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Abstract
In early 2020, a global emergency was upon us in the form of the coronavirus disease 
2019 (COVID- 19) pandemic. While horrific in its health, social and economic devasta-
tion, one silver lining to this crisis has been a rapid mobilization of cross- institute, and 
even cross- country teams that shared common goals of learning as much as we could 
as quickly as possible about the novel severe acute respiratory syndrome coronavi-
rus 2 (SARS- CoV- 2) and how the immune system would respond to both the virus 
and COVID- 19 vaccines. Many of these teams were formed by women who quickly 
realized that the classical model of “publish first at all costs” was maladaptive for the 
circumstances and needed to be supplanted by a more collaborative solution- focused 
approach. This review is an example of a collaboration that unfolded in separate coun-
tries, first Canada and the United States, and then also Israel. Not only did the col-
laboration allow us to cross- validate our results using different hands/techniques/
samples, but it also took advantage of different vaccine types and schedules that were 
rolled out in our respective home countries. The result of this collaboration was a 
new understanding of how mucosal immunity to SARS- CoV- 2 infection vs COVID- 19 
vaccination can be measured using saliva as a biofluid, what types of vaccines are 
best able to induce (limited) mucosal immunity, and what are potential correlates of 
protection against breakthrough infection. In this review, we will share what we have 
learned about the mucosal immune response to SARS- CoV- 2 and to COVID- 19 vac-
cines and provide a perspective on what may be required for next- generation pan- 
sarbecoronavirus vaccine approaches.
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1  |  INTRODUC TION

The predominant route of infection by severe acute respiratory syn-
drome coronavirus 2 (SARS- CoV- 2) is inhalation, where the mucosa 
of the nasopharynx and oral cavity are directly exposed to virus 
from the environment.1,2 Two receptors that facilitate the entry of 
SARS- CoV- 2, angiotensin- converting enzyme 2 (ACE2) and trans-
membrane protease, serine 2 (TMPRSS), are detected in the nasal, 
salivary, and intestinal epithelium.1,2 Therefore, in order to under-
stand and predict outcomes of infection, we must first understand 
the mucosal immune response occurring at the site of infection. If 
infection is established and virus penetrates the mucosa, virions can 
then disseminate systemically and progress into multiorgan infec-
tion and illness, known as coronavirus disease 2019 (COVID- 19).

Tools to identify individuals who have generated sufficient im-
mune protection from SARS- CoV- 2, either through prior infection 
or through vaccination, have attracted tremendous interest. While 
serum has been used to intensively study the kinetics and affinity 
of immunoglobin G (IgG) neutralizing antibody (nAb) production in 
response to either SARS- CoV- 2 infection or COVID- 19 immuniza-
tion, less is known about antibodies produced at mucosal surfaces. 
Moreover, while a clearer picture emerges regarding correlates of 
protection from disease,3 correlates of protection from infection 
and transmission remain largely unidentified.

Knowledge of mucosal antibody immune responses to SARS- 
CoV- 2 remain understudied but are essential to understand and 
predict outcomes to infection, as well as improve our vaccination 
strategies to further prevent person- to- person transmission, mor-
bidity, and mortality. Highlighting research from our laboratories 
and others, we discuss comparative studies of antibody responses 
to SARS- CoV- 2 in the blood and saliva of convalescent as well as 
vaccinated individuals.

2  |  LOC ATION, LOC ATION, LOC ATION

2.1  |  Infection of SARS- CoV- 2 along “the tube”

Although SARS- CoV- 2 is a respiratory virus, it has the capacity to 
infect epithelial cells along the entire mucosal tract from mouth to 
gut, that is, “the tube”. Specifically, the human nasal epithelium has 
been shown to highly express SARS- CoV- 2 entry factors in vitro4 
and ex vivo.1,2 SARS- CoV- 2 has also been shown to infect and rep-
licate in the olfactory epithelium of the nasal turbinates in mice,5,6 
hamsters,7– 10 and rhesus macaques.11 Notably, the viral temperature 
dynamics of SARS- CoV- 2 changed from the original SARS- CoV in 
the human respiratory epithelium, with SARS- CoV- 2 having the abil-
ity to preferentially replicate in the upper airway.12 This adaptation 
is a marked advantage for SARS- CoV- 2 since it allows for increased 
transmissibility prior to more invasive infection of the lower air-
way and arguably could contribute to more asymptomatic spread. 
Interestingly, with the emergence of SARS- CoV- 2 variants through-
out the pandemic, fluctuations in viral replication levels across dif-
ferent mucosal surfaces of the airway have also been noted,13 as well 

as evidence of lingering viral antigen in the intestinal mucosa.14,15 
A significant gap in our knowledge exists regarding the interaction 
between host immunity and SARS- CoV- 2 along the mucosal tract, in 
addition to compartmental variations.

2.2  |  SARS- CoV- 2 in saliva of patients with 
COVID- 19

Testing for the presence of virus is done from anatomically relevant 
locations of the nasopharynx, mid- turbinate nasal canal, cheek 
swabs, throat swabs, saliva swabs, or saliva.16,17 Early in the pan-
demic, SARS- CoV- 2 was detected in saliva of 91.7% of hospitalized 
patients with COVID- 19 from which live virus was propagated in 
culture.18 This finding is consistent with the early detection and high 
viral loads of the original SARS- CoV in the saliva of hospitalized pa-
tients, even before the development of lung lesions.19 Wyllie et al.16 
demonstrated that saliva has been an accurate metric to screen for 
SARS- CoV- 2 infection, equivalent to nasopharyngeal swab testing. 
In the context of the Omicron variant specifically, researchers found 
that saliva swabs were more sensitive for viral detection as com-
pared to nasal swabs.20 As new variants continue to arise, more at-
tention to the oral cavity is required to ensure that testing does not 
result in false negatives.

2.3  |  Beyond blood— antibodies to SARS- CoV- 2

Most antibody testing has focused on circulating antibodies sampled 
from serum/plasma resulting in significant insights into the kinetics 
and nature of the humoral immune response. Indeed, SARS- CoV- 2 
infection can produce a robust and durable systemic antibody re-
sponse corresponding with protection from disease.3,21– 24 In addition 
to blood, saliva is a unique specimen to evaluate as it offers a view of 
the mucosal immune response, as well as a window into the plasma 
due to vascular leakage from the gingival crevicular epithelium.25,26 
The ease of sampling saliva, particularly in pediatric patients, is an 
appealing alternative to phlebotomy. Paired bio- sampling of saliva 
and blood in patients with COVID- 19 has shown strong positive cor-
relations for SARS- CoV- 2 Spike (S) and Receptor- Binding Domain 
(RBD) specific immunoglobulin (IgM, IgG, and IgA) levels, demon-
strating that systemic immune response can be monitored through 
saliva.27 We will expand upon this concept in section IV.

2.4  |  SARS- CoV- 2 Spike vaccines protect against 
severe COVID- 19 disease remarkably well, but…

Despite the general understanding that SARS- CoV- 2 infects the air-
ways and induces a humoral immune response in the upper respiratory 
tract, initial vaccine strategies inoculate via the parenteral or intramus-
cular route. The choice of route is sensible given previously estab-
lished experience delivering vaccines via the intramuscular route, the 
notion that generation of systemic immune memory confers strong 
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protection against disease, as well as accessible and well- defined met-
rics to assess correlates of protection against disease. With approxi-
mately 11 billion vaccine doses administered worldwide at the time of 
writing of this review (Q1 2022), COVID- 19 vaccines given via the in-
tramuscular route have been a staggering success in protecting against 
disease and to a certain degree against infection.28 In addition, these 
vaccines have incredible capacity to generate long- term memory that 
is projected to last for years to come.29,30

However, as antibody levels decline post- vaccination, break-
through infections have become inevitable. This fact is particularly 
relevant for more antigenically divergent SARS- CoV- 2 variants like 
Omicron,31 or variants that accumulate exceptionally high viral lev-
els such as Delta.32,33 Sterilizing immunity was never the goal of 
intramuscular COVID- 19 vaccines. The future and hopefully “final 
frontier” of vaccine strategies for this pandemic will generate robust, 
durable, and flexible immunity at the upper respiratory tract that 
confers protection against SARS- CoV- 2 infection. To tackle this final 
frontier, we must consider the “first frontier”— the mucosa.

3  |  MUCOSA AND THE LOC AL IMMUNE 
RESPONSE

3.1  |  The moat and the castle— mucosal versus 
systemic immune responses

The human body has multiple lines of defense to protect against 
pathogens. While our outermost physical barrier of the skin is a key 
protective layer, there are several orifices where there is no kerati-
nized epithelial barrier, and the sheer surface area of the body's 
mucosa dwarfs the size of the external keratinized skin by orders 
of magnitude. At these mucosal surfaces, a thin layer of epithelium 
serves as a barrier, which in addition to being a more permeable 
physical barrier, also has significant immune properties. A dense 
matrix of connective tissue sits directly below the thin layer of epi-
thelium and connects it to the smooth muscle layer. This structure 

serves as an additional layer of protection from pathogens and cer-
tain body fluids (gastric acid, urine, vaginal secretions).34

The mucosa also forms an ideal niche for immune cells, which 
can remain in the mucosa as sentinels, protecting the body against 
infection. Figure 1 illustrates how the mucosal immune system is a 
first line of defense, and distinct from the systemic immune system. 
In addition to mucosal resident myeloid cells, T cells, and innate lym-
phoid cells, the mucosa is also a rich reservoir of plasma cells (PCs), 
which secrete antibodies that shield the body from resident com-
munities of commensal microbiota. The mucosal immune system 
works separately from the rest of the body by forming a “firewall” 
that under normal circumstances stops at the first draining lymph 
node (i.e., the castle wall). In the case of the intestine, the mucosal 
immune response typically does not stray beyond the mesenteric 
lymph node (MLN).35 However, the mucosal immune response also 
works in tandem with the systemic immune response as recircula-
tion of mucosal immune cells has been shown to occur and may be 
a way to distribute mucosal immune effector cells across multiple- 
barrier sites.36– 38 After all, viruses like SARS- CoV- 2 can impact the 
entire length of “the tube.”

3.2  |  Induction of mucosal immune responses

There are three major Mucosa- Associated Lymphoid Tissues (MALT): 
Gut- Associated Lymphoid Tissue (GALT), Bronchus- Associated 
Lymphoid Tissue (BALT), and Nasal- Associated Lymphoid Tissue 
(NALT).39 Priming against commensal or foreign antigen occurs most 
efficiently within organized lymphoid tissues. In the case of the 
GALT, MLN, and Peyer's Patches provide ideal environments for ini-
tiating immune responses within inducible germinal centers. In these 
germinal centers, cognate interactions between antigen- specific B 
and T cells result in the secondary diversification of the B cell recep-
tor, including antibody isotype class switch and affinity maturation. 
Select B cells become memory B cells or plasma cells (see below), 
and antigen- specific T cells also acquire the capacity to become 

F I G U R E  1  The castle and moat 
metaphor illustrates key differences 
between protective mucosal and systemic 
antibody responses
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memory T cells.40 The particular environment of the GALT programs 
these memory cells to home back to the gut lamina propria after they 
leave the MLN via the acquisition of homing receptors (integrin α₄ 
and β₇).41 Memory cells that home to and lodge in the mucosa, and 
their progeny, serve to protect against repeat pathogen exposure, 
providing lasting immune memory at mucosal surfaces.

3.3  |  Mucosal antibodies

Germinal center B cells can differentiate into plasmablasts or plasma 
cells (PCs) and secrete antibodies of different isotypes including: IgD, 
IgM, IgA, IgE, and IgG. The class of antibody produced is largely dic-
tated by the location of priming. For example, in the GALT and the 
NALT, cytokines such as transforming growth factor- beta (TGFb), 
B cell- activating factor (BAFF) and a proliferation- inducing ligand 
(APRIL) provoke class switch to IgA, a topic that was recently reviewed 
in depth by Isho et al.37 Focusing on the oral cavity, the major isotypes 
that predominate in the saliva are IgA (primarily) and IgG. While most 
IgG in the saliva are actually derived from the serum through passive 
diffusion and vascular leakage via the gingival crevicular epithelium, 
IgA can be actively transported across secretory epithelia of the oral 
mucosa and into the saliva.42 IgD, IgM, and IgE can also be actively 
secreted into saliva under particular conditions or in specific disease 
states, but they are much less abundant in the oral cavity.43,44

The process of IgA secretion into the oral cavity is similar to what 
occurs in the gut. Specifically, IgA secreting plasmablasts and PCs 
can secrete monomeric IgA or dimeric IgA, which consists of two IgA 
monomers bound together by the joining (J) chain. Dimeric IgA crosses 
through the cytoplasm of mucosal epithelial cells through transcy-
tosis via the polymeric immunoglobin receptor (pIgR). Through this 
mechanism, dimeric IgA is then bound to the secretory component 
(SC), resulting in local production of a secretory form of IgA dimers 
(sIgA), which coats mucosal surfaces. The secretory component of SIgA 
provides protection against mucosal enzymatic destruction and deg-
radation by resident commensal microbes.45 SIga prevents infections 
through a phenomenon known as neutralization, where these antibod-
ies bind to the proteins on the exterior of the pathogen, which then 
prevent it from binding to and infecting cells. In addition to local sIgA- 
producing PC in the oral mucosa, a small amount of IgG antibodies 
are also produced locally by gingival, glandular, and tonsillar PCs.25,26,42

4  |  HUMOR AL IMMUNE RESPONSE TO 
SARS-  COV- 2 INFEC TION

4.1  |  Systemic antibody response to SARS- CoV- 2 
infection

The ability of serum antibodies to bind to SARS- CoV- 2 and neutral-
ize virions after infection is significantly correlated with protection 
from morbidity and mortality due to COVID- 19.3,46– 49 In the ab-
sence of T cells, antibodies are sufficient for protection in mice50 

and macaques.51 As shown in Figure 2, SARS- CoV- 2 antibodies can 
be formed against different viral antigens such as the spike protein 
(anti- S), receptor- binding domain on the spike (anti- RBD), and nu-
cleocapsid (anti- N). Multiple studies, including our own, have shown 
that the vast majority of patients with COVID- 19 develop detect-
able systemic antibody titers during infection. One serology study 
characterized antibody responses in 285 patients with COVID- 19 
and found that 100% of these patients had virus- specific IgG in their 
serum at 3 weeks post- symptom onset, with median day for serocon-
version at 13 days post- symptom onset.52 These findings were con-
sistent with studies from Wajnberg et al.53 which reported that 99% 
of patients with COVID- 19 who were monitored, seroconverted and 
developed anti- S IgG antibodies. These antibodies are essential for 
host protection. Moreover, the kinetics and quality of the antibody 
response can dictate disease severity.54

The durability of systemic antibody responses post- SARS- CoV- 2 
infection is also of great interest. Multiple studies have reported 
persistence of anti- S and anti- RBD IgG titers in serum for at least 
4 months following symptom onset.27,53 Additionally, passive trans-
fer of anti- S and anti- RBD nAb to rodents and macaques has been 
shown to be protective against severe symptoms and pulmonary 
inflammation.55,56 Furthermore, one study showed that nAb titers 
correlated with anti- RBD IgG in serum and that these titers were 
stable until at least 120 days post- symptom onset.57 Additionally, 
there are also reports to suggest more rapid decline of nAb titers in 
the serum of individuals with mild disease.52,58 Taken together, these 
findings suggest a humoral antiviral response consists of a robust 
early plasmablast expansion phase (which accounts for high acute 
antibody levels in the serum/plasma), followed by a more protracted 
memory phase with lower levels of anti- SARS- CoV- 2 antibodies in 
the serum/plasma59 that is sustained by plasma cells in the bone 
marrow.60

4.2  |  Salivary antibody response to SARS- 
CoV- 2 infection

As mentioned, the oral and nasopharyngeal cavities are the most 
likely routes of transmission of SARS- CoV- 2, making neutralizing 
antibodies in these compartments one of the first lines of defense 
against infection.11 B cells activated in mucosal induction sites (i.e., 
the MLN) are skewed towards IgA class switch due to the presence 
of IgA class switch factors such as TGFβ and APRIL.61 Thus, humoral 
immunity in the oral and nasal mucosa is dominated by dimeric (mu-
cosal) sIgA. In addition to sIgA, IgG antibodies are also present in the 
saliva, which mainly enter the saliva from the serum via transudation 
through the gingival crevicular fluid.25,26

We and others have shown that IgA is readily detected against 
spike and RBD in the saliva of COVID- 19 acute and convalescent 
patients, although this response is quite variable and declines more 
rapidly than the IgG response.16,27 In a longitudinal study analyz-
ing serum and salivary antibody decay in convalescent patients, 
both serum and salivary IgG titers remained relatively stable up to 
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9 months post- symptom onset. These investigators also showed 
that anti- S IgA could be detected in the saliva of 55% of patients in 
early convalescence, with a gradual decline in salivary antibody ti-
ters until 8 months post- symptom onset. Conversely, anti- S IgG was 
detected in the saliva of 100% of patients, and demonstrated a much 
slower decline compared with IgA.62

The level of anti- SARS- CoV- 2 IgG and IgA antibody responses 
in saliva and serum have been shown to correlate reasonably well 
between the two biofluids,27,63 although the correlation between 
serum and saliva IgA is slightly weaker indicating potential compart-
mentalization of the mucosal immune response.27,64 Nevertheless, 
because of the positive correlation between serum and saliva anti- 
SARS- CoV- 2 antibodies, researchers have proposed that saliva can 
be used as a less invasive substitute to serology for the detection of 
previous infection. Randad et al.63 demonstrated that salivary and 
serum SARS- CoV- 2- specific IgG showed similar binding profiles in 
detection assays, and that salivary IgG alone could be used to detect 
previous infection with high sensitivity and specificity. These results 
were consistent with a study by Varadhachary et al., in which they 
developed an assay for detecting previous SARS- CoV- 2 infection 
using salivary IgA titers. Their results showed a 92% positive pre-
dictive rate when salivary IgA was used to assess mucosal immune 
responses.65

Salivary antibody responses following SARS- CoV- 2 infection may 
also play a role in disease severity and outcome. In a study assess-
ing saliva and serum from pediatric patients, asymptomatic pediatric 
patients had higher levels of salivary IgA than symptomatic cases, 
suggesting a strong neutralizing mucosal response may prevent sys-
temic, symptomatic infection.66 However, persistence of salivary 
IgA in adults has been associated with severe COVID- 19.67 Although 
there have not been many studies analyzing the sIgA response and 
its relationship to COVID- 19 disease severity, reports indicating in-
creased disease severity and mortality in IgA- deficient patients68 
further highlight the importance of sIgA in protection at mucosal 
sites of infection. Lastly, Butler et al.69 reported that IgA titers in 
nasal wash samples positively correlated with neutralizing activity.

Given that a confirmed correlate of protection against SARS- 
CoV- 2 has not yet been identified, salivary antibodies provide an 
important proxy for both assessing immune responses to infection 
at the site of viral encounter, as well as a relatively simple method 
for monitoring population immunity. Most studies looking at correla-
tions between anti- S and anti- RBD antibody titers and reinfection 
focus on serology. However, the exact contribution of salivary an-
tibodies generated post- infection in preventing reinfection has not 
yet been elucidated.

5  |  HUMOR AL IMMUNE RESPONSE TO 
INTR AMUSCUL AR VACCINATION

5.1  |  Systemic antibody response to COVID- 19 
vaccination

The rapid speed with which COVID- 19 vaccines have been studied, 
tested, developed, approved, and distributed has been a testament 
to science and public health alike. These vaccines have been impera-
tive to preventing severe COVID- 19 disease and death. In the quest 
to better understand the efficacy of these vaccines, quantitative and 
functional analysis of vaccine- elicited antibodies are crucial. Here, 
we discuss systemic antibody responses to COVID- 19 vaccination, 
and their role in host protection.

Multiple reports have consistently shown that the majority of 
individuals who received a COVID- 19 vaccination develop anti- S 
and anti- RBD IgG in serum by 1 week post- dose 2, irrespective of 
previous infection status.70– 74 Naaber et al.71 reported elevated anti- 
RBD IgG in sera of vaccinated participants 3 weeks post- dose 1, with 
this response becoming significantly boosted post- dose 2. Another 
study, by Chivu- Economescu et al., analyzed antibody kinetics in 
sera following COVID- 19 vaccination in individuals previously sero-
positive and seronegative. They found that vaccination elicited an-
ti- S IgG and IgA antibodies in the serum of all participants, with peak 
anti- S IgG titers reached at 6 weeks post- dose 2. They also found 

F I G U R E  2  Not having local mucosal 
antibodies at the site of infection 
(upper airway) may put people at risk 
for infection, thus amplifying onward 
transmission. Correlates of protection 
allow us to predict protective responses 
without waiting to see the outcome of 
exposure to infection. Upper right, virion 
with protein and RNA components. 
Bottom right, antibodies bound to viral 
proteins. Left, an illustration of correlates 
of protection from disease (neutralizing 
IgG antibodies), and correlates of 
protection from infection (neutralizing IgA 
antibodies)
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that anti- S and anti- RBD antibody titers correlated well with nAb 
titers.72 In a cohort of 137 previously seronegative and vaccinated 
healthcare professionals, Gianfanga et al.73 found that 100% of 
these individuals had measurable IgG titers in serum 2 weeks post- 
dose 2, demonstrating that COVID- 19 vaccines can elicit a robust 
and detectable systemic antibody response.

Previous infection status contributes to some variability in an-
tibody responses. The study by Chivu- Esconmescu et al.72 also ob-
served that vaccination elicited the highest titers of anti- S IgA in 
participants who were seropositive prior to vaccination. This finding 
is consistent with reports from Zurac et al.74 showing that serum 
IgA was over 5 times higher in vaccinated individuals who were 
previously seropositive. Interestingly, post- dose 2 antibody titers 
in previously seronegative participants were boosted, which was 
not the case in the seropositive group. A study by Goel et al.70 also 
found that nAb titers were boosted post- dose 2 in only seronegative 
individuals.

One of the major indicators of vaccine efficacy is their ability 
to induce neutralizing antibodies (nAb), which is essential in host 
protection, as we have seen in patients with COVID- 19. Jackson 
et al.75 observed that vaccine- induced nAb titers could be detected 
in the sera of less than half of vaccinated participants after just 1 
dose of mRNA- 1273 (Moderna), with a boost in nAb titers following 
the second dose. Given the emergence of multiple viral variants of 
SARS- CoV- 2, whether antibody responses elicited by currently ap-
proved vaccines can provide protection against these variants is of 
great concern. Goel et al.70 reported that a single dose of BNT162b2 
(Pfizer/BioNTech) was insufficient at producing nAb titers against 
the Beta variant, but a second vaccine dose led to sufficient neu-
tralization of virions. Sahin et al. demonstrated the breadth of 
nAb capacity of sera from vaccinated individuals against 16 SARS- 
CoV- 2 variants using a surrogate neutralization assay. They showed 
sera collected 1 week post- dose 2 was capable of neutralizing all 
tested variants.76 These results are consistent with reports from 
Wang et al., in which they tested 17 of the most “potent” mono-
clonal antibodies that they were able to isolate from sera of vac-
cinated individuals and confirmed that a combination of antibodies 
was still effective at neutralizing multiple SARS- CoV- 2 variants.77 
Lastly, Naaber et al.71 demonstrated that messenger ribonucleic acid 
(mRNA) vaccine- induced nAb were effective at neutralizing Alpha, 
Beta, Delta, Gamma and Kappa variants. Overall, evidence from 
multiple reports suggests that vaccine- elicited nAb responses are 
sufficient for protection against the original Wuhan SARS- CoV- 2 
strain and multiple variants. The picture, however, is different for 
Omicron. This variant has approximately 30 mutations in the Spike 
gene resulting in significant antigenic drift. Remarkably, although the 
nAb response is significantly blunted when examining serum from 
individuals who received 2 doses of mRNA, 3 doses of mRNA ap-
pears to be a “sweet spot” for conferring sufficient memory B cell 
breadth to produce nAb that can neutralize Omicron.78

In addition to the kinetics of vaccine- elicited antibodies, per-
sistence of this response (or lack thereof) is also of great interest and 
concern. Levin et al.79 collected and analyzed serum samples from 

2- dose vaccinated healthcare professionals over 6 months and ob-
served that peak antibody titers were detected between days 4– 30 
post- dose 2 and decreased nearly 20- fold over a 6 month period. 
They also observed a similar reduction in nAb titers, although the 
decrease in nAb titers was much slower than binding antibodies. 
Furthermore, Naaber et al.71 reported that by 6 months post- dose 2, 
antibody titers in serum had declined to levels comparable to post- 
dose 1. Although circulating antibody titers in serum may decline 
over time, multiple reports have shown that COVID- 19 vaccination 
elicits stable memory B and T cell responses.70,80 These studies ob-
serve a strong correlation between serum antibody titers and SARS- 
CoV- 2- specific memory B cell populations post- dose 1, indicating 
strong recall responses and a potential role for memory B cells as a 
source of new antibody- producing cells in the event of breakthrough 
infections.

Despite knowledge on the importance of anti- SARS- CoV- 2 anti-
body responses during infection, the precise titers of nAb required 
for protection against severe disease are unclear. One study aimed 
to estimate nAb titers based on data collected from patients who 
were classified as having either severe or mild illness as compared 
to vaccinated participants. Without taking into consideration poten-
tial cellular correlates of protection such as memory B and T cells, 
they observed that the mean nAb titers required for 50% protection 
against severe illness was 3% of the convalescent antibody titers.3 
For protection from any symptomatic illness, the neutralization 
level required was 20% of the mean convalescent titers.3 Currently, 
there is no established correlate of protection against reinfection or 
breakthrough infections.

5.2  |  Salivary antibody response to COVID- 19 
vaccination

Given our understanding of mucosal immunity and its significance 
to the COVID- 19 pandemic, one of the most urgent questions is 
whether an intramuscular vaccination can induce an immune re-
sponse that prevents infection of the upper respiratory tract and on-
ward transmission. We set out to ask: How much antibody is present 
at the site of SARS- CoV- 2 exposure in individuals who have received 
different COVID- 19 vaccines, how do these levels compare to what 
is seen in the blood, and does this shine an additional light on vaccine 
breakthrough infections? Furthermore, due to infection surges and 
vaccine shortages, countries like Canada employed alternative vac-
cination strategies such as mixed dosing (Adenovirus- based vaccine 
AZD1222 [AstraZeneca/Oxford] followed by mRNA vaccines) and 
dose spacing (4 months apart rather than 4 weeks apart), whereas 
in addition to mRNA vaccine regimes, millions of Americans re-
ceived a single dose of Adenovirus vector Ad26.COV2.S (Johnson 
& Johnson/Janssen).

Measuring sIgA in saliva can be challenging, and Luminex- style 
bead- based assays seem particularly prone to high background bind-
ing of non- specific salivary IgA.81,82 Other types of assays report 
low sensitivity detecting sIgA, where vaccine- induced IgG in saliva is 
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detectable while IgA is not.83 This issue becomes especially import-
ant in assessing salivary IgA produced in response to vaccination, 
which elicits lower levels of specific IgA than elicited in response 
to infection.84,85 One approach to measuring sIgA efficiently is to 
pre- adsorb the saliva in streptavidin coated plates, and then to use 
separate streptavidin coated plates with biotinylated SPIKE or RBD 
protein to bind vaccine- induced salivary antibodies.84

In Nahass et al.81 we found striking differences in salivary anti-
bodies between Ad26.COV2.S and mRNA vaccines. Namely, despite 
expected levels of circulating antibodies against receptor- binding 
domain (RBD), individuals who had received Ad26.COV2.S had 
very low levels of antibodies in their saliva, and their saliva lacked 
the ability to neutralize the virus.81 We found that individuals who 
had received mRNA vaccination with 1 or 2 doses of BNT162b2 or 
mRNA- 1273 also developed robust RBD- specific antibodies with 
neutralizing ability in the plasma and unexpectedly also in the sa-
liva. Out of these groups, we observed the highest percentage of 
vaccinated participants whose saliva sample could neutralize virus 
at levels comparable to that of convalescent individuals with prior 
SARS- CoV- 2 infection had received 2 doses of mRNA vaccination 
2– 4 weeks prior, and made high levels of anti- RBD IgA in their sa-
liva.81 However, we saw that the detectable neutralizing activity in 
saliva 2– 4 weeks post- vaccination was transient and showed signif-
icant decline at 3 months post- vaccination.86 Furthermore, we also 
saw that the amount of neutralizing activity, which could be mea-
sured in saliva, was quite low in comparison with the amount of neu-
tralizing activity that can be measured from the blood. One of the 
most surprising observations was that Ad26.COV2.S vaccine did not 
induce a strong mucosal immune response or neutralizing salivary 
antibodies, even after a subsequent vaccination with an mRNA vac-
cine. This was in stark contrast to the salivary response induced by 
a different adenoviral vector vaccine, ChAdOx1- S/nCOV- 19, which 
after a subsequent vaccination with an mRNA vaccine demonstrated 
similar levels of neutralizing activity in saliva to two doses of mRNA 
vaccination.86 This illustrates that the formulation, dose, order and 
route of vaccine administration are just a few of many variables in-
fluencing the salivary antibody response.

In Sheikh- Mohamed et al.84 we found that anti- S/RBD secretory 
chain associated IgA (sIgA) is readily provoked by one dose of mRNA 
in the saliva of almost all participants. This sIgA response rapidly 
declined at 2 weeks post- dose 2, remaining positive in only 30% of 
participants, and at levels that were significantly lower than that ob-
served in convalescents. This finding is very different from the IgG 
response, which is boosted by dose 2. IgG then significantly declines 
in the months following dose 2, as was seen also in Tu et al.83 where 
they reported beyond the general decline, that 20% of the people 
followed had an extreme decline of 90% or more loss of vaccine- 
induced salivary IgG within 3– 4 months. In comparison with the sig-
nificant decline in the IgG response by 6 months post- dose 2, the 
anti- S sIgA response is relatively resistant to decay in those partici-
pants (30%) who had positive anti- S sIgA titers at 2 weeks post- dose 
2.84 Since serum and saliva anti- S/RBD IgA and IgG levels correlate 
at 2 weeks post- dose 2, we examined serum antibodies in vaccinated 

individuals at this timepoint in two independent prospective cohorts 
from Toronto and Tel Aviv.87,88 Comparing vaccination- induced anti-
body levels in participants who did or did not acquire a subsequent 
breakthrough infection, we found that breakthrough infections are 
associated with significantly lower levels of anti- S/RBD IgA that 
were elicited at 2 weeks post- dose 2. No significant differences in 
anti- S/RBD IgG were observed between cases and controls at that 
time point. This pattern of diminished IgA in breakthrough infec-
tions was observed in both cohorts even though the Toronto cohort 
was aged residents of a single long- term care facility, immunized 
with mRNA- 1273, and experienced a Gamma outbreak, whereas 
the Tel Aviv cohort were healthcare professionals, vaccinated with 
BNT162b2 and experienced Alpha and Delta breakthrough infec-
tions. Together, our studies provide extremely pertinent information 
on the impact of different vaccine platforms, dosing, and schedules 
on mucosal immunity to SARS- CoV- 2 of vaccination strategies that 
have been implemented in North America.81,84

Several other studies also examined mucosal immune responses 
to COVID- 19 vaccination, including Mades et al.89 that found IgG in 
nasal swabs and oral fluid in participants after mRNA- 1273 vaccina-
tion. Alternatively, Planas et al.90 showed no observable neutralizing 
activity in nasal swabs, except in those with a history of both SARS- 
CoV- 2 infection and vaccination. Ketas et al.85 found that although 
less robust than participants with history of natural infection, IgA 
and IgG antibodies to the S- protein and RBD were present in all 
serum samples and most saliva samples from individuals vaccinated 
with BNT162b2 or mRNA- 1273. However, in this same study, not all 
participants had IgA antibodies in the saliva and no nAbs were de-
tected in the saliva by the assay utilized.85 Most studies that observe 
antibodies in the saliva of vaccinated patients do not look at secre-
tory component. For example, Azzi et al.91 observed anti- S IgG and 
IgA in the saliva of participants vaccinated with BNT162b2, but they 
could not confirm whether these antibodies were mucosa- derived 
or systemically- derived. However, like Sheikh- Mohamed et al., Sano 
et al. were able to demonstrate that sIgA in the saliva by measur-
ing secretory component, and this finding was particularly evident 
in participants who had experienced a combination of vaccination 
and infection.92

Understanding the magnitude and kinetics of salivary antibody 
responses is paramount as we begin to shift from vaccination strat-
egies that prevent severe illness and death, to strategies that also 
prevent infection and onward transmission.

6  |  FUTURE DIREC TIONS

6.1  |  How do intramuscular vaccines induce a 
(limited) sIgA response?

One particularly intriguing question that arises is how intramuscu-
lar mRNA vaccination induces weak but detectable sIgA responses 
in some individuals, and if there is a way to maximize this effect to 
induce not only protective systemic responses, but also protective 
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mucosal responses. Indeed, in addition to the saliva, others have 
shown vaccine- induced IgA in breast milk.93,94

From our studies, mRNA vaccination is clearly better at in-
ducing salivary antibodies (either IgG or sIgA) compared with 
Adenovirus vector vaccination. This finding may be due to the 
distribution of the Spike antigen. Highly sensitive SIMOA mea-
surements have shown that Spike can be detected in the blood 
of people who received mRNA vaccination.95 Therefore, in the 
context of mRNA vaccination, Spike antigen could be potentially 
distributed to mucosal lymph nodes that are further afield than 
the draining axillary lymph nodes, resulting in the generation of 
plasma cells expressing α₄ and β₇ mucosal homing integrins due 
to the mucosal lymph node priming environment.96 Vaccines that 
can deliver antigen to lung dendritic cells or alveolar macrophages 
have shown to be capable of triggering production of mucosal 
IgA.97 The observed lack of “boost- ability” of the IgA response 
after dose 2 could be due to rapid opsonization of Spike antigen 
by pre- existing IgG, thus precluding antigen distribution to distal 
sites. This finding could also have important implications for sub-
sequent doses of vaccine as well, beyond dose 2, or in those with 
pre- existing cross- reactive immunity prior to vaccination.

Another possibility is that there could be transient upregulation 
of α₄ and β₇ integrins on primed immune cells in the draining lymph 
nodes that allows for some migration to mucosal sites, as observed 
with yellow fever vaccination.98 Understanding mechanisms that 
provoke a mucosal immune response to COVID- 19 mRNA vaccina-
tion will require animal models. Even if this response is transient and 
limited, these studies are needed for us to learn how to potentially 
promote such responses.

6.2  |  Are we within spitting distance of vaccines 
that diminish infection and transmission?

While both unexpected and cheering that mRNA vaccines can induce 
a sIgA response in the oral cavity, a site of initial SARS- CoV- 2 encoun-
ter, only 30% of vaccinated participants maintain this response and 
do so at levels significantly below what is observed in convalescents. 
Since we now know based on our work that low levels of antigen- 
specific IgA are associated with vaccine breakthrough infections, 
our work provides a rationale for accelerating efforts to test the 
efficacy of intranasal SARS- CoV- 2 boosts to prevent breakthrough 
infections, and consequently person- to- person transmission. Based 
on recent pre- clinical data, this strategy also has the added bene-
fit of protecting against SARS- CoV- 2 variants as divergent as Beta 
(B.1.351), perhaps due to the high avidity of IgA dimers.99,100 Oral or 
intranasal delivery of adenoviral vector vaccines can not only pro-
tect against disease, but also reduce transmission.101– 105 As we have 
shown, intramuscular delivery of adenoviral vector vaccines is not 
optimal for induction of mucosal IgA,81 which suggests that existing 
adenoviral vector vaccines could be more protective with mucosal 
delivery.101,104 Iwasaki and colleagues have shown that such a nasal 
boost can be conferred with even unadjuvanted stabilized Spike 

trimer, conferring protection against SARS- CoV- 2 variants and even 
the original SARS- CoV circa 2003.106 Consequently, nasal boosts 
not only have potential for reducing infection, but are a possible 
route to a pan- sarbecovirus vaccine.

Importantly, our priority should always be establishing strong 
systemic immunity with an initial intramuscular vaccine series to 
protect against disease. In fact, nasal boosts may require the foun-
dation of systemic immunity to work effectively. Moreover, recent 
observations show that while Omicron infections provide strong 
boosting in previously vaccinated people (as measured by increased 
breadth of the antibody response), unvaccinated people who are 
infected with Omicron do not enjoy the same benefits.107 Thus, co-
operation between the moat AND the castle defenses may be what 
is needed to provide flexible immunity against an evolving enemy.

6.3  |  Accelerating shots into arms and boosts 
into noses

Over the course of this pandemic many scientists with relevant ex-
pertise stepped up to address big unfolding questions, with unprec-
edented real- time data and preprint sharing prior to peer- review. 
Social media platforms such as Twitter became places for scientists 
to learn about and discuss the most recent figure or study on im-
mune responses to SARS- CoV- 2. Indeed, the authors of this review 
learned of each other's work and formed new research collabora-
tions through Twitter. In the case of the Gommerman lab study, pre-
viously unaffiliated research groups located in different countries 
(including the Tal, Weissman, Regev- Yochay, McGeer, Straus, and 
Gingras groups) were brought together to make key observations 
and to replicate their findings in independent cohorts. Bringing these 
(largely female- led) groups together to share samples and search for 
answers collaboratively, can serve as a model for global collabora-
tions that impact public health amid an ongoing crisis.

In summary, if saliva can teach us as much about risk for trans-
mission of SARS- CoV- 2 as blood can teach us about protection 
from COVID- 19 disease, then this provides an avenue for pandemic 
management. We suggest that future surveillance of salivary anti-
bodies could provide critical insight into who is at highest risk for 
breakthrough infection post- vaccination and help to identify vacci-
nation strategies that could provide local protection at the site of 
infection.
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