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Prevention of host-to-host transmission by SARS-CoV-2

vaccines

Darius Mostaghimi, Caroline N Valdez, Haleigh T Larson, Chaney C Kalinich, Akiko Iwasaki

As the number of individuals vaccinated against SARS-CoV-2 rises worldwide, population-level data regarding the
vaccines’ ability to reduce infection are being generated. Randomised trials have shown that these vaccines dramatically
reduce symptomatic COVID-19; however, less is known about their effects on transmission between individuals. The
natural course of infection with SARS-CoV-2 involves infection of the respiratory epithelia and replication within the
mucosa to sufficient viral titres for transmission via aerosol particles and droplets. Here we discuss the available data
on the existing, approved SARS-CoV-2 vaccines’ capacity to reduce transmissibility by reducing primary infection,
viral replication, capacity for transmission, and symptomaticity. The potential for mucosal-targeted SARS-CoV-2
vaccine strategies to more effectively limit transmission than intramuscular vaccines is considered with regard to
known immunological mechanisms. Finally, we enumerate the population-level effects of approved vaccines on
transmission through observational studies following clinical trials and vaccine distribution in real-world settings.

Introduction
The COVID-19 pandemic, a Public Health Emergency
of International Concern, is caused by widespread
infection with SARS-CoV-2 and development of an
infectious respiratory tract illness.* As of Sept 10, 2021,
223022538 cases of COVID-19 and 4602882 deaths had
been confirmed by the WHO Coronavirus Dashboard
worldwide, although these figures are dramatic under-
estimates. In December, 2020, two mRNA vaccine
candidates received emergency use authorisations
from the US Food and Drug Administration: Pfizer-
BioNTech vaccine candidate BNT162b2 and the Moderna
candidate mRNA-1273°¢ Around the same time,
AstraZeneca and Oxford University announced positive
interim results for their viral vector vaccine ChAdOx1.
Since then, a number of vaccines against COVID-19 have
been approved around the world, culminating in over
3 billion doses given to date. Although many vaccine
trials have shown a significant capacity to prevent
symptomatic COVID-19, their ability to limit viral
transmission between individuals is less well understood.
Evaluating how well SARS-CoV-2 vaccines can reduce
transmission has major epidemiological, social, and
policy implications, as inefficient transmission reduction
by vaccines would hinder efforts to reach herd immunity.
By revisiting the basic immunological mechanisms
underlying transmission, we delineate how vaccines can
reduce the infectious capacity of a vaccinated individual.
We dissect these mechanisms and assess how well the
currently available COVID-19 vaccines elicit these
responses. We focus on four relevant features by which
vaccine-induced immunity can reduce transmission:
infection, viral replication, threshold for host-to-host
spread, and degree of symptomaticity. We define the
infection stage as when the virus enters target cells at the
site of exposure, and the replication phase as when
SARS-CoV-2 proliferates within the infected cells. If the
virus replicates to high enough levels within its host,
then host-to-host transmission might occur. Vaccines can
further reduce the degree of transmissibility by lowering

www.thelancet.com/infection Vol 22 February 2022

symptomaticity (eg, coughing and sneezing). Finally,
vaccines can induce immune responses that reduce the
infectivity of the emitted virus. Vaccines can theoretically
suppress SARS-CoV-2 at all these stages to prevent trans-
mission (figure).

We discuss the immunological mechanisms that
can contribute to vaccine-mediated reductions in
transmission of SARS-CoV-2 (reduction of infection,
viral replication, capacity for host-to-host spread, and
symptomaticity) and present the extant evidence for
whether the existing vaccines elicit such responses.
We highlight existing studies showing the effect of
vaccination on asymptomatic infection, which is a proxy
for transmission reduction. We also discuss vaccination
strategies that are designed to fortify transmission
blockade and might be used in the future.

Mechanisms limiting SARS-CoV-2 infection and
replication during natural infection

Columnar epithelial cells lining the upper respiratory
tract are protected by a layer of glycoprotein-rich mucin.
This mucus layer poses a physical and chemical barrier
to infection by entrapping viral particles that are then
swept up the upper respiratory tract via mucociliary
clearance. In its natural course, SARS-CoV-2 bypasses
this mucosal barrier and directly infects the epithelial
cells via spike protein interaction with host angiotensin-
converting enzyme 2 (ACE2). Primary infection results
in engagement of innate immune responses, including
production of antiviral interferon and cytokines. If this
innate defence layer is insufficient to control viral
replication, local dendritic cells initiate adaptive immune
responses by taking up SARS-CoV-2 antigens, sensing
viral pathogen-associated molecular patterns, migrating
to the draining lymph nodes, and activating differ-
entiation of naive T and B cells. Once differentiated,
T cells specific to SARS-CoV-2 organise an adaptive
immune response by clearing infected cells and helping
B cells generate class-switched virus-specific IgG and
IgA responses.*™
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Figure: Parenteral vaccine-mediated immunity and possible mechanisms of transmission reduction

(A) Intramuscular immunisation with currently approved COVID-19 vaccines elicits systemic IgG and IgA responses, and, in some cases, dimeric IgA that can be
transported across the mucosal epithelia. Some of the serum antibodies are transported or spill over into the respiratory mucosa as serum exudate to prevent viral
entry into host airway epithelial cells. (B) Once the virus manages to infect the host cells, intrahost replication and spread can be prevented by IgG and IgA antibodies
aswell as T cells specific to the virus. (C) If the vaccines reduce symptoms such as coughing and sneezing, the emission load from vaccinated individuals will be
reduced, leading to less effective transmission. (D) Even if the virus manages to replicate within the respiratory mucosa, vaccine-induced immune responses will
reduce transmittable viral load within the URT and LRT. In addition, antibodies might coat the emitted virus to render the virus less infectious in the recipient host,
preventing interhost transmission. URT=upper respiratory tract. LRT=lower respiratory tract.

During primary SARS-CoV-2 infection, immunological
memory is generated through the production of virus-
specific follicular helper T cells, memory B cells, and
circulating memory T cells, including effector memory,
central memory, and terminally differentiated effector
T cells, which have been shown to persist for at least
8 months after symptom onset in SARS-CoV-2-infected
individuals." These long-term memory cell populations
are necessary to mount a rapid response to reinfection,
primarily by serving as a source of virus-specific
lymphocytes capable of both immediate response and
giving rise to a higher-affinity antibody response.
Plasma cells seeding the mucosal lamina propria
secrete IgA dimers, which are transported across the
epithelial layers into the mucosa by way of polymeric
immunoglobulin receptors and function as neutralising
antibodies. Secreted dimeric IgA is on average 15 times
more potent than serum monomeric IgA at neutralising
the spike protein.” Circulating IgG is also transported into
the mucosal lumen via neonatal Fc receptors or as serum
exudate. Generation of these robust neutralising antibodies
at the mucosa is a potent effector mechanism capable of
providing sterilising immunity against reinfection.®

Even if neutralising antibodies alone are insufficient,
reinfection with SARS-CoV-2 can be limited by

non-neutralising antibodies and T cells.” Non-
neutralising antibodies activate immune pathways such
as complement-dependent and antibody-dependent
cellular cytotoxicity and phagocytosis to clear viral
particles and infected host cells, and local and systemic
memory T cells proliferate, recognise class I MHC-
presented antigens from infected cells, and secrete
cytokines such as IFNy to induce antiviral responses.
Consequently, subsequent infections are cleared quickly,
often with minimal symptoms.

Mechanisms limiting SARS-CoV-2 infection and
replication induced by vaccination
Effect of SARS-CoV-2 vaccination on infection
When droplets or aerosols containing infectious
SARS-CoV-2 land in the respiratory mucosa of a
susceptible individual, spike protein binds ACE2 on host
airway epithelial cells, mediating viral entry and host
infection. Thus, blocking the spike protein’s capacity to
interact with ACE2 at the mucosal surface obstructs viral
entry into cells," preventing infection without the need to
invest in a substantial acute immunological response
(figure A).

Vaccination is an effective strategy to elicit neutralising
antibodies that can limit infection, replication, and
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potentially transmission. Depending on the vaccine,
IgA and IgG generated locally or systemically can be
transported to the mucosal surface, where they
mechanically hinder spike attachment to ACE2 and
initiate clearance of viral particles. If infection of host
cells is prevented, sterilising immunity is achieved. In
viral challenge experiments, sterilising immunity is
inferred if viral load is undetectable in the days following
the challenge.

All SARS-CoV-2 vaccines currently approved for use
worldwide are injected intramuscularly. Although these
vaccines are expected to induce neutralising antibodies
in circulation, neutralising antibody generation local to
mucosal surfaces lining the epithelia of the respiratory
tract or transcytosis of circulating neutralising antibodies
to mucosal surfaces might be limited. Indeed, another
adenovirus-vectored vaccine, the Ad26.COV2.S vaccine
from Johnson & Johnson—Janssen, did not induce IgA or
IgG neutralising antibodies in the saliva.” Nevertheless,
after injection of REGN-COV2 neutralising antibody
cocktail produced by Regeneron or vaccination with
mRNA-1273 in rhesus macaques, no virus was detected
after challenge (1x105 pfu for REGN-COV2; 8x105 pfu
for mRNA-1273) in nasal swab nor bronchoalveolar
lavage.*” Additionally, IgA and IgG neutralising
antibodies, including highly effective secreted dimeric
IgA, have been observed in the saliva of patients
vaccinated with BNT162b2 or mRNA-1273.2%% These
studies show variable capacity among the parenteral
vaccines to induce sterilising immunity at the mucosa,
with ChAdOx1 vaccine being potentially less effective
than the mRNA vaccines. Factors potentially influencing
whether these vaccines induce mucosal sterilising
immunity include the mechanism of the vaccine and the
quantity and quality of circulating neutralising antibodies
generated. Indeed, mucosal vaccines might provide more
robust protection than parenteral vaccines against
infection. The degree to which mucosal antibodies
elicited by vaccines can prevent infection still needs to be
resolved.

Effect of SARS-CoV-2 vaccination on intrahost viral
replication

If neutralising antibody concentrations are insufficient to
elicit sterilising immunity, SARS-CoV-2 can infect
mucosal epithelial cells and proliferate within a susceptible
host. We define replication as generation of multiple
copies of SARS-CoV-2 within cells above the initial
exposure amount. Vaccine-induced immunity, including
neutralising antibodies, non-neutralising antibodies, and
memory T cells, limits SARS-CoV-2 replication, thereby
reducing production of transmissible virus (figure B). In
participants immunised with two doses of BNT162b1,
mean serum concentrations of IgG, markers of CD8 T-cell
activity, and markers of T-helper 1-mediated CD4 T-cell
activity increased,” with similar results in patients
administered two doses of mRNA-1273.2%
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BNT162b2 immunisation reduces SARS-CoV-2 viral
load in patients infected at least 12 days after receiving
the first dose of vaccine,* and ChAdOx1 immunisation
reduces oropharyngeal and nasopharyngeal viral load in
patients subsequently infected with SARS-CoV-2.” These
data suggest that currently approved vaccines reduce
viral load within infected individuals by limiting viral
replication within the mucosa.

Effect of SARS-CoV-2 vaccination on host-to-host
transmission

If immunity fails to block infection and replication,
SARS-CoV-2 viral load will increase and the virus will
potentially spread to other individuals. Although the
viral replication stage concerns the intrahost proliferative
capacity of SARS-CoV-2, this transmission stage
describes the capacity of interhost spread, which involves
the extent and infectivity of viral emission by an infected
host. Immune responses that can potentially reduce
host-to-host spread of the virus include those that reduce
the number of infectious viral particles emitted by the
immunised infected person, the infectivity of the
emitted viral particles, or both.

Let us consider the relevant sources of virus that can
be transmitted to another individual depending on the
mode of spreading. The source of transmitted virus can
be inside the lower respiratory tract (via coughing), the
upper respiratory tract (via sneezing), or the oral cavity
(via speaking, breathing by mouth, coughing, and
sneezing; figure C). In individuals diagnosed with
COVID-19, nasopharyngeal viral load of SARS-CoV-2
is a strong direct correlate for human-to-human trans-
mission, with viral load peaking shortly after initial
infection or symptom onset.* If the vaccine-induced
immunity reduces effective viral load in these respective
organs, the number of infectious particles will be
lowered, and transmission will also be reduced. Ample
evidence exists that vaccines reduce viral load in the
lower and upper respiratory tracts from non-human
primate studies.”” In addition, vaccinated individuals
with a breakthrough infection are less infectious than
unvaccinated individuals.” The particles emitted by
these individuals might be less infectious through
induction of antibodies that can coat the virus, which,
through steric hindrance or complement fixation, can
prevent virions from infecting susceptible hosts. The
extent of vaccine-induced transmission blockade can be
studied through contact-tracing studies comparing
exposed, vaccinated with exposed, unvaccinated
individuals.

Effect of SARS-CoV-2 vaccination on symptomatic
transmission

Successful SARS-CoV-2 infection and replication prompt
a widespread host immunological response, which leads
to the symptoms characteristic of COVID-19, including
cough, fever, and shortness of breath.”? Symptoms can

e54



Personal View

See Online for appendix

For more on the Altimmune
AdCOVID see https://altimmune.
com/adcovid

e55

directly impact the dissemination of transmissible virus
from the infected individual (figure D).

The most striking outcome of SARS-CoV-2 vaccine
trials was their effectiveness at preventing symptomatic
infection and severe-to-lethal COVID-19. Nevertheless,
the impact of reduced disease severity among vaccinated
individuals on the risk of causing secondary infections
has, to our knowledge, not been systematically investi-
gated. The difference in transmissibility between
symptomatic and asymptomatic SARS-CoV-2 infection
can, however, provide a hint. Although asymptomatic
individuals do not necessarily have a lower viral peak
load than symptomatic individuals,®* the reduction
among asymptomatic individuals of prolific aerosol-
generating symptoms such as coughing could reduce the
possibility of transmission. Indeed, an index case who is
asymptomatic infects fewer contacts, and the contacts
that are infected are more likely to be asymptomatic
themselves.” Additionally, compared with asymptomatic
individuals, symptomatic individuals appear to have
higher viral loads for longer and are thereby infectious
for longer** As vaccination strongly decreases the
incidence of symptomatic infection, the fraction of time
in which the vaccinated individual is infectious, even if a
similar peak viral load is reached, might be decreased.”

In the real world, individuals with symptomatic infection
will be more likely than those with asymptomatic infection
to selfisolate, which might lower the degree of trans-
mission from them, despite the increased transmissibility
potential of these individuals. We do not explore the effect
of this epidemiological reality in this review.

Here, we propose that current vaccines targeting SARS-
CoV-2 operate through four mechanisms: (1) reduction of
initial infection; (2) reduction of viral replication in infected
individuals; (3) reduction of viral particles emitted by
infected individuals and, in those that are emitted, a
potentially diminished infectivity; and (4) reduction of
symptoms, further blunting viral expulsion from any given
infected individual. The cumulative effect of these four
steps might contribute substantially to the reduction of
viral transmission on a population level.

Real-world evidence for the efficacy and effectiveness of
vaccines against infection and transmission A variety of
study designs have measured the direct effect of COVID-19
vaccines against PCR-positive infection or seropositivity,
which are proxies for assessing transmissibility reduction.
We summarise the available evidence for vaccine-
mediated reduction in transmissibility in the
appendix (pp 2-16).”7% The studies can be divided into
randomised clinical trials and observational studies. The
randomised clinical trials derive from the original vaccine
trials, in which infection and seropositivity were not
primary endpoints. Of the four trials that performed
asymptomatic testing, all vaccines showed some effect
against infection (appendix pp 2-3). The observational
studies encompass a variety of designs formulated to
assess the effectiveness of vaccination against infection in

real-world settings; the studies reported show the
tremendous effect of vaccination against SARS-CoV-2
positivity (clustering around 90% effectiveness), yet most
of these studies are composed of individuals who
have received the mRNA vaccines, especially the
Pfizer-BioNTech BNT162b2 vaccine. These real-world
data show the striking ability of the mRNA vaccines to
prevent SARS-CoV-2 infection altogether (appendix
pp 3-12).“% Some epidemiological evidence is emerging
that the infectiousness of vaccinated individuals testing
positive is reduced, with both the Pfizer-BioNTech and
the Oxford-AstraZeneca vaccines providing moderate
transmission prevention after one dose,** perhaps by
reducing viral load and the infectious period.” Similar
data for other vaccine platforms were not available for
analysis at the time of writing. Throughout the summer
of 2021, we have witnessed an apparent decline in the
effectiveness of the vaccines against both asymptomatic
and symptomatic infection, possibly due to the
combination of proliferation of the delta (B.1.612.2)
variant (first isolated in December, 2020), waning
immunity of the vaccine, and high community prevalence.
Nevertheless, vaccines, especially mRNA-1273, maintain a
relatively high level of protection against infection
(appendix pp 13-16).

Future approaches in transmission-blocking
vaccines

Parenteral, intramuscular SARS-CoV-2 vaccines are
optimised to reduce disease, not to generate mucosal
immunity. High concentrations of IgA and IgG that enter
from systemic circulation to the mucosa after vaccination
might not be directly related to their ability to prevent
SARS-CoV-2 infection and replication at the site of
infection.” Preventing viral infection and replication in
the mucosa halts the transmissibility potential of a
host. Local neutralising antibodies against SARS-CoV-2
can be elicited with mucosal vaccines. Vaccination routes
targeting mucosa can also stimulate neutralising antibody
production at other, distal mucosal sites, in addition to
providing similar systemic immunity conferred by
traditional systemic, intramuscular vaccines.®

As SARS-CoV-2 primarily spreads by respiratory
droplets and aerosols, viral load within the oropharynx
is a key determinant of transmission risk. Vaccination
approaches that specifically target the mucosa can
elicit local neutralising IgA antibodies to reduce both the
viral load to below the transmissibility threshold and
symptomaticity. Mucosal vaccines could generate a more
robust plasma cell response through generation of
dimeric IgA, which is transported into the mucosal
lumen, and produces a more potent response in
comparison with its monomeric counterpart.”

A variety of intranasal vaccines against SARS-CoV-2 are
in development and hold promise as next-generation
vaccines. The candidates include the Altimmune
AdCOVID intranasal vaccine, administered as a single
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dose and shown to stimulate neutralising IgG, mucosal
IgA, and T-cell-based immune responses (NCT04679909,
NCT04442230). Another approach is an intranasal version
of the ChAdOx1 vaccine, which has also shown an ability
to induce robust IgA neutralising antibodies and cell-
mediated immunity superior to that shown in the
intramuscular form of the vaccine in mice.”® A handful of
other vaccines targeting the oropharynx are in various
stages of development by collaborating entities, such as
COVI-VAC (a collaboration of Codagenix and the Serum
Institute of India; NCT04619628). Since SARS-CoV-2 can
infect the oral epithelial cells,* generating antibody and
cellular immunity within the oral mucosa could effectively
block viral transmission at the source.

Since SARS-CoV-2 can affect the gastrointestinal
system,” targeted vaccination to the enteric mucosa
against enteric SARS-CoV-2 would decrease the burden of
gastrointestinal symptoms and stimulate protective
mucosal immunity distally, including within the
oropharynx. Vaxart is developing a single-dose, orally
administered, adenovirus 5-vectored SARS-CoV-2
vaccine, VXA-CoV2-1, which phase 1 trials (NCT04563702)
have found can elicit strong IgA and CD8 T-cell responses
in participants’ nasal mucosa.” Oral vaccines targeting
three components of SARS-CoV-2 (the spike, membrane,
and envelope proteins) have been proposed or are in
varying stages of development.”**

As wuse of mucosal vaccines for prevention of
SARS-CoV-2 infection is limited, we can only speculate
on their effectiveness in real-world settings. The
intramuscular ChAdOx1 vaccine limited infection in
rhesus macaques,” whereas the intranasal ChAdOx1
formulation was able to induce sterilising immunity,®
suggesting that properly designed mucosal vaccines
might be more effective at altogether preventing infection.
The duration of mucosal vaccine-induced immunity is
unclear. However, as many of the currently approved
parenteral vaccines have been found to be durable, a
vaccination schedule mixing mucosal with parenteral
vaccines could provide both robust and lasting immunity.
One such approach includes prime and pull, where a
current parenteral vaccine can be used to elicit circulating
T and B effector cells, which can be pulled into the
mucosa using a second step involving chemokines or
other stimulants.”

Conclusion

With an estimated 40% of the world’s population at least
partially vaccinated, efforts to increase vaccine uptake to
levels commensurate with a decrease in SARS-CoV-2
infection rates and community-level herd immunity
continue” As vaccine uptake increases globally, we
are beginning to see suppression of person-to-person
SARS-CoV-2 transmission. By leveraging various arms of
the adaptive immune response in both mucosal and
systemic environments, several of the available vaccines
appear to limit infection and viral replication, often
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lowering viral load beneath the threshold for transmission
and preventing symptoms. Although many studies show
significant efficacy in preventing transmission for some
vaccines, such as the Pfizer-BioNTech, Moderna, and
Johnson & Johnson vaccines, scant data exist for other
approved vaccines, such as the Sinopharm vaccine and
Sputnik V.72 Although these vaccines might have some
effect on transmission, the magnitude to which they
prevent transmission will considerably affect the course
of outbreaks in countries using these vaccines. The most
pressing unanswered questions include the extent to
which emerging variants can evade existing immunity
and whether immunity wanes over time. The emergence
of the delta variant tests our waning vaccination-
derived immunity and previous estimates of vaccine
effectiveness. Fortunately, boosters appear to restore
protection against infection.” Risk of infection after a
vaccine can be modulated by patient characteristics
(eg, age), circumstances (eg, time since vaccination), and
virus characteristics (eg, lineage).” For this reason,
comprehensive surveillance of viral genotypes, clinical
presentation, case history, and demographics of indi-
viduals infected with SARS-CoV-2 after vaccination is
essential. Although no variant of concern has completely
evaded vaccine-derived immunity, some vaccines have
compelling in-vitro evidence for decreased -efficacy
against certain variants, especially variants with the
E484K mutation.” Continued careful follow-up in the
laboratory, clinical settings, and epidemiological studies
over the coming months will illuminate the ultimate
capacity of these vaccines to prevent transmission and
will identify the need for updated vaccines.
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