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One Sentence Summary: The kinetics of defective viral genomes appearance during infection 
with RSV determines the clinical outcome of the infection. 
Abstract: Respiratory syncytial virus (RSV) is an important cause of respiratory illness in 
children, immunosuppressed individuals and the elderly. The clinical outcomes of RSV infection 
vary widely, including no or mild cold-like symptoms, bronchiolitis and wheezing, and death. 
Increased disease susceptibility has been associated with co-morbidities and host genetic factors, 
while viral factors affecting the infection course are less understood. Defective viral genomes 
(DVGs) that are generated during viral infections suppress virus replication by competing for the 
viral replication machinery and by stimulating the host antiviral immune response. Here, we 
studied the association between the presence of DVGs and disease severity in a number of RSV 
infected cohorts. In hospitalized children, detection of DVGs at or around time of admission 



correlated strongly with greater disease severity, higher viral load, and a stronger immune-
stimulatory profile. However, in experimentally infected individuals analyzed longitudinally, 
presence of DVGs impacted RSV disease severity differentially depending on when and how 
long DVGs were detected in respiratory samples. DVGs appearing soon after infection correlated 
with lower viral loads and milder disease. DVGs appearing late after infection, especially if 
present for prolonged periods of time, failed to control the virus and were accompanied by higher 
symptom scores, similar to what we observed in DVG positive hospitalized children. Taken 
together, we demonstrate that the kinetics of DVG appearance, as well as their duration, impact 
RSV disease severity in humans. These data establish DVGs as an important and tractable factor 
determining the clinical outcome of RSV infection. 

 
Introduction 

Respiratory syncytial virus (RSV) infects all children before the age of two and leads to a 
wide spectrum of disease severity. Many infected individuals are asymptomatic or have mild 
upper airways disease, but about 2-3% of children under the age of 5 develop acute lower 
respiratory tract infections (ALRI) and require hospitalization (1). RSV accounts for nearly one-
third of severe pneumonia cases in children under the age of 5 (2) and is also an important cause 
of severe respiratory illness in the elderly and in immunosuppressed patients (3). In addition, 
RSV infection associates with the development and exacerbation of asthma and in the most 
severe cases of RSV infection can even lead to death. In 2015, 27,300 hospital deaths were due 
to RSV in children (<5 years old) globally (4). With the exception of ribavirin treatment (5, 6) 
and palivizumab, a postnatal prophylaxis for high risk patients (7, 8), there are no treatments or 
vaccines to prevent RSV infection. Limited understanding of the factors that determine disease 
severity hinders our ability to predict infection outcomes, identify patients with high risk, and 
provide proper medical interventions accordingly.  

Risk factors for RSV associated ALRI include prematurity, low birth weight, underlying 
congenital heart disease, chronic lung disease, and parental smoking (9, 10). In addition, 
upregulation of proinflammatory interleukins (IL)-8, and macrophage inflammatory protein 
(MIP)-1a accompanied by a strong neutrophil infiltration are associated with severe RSV 
induced manifestations, such as bronchiolitis (11-13). In addition to host factors, viral factors are 
also reported to contribute to disease severity. In one study, RSV subtype A was found to be 
associated with increased severity of disease (14), suggesting RSV G, the viral glycoprotein that 
defines RSV genetic clades, may influence disease severity. But inconsistent results were 
reported in studies that tried to correlate genotype with disease severity (15). Furthermore, higher 
viral loads have been associated with severe disease (16-19); however, viral loads are higher in 
outpatients than in age-matched inpatients (20), indicating the amount of infectious virus is not 
the sole viral factor that impacts disease severity and implying a role for other viral factors in 
RSV disease outcome. In this study, we propose that defective viral genomes (DVGs) are 
additional viral determinants for RSV disease severity and detection of DVGs at different stages 
of infection could be used to identify patients at risk of developing severe disease. 

            Defective viral genomes of the copy-back type (cbDVGs) are produced during the 
replication of negative sense single-stranded RNA viruses, including RSV (21, 22). cbDVGs are 
drastically truncated and rearranged viral genomes that are generated when the viral polymerase 
detaches from the template at a “break point” and resumes elongation at a downstream “rejoin 



point” by copying the 5’ end of the nascent strand (23, 24). This replication event results in a 
shorter viral genome with a theoretical hairpin-loop structure and two complementary ends (25). 
cbDVGs generated from the 5’ end of the virus cannot be transcribed to produce proteins 
necessary for replication and require complementation with a helper virus to complete a 
replication cycle (26). cbDVGs impact the course of infection by interfering with the replication 
of the standard virus via competition for essential viral proteins (27-29) and by strongly 
stimulating the host antiviral response that controls virus replication and spread (21, 22, 30, 31).  

We previously reported detection of cbDVGs in respiratory secretions from some RSV 
infected pediatric patients and found a positive correlation between detection of cbDVGs and the 
expression of antiviral genes (22). In addition, we showed that during ex vivo RSV infection of 
explanted human lung tissues the earlier cbDVGs are detected, the stronger the antiviral 
responses are induced and the greater the standard viral replication is reduced (22). From these 
studies we hypothesized that the kinetics of cbDVGs appearance in patients impacts disease 
severity. Here we tested this hypothesis by correlating the presence of cbDVGs with disease 
severity scores and viral loads of RSV-infected individuals, including hospitalized children, non-
hospitalized children, and experimentally infected adults who were followed longitudinally. 
Overall, we observed that the impact of cbDVGs on disease severity is determined by the 
kinetics of their appearance. Early accumulation of cbDVGs after infection results in lower viral 
loads and less or undetectable disease, while late or prolonged accumulation of cbDVGs 
associates with more severe disease outcomes. Overall, this study demonstrates that cbDVGs are 
an important viral factor determining RSV disease severity and that their detection in 
hospitalized patients may serve as a prognosis tool to identify patients who are at high risk for 
longer hospitalization and admission to the ICU.  
Results  

cbDVG detection by PCR is a sensitive method for screening pediatric respiratory secretions 
We developed a PCR assay to screen for the presence of cbDVGs in respiratory lavages 

from RSV infected subjects (22). Due to the directionality of the primers, this PCR can 
distinguish cbDVGs from full-length viral genomes (P1 and P2, fig. 1A). To establish the 
sensitivity of and validate our PCR method for the identification of cbDVG+ respiratory 
secretions, we selected seven samples collected from RSV-infected patients in a previous study 
(GEO#114948) (32) and compared cbDVG detection by PCR (fig. 1B) with cbDVG abundance 
and species identified by RNA-seq (fig. 1C-D). To identify cbDVGs from RNA-seq data, we 
used the Viral Opensource DVG Key Algorithm (VODKA), that can impartially and specifically 
identify all cbDVG reads that aligned to junction sequences, a unique cbDVG region where 
break point and rejoin point are connected (32). Consistently with PCR results, the five samples 
that tested positive for cbDVGs by PCR had more cbDVG reads than the two PCR negative 
samples. Based on the number of cbDVG reads identified in PCR negative samples, we 
established that the threshold for false negative detection by PCR is 23 DVG junction counts per 
108 total reads or 0.000023% of the total reads (this threshold is indicated with a dash line in fig. 
1C).  

We next analyzed whether our PCR could theoretically detect all the species of cbDVGs 
present in the samples. Analysis of cbDVG species based on the location of their break and 
rejoin points revealed that a very small proportion of cbDVGs that are generated from break or 
rejoin points too close to the 3’ end of the antigenome (within the trailer region) are missed by 



our PCR due to the location of the primers (figs. 1A and 1D). To determine if this PCR bias 
significantly affected our detection of cbDVG+ samples, we plotted and compared genomic 
positions of break and rejoin points of individual cbDVG species for all 7 samples (fig. 1D). 
Based on this analysis, we concluded that our PCR method can detect 98.5% to 100% of 
cbDVGs present in the samples. Taken together, detection of cbDVGs by PCR is a sensitive and 
reliable method to screen clinical samples. 

 
Fig. 1. cbDVG screening methods and sensitivity. (A) Scheme of the PCR strategy for cbDVG 
detection. Le: leader sequence on the 3’ UTR of the viral genome; Tr: trailer sequence on the 5’ 
UTR of the viral genome; Vp: viral polymerase; P1: specific primer used in both reverse 
transcription and PCR; P2: specific primer used in only PCR step. The grey dash lines indicate 
the break point and rejoin point as designated. (B) Representative PCR results for seven pediatric 
samples. Five cbDVG positive and two negative samples are shown. (C) Graph of cbDVG reads 
normalized to 108 total reads obtained from our RNA-seq/VODKA pipeline. The dash line 
corresponds to the largest number of cbDVG reads present on PCR negative samples (grey bars) 
and reflects the sensitivity of the PCR screening upon normalization. (D) Facet plots showing the 
break and rejoin points within the RSV genome of all cbDVG species detected by RNA-seq for 
each patient. Each dot represents one cbDVG species and its size reflects its abundance, as 
indicated in the legend on the right. Pink dots correspond to cbDVGs containing break or rejoin 
points localized too close to the trailer end of the RSV genome and thus beyond the detection 
range of our PCR. Numbers in the bottom indicate the percentage among the total population of 
cbDVGs detected by PCR (all blue dots).  
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cbDVG+ hospitalized pediatric patients have higher viral load and worse clinical outcomes than 
cbDVG- patients  

To directly test the impact of cbDVGs on clinical outcomes in hospitalized children, we 
analyzed banked nasal washes from 122 hospitalized pediatric patients from The Children’s 
Hospital of Philadelphia (CHOP; Cohort 1). From this cohort we identified 100 patients 
(81.97%) as cbDVG positive (DVG+) by PCR (fig. 2A, Table 1). Viral load was estimated based 
on the Ct value obtained from qPCR targeting the RSV N gene (fig. 2B). Disease severity was 
determined based on length of hospitalization as a primary outcome (fig. 2C) and length of stay 
in ICU as a secondary outcome (fig. 2D). We observed that cbDVG+ patients had significantly 
higher viral loads and longer hospitalizations than cbDVG- patients (fig. 2B-2C). The same trend 
was observed in regard to their days of stay in the ICU, although statistical significance was not 
observed as few cbDVG- patients were admitted to the ICU (fig. 2D). These results suggest that 
RSV-infected hospitalized pediatric patients that test positive for cbDVGs cannot control the 
viral infection leading to more severe disease outcomes.  

To evaluate if cbDVGs present in these patients were associated with enhanced antiviral 
and inflammatory responses, we next compared the transcriptome of seven cbDVG+ and six 
cbDVG- patients from this cohort. We observed significantly higher antiviral responses, 
predominantly consisting of IFN stimulated genes in cbDVG+ patients (fig. 2E-2G). In addition, 
cbDVG+ patients expressed higher levels pro-inflammatory cytokine genes, such as IL6, TNFa, 
and IL1B (fig. 2H). However, these responses did not associate with reduced viral loads in 
cbDVG+ patients at the time of sampling. In conclusion, presence of cbDVGs in hospitalized 
patients is associated with strong antiviral and inflammatory responses that fail to control the 
virus and result in more severe disease. 



 
Fig. 2. cbDVG+ hospitalized pediatric patients have higher viral load and more severe clinical 
outcomes. (A) Pie chart showing the percentages and actual numbers of cbDVG+ and cbDVG- 
patients in hospitalized pediatric Cohort 1. (B) Viral load, (C) disease severity, and (D) ICU days 
were compared in patients with and without cbDVGs. Viral load was determined by Ct values 
from qPCR and is plotted as 1/Ct. Disease severity was determined by the length of 
hospitalization. Data are shown as mean±SEM. Thirteen samples were used to perform RNA-seq 
to examine their transcriptional profiling. (E) Hierarchical clustering and heatmap representation 
of differential expressed genes between cbDVG- and cbDVG+ patients. Color based on row Z-
score. Clusters 1 and 2 indicate the genes that were upregulated in cbDVG+ patients and cluster 
3 indicates the genes that were downregulated in cbDVG+ patients. (F) Bubble chart showing 
Gene Ontology (GO) enrichment analysis. Bubble size indicates the number of genes associated 
with each term. Bubble color intensity indicates enrichment score of GO terms overrepresented 
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in that cluster of genes. Cluster 3 did not have any GO categories with enrichment score above 2. 
(G) Box plots showing expression of IFNL1 and representative ISGs and (H) box plots showing 
representative pro-inflammatory cytokines from cbDVG- (n=6; grey) and cbDVG+ (n=7; red) 
hospitalized pediatric patients. Significant P values for Mann-Whitney test (*P<0.05, **P<0.01, 
***P<0.001, ****P<0.0001) are indicated. 
cbDVG+ non-hospitalized pediatric patients have higher viral load but similar outcomes  

To study the impact of cbDVGs on non-hospitalized children, we used banked nasal 
washes obtained from a cohort of 73 non-hospitalized pediatric patients and 27 hospitalized 
patients (INSPIRE study; Cohort 2). Focusing on 73 non-hospitalized patients, 54 (73.97%) were 
identified as cbDVG+ by PCR (fig. 3A, Table 1). Viral load was estimated based on Ct value 
from qPCR targeting N gene (fig. 3B) and disease severity was determined based on disease 
severity score (fig. 3C). In contrast to Cohort 1, although cbDVG+ non-hospitalized patients also 
had higher viral loads, they did not have worse symptom scores than cbDVG- non-hospitalized 
patients (fig. 3B and 3C), suggesting that the presence of cbDVGs impacts hospitalized and non-
hospitalized patients differently. Our previous report shows that earlier cbDVG detection in 
human lung explants infected ex vivo associated with earlier antiviral responses and more 
efficient virus control than no or later cbDVG appearance (22). Interestingly, we noticed that in 
Cohort 2, non-hospitalized patients were sampled significantly earlier than hospitalized patients 
(fig. S1), suggesting that differential impact of cbDVGs observed in hospitalized and non-
hospitalized patients could be related to the kinetics of cbDVG appearance in these patient 
groups. 

  
Fig. 3. cbDVG+ non-hospitalized pediatric patients do not have worse respiratory disease than 
cbDVG- patients. (A) Pie chart showing the percentage and actual number of cbDVG+ and 
cbDVG- patients in non-hospitalized pediatric patients detected by PCR. Within the 73 non-
hospitalized infants (B) viral load and (C) disease severity score were compared in patients with 
and without cbDVGs. Viral load was determined by Ct values from qPCR as is plotted as 1/Ct. 
Data are shown as mean±SEM. Significant P value for Mann-Whitney test (*P<0.05) are 
indicated.  
Viral load, disease severity, and cbDVG distribution of experimentally infected adults  

To investigate if the timing of cbDVG generation influences their impact during 
infection, we next determined the presence of cbDVGs in 56 healthy adults that were 
experimentally infected with 104 pfu of RSV A M37 intranasally, as previously described (33) 
(Cohort 3). Viral load, disease severity score, nasal IgA titer, and nasal wash samples were 
obtained right before infection (Day 0) then daily for the first two weeks after inoculation and 
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every two weeks after that (33) (fig. 4A). Viral loads and disease severity scores in the infected 
individuals peaked at day 7 post inoculation (fig. 4B-4C, Table1). Eighteen subjects (32.14%) 
had detectable cbDVGs at least one day within the time points analyzed and were defined as 
cbDVG+. Thirty-eight subjects (67.86%) were negative at all tested time points and thus defined 
as cbDVG- (fig. 4D). Note that age and nasal IgA titer were not different between cbDVG+ and 
cbDVG- groups (Table 1).  

 
Fig. 4. Overall viral load and clinical score distribution for experimentally infected adults. (A) 
Study design of the adult cohort. Fifty-six healthy adult volunteers were experimentally infected 
with RSV A M37. Disease severity, viral load, nasal IgA titer, and nasal washes were analyzed 
for all indicated time points. (B-C) Each data point represents the (B) viral load or (C) clinical 
score of individual participants at designated days post infection. The black lines connect the 
daily mean value of all patients. (D) cbDVG PCR was performed to determine cbDVG presence 
or absence in nasal washes. The pie chart indicates the percentage and actual number of cbDVG+ 
and cbDVG- patients in this cohort.  

Early appearance of cbDVGs associates with lower disease severity scores than late appearance 
of cbDVGs 

cbDVGs appeared at different times and for different durations in the eighteen cbDVG+ 
subjects (fig. 5A). To investigate if the kinetics of cbDVG appearance impacted disease severity, 
we first categorized patients based on when cbDVGs were first and last detected. Since there 
were no pre-defined cutoffs for “Early” or “Late” DVG appearance in the literature, we defined 
three different cutoffs for first detection (within the first 3, 5, or 6 days post infection) with 
clearance within the first 6 days post infection as cutoffs I, II, and III, respectively (fig. 5A). All 
participants that did not meet the Early criteria were considered Late cbDVGs.  

To investigate whether early/late appearance of cbDVGs impacted infection outcome, 
total viral load and total disease severity score were compared between groups using all three 
cutoffs. Overall, Early groups showed significantly lower total disease severity score and total 
viral load than the Late group, regardless of the cutoff used in the analysis (fig. 5B). Notably, 
viral load was especially lower within earlier cutoffs indicating that the earlier cbDVGs are 
generated, the more effective they are at controlling viral load. To further analyze the role of 
early cbDVGs in infection outcome, disease severity score and viral load for each time point 
from all 56 subjects were graphed and compared over time among negative, Early, and Late 
groups. Using cutoff II as an example, the Early group had viral loads similar to the cbDVG- 
group and both groups had lower viral loads than the Late group (fig. 5C). Interestingly, disease 
severity score in the Early group was lower than both negative and Late groups over the entire 
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infection course (fig. 5D). Non-linear Gaussian regression was used to model the kinetics of 
disease severity score of the 3 groups. The best fit value for amplitude of the curves, referring to 
the peak of disease severity scores, was significantly lower in the Early group than both negative 
and Late groups (fig. 5E). These data demonstrate that patients with early cbDVGs had less 
severe symptoms than patients with late or no cbDVGs. 

 
Fig. 5. Early appearance of cbDVGs associates with lower viral loads and disease severity scores 
in experimentally infected subjects. (A) Criteria for early cbDVG appearance and clearance. 
Heatmap indicates the time points when cbDVGs were detected in samples from 18 cbDVG+ 
volunteers. Coded patient IDs (PID) are indicated on the left. Three cutoffs used to define 
cbDVGs as “Early” are indicated: first detection within 3 dpi (I), 5 dpi (II), and 6 dpi (III). For 
all three cutoffs, DVGs had to be cleared within the first 6 days of infection to be considered 
“Early”. All other patients were considered “Late” cbDVG producers. (B) Comparison of total 
viral load (left) and disease severity score (right) between Early and Late groups for all three 
cutoffs. Each dot represents the total score or viral load from individual participants and data are 
shown as mean±SEM. Significant P value for Mann-Whitney test (*P<0.05, **P<0.01) are 
indicated. (C-D) Cutoff II was selected to show the comparison of kinetics of (C) viral load and 
(D) disease severity score among negative, Early, and Late groups. Data are plotted over time 
and trendline represents mean±SEM. (E) Best-fit curves for kinetics of disease severity scores 
from negative, Early, and Late groups were calculated using nonlinear Gaussian model. The 
best-fit values for amplitude of the Early and Late group curves were compared (****P<0.0001).   
Prolonged detection of cbDVGs associates with increased viral load and worsened disease 
severity  
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Within the eighteen cbDVG+ subjects, four individuals had detectable cbDVGs on at 
least two days and cbDVGs were detectable beyond day 6 post infection. These four individuals 
were categorized as “Prolonged” cbDVG producers while the other fourteen individuals were 
considered “Transient” cbDVG producers (fig. 6A). To investigate how prolonged versus 
transient cbDVG appearance impact disease severity, their viral loads and disease severity scores 
were compared. Individuals in the Prolonged group had significantly higher total viral load than 
individuals in the Transient group (fig. 6B). Prolonged cbDVGs were also correlated with higher 
viral load over time (fig. 6C). Similar trends were observed for disease severity scores. The 
Prolonged group exhibited elevated disease severity scores in total value as well as at 6-9 days 
post inoculation (fig. 6D-E) when compared to cbDVG- and Transient groups. When a non-
linear Gaussian regression model was applied to the kinetics of clinical scores the amplitude of 
the best fit curves for the three groups were significantly different from each other (fig. 6F). 
Taken together, our data indicate that individuals with prolonged cbDVGs have not effectively 
controlled the virus leading to worsened disease, similar to what was observed in hospitalized 
children (Cohort 1). Overall analysis of Cohort 3 reveals that kinetics of appearance and 
clearance of cbDVGs during RSV infection directly correlates with disease severity. Early 
appearance leads to fast viral control and less severe disease whereas late or prolonged 
appearance associates with higher viral loads and worse clinical outcomes. 

       
Fig. 6. Prolonged detection of cbDVGs associates with higher viral loads and worsens clinical 
outcomes. (A) Criteria for prolonged and transient cbDVG appearance. For the Prolonged group, 
cbDVGs had to be detected on at least 2 days and still be present beyond 6 days post infection. 
The rest of the volunteers were considered part of the Transient group. The purple dash line 
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indicates the division between Transient and Prolonged groups. (B) Total viral load and (C) viral 
load over time were compared between Transient and Prolonged groups. (D) Total disease 
severity score and (E) disease severity score over time were compared between Transient and 
Prolonged groups. Data are shown as mean±SEM. Significant P values for two-way ANOVA 
(*P<0.05) are indicated. (F) The best-fit curves for the kinetics of disease severity score from 
negative, Transient, and Prolonged groups were calculated and compared using nonlinear 
Gaussian model. The best-fit values for amplitude of all three curves are shown (****P<0.0001).  
cbDVGs detected in Cohort 3 are from de novo generation  

To examine whether cbDVGs detected in Cohort 3 were generated de novo in the 
infected subjects, we compared cbDVG species present in six cohort samples (3 from the 
Early/Transient groups and 3 from the Late/Prolonged groups) with those found in the RSV A 
M37 viral stock used for inoculation. In addition, we identified viral reads that fully aligned to an 
RSV reference genome (GeneBank#KM360090.1). Due to the limited amount of total RNAs 
extracted from nasal washes, nasal scrapes were used for this analysis. Since only four time 
points, Day 0, 3, 7, and 10, were available for nasal scrapes, the time point closest to cbDVG 
detection in nasal washes were selected. We selected D3 for Early/Transient cbDVG producers 
and D7 or D10 for Late/Prolonged cbDVG producers. DVG reads were detected in all the 
samples with the Early/Transient group samples containing slightly less cbDVG reads than the 
Late/Prolonged group samples (lower panel in fig. 7A). In contrast, only two cbDVG reads were 
found in the RSV A M37 stock and neither of the them overlapped with cbDVGs identified in 
the scrapes (fig. 7B). As a positive control, RSV-HD, a stock enriched with cbDVGs, had nearly 
3000 cbDVG reads (fig. 7A). These data indicate that the cbDVGs identified in Cohort 3 were 
not carried over from the viral stock used to infect volunteers. Instead, they were generated de 
novo in infected subjects.  

 
Fig. 7. cbDVGs detected in Cohort 3 are from de novo generation. (A) Total amount of viral 
reads (upper) and DVG reads (lower) from six individuals belonging to the Early/Transient 
group (red bars) or Late/Prolonged group (blue bar) and two viral stocks, RSV-HD and RSV A 
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M37 (black bars). (B) cbDVG species from all six clinical samples (grey dots) and from the RSV 
A M37 viral stock (pink dots also pointed by arrows). The size of the dots reflects the abundance 
of each cbDVG as indicated in the legend on the right. 
 

Discussion 
The factors that determine RSV disease outcome are largely unknown. To be able to 

predict RSV disease severity would be of tremendous help to provide high-risk patients with 
proper care and our data suggest that cbDVG detection could be used to predict RSV disease 
severity. A higher count of DVG reads was previously shown to correlate with better clinical 
outcome during influenza virus infection (34). However, the impact of cbDVGs on RSV disease 
severity seems to be more complex as we found that it is the timing of cbDVG accumulation that 
determines whether cbDVGs are beneficial to the host. These observations are consistent with 
our previous findings using human lung tissues where earlier detection of cbDVGs lead to faster 
antiviral responses and lower virus replication (22). Interestingly, we observed that hospitalized 
cbDVG+ pediatric patients had higher viral load and stayed longer in the hospital than cbDVG- 
patients, but an association with greater disease severity was not observed in non-hospitalized 
cbDVG+ patients. We speculate that these different outcomes are due to different cbDVG 
kinetics in the hospitalized and non-hospitalized groups. Indeed, as shown in fig.2 from Cohort 1 
where all patients were hospitalized, cbDVGs+ patients behaved similarly as individuals with 
prolonged cbDVGs in Cohort 3, both having severe symptoms. In contrast, cbDVGs from non-
hospitalized patients, which are presumably representative of earlier cbDVG generation, as 
samples were collected on average 2.7 days post symptom onset and earlier than hospitalized 
patients (fig. S1), did not associate with worsened disease. Furthermore, we predict that earlier 
cbDVG generation (Days 1-3 after infection, cutoff I) are less likely to be captured in our non-
hospitalized cohort, since these infants probably did not show any symptoms due to an early 
shutdown of viral replication, and therefore were excluded from the pediatric study. Overall, for 
children hospitalized due to RSV infection, cbDVG detection accompanied with higher viral 
load predicts longer hospital stays and a high risk to turn into severe disease (e.g. admission to 
the ICU). 

Since DVG generation is closely tied to standard viral replication, it is possible that the 
observed impact of cbDVGs on clinical outcome is a secondary effect of different viral loads 
among the groups. However, in Cohort 3, we noticed that cbDVG+ subjects had similar viral 
loads as cbDVG- subjects with a tendency of lower severity scores, indicating that differences in 
clinical outcomes among these groups cannot be explained by viral load (fig. S2A). In addition, 
although a correlation between viral loads and disease severity scores was noticed within the 
cbDVG- group, this correlation was not present among cbDVG+ samples (fig. S2B). Consistent 
with our observations, although a positive correlation between RSV viral load and severity of 
illness has been demonstrated among hospitalized patients (16-19, 35), other groups have failed 
to show such an association in both hospitalized and non-hospitalized settings (20, 36-38). 
Indeed, when we compare the Ct value for the RSV N gene mRNA between hospitalized and 
non-hospitalized patients in Cohort 2, no obvious differences are observed (fig. S2C), strongly 
implying that viral load is not the sole viral factor that influences disease severity. Taken 
together, cbDVGs are an additional important viral factor that impacts RSV disease outcomes.  



How do cbDVGs impact RSV clinical outcomes? Based on our previous work in mice 
and human tissue, together with data presented here, we hypothesize that cbDVGs alter standard 
virus replication and host immune response to the infection impacting the clinical outcome. Early 
cbDVGs possibly arise when viruses are still trying to establish the infection in the host or are 
even part of the infectious inoculum. At this early stage, the antiviral responses stimulated by 
cbDVGs can restrict standard viral replication efficiently as exemplified by cutoff I in fig.4. In 
experimentally infected adults, it seems that early appearance of cbDVGs are rare events, only 
representing 5% (3/56) of the cohort. However, this number could be underestimated due to the 
pre-existing immunity against RSV in adults. In children infected naturally, the percentage of 
infants that accumulate cbDVGs at or before D3, especially during their first exposure to RSV, 
can be higher than 5% and is worth investigating. It is possible that many asymptomatic children 
belong to this group and were therefore missed in this study. In contrast, late/prolonged cbDVGs 
accumulate around the peak time of viral replication, about a week after infection. At this stage, 
the standard virus has already established infection. Although cbDVGs upregulate many IFN 
stimulated genes, these responses cannot sufficiently suppress viral replication and instead create 
a persistent and pathogenic pro-inflammatory state that includes expression of IL-6, and MIP1a, 
which are the genes positively associated with more severe symptoms of RSV infection in 
children. As shown in fig. 2, cbDVGs in hospitalized pediatric patients, presumably late and 
prolonged cbDVGs, failed to suppress viral replication and were associated with severe diseases.   

What determines the kinetics of cbDVG generation? One possible factor is the amount of 
defective viral particles containing cbDVGs mixed with the infectious viral particles during 
transmission, equivalent to the DVG contents in the viral stock used in experimental infections. 
In this study, we specifically test this possibility in Cohort 3, by deep sequencing the viral stock 
used for inoculation of adults. We identified only 2 cbDVG species in the viral stock and neither 
of the species were identified in patient samples including in the 3 individuals generating 
cbDVGs before D3 (fig. 6). This indicates that cbDVGs detected in our experimentally infected 
cohort are generated de novo. More importantly, this serves as a proof of principle that in natural 
infection of RSV, patients can generate cbDVGs at an early stage, even before the establishment 
of viral infection. However, this does not exclude the possibility that during natural infections the 
amount of cbDVGs in the initial inoculum may vary, as mentioned in the previous paragraph. 
Furthermore, other viral factors may also influence the kinetics of cbDVG generation, such as 
different viral isolates, certain mutations occurred in the viral genome, and different species of 
cbDVGs. Follow up studies need to address all these possibilities as well as the role of host 
factors that may determine the timing of DVG generation in different individuals.  

Other factors that could influence cbDVG generation are sex and age. We observed 
females were 2.62x more likely than males to be cbDVG+ in the adult cohort (Cohort 3), with a 
tendency of higher viral load and slightly higher symptom scores (fig. S3A-C). A similar trend 
was noticed in children. Girls in hospitalized and non-hospitalized cohorts are 1.2x and 1.17x 
more likely to be cbDVG+ than boys, respectively. Being male is one of the risk factors 
associated with RSV induced ALRI in children under the age of 5 (39). However, despite an 
association between being male with less cbDVG+ patients, we did not observe male pediatric 
patients have less viral load and shorter stay in hospital than females (fig. S3D-F). Interestingly, 
cbDVG+ patients in the hospitalized cohort (Cohort 1) were significantly younger than cbDVG- 
patients (fig. S3G), however this was not observed in the non-hospitalized cohort or the adult 
cohort. Whether sex and/or age directly impact cbDVG generation and further influences clinical 
outcomes need to be further investigated. 



Identifying a reliable way to predict RSV disease severity is complicated but necessary. 
cbDVGs are important modulators of viral pathogenesis and have been suggested to be involved 
in determining clinical outcomes (34). We propose that whether they are beneficial for or 
detrimental to the host depends on the context. This study gathered three unique cohorts covering 
hospitalized, non-hospitalized, and experimentally infected human samples and comprehensively 
shows that cbDVGs can protect from or promote pathogenesis depending on when and how long 
they are present during the infection. From a clinical perspective, our study shows that cbDVG 
presence is a risk factor for hospitalized patients. In addition, this study reveals a new window of 
opportunity to modulate RSV pathogenesis by promoting cbDVG generation early during 
infection.  

Materials and Methods 
Cohort descriptions and sample collection  

Cohort 1: Hospitalized pediatric cohort: A total 122 banked nasal washes were obtained from the 
Children’s Hospital of Philadelphia (CHOP). All patients were under 5 years old and 
hospitalized at least one day. All samples tested positive for RSV strain A by qPCR (40). 
Premature infants, patients with congenital heart disease and patients co-infected with other 
respiratory viruses were excluded from the study. This study was approved by The Children’s 
Hospital of Philadelphia Institutional Review Board #14-011453. 

Cohort 2: Non-hospitalized pediatric cohort: These samples were part of the Infants 
Susceptibility to Pulmonary Infections and Asthma Following RSV Exposure Study (INSPIREs) 
(41). Initially, healthy infants were enrolled in INSPIREs at the time of birth and were followed 
over a two-year period. Nasal samples were taken at both enrollment and acute respiratory illness 
visits during RSV seasons. If the infants met pre-specified criteria for a respiratory illness visit 
(41), an in-person visit was performed, where nasal and urine samples were collected, the 
respiratory symptoms were assessed, and the dates of symptom onset were recorded. For this 
study, a total of 100 nasal washes collected during the respiratory illness visit were qPCR 
confirmed for RSV strain A. Among them, 73 were from non-hospitalized patients and 27 were 
from hospitalized patients. This study was approved by Vanderbilt University School of 
Medicine, Institutional Review Board #111299. 
Cohort 3: Experimentally infected adults: The description of this cohort was previously 
published (33, 42). Briefly, 59 healthy nonsmoking adults aged 18-55 were experimentally 
inoculated with 10^4 plaque-forming units of RSV A Memphis 37 (M37) by intranasal drops. 
Nasal washes and blood were taken immediately before inoculation (Day0), daily for the first 
two weeks post infection (Day+1~Day+14), at Day+28 and Day+180. Additionally, nasal 
scrapes of selected individuals were collected on Day0, Day+3, Day+7, and Day+10. Symptom 
scores, including nasal discharges, nasal congestion, sneezing, cough, sore throat, headache, 
feverishness and fatigue were self-reported from Day0 to Day+14. Three subjects that were 
negative for viral load, cbDVGs, and did not show any symptoms were considered as uninfected 
and thus were excluded from the study. This study was approved by UK National Ethics Service 
London-Fulham (study number 11/LO/1826). Written informed consent was obtained from all 
volunteers prior to inclusion in the study. 
 

Study design  



Our goal was to determine whether detection of cbDVGs in nasal washes/scrapes from RSV-
infected patients serves as a correlate of disease severity. Three different cohorts were used in 
this study: Cohort 1 were hospitalized pediatric patients, Cohort 2 were majorly non-hospitalized 
infected children, and Cohort 3 were experimentally infected adults. For details about the three 
cohorts refer to cohort descriptions above. Nasal washes/scrapes, viral titers, and clinical 
information, including age, sex, length of hospitalization, disease severity scores, date of 
symptom onset, viral load, antibody titer, and ICU days were obtained for analysis of the 
association between cbDVGs and disease severity. Nasal washes were screened by PCR for the 
presence of cbDVGs as previously described (22). PCR was repeated blindly by two independent 
researchers for up to a total of 4 times for each clinical sample. Clinical information mentioned 
above was compared separately between cbDVG+ and cbDVG- patients for all three cohorts 
when data was available. Furthermore, we selected some patient samples from different cbDVG 
groups for RNA-seq to understand the functions and species of cbDVGs present in 3 cohorts 
through host transcriptome analysis. A detail study design for each cohort is shown next: 

Cohort 1: cbDVGs in nasal washes were tested via PCR and the tests were repeated 2-4 times by 
two researchers. cbDVG+ patients were defined as PCR positive in at least one repeat. Viral load 
in this cohort was determined by the Ct value from qPCR. Other clinical information including 
ICU days, length of stay, sex, and age were blinded to both researchers at the time of cbDVG 
testing and compared between cbDVG+ and cbDVG- patients.  
Cohort 2: Viral load was determined by qPCR and cbDVG screening was performed blindly as 
indicated for Cohort 1. cbDVG+ patients were defined as PCR positive in at least one out of 4 
repeats. Age, sex, symptom scores, date of symptom onset and estimated days post infection, 
length of hospitalization for hospitalized patients, and viral load were compared between 
cbDVG+ and cbDVG- patients.  

Cohort 3: Viral load and nasal IgA titer were determined for all available time points by TCID50 
and ELISA. cbDVGs in nasal washes were tested via PCR and the tests were repeated 2-4 times 
by two researchers. cbDVG+ samples were defined as cbDVG detectable by at least one PCR 
repeat in nasal washes and individuals containing at least one cbDVG+ samples were considered 
as cbDVG+ subjects. Correlations between cbDVG kinetics and viral load and between cbDVG 
kinetics and disease severity score were examined.  

RNA extraction and DVG-RT-PCR 
Total RNA was extracted from nasal washes of the adult and two pediatric cohorts using TRIzol 
LS (Invitrogen) according to the manufacture’s instruction. Isolated total RNA was reversed 
transcribed using SuperScript III First-Strand Synthesis System (Invitrogen). cbDVGs were then 
amplified using specific primers (P1: 5’-CTTAGGTAAGGATATGTAGATTCTACC-3’; P2: 5’- 
CCTCCAAGATTAAAATGATAACTTTAGG-3’) as previously described (22)(fig. 1A). 

RNA-seq library preparation  
For samples from Cohort 1, 13 samples including 7 cbDVG+ and 6 cbDVG- were selected. Ten 
ng of extracted RNA from patients’ nasal washes were used. Due to the low and degraded input 
RNA, SMARTer Stranded Total RNA-seq kit v2-Pico Input Mammalian (Takara) was used to 
prepare the cDNA libraries according to the manufacturer’s instruction. Libraries were run on 
Illumina Nextseq 500 to generate 75 bp, single-end reads, resulting in 21-62 million 
reads/sample with average Q30³95.89%. For samples from Cohort 3, nasal scrapes of 6 
individuals were selected to extract total RNA. Since nasal scrapes were not taken daily, the 



available time points closest to cbDVG detection or at the peak of viral replication (for cbDVG- 
samples) were selected for RNA-seq. Specifically, among 6 selected participant, 3 individuals 
were from Early/Transient cbDVG group and samples at Day+3 were chosen; 3 individuals were 
from Late/Prolonged cbDVG group including two Day+10 samples and one Day+7 samples. 
Quality of extracted total RNA was assessed using RNA Pico 6000 module on an Agilent 
Tapestation 2100 (Agilent Technologies) prior to cDNA library preparation. cDNA libraries 
were prepared starting from 100ng of total RNA using Illumina TruSeq Stranded Total RNA LT 
kit with Ribo-Zero Gold, according to the manufacturer’s instructions. Six samples were split 
into two runs (4 samples each run) on an Illumina NextSeq 500 to generate 150bp, pair-end 
reads, result in 90-160 million reads/sample with average Q30³88.41%. For viral stocks, total 
RNA was extracted directly from stocks of RSV A Memphis 37 and RSV-HD. The stock of RSV 
A Memphis 37 (M37) obtained was the exact viral stock used in Cohort 3 and RSV-HD was 
prepared from RSV A2 as described elsewhere (33). cDNA libraries were prepared using 
SMARTer Stranded Total RNA-seq kit v2-Pico Input Mammalian (Takara). Libraries were run 
on an Illumina Nextseq 500 to generate 75 bp, single-end reads, resulting in 30-56 million 
reads/sample with average Q30³95.82%. 
DVG/viral reads analysis and host transcriptome analysis  

For detection of DVG reads, RNA-seq datasets from patients and viral stocks were analyzes 
using the Viral Opensource DVG Key Algorithm (VODKA) (32). DVG species with only 1 total 
count were removed from the analysis. Count analysis and graphs were performed using the R 
environment. The code was summarized in the Rmarkdown file using VODKA output of 
Memphis viral stock as an example (fig. S4). For viral reads that fully aligned to RSV viral 
reference genomes, subread package in R environment (43) was used and total counts were 
summarized using GraphPad Prism Version 8. The host transcriptome profiling of 13 
hospitalized pediatric samples was analyzed using pipeline published elsewhere (44). Bubble 
chart was graphed using Datagraph. The individual gene expression comparisons between 
cbDVG+ and cbDVG- groups were conducted using GraphPad Prism Version 8.  

Statistical analysis  
Statistical analyses were performed as indicated in each figure using GraphPad Prism Version 8 
or using the R environment. Nonparametric data were compared using Mann-Whitney Wilcoxon 
tests. For kinetics analysis, two-way ANOVA was used to compare the difference at each time 
point with Turkey’s multiple comparisons test. Non-linear Guassian regression was used to 
model the best fit curve for the kinetics of clinical scores in Cohort 1. 

Supplementary Materials 
Fig. S1. cbDVG+ patients in nonhospitalized group were sampled earlier than that in 
hospitalized group. 
Fig. S2. The impact of cbDVGs is not the secondary effect of different viral loads among 
patients. 
Fig. S3. Impact of gender and age on cbDVG detection in different cohorts. 

Fig. S4. Rmarkdown for the analysis of Memphis viral stock VODKA output. 
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Table 1. Demographic, viral data, and clinical data of 3 cohorts. 
 

Cohort 1 
 Total (n=122) DVG - (n=22) DVG + (n=100) P value 
Median (range) age, days 145.5 (30-714) 302.5 (42-714) 116 (30-683) ** 
Sex, M:F 64:58 16:6 48:52 * 
Median Viral Load CT 
value (IQR) 22.6 (20.6-25.2) 27.65 (25.7-30.7) 21.95 (20.3-23.9) **** 

Median Length of Stay in 
Days (IQR) 3 (2-5) 2 (1-3) 4 (2-5) *** 

Median ICU days (IQR) 0 (0-2) 0 (0-0) 0 (0-2) ns 
Cohort 2 
 Non-hospitalized 
 Total (n=73) DVG - (n=19) DVG + (n=54) P value 
Median (range) age, 
weeks 23.29 (3.29-33) 24 (3.29-33) 23 (5.57-32.43) ns 

Sex, M:F 42:31 13:6 29:25 ns 
Median Viral Load CT 
value (IQR) 23.91 (20.65-27.29) 25.6 (23.86-29.94) 22.84 (20.31-26.03) * 

Median Respiratory 
Severity Score (IQR) 2 (1-4) 2 (1.75-4.25) 2.5 (1-4) ns 

Sampling Days Post 
Symptoms (IQR) 3 (2-4) 4 (3-6) 3 (2-4) * 

 Hospitalized 
 Total (n=27) DVG - (n=3) DVG + (n=24) P value 
Median (range) age, 
weeks 13.29 (1.57-27.71) 6.86 (3.71-18.43) 13.36 (1.57-27.71) ns 

Sex, M:F 14:13 1:2 13:11 ns 
Median Viral Load CT 
value (IQR) 22.79 (20.44-26.59) 26.59 (21.59-27.20) 22.79 (19.94-26.12) ns 

Median Length of Stay in 
Days (IQR) 3 (1-5) 2 (1-5) 3 (1.25-4.75) ns 

Sampling Days Post 
Symptoms (IQR) 4 (3-5) 5 (3-5) 4 (2.25-5) ns 

Cohort 3 
 Total (n=56) DVG - (n=38) DVG + (n=18) P value 
Median (range) age, year 22 (18-50) 22 (18-50) 21 (18-29) ns 
Sex, M:F 35:21 28:10 7:11 * 
Median Total Viral Load 
AUC (IQR) 643.2 (0-34,707) 503.5 (0-19,737) 643.2 (1.1-181,479) ns 

Median Total Clinical 
Score (IQR) 20 (7.3-36.8) 22 (7.8-43) 10 (4.8-29.5) ns 

Median Fold Change 
RSV IgA (IQR) 1.2 (0.4-2.2) 1.1 (-0.2-1.9) 1.3 (0.5-2.5) ns 



P values were from chi-square test (gender) or Mann-Whitney test (the rest) of comparison 
between cbDVG+ and cbDVG- patients. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 

Supplementary Materials: 

 
Fig. S1. cbDVG+ patients in the non-hospitalized group were sampled earlier than that in the 
hospitalized group. In Cohort 2, there are 73 non-hospitalized patients and 27 hospitalized 
patients. Days post the onset of symptoms were recorded at the time of sampling. Within 
cbDVG+ patients, days post the onset of symptoms was compared between non-hospitalized 
group and hospitalized group.  
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Fig. S2. The impact of cbDVGs on clinical outcome is not a secondary effect to differential viral 
loads among patients. (A) In Cohort 3, total viral load and total disease severity score were 
compared between cbDVG+ and cbDVG- individuals. (B) Total viral load and total disease 
severity scores were correlated within cbDVG+ and cbDVG- group separately. (C) In Cohort 2, 
the viral load was compared between non-hospitalized and hospitalized pediatric patients.  

 
Fig. S3. Impact of gender and age on cbDVG generation in different cohorts. In Cohort 3, (A) 
the percentage of female and male patients within the cbDVG+ and cbDVG- groups were 
compared with the number of female subjects shown within the bars. (B-C) showing the 
comparison of viral load (B) and disease severity (C) between females and males. In Cohort 1, 
(D) the percentage of female and male patients within the cbDVG+ and cbDVG- groups were 
compared with the number of female subjects shown within the bars. (E-F) showing the 
comparison of viral load (E) and length of stay (F) between females and males. (G) Age was 
compared between cbDVG+ and cbDVG- patients. Significance upon Mann-Whitney test 
(**P<0.01). 
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