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Initial report of decreased SARS-CoV-2 viral load
after inoculation with the BNT162b2 vaccine

Matan Levine-Tiefenbrun®'5, Idan Yelin

Tal Patalon?, Gabriel Chodick

Beyond their substantial protection of individual vaccinees,
coronavirus disease 2019 (COVID-19) vaccines might reduce
viral load in breakthrough infection and thereby further sup-
press onward transmission. In this analysis of a real-world
dataset of positive severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) test results after inoculation with
the BNT162b2 messenger RNA vaccine, we found that the
viral load was substantially reduced for infections occurring
12-37d after the first dose of vaccine. These reduced viral
loads hint at a potentially lower infectiousness, further con-
tributing to vaccine effect on virus spread.

The recently authorized BNT162b2 Coronavirus Disease
2019 (COVID-19) messenger RNA (mRNA) vaccine is approxi-
mately 95% efficient in preventing polymerase chain reaction
(PCR)-confirmed symptomatic disease from 7d after the second
dose and also provides some early protection starting 12d after the
first dose'”. As countries race to vaccinate a substantial portion of
their populations in the coming months, it is hoped that the basic
reproduction number of the virus will decrease. This effect can be
achieved by reducing the number of susceptible people, as well as by
reducing viral load and, thereby, viral shedding of post-vaccination
infections, which might render them less infectious’”. However, the
effect of vaccination on viral load in COVID-19 post-vaccination
infections is currently unknown?®.

As of February 11, 2021, Maccabi Healthcare Services (MHS) in
Israel has vaccinated more than 1 million of its members as part of
a national rapid rollout of the vaccine. MHS member SARS-CoV-2
tests are often carried out in the MHS central laboratory, which
offers the opportunity to track post-vaccination infections. In
this study, we retrospectively collected and analyzed the quantita-
tive reverse transcription PCR (RT-qPCR) test measurements of
three SARS-CoV-2 genes—E, N and RdRp (Allplex 2019-nCoV
assay, Seegene)—from positive post-vaccination tests performed
at the MHS central laboratory between December 21, 2020, and
February 11, 2021 (n=4,938 patients, study population; Table 1).
The study period was characterized by high and steady rates of posi-
tive COVID-19 tests (Extended Data Fig. 1), indicating an ongoing
epidemic wave.

In an analysis of the infection cycle threshold (Ct) over time, we
found that the mean viral load substantially decreased 12d after
vaccination with the first vaccine dose, coinciding with the known
early onset of vaccine-mediated protection’. When we calculated
the mean Ct for post-vaccination infections identified on each day
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Table 1| Study population

Age group (years)  Total no. of patients Male Female
16-19 241 143 98
20-29 425 216 209
30-39 485 277 208
40-49 1,077 513 564
50-59 1,344 708 636
60-69 821 445 376
70-79 422 216 206
80-89 123 53 70

after vaccination, we found that the Ct values of positive samples
collected 12-37d after vaccination with the first dose (a second
dose having been given on day 21 for all samples taken after day
21) were higher than the Ct values of positive samples taken during
the first 11 d after vaccination for the RdRp gene (Fig. 1) and for the
genes N and E (Extended Data Fig. 2) (P< 107" for the three genes,
Mann-Whitney U-test). Differences in mean Ct calculated for these
two time periods ranged from 1.7+0.2 for RdRp to 1.6+0.2 for
gene E and 1.4 +0.2 for gene N.

We next compared the Ct values of these post-vaccination infec-
tions with Ct values of positive tests of unvaccinated patients. All of
the tests were of MHS members and were carried out at the central
laboratory. Given that viral load could be associated with age and
sex’, we assembled control groups of positive tests in unvaccinated
patients with matching age group, sex and sampling date range
(Methods). Comparing the post-vaccination positive tests from
days 1-11 (n=3,050) with their corresponding demographically
and calendrically matched control group of the same size, we found
no significant difference in the distribution of Ct values for RdRp
(Fig. 2a and Extended Data Fig. 4a) or for genes N and E (Extended
Data Figs. 3a and 4a). However, in a comparison of the Ct distri-
bution for infections from days 12-37 after vaccination (n=1,888)
with that of demographically matched unvaccinated control group
infections (n=1,888), we identified a significant increase in Ct
in vaccinated individuals (Fig. 2b for RdRp and Extended Data
Fig. 3b for genes N and E; Mann-Whitney U-test, P <107 for all
three genes; Extended Data Fig. 4b,c). Finally, applied on all of the
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Fig. 1| Decreased SARS-CoV-2 viral load after 12 d post-vaccination. Mean Ct values of the RdRp gene for positive tests after vaccination are plotted by
the post-vaccination day in which the sample was taken. The dashed line on day 21 indicates inoculation with the second dose. The number of positive
test results for each day is indicated below (in total, n=4,938). Black error bars and green or magenta shading indicate the standard error of the mean. For
days 29-37, each dot represents the mean of three consecutive days. For genes E and N, see Extended Data Fig. 2.

infections (post-vaccination and matched unvaccinated, n=9,876),
a multivariable linear regression model accounting for age, sex and
vaccination found Ct regression coefficients ranging from 1.51
(N gene) to 1.76 (RdRp) for vaccination 12-21d before infection
sampling and even higher coefficients ranging from 1.90 (N gene)
to 2.16 (RdRp) for vaccination 22-37d before infection sampling
(Fig. 2c for RdRp and Extended Data Fig. 5 for N and E genes;
similar coefficients for independent models for each time bin are
shown in Extended Data Fig. 6). Given that a difference of 1 Ct unit
is approximately equivalent to a factor of 2 in the number of viral
particles per sample, these Ct differences represent a decrease of
2.8-4.5-fold in viral load in vaccinated individuals.

Viral load has been shown to be associated with COVID-19
symptomatic disease as well as with time since infection’'%. To alle-
viate potential biases toward asymptomatic and/or long-term infec-
tions or persistent shedding in vaccinated participants, we repeated
the multivariable linear regression analysis and restricted it to
patients for whom a referral for COVID-19 testing was recorded
(n=783 vaccinees and the same number of demographically
matched unvaccinated controls). For the linear regression model,
these referrals were categorized into those indicating COVID-19
symptoms versus other causes for the test, mostly epidemiologi-
cal contact tracing (0 and 1, asymptomatic and symptomatic). We
found that symptomatic disease was indeed correlated with lower
Ct values and that, when we adjusted for symptomatic infections,
the association of vaccination with Ct remained (albeit with lower
significance due to the reduced sample size of referral-based tests;
Extended Data Fig. 7).

The results show that infections occurring 12d or longer after
vaccination have significantly reduced viral loads at the time of test-
ing, potentially affecting viral shedding and contagiousness as well
as the severity of the disease'’. This report is based on an observa-
tional study, not a randomized controlled trial, and has several asso-
ciated limitations. First, the group of vaccinees might differ from
the demographically matched control group in ways that could
affect the observed viral load, such as behavior, tendency to get

tested and general health status. Second, the different viral variants,
which could be associated with different viral loads, might affect
different parts of the population. Third, by including only the first
positive test for each patient, we attempted to minimize the effect of
long-term, low-viral-load infections, but it is still possible that the
association we observed, especially in the early post-vaccination
days, reflects infections lasting from pre-immunization transmis-
sion events’'?. The average viral load might, therefore, continue to
change in longer post-vaccination times, when infections are more
strongly enriched for post-immunization transmissions, or due
to change in vaccinee behavior, especially upon obtaining a vac-
cination certificate. Fourth, given that vaccines prevent symptom-
atic disease, post-vaccination tests might be enriched for cases of
asymptomatic carriage characterized by lower viral load, although
we note that the association of vaccination with low viral load
remains even when adjusting for symptomatic disease (Extended
Data Fig. 7). Finally, the oro-nasopharyngeal test does not distin-
guish the viral load in the nose from the one in the oral cavity and
does not account for virus viability, which would be a better mea-
sure of potential infectiousness. Moreover, the infectious dose of
SARS-CoV-2 in humans is presently unknown. The accumulation
of wider and longer-term datasets, including contact tracing data
as well as virus viability and genomics, will allow better quantifi-
cation of the vaccine effect on infectiousness and its dependence
on viral variants and vaccinee behavior. Nevertheless, at least for
the conditions tested here, the lower viral loads that we observed
could help fine-tune epidemiological models of vaccine effect on
the spread of the virus.

Online content

Any methods, additional references, Nature Research report-
ing summaries, source data, extended data, supplementary infor-
mation, acknowledgements, peer review information; details of
author contributions and competing interests; and statements of
data and code availability are available at https://doi.org/10.1038/
$41591-021-01316-7.
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Fig. 2 | Comparison of SARS-CoV-2 viral loads among vaccinated and unvaccinated patients. a, b, The distribution of Ct values of the RdRp gene as
determined for positive samples taken 1-11 d after vaccination (a, n=3,050, blue) and 12-37 d after vaccination (b, n=1,888, blue) with their respective
demographically matched control groups (orange, ***P <1077, two-sided Mann-Whitney U-test). For genes E and N, see Extended Data Fig. 3.

¢, Coefficient for the association of Ct of the RdRp gene with vaccination at different vaccination-to-sample time bins in comparison to unvaccinated
patients as identified in a single multivariable linear regression analysis accounting for age and sex (Methods; n=9,876). Error bars represent 1s.d.
*P<0.05, **P<0.01and ***P < 0.001. For genes E and N, see Extended Data Fig. 5a,b.
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Methods

Data collection. Anonymized SARS-CoV-2 RT-qPCR Ct values were retrieved
for all of the positive post-vaccination samples taken between December 21, 2020
(1d after the first vaccine was administered) and February 11, 2021, and tested at
the MHS central laboratory. Vaccination dates were retrieved from the centralized
database of MHS. Patients were excluded if they had a positive sample before
vaccination; if they had a positive sample more than 21d after the first dose of the
vaccine but did not receive the second dose on day 21; or if they were over the age
of 90 years (28 patients older than 90 were not included because it was not possible
to match them with unvaccinated controls). For patients with multiple positive
post-vaccination tests, only the first test was included. For each test, Ct values

for E gene, RdRp gene, N gene and the internal control were determined using
Seegene proprietary software for the Allplex 2019-nCoV assay after the standard
oro-nasopharyngeal swab specimen collection procedure. The same machine model,
the Bio-Rad CFX96 Real-Time PCR Detection System, was used for all of the tests.

Unvaccinated patient control group. As a control group, for each post-vaccination
SARS-CoV-2-positive patient, we used an algorithm to randomly choose an
unvaccinated positive patient with similar characteristics (same sex and same

age (in bins of 10years)) and a similar date of first positive sample to account

for possible calendric trends associated with the national state of the pandemic
(nominally up to a 10-d difference, with this difference extended for 168 patients
for whom we could not find matching unvaccinated controls) (Table 1).

Statistics. Linear regression. For each viral gene, we calculated the linear regression of
Ct values as a function of sex (0/1, female/male) and age (linear, in years). Adding a
quadratic age term was also tested, giving very similar results. Time after vaccination
(one-hot encoded binary vector for time bins 1-11d, 12-21d and 22-37d;
unvaccinated were encoded as all-zero vectors). In an additional multivariable linear
regression model, referral for COVID-19 test indicating symptoms was also included
(0/1, asymptomatic/symptomatic). For this latter model, only patients for whom

the positive test was by referral issued during the four previous days were included.
Models were implemented using Python’s statsmodels library, version 0.9.0.

Ethics committee approval. The study protocol was approved by the ethics
committee of Maccabi Healthcare Services in Tel-Aviv, Israel (institutional review
board (IRB) no. 0066-20-MHS). The IRB includes an exemption from informed
consent.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

To protect patient privacy, underlying electronic health records may be accessed via
a remote server pending a material transfer agreement. All other data are present

in the paper.
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Extended Data Fig. 2 | Decreased SARS-CoV-2 viral load after 12 days post-vaccination. Mean Ct values of the N and E genes for positive tests following
vaccination are plotted by the day the sample was taken (n=4,938). Error bars indicate the standard error of the mean. For days 29-37 each dot
represents the mean of 3 consecutive days. a, N gene. b, E gene. For RdRp gene see Fig. 1.
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P-value < 0.01, *** - P-value < 0.001. a, RdRp, b, N gene, ¢, E gene.
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Extended Data Fig. 7 | Viral load is associated with vaccination when also accounting for symptomatic infections. The coefficient for the association
of Ct of viral genes with time of vaccination in comparison to unvaccinated patients as identified in a single multivariable linear regression analysis
accounting for age, sex and referral by symptoms for both vaccinated (symptomatic, n=523; asymptomatic, n=260) and unvaccinated (symptomatic,
n=534; asymptomatic, n=249) patients (Methods). Error bars represent one standard deviation. * - P-value < 0.05, ** - P-value < 0.01, *** - P-value <

0.001. a, RdRp, b, N gene, ¢, E gene.
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Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Research policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

|:| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

|Z| The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
2~ AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

|Z| For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.
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Data collection  SQL query.

Data analysis Python. Including: scipy (v1.1.0) and statsmodels (v0.9.0).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

Alist of figures with associated raw data: Figure 1, Figure 2, Extended data figures 1, 2 and 3.
To protect patient privacy, underlying electronic health records may be accessed via a remote server pending MTA.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample size was not restricted. It was only limited by the number of patients with available positive post-vaccination RT-qPCR test data.
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Data exclusions  We have excluded patients above 90 years old of age. Since our analysis required matching unvaccinated patients for each vaccinated one
with several conditions, we could not find matched patients for this small age group.

Replication We report the results of an observational study.

Randomization  Asa control group, the same number of patients as the original sample were chosen randomly while maintaining demographic characteristics,
namely age and sex.

Blinding We report the results of an observational study.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
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Clinical data

Dual use research of concern

Human research participants

Policy information about studies involving human research participants

Population characteristics Population is described in Extended Data Table 1.
Recruitment This is an observational study involving electronic health records analysis.
Ethics oversight Ethics committee of Maccabi Healthcare Services. IRB: 0066-20-MHS.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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