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Saliva viral load is a dynamic unifying correlate of COVID-19 severity and 

mortality 
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While several clinical and immunological parameters correlate with disease severity and 

mortality in SARS-CoV-2 infection, work remains in identifying unifying correlates of 

coronavirus disease 2019 (COVID-19) that can be used to guide clinical practice. Here, we 

examine saliva and nasopharyngeal (NP) viral load over time and correlate them with patient 

demographics, and cellular and immune profiling. We found that saliva viral load was 

significantly higher in those with COVID-19 risk factors; that it correlated with increasing 

levels of disease severity and showed a superior ability over nasopharyngeal viral load as a 

predictor of mortality over time (AUC=0.90). A comprehensive analysis of immune factors and 

cell subsets revealed strong predictors of high and low saliva viral load, which were 

associated with increased disease severity or better overall outcomes, respectively. Saliva 

viral load was positively associated with many known COVID-19 inflammatory markers such 

as IL-6, IL-18, IL-10, and CXCL10, as well as type 1 immune response cytokines. Higher saliva 

viral loads strongly correlated with the progressive depletion of platelets, lymphocytes, and 

effector T cell subsets including circulating follicular CD4 T cells (cTfh). Anti-spike (S) and anti-

receptor binding domain (RBD) IgG levels were negatively correlated with saliva viral load 

showing a strong temporal association that could help distinguish severity and mortality in 

COVID-19. Finally, patients with fatal COVID-19 exhibited higher viral loads, which correlated 

with the depletion of cTfh cells, and lower production of anti-RBD and anti-S IgG levels. 

Together these results demonstrated that viral load – as measured by saliva but not 

nasopharyngeal — is a dynamic unifying correlate of disease presentation, severity, and 

mortality over time. 

 

COVID-19 is a disease caused by the novel SARS-CoV-2 virus, which results in a heterogenous 

presentation of symptoms and severity. While most cases of COVID-19 are asymptomatic and 

mild, the full spectrum of disease includes more serious infections ranging from moderate to 

severe, requiring increasing levels of medical intervention, and may ultimately prove fatal. 

Though patients with severe disease have been reported in all spectrums of age and health, 

males, older patients, and those with specific underlying medical conditions are associated with 
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increased disease severity, while those with multiple of these COVID-19 health risk factors are 

associated with an even greater risk of severe disease
1-4

. 

 

Clinically, severe COVID-19 is characterized by the induction of a strong inflammatory immune 

response, lymphopenia, thrombocytopenia and coagulopathies
5-7

. Patients with severe disease 

that progress to death have been shown to express higher levels of inflammatory cytokines and 

chemokines (CXCL10, IL-6, IL-10), the inflammasome (IL-18, IL-1β), and interferons (IFNα, IFNγ, 

IFNλ), as well as the induction of type II and III immune responses
8-10

. Furthermore, studies 

have revealed the benefit of cellular and humoral adaptive immune responses for improved 

disease outcomes
11-13

, as well as the reduction in follicular CD4 T cell subsets needed for the 

development and maturation of high-quality antibodies
14

. Despite these associations, to date 

no factor has been described that can significantly distinguish the full spectrum of severity in 

COVID-19, from mild to fatal manifestations of disease as well as unify the many cellular, 

immunological, clinical, and demographic parameters seen in the spectrum of disease severity.  

 

The study of viral load in COVID-19, obtained from distinct collection sites including 

nasopharynx, sputum, saliva, plasma, urine, and stool, have demonstrated that the information 

obtained from each of these sites is not always synonymous
15-29

. The association of 

nasopharyngeal viral load to disease severity has been the most studied. While some studies 

have shown that high nasopharyngeal viral loads on admission are significantly associated with 

a higher risk of mortality, older age, and some COVID-19 health risk factors, and others have 

shown a steady decline of nasopharyngeal viral load amongst those hospitalized with moderate 

disease, other studies have not found these associations
8,15,27,28,30-32

. Nasopharyngeal viral load 

has been shown to positively correlate with important inflammatory factors seen in SARS-CoV-2 

including TNFα and type I and II interferons, and plasma viremia, which has also been 

associated with disease severity, to lymphopenia
8,33

. 

 

Saliva viral load in SARS-CoV-2 has been shown to be a viable alternative to the detection of 

COVID-19 
29,34

. Similar to some nasopharyngeal studies, viral load obtained from posterior 
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oropharyngeal saliva samples, a distinct sample collection site from standard saliva samples, 

have been positively associated with age
35

. Given the associations that nasopharyngeal viral 

load has on specific aspects of COVID-19 disease, our work sought to study the associations that 

saliva viral load had on important parameters of COVID-19 including the association with known 

risk factors, and hallmark disease phenotypes such as strong cytokine induction, lymphopenia, 

and its association with immature humoral immune responses. 

 

Summary of Cohort Composition 

One hundred and fifty four patients admitted to Yale-New Haven hospital between March and 

June of 2020 were used for analysis as part of our ongoing longitudinal IMPACT study
8
. We 

assessed nasopharyngeal and saliva viral RNA load quantified by RT-qPCR, as well as levels of 

plasma cytokines, chemokines and antibodies. Leukocyte profiles were obtained from freshly 

isolated peripheral blood mononuclear cells (PBMCs). In addition, clinical data was obtained 

from patient healthcare records and were matched to collection timepoints within a maximum 

of 48 hours difference from the date of saliva or nasopharyngeal sample collection. Our cohort 

was comprised of different subgroups categorized by gradations of disease severity including 62 

hospitalized patients who developed severe disease and were admitted to the ICU during their 

hospital stay, and 84 hospitalized patients with moderate disease symptoms. A total of 23 

patients with COVID-19 died during the time of our study. A separate cohort of individuals not 

hospitalized for COVID-19, called “non-hospitalized” in our study, consisted of healthcare 

workers who were being serially monitored for infection and who became RT-qPCR positive by 

nasopharyngeal swab or saliva during the study but did not require hospitalization for 

symptoms. In addition, patients who were admitted for elective care and were discovered to be 

positive via nasopharyngeal swab RT-qPCR screening but who did not require medical 

intervention for their COVID-19 infection throughout their stay were also included. In total 

these groups included 18 RT-qPCR positive healthcare workers who were not hospitalized for 

symptoms and 8 RT-qPCR positive patients who were not hospitalized for COVID-19. Finally, 

108 uninfected healthcare workers served as a control group. A comprehensive demographic 

breakdown of the cohort is provided in Extended Data Table 1. A total of 355 samples were 
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collected from the infected cohort, which included 1-8 collection timepoints from participants 

spanning from 2 days before until 40 days after the onset of symptoms. To gain a better 

understanding of the relationship between viral load and the parameters measured, individuals 

with measured saliva viral loads were stratified into three groups based on the quantile 

distribution of viral load levels across the entire cohort, as low (saliva viral load=3.212-4.4031 

Log10 [Log](GE/ml)), medium (saliva viral load=4.4031-6.1106 Log (GE/ml)), and high (saliva viral 

load=6.1106-10.320 Log (GE/ml)), irrespective of disease severity for all timepoints collected. 

Our threshold viral load limit of detection was 3.22 Log (GE/ml) labeled in this study as viral 

load limit of detection (VLD), and our threshold limit of positivity, labeled as viral load limit of 

positivity (VLP) was 3.75 Log (GE/ml). 

 

First-recorded saliva viral load associates with COVID-19 risk factors 

Male sex, older age, and specific respiratory, cardiovascular, oncological, and other systemic 

and immune-suppressive conditions are associated with worse outcomes in COVID-19 
1-4

. To 

assess if viral load may be linked with these risk factors, we analyzed first-recorded saliva and 

nasopharyngeal viral load levels against patient demographics known to be associated with 

worse outcomes. Samples collected within two weeks following the administration of 

convalescent serum were excluded from this analysis. Patients were categorized based on the 

presence or absence of a particular COVID-19 health risk factor (Extended Table 1), which 

included chronic respiratory conditions (e.g., COPD and asthma), as well as cardiovascular 

disease, hypertension, cancer within one year of infection, and other conditions that lead to 

immunosuppression including HIV infection, type II diabetes, cirrhosis, chronic kidney disease, 

or being actively treated with a drug known to cause immunosuppression. Saliva viral load was 

significantly higher in patients who were found to have any of these five categorical health risk 

factors (Extended Figure 1). To assess if these effects were additive, given that individuals with 

multiple health risk factors are associated with a higher risk of severe disease
4
, patients were 

then stratified into five categories representing their summative risk factors from 0 to 4+. These 

categories demonstrated a significant increasing positive trend of disease severity and mortality 

(Extended Figure 1c, d). Notably, COVID-19 health risk factors demonstrated significant 

 . CC-BY-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 10, 2021. ; https://doi.org/10.1101/2021.01.04.21249236doi: medRxiv preprint 

https://doi.org/10.1101/2021.01.04.21249236
http://creativecommons.org/licenses/by-nd/4.0/


 6

increasing measurements of saliva viral load in which patients with four or more risk factors 

had significantly higher saliva viral loads than those with zero, or one, or two risk factors upon 

first sample collection (Figure 1a). Age also showed a significant positive correlation with saliva 

viral load (Figure 1b) and comparison of viral load between sex demonstrated that saliva viral 

load was significantly higher in male than in female patients (Figure 1c). By contrast 

nasopharyngeal viral load was not statistically significantly related to any of these parameters 

that were measured (Figure 1d, e, f and Extended Figure 1 f-j). These results suggest that risk 

factors for COVID-19 may be reflective of an underlying replicative capacity of the virus found in 

the saliva of these individuals from the first collection that appears additive and is associated 

with an increased likelihood of severity and mortality.  

 

Early saliva viral load correlates with a spectrum of disease severity and mortality 

We then sought to compare viral load with respect to the spectrum of disease severity in our 

cohort. To do so, we first compared viral load measurements between hospitalized and non-

hospitalized individuals (described above) using only first-recorded viral load within the first ten 

days from symptom onset in order to more closely match stage of disease. Hospitalized 

patients demonstrated significantly higher saliva viral loads than non-hospitalized individuals 

(Figure 2a). Comparison of first recorded saliva viral loads for hospitalized patients between 

moderate and severe disease and alive and deceased individuals throughout the course of 

disease revealed that saliva viral load was progressively and significantly higher in patients with 

worse outcomes (Figure 2b, c).  

 

To gain a better sense of how this played out throughout the course of disease we tracked 

saliva viral load levels over days from symptom onset. This revealed distinct viral load kinetics 

across all severity groups, with those with more severe disease initiating with or maintaining 

higher viral load levels throughout the course of disease (Figure 2g). Measurement of overall 

saliva viral load levels over time revealed that there were significant differences across all 

severity groups with viral load levels increasing significantly from non-hospitalized individuals, 

to moderate, severe, and finally deceased individuals (Figure 2h). Surviving patients showed a 
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significant steady decline of viral load over time while those with fatal disease failed to control 

saliva viral load (Figure 2i). While this observation also held true for nasopharyngeal viral load 

(Figure 2l), all other comparisons did not significantly differ across severity groups when 

measured by nasopharyngeal viral load (Figure 2d-f, j, k). 

 

We therefore performed a Receiver Operating Curve (ROC) analysis for both nasopharyngeal 

and saliva viral load which revealed that while nasopharyngeal viral load could not, saliva viral 

load could significantly predict both disease severity (AUC=0.71; p=0.0012) and mortality 

(AUC=0.83; p<0.0001) in hospitalized patients based on the first collection sample from the 

patient, even as this varied by several days past the date of admission and showed statistically 

better predictive ability than nasopharyngeal viral load and age (Extended Figure 2a and 

Extended Table 2). Incorporation of days from symptom onset significantly improved the 

predictive value of saliva viral load for both disease severity (AUC=0.79, p<0.0001) and 

mortality (AUC=0.90, p<.0001) (Extended Figure 2b, c) which was again significantly better than 

the nasopharyngeal viral load model (Extended Figure 2d) in predicting mortality. Using ordinal 

logistic regression, we tested if either saliva or nasopharyngeal viral load combined with days 

from symptom onset could predict the full spectrum of severity. Saliva viral load with days from 

symptom onset alone showed a strong predictive ability to distinguish the full spectrum of 

severity with first sample collection distinguishing between moderate disease (AUC=0.96) 

severe (AUC=0.89), and fatal (AUC=0.91) COVID -19 (Extended Figure 2b). These results 

highlight the distinctive feature of saliva viral load over nasopharyngeal viral load to correlate 

with a spectrum of disease severity and mortality throughout the course of disease and further 

suggest an important role for early viral load in determining outcomes of severity. 

 

Saliva viral load correlates with key immunological factors in COVID-19 

To gain a better understanding of the association of viral load with disease severity and 

mortality, we investigated the overall relationship between saliva and nasopharyngeal viral load 

to several immunological factors measured in our cohort which included cytokines, 

chemokines, platelets, and antibody levels across all patient timepoints. Observation of these 
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correlations revealed that, with notable exceptions, saliva load and nasopharyngeal load shared 

many positive and some negative correlates (Figure 3a). 

 

Viral load obtained from either collection method positively correlated with many important 

markers of inflammation previously seen with nasopharyngeal viral load
8,33

, including IFN-α, 

and IFN-γ, inflammasome cytokines (IL-1β, IL-1ra), cytokines (TNFα, IL-6, IL-10), as well as with 

CXCL10 and many other chemokines responsible for the recruitment of monocytes, T cells, and 

other leukocytes, but showed stronger or significant associations with saliva load than with 

nasopharyngeal viral load (Figure 3a). Saliva viral load also showed statistically significant 

positive correlations with IL-18, and IFNλ, which were previously shown to be associated with 

disease severity and mortality
8
 but not previously identified to be directly correlated with viral 

load (Figure 3a).  Both nasopharyngeal and saliva viral load showed a strong negative 

correlation with anti-S and anti-RBD IgG, platelets, as well as certain growth and repair factors. 

 

Given the strong associations of saliva viral load over nasopharyngeal viral load with many of 

the immunological factors associated with increased disease severity and mortality, we sought 

to identify the most influential predictors of saliva viral load by running a non-linear iterative 

partial least squares (NIPALS) analysis of all factors and then assessing for variable importance. 

Variable Importance Plot (VIP) analysis revealed a total of 39 factors above the VIP threshold 

cutoff, 30 of which were positively associated with saliva viral load and 9 of which were 

negatively associated (Figure 3b). CXCL10, a chemokine that attracts activated T cells expressing 

CXCR3, was identified as the most important positive correlate of higher saliva viral load. In 

close second through fourth were additional chemokines and mitogens including CCL8, CXCL9, 

and SCF. Other positive VIP correlates once again included inflammatory and inflammasome 

cytokines (TNFα, IL-18, IL-1ra, IL-1α and IL-1β), cytokines (IL-10, IL-6, IL-15), chemokines (CXCL9, 

CCL3, CCL2), types I-III interferons, as well as additional Th1 and Th17 cytokines such as IL-2, IL-

12p40, and IL-17a. CXCL13, a chemokine for Tfh and germinal center B cells expressing CXCR5, 

was also found to be a positive predictor of higher saliva viral loads.  
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The most important negative correlates of saliva viral load were found to be anti-RBD IgG, 

platelets, and anti-S IgG (Figure 3b), suggesting an important role for a humoral response 

against viral replication. Platelets might correlate negatively because of their depletion in 

severe disease that are seen with high viral load (Figure 3c, Extended Figure 5c). Interestingly, 

after these antibodies, the negative VIP correlates of saliva viral load—Eotaxin 2, PDGF ABA/BB, 

PDGFAA, EGF, sCD40L, and CXCL5—were factors derived from platelets or important in 

antibody class switch and found to be enriched in the plasma of patients who recovered from 

COVID-19 
8
.  

 

Comparing these VIP correlates between low medium and high viral load, we found that they 

followed either progressive decline or increase, depending on whether they were predictors of 

low or high viral load, respectively (Figure 3c, and Extended Figure 3b and 4). To better visualize 

how each of these positive and negative parameters of saliva viral load behaved within our 

cohort, a heatmap was constructed using these 39 VIP predictors of saliva viral load. 

Hierarchical clustering revealed two distinct patient clusters (cluster 1, and 2; Figure 3d) and 

two distinct clusters of cellular factors (A, B; Figure 3d). Patients in cluster 1 showed a strong 

enrichment of factors in cluster A, which were all of the VIP correlates associated with low 

saliva viral load, while patients in cluster 2 showed strong enrichment of factors in cluster B, 

which were positive predictors of high saliva viral load. Indeed, patients in cluster 2 showed 

significantly higher saliva viral loads, were significantly older, and showed significantly higher 

rates of severity and mortality (Figure 3e). These findings suggest that the pro-inflammatory 

signature seen in severe COVID-19 may be driven by higher viral loads. Further, they reveal an 

immunological blueprint associated with lower viral loads, decreased severity, and mortality. 

 

Saliva viral load is strongly associated with the progressive depletion of lymphocytes  

One of the hallmarks of COVID-19 is T lymphopenia. We therefore investigated the association 

of viral load to the amount of T cells and other cell subsets found in patient PBMC samples. As 

previously described for other types of viral load
33

, saliva viral load was significantly negatively 

associated with absolute lymphocyte counts obtained from patient clinical data, as well as total 
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T cells counts of CD4 and CD8 T cells (Extended Figure 3c). Additionally, saliva viral load was 

negatively associated with many effector T cell subsets, NK, and NKT cells, macrophages, and 

some B cell subsets (Extended Figure 3c). In contrast, nasopharyngeal viral load also showed 

some but fewer significant negative correlation to some of these lymphocyte subsets (Extended 

Figure 3c). 

 

Comparison of lymphocyte subset counts to uninfected healthcare workers and individuals with 

low, medium, and high saliva viral load levels showed that individuals with high saliva viral load 

had significantly lower total T cell counts compared to uninfected healthcare workers and those 

in the low saliva viral load group (Figure 3f, g). These associations held even after accounting for 

age-related T cell decline (Extended Table 3). Similar observations were seen for CD4 and CD8 T 

cells and effector subsets including lower counts for CD4 Tfh and follicular CD8 T cells as well as 

lower counts for HLADR+/ CD38+ activated CD4 and CD8 T cells with higher saliva viral loads 

(Figure 3g, and Extended Figure 5a). Furthermore, patients in the high saliva viral load group 

exhibited significant reduction of NK cell, NKT cell counts over uninfected healthcare workers 

(Extended Fig. 5A). Similar effects were seen with nasopharyngeal viral load levels but not for 

all subsets including T cells when ranked by viral load (Extended Figure 5b). 

 

Given the important relationship between days from symptom onset to viral load, we evaluated 

the relationship of saliva viral load to T cell counts over the course of disease. Saliva viral load, 

and days from symptom onset showed a significant contribution to the changes in T cell counts 

over time (Adj R=0.957, p=0.0032) (Figure 3i and Extended Table 3). These strong negative 

associations between saliva viral load over days from symptom onset extended to CD4 and CD8 

T cells and effector subsets including circulating CD4 Tfh cells (Adj R=0.961, p=0.00045) 

(Extended Table 3). Nasopharyngeal viral load also showed some of these associations, though 

to a limited set of cells (Extended Table 3) 

 

Generating highly specific anti-RBD IgG, the most important negative correlate of saliva viral 

load that we measured, requires the coordinated efforts of germinal center B cells as well as 
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Tfh cells for antibody affinity maturation. Given the strong negative association that saliva viral 

load has on the numbers of circulating lymphocytes and lymphocyte subsets including CD4 Tfh 

cells, an assessment of the lymphocyte repertoire in deceased patients was conducted. This 

analysis revealed that deceased patients indeed exhibited significant depletion of circulating 

lymphocytes and T cell subsets including CD4 Tfh cells (Figure 3h and Extended Figure 5c). 

 

Early escape from high saliva viral load is associated with better antibody production and 

recovery  

Anti-RBD IgG and anti-S IgG levels were among the most important negative correlates of low 

saliva viral load. Comparison of antibody levels between uninfected healthcare workers and 

those in the high medium and low saliva viral load levels demonstrated that patients with 

medium and low saliva viral load had significantly higher anti-RBD and anti-S IgG than those in 

the high viral load group (Figure 4a, d). To gain a better understanding of the temporal 

association of antibody production to viral load, antibody levels were compared amongst 

patients in the high saliva viral load level to those with lower saliva viral load levels over time. 

Patients who stayed in the high saliva viral load level showed an initial delay in the production 

of antibody compared to those in the lower saliva viral load levels with a significant difference 

between days 10-20 from symptom onset, before eventually catching up to those who were in, 

or had managed to enter into the lower viral load levels (Figure 4b, e). Notably, this statistically 

significant difference in antibody production between days 10-20 from symptom onset was also 

seen in deceased individuals (Figure 4 c, f), which coincided with increased depletion of cCD4 

Tfh cells during this time period (Extended Figure 4a). 

 

To better understand how antibody levels correlated with saliva viral load kinetics and disease 

severity in our cohort, the mean duration of time spent in the high, medium, and low saliva viral 

load brackets was compared amongst the spectrum of disease severity along with antibody 

levels and the overall ratio of antibody to saliva viral load levels. Interestingly, deceased 

patients exhibited significantly longer time spent in the high saliva viral load bracket than 

severe, moderate, or non-hospitalized individuals, while non-hospitalized individuals spent a 
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significantly shorter time (less than 5 days) in the high viral load bracket than hospitalized 

patients (Figure 4g). While antibody levels did not vary significantly across the cohort in the 

high viral load bracket, the overall ratio of antibody to saliva viral load was uniformly low 

(Figure 4h). Notably the vast majority of patients who survived exited the high saliva viral load 

bracket by day 14 from symptom onset, which accounted for one standard deviation from the 

mean for both moderate and deceased individuals in the high saliva viral load group and fell 

within the significant window of antibody production described in Figure 4b. Furthermore, with 

the exception of two individuals in the medium viral load level, deceased patients failed to exit 

the high saliva viral load bracket (Figure 4g-j). Observation of individual trajectories for saliva 

viral load and antibody production, showed that saliva viral load decreased as overall antibody 

to viral load ratio increased within an individual (Extended Figure 6c). Notably, antiviral 

antibody to saliva viral load ratios in the medium and low viral load brackets showed a steady 

increase amongst the severity groups, with higher antibody and antibody to viral load ratios 

seen with increasing disease severity and lower viral load respectively (Fig 4j), as well as a 

growing separation between anti-S1 IgG and anti-RBD IgG that increased with disease severity 

and the mean days from symptom onset (Figure 4g, h). Indeed, patients with severe disease 

who successfully made it into the low viral load group did so at significantly more days from 

symptom onset than moderate or non-hospitalized individuals. In addition, they displayed 

significantly higher anti-S1 IgG levels than the lower severity groups (Figure 4h). Furthermore, 

higher proportional levels of anti-S1 IgG over anti-RBD IgG in the low saliva viral load group 

showed a significant positive interaction with increased disease severity, with Non-Hospitalized 

individuals showing a non-significant difference between their anti-RBD IgG and anti-S1 IgG 

levels, and those with moderate and severe disease showing significant and increasing 

differences in their anti-S1 IgG levels compared to anti-RBD IgG levels (Figure 4j). Of note, these 

associations were not seen with nasopharyngeal viral load (Extended Figure 6 d-g).  

 

Together these data suggest two important features of viral load and antibody in the 

determination of disease severity and mortality in COVID-19. First, patients with higher initial 

viral load levels required higher concentrations of antibody, and higher antibody-to-viral-load 
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ratios to escape the high and medium saliva viral load bracket and effectively overcome their 

viral burden. Second, while anti-RBD IgG was significantly more effective at bringing down 

saliva viral load (Extended Figure 6b), increased disease severity required broader anti-S1 IgG to 

overcome their viral burden (Figure 4j, which may further delay their overall rate of recovery. 

Given that higher viral loads are associated with depletion of cCD4 Tfh cells, these results 

suggest that lethal COVID-19 disease may be a feature of high early stage saliva viral load, 

reduction in Tfh and antibody responses, leading to the failure to clear the virus, and triggering 

a vicious circle. Indeed, maintaining high viral load for longer showed significantly divergent 

trajectories toward increasing severity of illness and death (Fig. 4k). 

 

 

Discussion:  

Our study, consistent with others who have shown differences in viral load associations 

amongst different collection sites
19,33

, revealed that nasopharyngeal and saliva viral load, are 

not equivalent measures of disease processes for COVID-19. Correlation between these two 

sites showed an R=0.61 (p<0.0001) and saliva and nasopharyngeal viral load shared a related 

but an overall distinct cytokine signature. Saliva viral load was significantly higher with 

increasing disease severity and demonstrated distinct viral load kinetics across the severity 

spectrum from non-hospitalized to deceased individuals. Saliva viral load could significantly 

predict disease severity and mortality over age or nasopharyngeal viral load with the first 

sample collection, and, importantly, was enhanced with the inclusion of days from symptom 

onset. Nasopharyngeal viral load could not reliably distinguish severity or predict mortality in 

our study with the first sample collection—which varied from the date of admission. This 

distinction is important in consideration of prognostic tools that may be used clinically to 

monitor disease progression after the date of admission. These findings suggest that saliva viral 

load is reflective of a related but distinct replicative process in vivo than what is seen with 

nasopharyngeal viral load. Though nasopharyngeal and oral epithelia as well as epithelia 

surrounding salivary glands show ACE2 expression
36,37

, a replicative capacity for SARS-CoV-1
38

, 

and one study found pronounced ACE2 expression in minor salivary glands of humans infected 
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with SARS-CoV-2
39

, the collection of virus in saliva may also be reflective of viral replication in 

key vital organs.  Saliva viral load may reflect viral invasion and replication in the lower 

respiratory tract that has been propelled into the oral cavity through mucociliary clearance that 

subsequently intermixes with saliva
40

. Nevertheless, the significant and temporal association of 

saliva viral load with spectra of disease severity suggests that early high viral loads associated 

with saliva are the immunological trigger for disease severity and those who sustain high viral 

loads longer suffer increased disease severity or mortality. 

 

The association of older age, heart failure, cancer, and certain forms of immunosuppression 

with higher viral loads suggests a possible interplay between these factors
1-4,27

. Our study 

evaluating saliva not only confirms the association of higher viral load with these and other 

known COVID-19 risk factors including hypertension, and chronic lung disease, but 

demonstrates that these factors have an additive effect in overall viral load levels, which may 

contribute to the increased risk of severity in individuals with multiple risk factors
4
. Our study 

also found that saliva viral load was significantly higher in males, a known risk factor in COVID-

19, associated with a distinct immune response than what is seen in females
3,41-43

. Therefore 

COVID-19 risk factors may be reflective of a baseline capacity of the host to support viral 

replication, predisposing those with multiple risk factors to higher viral loads and worse 

outcomes. The high early viral replication in a given host is likely a reflection of failed innate 

immune responses including interferon-mediated antiviral defense. Indeed, impaired innate 

antiviral defense is seen with the COVID-19 risk factors including advanced age
44

, metabolic 

syndrome
45

, cancer
46

,and in immunocompromised status. In addition, recent work has also 

shown increased expression of ACE2 in the lungs of individuals with COVID-19 risk factors
47

, 

which may further predispose those with pre-existing conditions to higher viral replication.  

 

Thirty-nine VIP factors were significantly associated with saliva viral load, including 30 factors 

associated with higher saliva viral load, which included Type I-III IFNs, inflammasome factors, 

cytokines and chemokines such as CXCL13; and 9 associated with lower viral loads. These two 

signatures associated with high and low saliva viral load clustered separately from one another 
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in our cohort and those who had enrichment of the lower viral load signature, which included 

six factors (Eotaxin 2, PDGF ABA/BB, PDGFAA, EGF, sCD40L, and CXCL5) previously associated 

with recovery in our cohort 
8
, showed significantly lower rates of disease severity and mortality. 

Many of these lower viral load factors are released by platelets which also showed a significant 

predictive ability for lower saliva viral loads. This phenomenon may be related to the 

thrombocytopenia and coagulopathies seen in patients with severe disease that is reflected 

through saliva viral load and further integrates saliva viral load as an important measure of the 

disease phenotypes seen in COVID-19. These results provide an immunological blueprint that 

reflects better protection against viral replication; a path that may be inefficiently achieved in 

those who start with higher viral loads and produce higher inflammatory signatures.  

 

Patients within the higher initial viral load bracket required higher concentrations of antibody 

and higher antibody-to-viral-load ratios to successfully escape the high viral load bracket. While 

anti-RBD IgG is more effective at bringing down viral load, increased disease severity was 

associated with higher reliance on less specific anti-S1 IgG to overcome their viral load burden, 

which may further delay their overall rate of recovery. Indeed, patients with severe disease 

took significantly longer days from symptom onset than those with moderate disease or non-

hospitalized individuals to achieve low saliva viral loads. Given that higher saliva viral loads are 

associated with increased depletion of CD4 cTfh cells, these results suggested that this 

increased reliance on anti-S1 IgG may be driven from the lack of proper B cell help, as a result 

of lymphocyte depletion among this cohort. 

 

In this same vein, patients with fatal COVID-19 showed significantly lower lymphocytes and 

lymphocyte subsets including CD4 cTfh cells than patients who survived. Like individuals with 

high saliva viral load, deceased patients exhibited significantly lower anti-RBD and anti-S1 IgG in 

days 10-20 from symptom onset, which corresponded with a significantly more pronounced 

depletion of cTfh cells in that time frame. This significant delay in antibody production may 

indeed have been the final determinant of their overall fate, for not only would they have to 

catch up in the production of antibody, but they would have to produce much more antibody 
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than those with lower viral loads to effectively overcome their viral load burden and exit the 

high saliva viral load bracket. Concordantly, while most patients who survived successfully 

escaped the high saliva viral load bracket by day 14 from symptom onset, deceased individuals 

failed to do so showing low overall antibody to viral load ratios, and those that did manage to 

escape at later days showed signs of requiring much higher antibody levels to do so with a 

stronger reliance on anti S1 IgG. Hence, lethal COVID-19 disease may be a feature of high early 

stage saliva viral load, reduction in Tfh and antibody responses, leading to the failure to clear 

the virus, and triggering a vicious circle. Indeed, maintaining high viral load for longer or 

transitioning out of high saliva viral load showed significantly distinct trajectories toward 

recovery or death. 

 

These findings may serve as a window to apply and monitor interventions dedicated to 

reducing viral load early before severe depletion of effector cell populations in days 10-20 from 

symptom onset which may contribute to the significantly lower levels of antibody seen during 

this time in the deceased. While some drugs and monoclonal antibodies designed to reduce 

overall viral load, have shown little-to-mixed efficacy in trials, this may be related to the 

inability of these drugs to successfully bring down viral burden at the early stage of disease
48,49

 

50,51
. It is also important to note that those who have higher viral loads required a higher 

antibody-to-virus ratio to successfully bring down viral load and anti-RBD IgG was better at 

accomplishing this. These findings are important when considering the incorporation of 

convalescent serum in individuals which may harbor varying levels of specific antibody and may 

successfully or unsuccessfully bring down viral loads to an appropriate ratio based on initial 

viral load levels. Serial monitoring of saliva viral load is important in these circumstances and 

others that target viral load to ensure efficacy. 

 

In summary our work revealed both the important role that saliva viral load has as a clinical 

measure of disease severity and mortality in COVID-19 as well the importance of viral load as an 

integral component of the spectrums of disease severity and clinical pathology that should be 

monitored early. We identified novel factors associated with lower and higher viral loads that 
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may serve as a basis for treatment, and highlight the importance of antibody responses against 

infection. Early interventions directed against viral load may be most beneficial if administered 

early before days 10-20 from symptom onset to prevent increased viral load associated 

depletion of effector subsets and corresponding decrease in antibody production, allowing for a 

more coordinated immune response against the virus. 
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Figure legends 

Fig. 1| Saliva viral load is significantly higher in individuals with multiple health risk factors, 

older patients, and in males. a-f, a, Comparison of saliva viral load amongst patients stratified 

from 0 to 4+, representing their cumulative pre-existing COVID-19 health risk factors (Extended 

Figure 1 and Table 1). b, Linear Regression of age and saliva viral load. c, t-test comparing saliva 

viral load by sex. d,e,f, Comparison of nasopharyngeal (NP) viral load to factors described in a, 

b, and c, respectively. All data points represent the first-recorded viral load measurement of a 

patient for saliva or nasopharyngeal viral load. Solid horizontal lines represent the mean. 

Significance of comparison for a and c, was determined by one-way ANOVA followed by Tukey’s 

test to account for multiple comparisons. Linear regression shows Pearson’s correlation 

coefficients; shading represents the 95% confidence interval for the regression line. Dotted 

lines VLP=positivity threshold for viral load is 3.75 Log (Genomic Equivalents [GE]/ml)); 

VLD=viral load limit of detection is 3.22 Log (GE/ml). 

 

Fig. 2| Saliva viral load is strongly associated with spectrum of disease severity throughout 

the course of illness. a-l, a, Comparison of first recorded saliva viral load between individuals 

hospitalized for COVID-19 and non-hospitalized individuals within the first 10 days from 

symptom onset using a two-sided t-test. Comparison of only first recorded saliva viral load 

measurements amongst (b) moderate and severe disease or (c) alive and deceased individuals 

throughout the course of disease. d, e, f, comparison of nasopharyngeal viral load as in a, b, 

and c respectively. Significance was adjusted for multiple comparisons within viral load groups 

using the Holm-Sidak method. g, Comparison of saliva viral load between non-hospitalized, 

moderate, severe, and deceased individuals across days from symptom onset. Points represent 

a unique individual-timepoint and color represents the clinical severity status of that given 

individual-timepoint as labeled. Moderate and severe classification represents only individual-

timepoints of patients who survived. A cubic spline fitted to the mean with a lambda of 0.05 is 

shown for each severity group. Shading of the lines represent the bootstrap confidence of fit. h, 

Least squares Mean analysis comparing mean saliva viral load amongst spectrum of disease 

over days from symptom onset using Restricted Maximum Likelihood (REML) to account for 

repeated measures for the same individuals. Significance was adjusted for multiple 

comparisons using the Tukey method. i, Linear regression analysis, assessing correlations of 

saliva viral load between alive and deceased groups over days from symptom onset. Pearson’s 

correlation coefficients are shown for each group; shading represents the 95% confidence 

interval for the regression line. j, k, l, Comparison of nasopharyngeal viral load between 

spectrums of disease severity as described for saliva viral load in g, h, and i respectively. Dotted 

lines VLP=positivity threshold for viral load is 3.75 Log (Genomic Equivalents [GE]/ml)); 

VLD=viral load limit of detection is 3.22 Log (GE/ml). 

 

 

 

Fig. 3| Saliva viral load correlates with key immunological markers of severity and mortality 

in COVID-19. a-i, a, Comparison of saliva and nasopharyngeal viral load to 75 immunological 

factors using Pearson correlation. Values are ordered starting at the top by maximum positive 
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correlation value. Correlation scale is represented on the x-axis. Whiskers represent the 95% 

confidence interval of the correlation. b, Variable Importance Plot (VIP) vs coefficients plot 

generated from non-linear iterative partial least squares (NIPALS) analysis, with K-Fold cross 

validation (K=5). The plot represents component 1 which accounted for approximately 16.59% 

of the x variability and approximately 52% of the y (see Extended Figure 3a). The VIP threshold 

cutoff was 0.8. VIP score is denoted on the y-axis with regression coefficients on the x-axis. A 

total of 39 factors met the threshold criteria for importance; 30 of which were positive 

predictors of higher saliva viral load, and 9 of which were predictors of lower saliva viral load. c, 

One-way ANOVA comparing the mean difference of platelets, CXCL10, and IL-6, between 

healthcare workers (HCW) and/or individual timepoints in the low, medium, and high saliva 

viral load groups. P-values were adjusted using Tukey method. Additional comparisons are 

available in Extended Figure 4. d, heatmap depicts hierarchical clustering comparing 

enrichment of the 39 VIP factors identified in B measured at distinct timepoints in COVID-19 

patients. Measurements were normalized across all patients. Clustering was Ward based 

(Cluster 1, n=68, cluster 2, n=62). e, Comparisons between clusters 1 and 2 generated from D. 

Comparison of saliva viral load and age, by 2-sided t-test; significance for frequency of severity 

and mortality was done via 2-tailed Fisher’s exact test and was p=0.0033, and p=0.0002 

respectively. f, Heatmap depicting mean values of lymphocyte subset counts between 

healthcare workers, and low medium and high saliva viral load groups. Lymphocyte subsets are 

labeled or abbreviated on the left. Abbreviations: CD4cm T cells=CD4 central memory T cells; 

CD8cm T cells=CD8 central memory T cells; TCRA CD4 T cells=acutely activated effector CD4 T 

cells (HLADR+, CD38+, CD8 4+); TCRA CD8 T cells=acutely activated effector CD8 T cells 

(HLADR+, CD38+, CD8 +);  US B cells=non-class switched memory B cells. g, One-way ANOVA 

comparing the mean difference of lymphocytes, and T cell subsets between uninfected 

healthcare workers (HCW) and/or individual-timepoints in the low, medium, and high saliva 

viral load groups. P-values were adjusted using Tukey method. Additional comparisons are 

available in Extended Figure 5a. h, Comparison of cell populations in G between alive and 

deceased individuals. P-values are adjusted for multiple comparisons using the Holm-Sidak 

method. Additional comparisons are available in Extended Figure 5c. i, Restricted Maximum 

Likelihood (REML) Least squares regression was performed correlating saliva viral load with T 

cells numbers in across time R adjusted=0.957, RMSE=0.153, p=0.0032) Additional comparisons 

are shown in Table 4. Dual-y axis graph tracking T cell counts (x106
 cells/ml) on the left and saliva 

viral load (Log GE/ml) on the right over days from symptom onset for all patients. Points 

represent a unique timepoint measurement for either t cell counts or saliva viral load as 

indicated on the graph. All points depicted for either T cell counts, or saliva viral load have a 

corresponding measurement of saliva viral load, or T cell counts respectively. Saliva viral load 

and T cell count curves are color coded as indicated. Curves represent the cubic spline fitted to 

the mean of the points with a lambda of 0.05. Dotted lines VLP=positivity threshold for viral 

load is 3.75 Log (Genomic Equivalents [GE]/ml)); VLD=viral load limit of detection is 3.22 Log 

(GE/ml). HCW mean=Mean T cell count for healthcare workers is also shown for reference. 
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Fig. 4| Early escape from high saliva viral load is associated with better antibody production 

and recovery. a-k, a, Comparison of mean anti-RBD IgG levels between low, medium, and high 

saliva viral Load and uninfected healthcare workers. Comparisons were done using a one-way 

ANOVA p-values were adjusted using Tukey method for multiple comparisons. b, Least squares 

means analysis comparing Anti-RBD IgG levels amongst patients with high vs medium and low 

saliva viral load over days from symptom onset. Timepoints represent 5-day bins. P values are 

adjusted for multiple comparisons using Sidak correction. Whiskers and shading represent the 

95% confidence interval of the mean. c, Comparison of the mean Anti-RBD IgG levels amongst 

alive and deceased individuals between days 10-20 from symptom onset using a 2-sided t-test 

and. P-vaules are adjusted for multiple comparisons with Sidak correction. d, e, f, Comparison 

of Anti-S1 IgG levels as in in a, b, c respectively. g, Comparison of the mean duration of days 

from symptom onset in the high, medium and low saliva viral load categories amongst 

spectrum of disease severity. Top Panel shows the Kernel projected percent distribution of time 

spent for individuals within severity subgroups in the high, medium, or low saliva viral load 

categories. Bottom panel compares the mean time (y -axis) of each severity subgroup within 

each saliva viral load category. Points represent a patient time point. Severity is color-coded as 

indicated on the graph. Lines connect the means within each severity subgroup in each viral 

load category. Whiskers represent the standard deviation of the mean and shading represents 

the 95% bootstrap confidence of fit. Comparisons within each viral load category were done by 

one-way ANOVA and significance was adjusted for multiple comparisons across all categories 

using the Holm-Sidak method. The dotted line in the top and bottom panels labeled as high 

viral load Escape Threshold in the legend (Day 14 from symptom onset) represents the rounded 

average of one standard deviation away from the mean for the moderate and severe groups of 

patients in the high saliva viral load category who survived. h, Panels are subdivided by the high 

viral load Escape threshold (Day 14 from symptom onset) as indicated in the Figure. Panels 

represent the frequency of individuals within each severity group that fall into the high, 

medium, and low saliva viral load categories before day 14 from symptom onset (bottom) and 

at or after day 14 from symptom onset (top). i, Subpanels show the prevalence of individuals 

who go on to die within the high, medium, and low saliva viral load categories before day 14 

(bottom) and on or after day 14 (top). Chi-squared tests were used to measure significance. j, 

Panels show mean levels of Anti S1 IgG and Anti RBD IgG (top) and their ratios over saliva viral 

load (bottom), amongst severity groups in the high medium and low saliva viral load levels. X-

axis denotes saliva viral load levels as well as mean days from symptom onset (DfSO) of each 

severity group within each viral load level as determined in g.  Comparisons of means amongst 

severity groups is made in the low saliva viral load level via least squares mean analysis using 

REML to compare Anti S1 IgG and Anti RBD levels between the groups and within groups. P 

values are adjusted for multiple comparisons using Sidak correction. There was a significant 

positive interaction between disease severity and higher proportions of Anti S1 IgG over Anti 

RBD IgG (p=0.0033). k, Least squares mean analysis comparing disease trajectory between high 

and medium/low viral loads over days from symptom onset. Disease severity was ranked on an 

increasing scale from 1-4 with 1 being illness not requiring hospitalization, 2 hospitalization 

with moderate disease, 3 severe disease, and 4 death. Timepoints represent 5-day bins. Points 

represent the mean score of disease severity for all patients in each bin that fell within the high 

vs medium/low saliva viral load categories. Whiskers represent the 95% confidence interval and 
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shading represents the bootstrap confidence of fit. There was a significant positive interaction 

between viral load level and days from symptom onset (p=0.0187). 

 

Methods: 

 

Study Cohort and data collection 

 

Patients: One-hundred and fifty-four SARS-CoV-2 RT-q-PCR positive eligible
34,41

 adult (≥ 18 

years old) patients admitted to Yale New Haven hospital between 18 March 2020 to 10 June 

2020 were included in this study. Patients were confirmed to be positive by at least one SARS-

CoV-2 PCR-positive nasopharyngeal swab, collected during or near the time of admission. 

Patients were followed longitudinally throughout the duration of their hospital stay. Disease 

severity was determined based on the patient’s overall requirement of medical intervention at 

each timepoint of data collection, and were categorized into the following severity groups: (i) 

“non-hospitalized”, consisting of patients who were admitted for elective care and were 

discovered to be positive via nasopharyngeal swab RT-qPCR screening but who did not require 

medical intervention for their COVID-19 infection throughout their stay; (ii) moderate disease, 

consisting of patients admitted to the hospital for their COVID-19 illness and requiring only non-

intensive level of medical care, up to the administration of  non-invasive supplementary oxygen 

(>3 L/min to maintain SpO2 >92%, or >2 L/min to maintain SpO2 >92% with a high-sensitivity C-

reactive protein [CRP] >70), plus treatment with tocilizumab; (iii) severe, which included patients 

who were admitted to the intensive care unit (ICU) and required intensive level of medical care 

including requiring >6 L/min of supplementary oxygen to maintain SpO2 >92%,  invasive 

mechanical ventilation or extracorporeal membrane oxygenation (ECMO) in addition to 

glucocorticoid or vasopressor administration; (IV) deceased patients, consisting of patients 

admitted for COVID-19 and died during their hospital stay. Patient demographic information 

and COVID-19 health risk factors including information presented in Extended Table 1 were 

obtained from a systematic and retrospective review of electronic medical records (EMRs). 

Days from symptom onset for each patient was determined via a standardized interview and 

collected on a standardized survey administered to the patient or via review of electronic 

medical records if an interview was not possible due to patient’s health or mental status. All 
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clinical data were obtained using EPIC EHR and REDCap 9.3.6 software. Investigators were 

blinded to patient information and health status at the time of sample processing and 

generation of raw data from blood and plasma samples. Blood specimen collection and 

specimen processing were performed by independent teams. Cytokines and FACS analyses 

were blinded. Clinical data including absolute lymphocyte counts and platelets were obtained 

from the patient’s EMR and were matched to the date of or a maximum of 48 hours from saliva 

or nasopharyngeal swab sample collection. Patients clinical information and clinical severity 

status was only revealed after the generation of raw data. Of note, our cohort consists of 

individuals who received Tocilizumab, which can increase the levels of IL-6 as previously 

described
8
. Healthcare workers: One hundred and nine uninfected healthcare workers were 

used in this study as a control group. Age and sex were obtained from standardized survey 

data. Healthcare workers were serially monitored for infection using RT-qPCR screening from 

either nasopharyngeal or saliva samples. Eighteen healthcare workers who became RT-q-PCR 

positive for SARS-CoV-2 but did not require hospitalization for symptoms were included in this 

study as part of the non-hospitalized group. Days from symptom onset were determined from a 

standardized survey provided to healthcare workers throughout enrollment in the study, or by 

interview.  

 

Plasma and PBMC isolation 

Patient and healthcare worker plasma and PBMC isolation was obtained as previously 

described
8,41

. Briefly, same-day blood collection and processing was done from whole blood 

samples collected in sodium heparin-coated vacutainers that were gently agitated until the 

samples were processed. To isolate serum from blood samples, vacutainers were centrifuged at 

400g for 10 min at room temperature (RT) with no brake. The resulting undiluted serum was 

aliquoted and stored at −80 °C for later analysis. For PBMC isolation, resulting concentrated 

blood after serum isolation was processed at room temperature, first by diluting the sample in 

a 1:1 ratio with PBS. And then by density gradient centrifugation using 50 ml SepMate tubes 

(StemCell Technologies; #85460) in which Histopaque (Sigma-Aldrich, #10771-500ML) had been 

added to the appropriate volume according to the manufacturer’s instructions. Samples were 
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then centrifuged for 10 mins at 1,200g with the brake on. Resulting PBMC layer was decanted 

into a new sterile 50ml conical tube and washed twice with PBS, treated with ACK lysis buffer 

for 2 min and washed again before counting and assessing cell viability using standard Trypan 

blue staining and an automated cell counter (Thermo-Fisher, #AMQAX1000). All samples were 

processed in a BSL2+ level facility. 

 

Cytokine and chemokine measurements 

Cytokine and chemokine data were obtained as previously described
8,41

. Stored patient sera (as 

described above) were shipped to Eve Technologies (Calgary, Alberta, Canada) on dry ice for 

the quantification of 71 cytokines and chemokines using the Human Cytokine Array/Chemokine 

Array 71-Plex Panel. Samples were measured at first-thaw. 

 

 

Flow Cytometry 

Flow Cytometry was performed as previously described
8,41

. Antibody clones and vendors used 

for flow cytometry staining were as follows: BB515 anti-hHLA-DR (G46-6) (1:400) (BD 

Biosciences), BV785 anti-hCD16 (3G8) (1:100) (BioLegend), PE-Cy7 anti-hCD14 (HCD14) (1:300) 

(BioLegend), BV605 anti-hCD3 (UCHT1) (1:300) (BioLegend), BV711 anti-hCD19 (SJ25C1) (1:300) 

(BD Biosciences), AlexaFluor647 anti-hCD1c (L161) (1:150) (BioLegend), biotin anti-hCD141 

(M80) (1:150) (BioLegend), PE-Dazzle594 anti-hCD56 (HCD56) (1:300) (BioLegend), PE anti-

hCD304 (12C2) (1:300) (BioLegend), APCFire750 anti-hCD11b (ICRF44) (1:100) (BioLegend), 

PerCP/Cy5.5 anti-hCD66b (G10F5) (1:200) (BD Biosciences), BV785 anti-hCD4 (SK3) (1:200) 

(BioLegend), APCFire750 or PE-Cy7 or BV711 anti-hCD8 (SK1) (1:200) (BioLegend), BV421 anti-

hCCR7 (G043H7) (1:50) (BioLegend), AlexaFluor 700 anti-hCD45RA (HI100) (1:200) (BD 

Biosciences), PE anti-hPD1 (EH12.2H7) (1:200) (BioLegend), APC anti-hTIM3 (F38-2E2) (1:50) 

(BioLegend), BV711 anti-hCD38 (HIT2) (1:200) (BioLegend), BB700 anti-hCXCR5 (RF8B2) (1:50) 

(BD Biosciences), PE-Cy7 anti-hCD127 (HIL-7R-M21) (1:50) (BioLegend), PE-CF594 anti-hCD25 

(BC96) (1:200) (BD Biosciences), BV711 anti-hCD127 (HIL-7R-M21) (1:50) (BD Biosciences), 

BV421 anti-hIL17a (N49-653) (1:100) (BD Biosciences), AlexaFluor 700 anti-hTNFa (MAb11) 
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(1:100) (BioLegend), PE or APC/Fire750 anti-hIFNy (4S.B3) (1:60) (BioLegend), FITC anti-

hGranzymeB (GB11) (1:200) (BioLegend), AlexaFluor 647 anti-hIL-4 (8D4-8) (1:100) (BioLegend), 

BB700 anti-hCD183/CXCR3 (1C6/CXCR3) (1:100) (BD Biosciences), PE-Cy7 anti-hIL-6 (MQ2-

13A5) (1:50) (BioLegend), PE anti-hIL-2 (5344.111) (1:50) (BD Biosciences), BV785 anti-hCD19 

(SJ25C1) (1:300) (BioLegend), BV421 anti-hCD138 (MI15) (1:300) (BioLegend), AlexaFluor700 

anti-hCD20 (2H7) (1:200) (BioLegend), AlexaFluor 647 anti-hCD27 (M-T271) (1:350) (BioLegend), 

PE/Dazzle594 anti-hIgD (IA6-2) (1:400) (BioLegend), PE-Cy7 anti-hCD86 (IT2.2) (1:100) 

(BioLegend), APC/Fire750 anti-hIgM (MHM-88) (1:250) (BioLegend), BV605 anti-hCD24 (ML5) 

(1:200) (BioLegend), BV421 anti-hCD10 (HI10a) (1:200) (BioLegend), BV421 anti-CDh15 (SSEA-1) 

(1:200) (BioLegend), AlexaFluor 700 Streptavidin (1:300) (ThermoFisher), BV605 Streptavidin 

(1:300) (BioLegend). Briefly, freshly isolated PBMCs were plated at 1–2 × 10
6
 cells per well in a 

96-well U-bottom plate. Cells were resuspended in Live/Dead Fixable Aqua (ThermoFisher) for 

20 min at 4 °C. After a wash, cells were treated with Human TruStan FcX (BioLegend) for 10 min 

at RT for blocking. Antibody cocktails were added directly to this mixture for 30 min at RT. For 

secondary stains, cells were washed and the supernatant was aspirated leaving a cell pellet. 

Then secondary cocktail of markers was added to the cell pellets for 30 min at 4 °C. Cells were 

resuspended in 100 μl 4% PFA for 30 min at 4 °C and then washed prior to data collection on an 

Attune NXT (ThermoFisher). FlowJo software version 10.6 (tree Star) was used for data analysis. 

The specific sets of markers used to identify each subset of cells are provided in Extended 

Figure 7. 

 

Viral RNA measurements 

Saliva samples and nasopharyngeal swab samples were obtained from patients and healthcare 

workers as previously described
34,52

. Collection of samples were attempted every few days for 

each patient throughout their stay. Samples were stored at room temperature and processed 

within 12 hours of sample collection. Nucleic acid was extracted from 300 μl of viral transport 

media from nasopharyngeal samples or extracted directly from 300 μl of saliva using a modified 

protocol for the the MagMAX Viral/Pathogen Nucleic Acid Isolation kit (ThermoFisher 

Scientific)
52

. 10 μl of Proteinase K was added as needed for some saliva samples which were 
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then vortexed on high for 30 seconds to help further dissociate the sample for nucleic acid 

extraction. RNA was eluted using 75 μl of elution buffer. 5 μl of eluted RNA was used to SARS-

Cov-2 detection using the US CDC real-time RT–qPCR primer/probe sets for 2019-nCoV_N1, 

2019-nCoV_N2, and the human RNase P (RP) as an extraction control, under the protocol 

previously described
52

. Ct values obtained from the N1 primer-probe set were converted to 

viral genomic RNA copies per ml of sample input using a 10-fold dilution standard curve as 

described previously
52

. Values were Log10 transformed. The lower limit threshold for positive 

detection (viral load limit of positivity [VLP]) in our study was 5,610 virus RNA copies/ml of 

sample or approximately 3.75 Log10 (GE/ml).  The viral load limit of detection (VLD) was 1,660 

virus genomic RNA copies/ml or approximately 3.22 Log10 (GE/ml). 

 

SARS-CoV-2 specific-antibody measurements  

For the quantification of SARS-CoV-2 specific antibody ELISAs were performed as previously 

described
53

. Briefly, a final concentration of 0.5% and 0.5mg/ml of Triton X-100 and RNase A 

were added to serum samples respectively and incubated at room temperature (RT) for 30 

minutes before use to neutralize any potential virus in serum. 96-well MaxiSorp plates (Thermo 

Scientific #442404) were coated with 50 μl/well of recombinant SARS Cov-2 S1 protein 

(ACROBiosystems #S1N-C52H3-100 μg) at a concentration of 2 μg/ml in PBS and were 

incubated overnight at 4 °C. After removal of the coating buffer, 200 μl of blocking solution 

(PBS with 0.1% Tween-20, 3% milk powder) was added to the plates and then subsequently 

incubated for 1h at RT.  Serum was diluted in 1:50 dilution solution (PBS with 0.1% Tween-20. 

1% milk powder) and 100 μl of diluted serum was added for two hours at RT. After three 

washes with PBS-T (PBS with 0.1% Tween-20) and 50 μl of HRP anti-Human IgG Antibody 

(GenScript #A00166, 1:5,000) or anti-Human IgM-Peroxidase Antibody (Sigma-Aldrich #A6907, 

1:5,000) diluted in dilution solution added to each well. Plates were incubated for 1 h at RT, and 

then washed three times with PBS-T. Plates were developed with 100 μl of TMB Substrate 

Reagent Set (BD Biosciences #555214) and the reaction was stopped after 12 min by the 

addition of 2 N sulfuric acid. Plates were then read at a wavelength of 450 nm and 570 nm. 
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Eighty pre-pandemic samples were assayed to establish the negative baselines and these values 

were statistically determined with a confidence level of 99%. 

 

Statistical and data analyses 

Statistical and data analyses were performed using Jmp Pro 15.0.0 (SAS Institute), and 

GraphPad Prism 8.4.3. Parametric ANOVAs were performed as indicated in the figures for group 

analyses and p-values were adjusted for multiple comparisons as noted. Heatmaps were 

created using Jmp Pro 15.0.0. Measurements were normalized across all patients. Clustering 

was Ward based. Variable Importance Plot (VIP) vs coefficients plot was generated from non-

linear iterative partial least squares (NIPALS) analysis, with K-Fold cross validation (K=5) using 

the Jmp Pro software.  

Data availability  

All the background information on HCWs, clinical information for patients, and raw data used in 

this study are included in Extended Table 4. Additionally, all of the raw .fcs files for the flow 

cytometry analysis are available at (not yet available). 

 

Correspondence and requests for materials should be addressed to A.I. 
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Extended Data Fig. 1 |Higher saliva viral load correlates with COVID-19 health risk factors. a-

d, a, Comparison of saliva viral load amongst individuals with and without certain COVID-19 
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health risk factor categories as denoted above each comparison and described in Extended 

Data Table 1. Significance for each t-test is adjusted for multiple comparisons using the Holm-

Sidak method. b, Comparisons as in a, using nasopharyngeal viral load. c, d, frequency of 

disease severity or mortality respectively amongst individuals stratified by their cumulative 

totals of COVID-19 health risk factors from 0 to 4 or more health risk factors (4+) of those 

represented in a and b. Measure of significance for trend was determined using the Cochran 

Armitage Trend Test. 

 

 

Extended Data Fig. 2 | Saliva viral load can significantly distinguish spectrums of disease 

severity and predict mortality a-d, a, Receiver Operator Curve (ROC) of age, and first-recorded 

saliva and nasopharyngeal viral load values of hospitalized patients, as predictors of mortality. 

Area Under the Curve (AUC) was 0.83 for saliva viral load (p=0.0012), 0.63 (not significant[ns]) 

for age, and 0.58 (ns) for nasopharyngeal viral load. b, ROC models for mortality between saliva 

and nasopharyngeal viral loads combined with days from symptom onset are shown. AUC was 

0.90 (p< 0.0001) for the saliva viral load model with days from symptom onset, and 0.67 for 

nasopharyngeal (p=0.06) viral load with days from symptom onset. AUC comparisons between 

models in a, and b were done using a chi-squared difference test and p-values for these 

comparisons are shown. c, d, ROC analysis demonstrating the predictive ability for saliva and 

nasopharyngeal viral loads respectively combined with days from symptom onset as predictors 

of the severity spectrum with only the first-obtained patient sample. Analysis was done using 

ordinal logistic regression. For saliva viral load with days from symptom onset (c) (p< .0001), the 

AUC was 0.91 for fatal disease, 0.89 for severe non-fatal disease, and 0.96 for moderate, non-

fatal disease. For nasopharyngeal viral load with days from symptom onset (d) (p=0.0015), the 

AUC was 0.69 for fatal disease, 0.66, for severe non-fatal disease, and 0.73 for moderate, non-

fatal disease. Additional statistics are shown in Table 2. 

 

Extended Data Fig. 3 | Saliva viral load correlates with key cell and immunological factors in 

COVID-19. a-c, a, Table shows readout for NIPALS calculation used to obtain VIP Plot in Figure 

3. Factors are ordered from 1-15 showing the Root Mean prediction sum of squares (PRESS) 

(also depicted by graph) and the van der Voet T
2
 statistic. Percent of variation in y explained by 

each factor demonstrates that factor 1 explained 52.46% of y. Five factors could explain 91.47% 

of the variation in Y, however, these subsequent factors after factor 1 contributed increasingly 

less to explain Y as shown in the graph and table on the right. The table shows no statistical 

difference between Factor 2 which minimized the van der Voet T
2
 statistic and Factor 1 which 

minimized the number of VIP variables. Hence, Factor 1 was chosen as the optimal readout. b, 

heatmap depicts hierarchical clustering comparing 39 VIP immune factors between low, 

medium, and high viral load. Hierarchical clustering was Ward based. Measurements were 

normalized across saliva viral load groups. c, Heatmap shows comparison of Pearson correlation 

of lymphocytes and subsets to saliva and nasopharyngeal viral loads. Only significant 

correlations are shown with corresponding value inside the box. 
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Extended Data Fig. 4 | Comparison of cytokine levels amongst uninfected healthcare workers 

and those with low, medium and high saliva viral loads. a, Comparison of mean cytokine levels 

amongst saliva viral load levels and uninfected healthcare workers. Comparisons were done 

using a one-way ANOVA p-values were adjusted using Tukey method for multiple comparisons. 

 

Extended Data Fig. 5 | Comparison of platelets and lymphocyte subsets amongst saliva and 

nasopharyngeal viral load levels and amongst deceased a-c, Individuals with saliva and 

nasopharyngeal viral loads were stratified into three groups based on the quantile distribution 

of viral load levels across the entire cohort irrespective of disease severity for all timepoints 

collected. For saliva these distributions were low (saliva viral load=3.212-4.4031 Log10 

[Log](GE/ml)), medium (saliva viral load=4.4031-6.1106 Log (GE/ml)), and high (saliva viral 

load=6.1106-10.320 Log (GE/ml)).  For nasopharyngeal viral load these measurements were low 

(NP viral load=3.212-4.057 Log10 [Log](GE/ml)), medium (NP viral load=4.057-5.76 Log (GE/ml)), 

and high (NP viral load=5.76-9.82 Log (GE/ml)). a, Comparison of mean Lymphocyte subset 

counts with saliva viral load levels and uninfected healthcare workers. Comparisons were done 

using a one-way ANOVA p-values were adjusted using Tukey method for multiple comparisons. 

b, Comparisons of nasopharyngeal viral load as described for saliva viral load in A. c, 

Comparison of lymphocyte populations as in A and B, amongst alive and deceased individuals 

using a 2-sided t test. Significance values were adjusted for multiple comparisons using the 

Holm-Sidak method. 

 

 Extended Data Fig. 6 |cTfh Cell kinetics amongst deceased is associated with the production 

of AntiRbD IgG and saliva, not nasopharyngeal, viral load. a, Least squares means analysis 

comparing circulating Tfh cells in alive vs deceased individuals over days from symptom onset. 

Timepoints represent 10-day bins. p values are adjusted for multiple comparisons using Sidak 

correction. Whiskers and shading represent the 95% confidence interval of the mean. b, Linear 

Regression of Anti S1 IgG and Anti RBD IgG to saliva viral load. Lines are colored as indicated. 

Linear regression shows Pearson’s correlation coefficients; shading represents the 95% 

confidence interval for the regression line. The slopes of Anti S1 IgG was determined to be   -

0.93 while the slope of Anti RBD IgG was found to be -2.0. Lines differed significantly from the 

average (Avg) slope which was determined to be -1.17 based on the Nelson adjusted mean 

(p=.0490). Dotted lines VLP=positivity threshold for viral load is 3.75 Log (Genomic Equivalents 

[GE]/ml)); VLD=viral load limit of detection is 3.22 Log (GE/ml). c, Ratio of Anti RBD IgG over 

saliva viral load; scatter plot showing the ratio of Anti RBD IgG over the saliva viral load of each 

patient timepoint as indicated. Coloring of each dot is based on saliva viral load levels as 

indicated on the graph. Each dot represents a patient timepoint. Lines connect repeated 

measurements of the same individual over time (days from symptom onset). d, Comparison of 

the mean duration of days from symptom onset in the high, medium and low nasopharyngeal 

viral load categories amongst spectrum of disease severity. Top Panel shows the Kernel 

projected percent distribution of time spent for individuals within severity subgroups in the 

high, medium, or low nasopharyngeal viral load categories. Bottom panel compares the mean 

time (y -axis) of each severity subgroup within each nasopharyngeal viral load category. Points 

represent a patient time point. Severity is color-coded as indicated on the graph. Lines connect 

the means within each severity subgroup in each viral load category. Whiskers represent the 
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standard deviation of the mean and shading represents the 95% bootstrap confidence of fit. 

Comparisons within each viral load category were done by one-way ANOVA and significance 

was adjusted for multiple comparisons across all categories using the Holm-Sidak method. The 

dotted line in the top and bottom panels marks day 14 from symptom onset (DfSO) which 

represents the rounded average of one standard deviation away from the mean for the 

moderate and severe groups of patients in the high saliva viral load (see Figure 4) category who 

survived. e, Panels are subdivided by day 14 from symptom onset as indicated in the Figure. 

Panels represent the frequency of individuals within each severity group that fall into the high, 

medium, and low nasopharyngeal viral load categories before day 14 from symptom onset 

(bottom left) and at or after day 14 from symptom onset (top left). f, Subpanels show the 

prevalence of deceased individuals within the high, medium, and low nasopharyngeal viral load 

categories before day 14 (bottom) and on or after day 14 (top). g, Panels show mean levels of 

Anti S1 IgG and Anti RBD IgG (top) and their ratios over nasopharyngeal viral load (bottom), 

amongst severity groups in the high medium and low nasopharyngeal viral load levels. X-axis 

denotes nasopharyngeal viral load levels as well as mean days from symptom onset (DfSO) of 

each severity group within each viral load level as determined in d. Comparisons of means 

amongst severity groups is made in the low nasopharyngeal viral load level via least squares 

mean analysis using REML to compare Anti S1 IgG and Anti RBD levels between the groups and 

within groups. P values are adjusted for multiple comparisons using Sidak correction. 

 

 

Extended Data Table 1: Cohort composition  

Chi-Squared Tests for significance use Poisson rates. COVID-19 Risk factors for 

Immunosuppression include patients with HIV, type-2 diabetes, chronic kidney disease, 

cirrhosis, and patients on a known immunosuppressive agent prior to admission. 

 

 

Extended Data Table 2: Logistic regression reports for saliva and nasopharyngeal viral load, 

and age to disease severity and mortality 

 

 

Extended Data Table 3: GEE analysis and REML analysis of T cell counts accounting for age or 

with days from symptom onset.  
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Figure 1: Saliva viral load, but not NP Viral Load, increases

with COVID-19 health risk factors, age, and is higher in males
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Figure 3: Saliva viral load correlates with key immunological markers of severity and mortality in COVID-19
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Figure 4: Early escape from high saliva viral load is associated

with the fate of antibody production, disease severity and survival 
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