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A B S T R A C T   

Introduction: COVID-19 large scale immunization in the US has been associated with breakthrough positive 
molecular testing. In this study, we investigated whether a positive test is associated with a high anti-viral IgG, 
specific viral variant, recovery of infectious virus, or symptomatic infection during an early phase after vacci-
nation rollout. 
Methods: We identified 133 SARS-CoV-2 positive patients who had received two doses of either Pfizer-BioNTech 
(BNT162b2) or Moderna (mRNA-1273) vaccines, the 2nd of which was received between January and April of 
2021. The positive samples were collected between January and May of 2021. Samples were sequenced to 
characterize the whole genome and Spike protein changes and cycle thresholds that reflect viral loads were 
determined using a single molecular assay. Respiratory SARS-CoV-2 IgG antibodies were examined using ELISA 
and specimens were grown on cell culture to assess the recovery of infectious virus as compared to a control 
unvaccinated cohort. 
Results: Of 133 specimens, 24 failed sequencing and yielded a negative or very low viral load on the repeat PCR. 
Of 109 specimens that were used for further genome analysis, 68 (62.4%) were from symptomatic infections, 11 
(10.1%) were admitted for COVID-19, and 2 (1.8%) required ICU admission with no associated mortality. The 
predominant virus variant was the Alpha (B.1.1.7), however a significant association between lineage B.1.526 
and amino acid change S: E484K with positives after vaccination was noted. A significant reduction of the re-
covery of infectious virus on cell culture was accompanied by an increase in localized IgG levels in respiratory 
samples of vaccinated individuals. 
Conclusions: Vaccination reduces the recovery of infectious virus in breakthrough infections caused primarily by 
the Alpha variant accompanied by an increase in upper respiratory tract IgG levels.   

1. Introduction 

SARS-CoV-2 has caused a devastating pandemic. Millions of global 
deaths have been recorded with thousands of new cases diagnosed daily, 
a trend that significantly changed with the large-scale vaccination in 
certain countries including the US (https://coronavirus.jhu.edu/map. 
html). Even though vaccines have high efficacy [1, 2] and 

undoubtedly, have reduced COVID-19 mortality and severe disease in 
countries that accelerated mass immunization [3], breakthrough in-
fections have been reported. 

With the appearance of SARS-CoV-2 variants that are more trans-
missible or capable of evading vaccine induced immune responses, 
surveillance has become of utmost importance and genome character-
ization of positives after vaccination is essential. Currently, data support 
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that vaccines approved for use in the US are effective against most of the 
currently circulating variants [4, 5]. With the general increase in the 
circulation of variants of concern (VOC), it is expected to see a high 
percentage of breakthrough infections caused by these variants. 

In this manuscript, we provide a comprehensive analysis of the first 
133 positives after vaccination diagnosed by Johns Hopkins Clinical 
Virology laboratory during the early phase after vaccination rollout. 
Samples were enrolled in our whole genome sequencing for surveillance 
pipeline and were retested by the PerkinElmer PCR assay to obtain 
comparable cycle threshold values (Cts). The recovery of infectious virus 
from positives after vaccination was determined as well as local SARS- 
CoV-2 IgG levels in the respiratory samples using ELISA and compared 
to a control unvaccinated cohort. 

2. Methods 

2.1. Ethical considerations and data availability 

The research was performed with a waiver of consent under 
IRB00221396. Whole genomes were made publicly available at GISAID. 

2.2. Specimens and patient data 

Remnant nasopharyngeal (symptomatic patients) or lateral mid- 
turbinate nasal swabs (asymptomatic screening) after standard of care 
diagnostic or screening testing were collected and used for genome 
sequencing. At Johns Hopkins Medical System, SARS-CoV-2 clinical 
testing is performed for inpatients and outpatients as well as standard of 
care asymptomatic presurgical screening and the laboratory serves a 
large geographic area in the National Capital Region (Baltimore, Vir-
ginia, and D.C.) [6]. Molecular methods used for screening and diag-
nosis include the NeuMoDx SARS-CoV-2 (Qiagen), Cobas SARS-CoV-2 
(Roche), Xpert Xpress SARS-CoV-2/Flu/RSV (Cepheid), in addition to 
the RealStar® SARS-CoV-2 RT-PCR (Altona Diagnostics), ePlex Respi-
ratory Pathogen Panel 2 (Roche), Aptima SARS-CoV-2 (Hologic), and 
Accula SARS-CoV-2 assays (ThermoFisher Scientific) [7–10]. 

Breakthrough infections selected for the study were the first 133 
positive samples from vaccinated patients who: 1) received two doses of 
either fizer/BioNTech BNT162b2 or Moderna mRNA-1273, and 2) were 
identified by our group through our SARS-CoV-2 genomic surveillance. 
Positive samples from vaccinated patients had collection times that 
ranged from 2 to 99 days from the second dose (Table S1). Samples had 
collection dates from January to May 2021 (during this time frame, the 
laboratory diagnosed 7396 positive samples of which, our group 
sequenced 2765). A Control sample group (N = 124) were selected 
randomly (convenience sample based on availability) from unvacci-
nated, SARS-CoV-2 positive individuals. The control group sample 
collection dates were from December 2020 to March 2021 and were 
used for cell culture, ELISA, and cycle thresholds studies. Lineages and 
clades of both groups are detailed in Tables S1 and S2 and Table 1 
summarizes the clinical and metadata of the vaccinated and control 
cohorts. 

The control group used for whole genome comparison were 
randomly selected from samples sequenced by our group (Table S3 in-
cludes GISAID submission information), using MatchIt in R (method=
’optimal’, ratio=5) based on collection date (to control for differences 
that might be related to the frequency of the circulating variants at a 
given time frame). This control group (N = 335) was independent of the 
control samples used for cell culture, ELISA, and cycle thresholds com-
parisons (Table S3 and metadata shown in Table 1). 

2.3. Clinical data analysis 

Patient data was extracted by manual chart reviews of electronic 
health records. Symptomatic versus asymptomatic status was deter-
mined by the ordering clinician and included as a questionnaire in the 

Table 1 
Clinical and metadata of breakthrough infection cases and control groups.   

Positives 
after full 
vaccination 

Positives after 
full 
vaccination 
(viral load 
below the 
limit of 
detection or 
false 
positives) 

Control 
group 1 
(ELISA, 
Ct, and 
cell 
culture) 

Control 
group 2 
(whole 
genome 
sequencing) 

Total number of 
patients 

109 24 124 335 

Median age in years 
(range) 

51 (23 - 
>90) 

52 (23 - 79) 36 (0 - 
>90) 

40 (0 - >90) 

>65 30 4 10 47 
50–64 26 12 27 74 
18–49 53 8 61 147 
<18 0 0 26 67 
Collection months 
Dec-20 0 0 2 (1.6) 0 
Jan-21 2 (1.8) 2 (8.3) 17 

(13.7) 
5 (1.5) 

Feb-21 7 (6.4) 3 (12.5) 79 
(63.7) 

5 (1.5) 

Mar-21 16 (14.7) 7 (29.2) 26 (21) 50 (14.9) 
Apr-21 73 (67) 9 (37.5) 0 245 (73.1) 
May-21 12 (11) 2 (8.3) 0 30 (9) 
No. (%) of 
Male 40 (36.7) 6 (25) 52 

(41.9) 
151 (45.1) 

Female 69 (63.3) 18 (75) 72 
(58.1) 

184 (54.9) 

Symptomatic 68 (62.4) 8 (28.6) 111 
(89.5) 

291 (86.9) 

Asymptomatic 41 (37.6) 16 (66.6) 13 
(10.5) 

44 (13.1) 

Severity (%) 
Outpatient 98 (89.9) 24 (100) 118 

(95.2) 
269 (80.3) 

Hospitalized for 
COVID-19 

11 (10.1) 0 6 (4.8) 66 (19.7) 

ICU admission 2 (1.8) 0 3 (2.4) 23 (6.9) 
Comorbidities (%) 
Hypertension 49 (44.9) 10 (41.7) 42 

(33.8) 
112 (33.4) 

Respiratory Failure 16 (14.7) 0 9 (7.3) 56 (16.7) 
Pregnancy 8 (7.3) 2 (8.3) 9 (7.3) 18 (5.4) 
Lung Disease 29 (26.6) 5 (20.8) 31 (25) 61 (18.2) 
Kidney Disease 26 (23.8) 3 (12.5) 17 

(13.7) 
52 (15.5) 

Immunosuppression 29 (26.6) 5 (20.8) 27 
(21.8) 

58 (17.3) 

Diabetes 26 (23.8) 3 (12.5) 14 
(11.3) 

67 (20) 

Heart Failure 23 (21.1) 3 (12.5) 9 (7.3) 31 (9.3) 
Atrial Fibrillation 12 (11) 0 5 (4) 22 (6.6) 
Smoker 9 (8.3) 3 (12.5) 21 

(16.9) 
48 (14.3) 

Cerebrovascular 
Disease 

6 (5.5) 1 (4.2) 7 (5.6) 18 (5.4) 

Cancer 54 (49.5) 10 (41.7) 32 
(25.8) 

56 (16.7) 

Coronary Artery 
Disease 

29 (26.6) 6 (25) 20 
(16.1) 

67 (20) 

Patients with no/ 
unknown 
comorbidities 

28 (25.7) 7 (29.2) 42 
(33.9) 

132 (39.4) 

Patients with one 
comorbidity 

19 (17.4) 6 (25) 29 
(23.4) 

66 (19.7) 

Patients with two or 
more 
comorbidities 

62 (56.9) 11 (45.8) 53 
(42.7) 

137 (40.9) 

Median days after 
COVID-19 vaccine 
(range) 

52 (2 - 99) 19.5 (3 - 100)    
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patients’ charts. Vaccination status was determined through docu-
mented vaccinations given and self-reports documented in the system. 
Notably, Johns Hopkins has an agreement with the State of Maryland 
and Chesapeake Regional Information System for our Patients (CRISP) 
to provide vaccination status for all Johns Hopkins Patients. 

2.4. Nucleic acid extraction, PCR, and whole genome sequencing 

Automated nucleic acid extraction was performed using the 
chemagic 360 (PerkinElmer) following the manufacturer’s protocol, 
with an RNA elution volume of 60µL. Real-time reverse transcriptase 
PCR (rRT-PCR) was performed using the PerkinElmer SARS-CoV-2 Real- 
time RT-PCR Assay following the package insert (https://www.fda. 
gov/media/136410/download). Whole genome sequencing and anal-
ysis were performed using the ARTIC protocol as previously described 
[6, 11]. Thresholds were set to a minimum of 90% coverage and 100 
mean depth. Lineages were assigned by Pangolin (COG-UK; cog-uk.io) 
and ambiguous mutations were visually confirmed with Integrated Ge-
nomics viewer (IGV) (Version 2.8.10). 

2.5. ELISA 

The EUROIMMUN Anti-SARS-CoV-2 ELISA (IgG) was run using un-
diluted respiratory samples and following the package insert (htt 
ps://www.fda.gov/media/137609/download). This assay detects anti-
bodies to the S1 domain of the spike protein of SARS-CoV-2. The assay 
has a cut-off < 0.8 for negative results and ≥ 0.8 to < 1.1 as borderline. 
The value 1.1 was used as a cut off for positivity for nasopharyngeal/ 
NMT swab specimen types even though these sources were not tested by 
the manufacturer. 

2.6. Cell culture 

Vero-TMPRSS2 cells were cultured and infected with aliquots of 
swab specimens as previously described for VeroE6 cells [12]. The 
presence of SARS-CoV-2 was confirmed by reverse transcriptase PCR 
(qPCR). 

2.7. Statistical analyses 

Statistics were performed using GraphPad Prism. Chi-square and 

Fig. 1. SARS-CoV-2 genomes of positives after full vaccination. A) Lineages and B) Clades of genomes with more than 50% coverage and average depth of 50 (n =
88). C) A comparison between lineages from fully vaccinated (n = 67) and control (n = 335) genomes with coverage ≥ 90%. D) Spike amino acid changes in 
vaccinated and control groups. Chi-square test * p < 0.05, *** p < 0.001. 
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Fisher Exact tests were used for categorical variable comparisons and t- 
test was used for comparing continuous independent variables. For 
Lineage and spike analyses (Fig. 1C and D), samples with ≥ 90% genome 
coverage were selected from both vaccinated and control groups (N = 67 
for the vaccinated group, and 335 for the control group, Tables S1 and 
S3).  Control and vaccinated samples were plotted over time to verify a 
good match. Percentage of samples that matched to lineages were 
plotted. The full set of mutations present within the spike protein of 
vaccinated patients was determined, and a heatmap of percentage of 
samples from vaccinated and control groups were plotted.  Chi-square 
analysis of lineages with at least 5 samples showed a correlation be-
tween lineage and vaccine status (p = 0.006).  Chi-square analysis was 
performed for lineages P.1, B.1.1.7, B.1.351, B.1.526, and B.1.526.1. 

3. Results 

3.1. SARS-CoV-2 genomes of positives after full vaccination 

As a part of whole genome sequencing of SARS-CoV-2 for surveil-
lance at Johns Hopkins Clinical Virology laboratory [6, 11], we identi-
fied 133 positives after the completion of either Moderna or Pfizer 
vaccination that were collected in the time frame of January 2021- May 
2021. Of the 133 samples, 24 had failed sequencing with 0% coverage 
which we believe was related to very low viral loads (Table S1). 
Twenty-one sequences had coverage of less than 50% and average depth 
of less than 50 and a lineage was not called. Of the genomes that had 
more than 50% coverage and more than an average depth of 50 (a total 
of 88), the majority (61%) belonged to the B.1.1.7 lineage (Alpha 
variant) (20I/501Y.V1 clade), consistent with its predominance in this 
time frame [11, 13], followed by the 20C lineages (Iota variants) 
B.1.526 (9%) and B.1.526.1 (4.5%) (Fig. 1A and B). When a cohort of 
our characterized genomes for surveillance were randomly selected as a 
control group based on the sample collection dates, with only genomes 
that have ≥ 90% coverage used for the analysis (vaccinated: N = 67, and 
control: N = 335), a significantly higher proportion of individuals 
infected with lineage B.1.526 were vaccinated (Chi-square with Bon-
ferroni correction p = 0.022, Fig. 1C). Spike substitution analysis 
showed that the S: E484K was associated with genomes of the vacci-
nated group (p = 0.0032, Fig. 1D and Tables S1 and S3). 

3.2. Recovery of infectious virus from fully vaccinated individuals and the 
correlation with localized SARS-CoV-2 antibodies and relative viral loads 

To assess the recovery of infectious virus from positive samples of 
fully vaccinated individuals, first, a cohort of control samples was 
selected. A total of 124 positive samples from unvaccinated individuals 
collected in the time frame between the end of December 2020 to the 
first week of March 2021 were used for comparison (Table S2). The 
cohort was selected randomly to include the Alpha variant lineage as 
well as prior predominant lineages. To compare the recovery of infec-
tious virus between positives from fully vaccinated (N = 114 with suf-
ficient volume) and control (N = 124) groups, samples were cultured on 
Vero-TMPRSS2 cells. As expected, samples that had failed sequencing 
and were thought of as very low viral load did not yield infectious virus 
and were excluded from further analysis (Table S1). Of the fully vacci-
nated group, 17 of 92 samples (18.5%) showed CPE on cell culture 
compared to 80 out of 124 (64.5%) of the control group (Fisher Exact 
test, p < 0.00001). Notably, the control group recovery on cell culture 
was faster than the vaccinated group with 44 out of 80 samples (55%) 
positive 2 days after culture compared to no samples showing CPE for 
the vaccinated group in the same day (Fig. 2A and B). 

To study the localized SARS-CoV-2 antibodies in the respiratory 
samples and their correlation to the observed CPE phenotype, respira-
tory samples were tested by ELISA for SARS-CoV-2 IgG. A significant 
increase in SARS-CoV-2 respiratory IgG levels were noted in the respi-
ratory samples from vaccinated individuals when compared to the 

Fig. 2. Recovery of infectious SARS-CoV-2 on Vero-TMPRSS2 cells for A) fully 
vaccinated (samples with Ct values, N = 89) and B) control (N = 124) groups. 
C) SARS-CoV-2 IgG in upper respiratory swab samples from fully vaccinated (N 
= 114) and control (N = 124) groups. Dashed line demarcates the limit of 
borderline and negative ELISA results as specified per assay’s package insert 
(1.1). CPE, cytopathic effect. t-test * p < 0.05, *** p < 0.0001. 
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control group (Fig. 2C, t-test, P < 0.0001) with 66.7% positive samples 
from the vaccinated group versus 5.9% from the control group (Fig. 2C). 

To examine if the discrepant virus recovery on cell culture is sec-
ondary to differences in the viral loads in vaccinated versus unvacci-
nated groups [12], we focused our analysis on samples with Ct values 
below 25. This constituted 49 samples in the vaccinated group versus 96 
samples in the control group (Tables S1 and S2). Notably the distribution 
of the Ct values between the two groups for samples with Ct values lower 
than 25 was similar (Fig. 3A). The majority of the control group samples 
were positive on cell culture (77, 80.2%), in contrast to 17 (34.7%) of 
the vaccinated group (Fig. 3B). Consistent with data from the whole 
cohort, higher nasal/ nasopharyngeal IgG levels (Fig. 3C, P < 0.0001) 
was noted for the fully vaccinated group. 

3.3. Characterization of localized SARS-CoV-2 antibody responses 

A correlation of SARS-CoV-2 local IgG with the days of sample 
collection after receiving the second dose of the COVID-19 vaccine 
showed a trend of reduction with the progress of time (Fig. 4A, linear 
regression, p < 0.0001). No significant correlations between the IgG 
levels and Ct values were noticed (Fig. 4B). Negative recovery of in-
fectious virus on cell culture correlated with higher levels of IgG in 
respiratory specimens, with no infectious virus isolated from samples 
with an IgG OD reading of >3.0 (Fig. 4C, t-test, P = 0.004). The absence 
of symptoms did not correlate with higher IgG levels when we compared 
samples from symptomatic vaccinated to asymptomatic vaccinated in-
dividuals (Fig. 5A). Notably, a significant increase in the mean Ct value 
for the asymptomatic group was noted (27.6 versus 23.2, t-test, P =
0.0048, Fig. 5B) as well as a reduction in the mean genome coverage 
(70.8% versus 84.9%, t-test, P = 0.0284, Fig. 5C). Infectious virus was 
recovered from only 2 samples from asymptomatic patients (6.5%) in 
contrast to 15 from symptomatic patients (24.6%) (Table S1). 

4. Discussion 

In this study, we provide an analysis of a cohort of 133 SARS-CoV-2 
positive specimens collected after the completion of COVID-19 vacci-
nation during an early phase after vaccination rollout. Genomic analysis 
revealed a statistically significant increased representation of lineage 
B.1.526 as well as the Spike amino acid change S: E484K in genomes 
from the vaccinated group. Strikingly, when samples with Ct values less 
than 25 were compared to a control cohort of similar Ct values, the 
recovery of infectious virus from cases post-vaccination was signifi-
cantly impaired, evident as both a delay in the first appearance of 
cytopathic effect as well as a significant decrease in the total number of 
positive samples on cell culture. This data indicates that infection in 
vaccinated individuals results in reduced infectious virus load compared 
to unvaccinated individuals. This may further reduce the likelihood that 
infected; vaccinated individuals can transmit SARS-CoV-2 to others. 
These observations were based on a cohort infected primarily by the 
Alpha variant. 

Interestingly, the lower infectious virus load in vaccinated in-
dividuals was associated with an increase in localized SARS-CoV-2 
specific IgG levels. The reduction in infectious virus in samples with 
Ct values of less than 25 could be explained if the nasal SARS-CoV-2 IgGs 
are neutralizing. The recovery of infectious virus was higher in symp-
tomatic when compared to asymptomatic vaccinated individuals, but 
localized SARS-CoV-2 IgG levels were comparable between symptom-
atic and asymptomatic cases, indicating that localized antiviral IgG 
levels do not drive higher asymptomatic infection rates. 

Data from the CDC showed that the widely used mRNA vaccines in 
the US reduce the infection risk by 91% and data from different groups 
confirm that breakthrough infections after full vaccination were scarce 
prior to the surge of the Delta variant [14–16]. Data also show that 
vaccines reduce symptomatic and asymptomatic infections and RNA 
loads [17–20] and reduce viral replication in the respiratory tracts of 

Fig. 3. Recovery of infectious SARS-CoV-2 on Vero-TMPRSS2 cells for samples 
with Ct values less than 25 (N gene). A) comparison of Ct values distribution 
between control (N = 96) and fully vaccinated groups (N = 49). B) Days to 
cytopathic effect (CPE) in control (N = 96) and fully vaccinated groups (N =
49). C) IgG in vaccinated (N = 49) and control (N = 96) groups’ respiratory 
samples. Dashed line demarcates the limit of borderline and negative ELISA 
results as specified per assay’s package insert (1.1). t-test * p < 0.05, *** p 
< 0.0001. 
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Fig. 4. Localized SARS-CoV-2 antibodies in upper respiratory samples of 
vaccinated individuals. A) IgG levels by ELISA in the upper respiratory samples 
collected from patients positive after full vaccination (N = 114) and association 
with the days after receiving the second dose of the COVID-19 vaccine. B) 
SARS-CoV-2 IgG correlation to cycle thresholds of the N gene using the Perki-
nElmer SARS-CoV-2 assay. C) SARS-CoV-2 IgG correlation to days to the first 
appearance of cytopathic effect (CPE) on Vero-TMPRSS2 cells. Dashed line 
demarcates the limit of borderline and negative ELISA results as specified per 
assay’s package insert. 

Fig. 5. Localized antibodies, viral loads, and recovery of whole genomes in 
symptomatic (N = 56) versus asymptomatic (N = 29) vaccinated individuals. A) 
IgG levels by ELISA in the upper respiratory samples. B) Comparison of Ct 
values distribution between symptomatic and asymptomatic groups. C) Percent 
genome coverage in symptomatic and asymptomatic groups. Dashed line de-
marcates the limit of borderline and negative ELISA results as specified per 
assay’s package insert. t-test * p < 0.05, ** p < 0.001. 
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animals [21–23]. 
The emergence of SARS-CoV-2 variants of concern and interest were 

associated with changes in the spike protein within regions that could 
affect the receptor binding domain or impact the neutralization of the 
virus by natural or vaccine induced immune responses [24–27]. Those 
variants were associated with an increase in transmissibility and in 
particular the S: E484K substitution was associated with a compromise 
in the neutralization by monoclonal antibodies rendering this change “of 
therapeutic concern”. The S: E484K independently emerged in multiple 
lineages in distant geographical locations including the Gamma and the 
Beta and those lineages showed some reduction in neutralization by sera 
collected from immunized individuals as well as decreased susceptibility 
to certain therapeutic monoclonal antibodies. Additionally, the Gamma 
and Beta were associated with reductions in the vaccine efficacy data in 
locations of their predominance [28, 29]. The S: E484K is also present in 
some strains of lineage B.1.526, a lineage which was significantly 
associated with positives after vaccination in our cohort, even though in 
a previous study, it was not reported to associate with positives after 
vaccination [30]. Our study shows that the S: E484K is significantly 
associated with breakthrough cases after vaccination in a 
well-controlled analysis that used a large cohort of controls from a 
matched time frame of sample collection. 

In conclusion, our study combined genomic analysis, cell culture, 
and serology to correlate reduced recovery of infectious virus from 
positives after vaccination with increased localized IgG levels during the 
first few months after the COVID-19 vaccination rollout. Our data 
showed a significant association of S: E484K with positives after full 
vaccination using a well-controlled analysis and a relatively large sam-
ple size in a time when the Alpha variant predominated. 
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