level for the 
housekeeping gene HPRT (2Ct-Ct HPRT), at 1, 72, or 96 hr post-inoculation. 
 
(B)-(F) Bars show mean and S.E.M. for 4-6 biological replicates per condition.  P-values are shown for significant 
differences, based on the students t-test.  
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