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Immune memory develops during primary infections to protect from future exposures to the same pathogen.
Vaccines mimic this response and induce immune memory that protects from severe disease and, in some
cases, from symptomatic infection. If the pathogen is eliminated before it can replicate, natural and vaccine-
induced immune memory can prevent the establishment of the infection, mediating sterilizing immunity.
Sterilizing immunity protects the individual and prevents transmission to new hosts, thereby contributing
to protection at a population level. Here, we describe the basic concepts of sterilizing immunity and discuss
its relevance for protection in the context of SARS-CoV-2.
BASIC CONCEPTS UNDERLYING ANTIBODY-MEDIATED
IMMUNE PROTECTION

Acute immune responses are characterized by immediate in-

flammatory reactions through the innate immune system and

the subsequent activation and expansion of B and T cells,

which mediate slower but highly specific adaptive immunity.

B cells produce serum antibodies, which mediate protection

by marking pathogens for immune elimination and interfering

with the invasion of host cells. T cells promote B cell responses

and kill infected host cells. Upon clearance of the infection, the

adaptive immune response contracts, allowing the immune

system to remain flexible and able to react to new threats.

Although the contraction phase is associated with a gradual

decrease in serum antibody levels over time, long-lived plasma

cells, which reside in special survival niches in the bone

marrow, continue to produce pathogen-specific antibodies.

The baseline serum antibody levels that are maintained long

term by this B cell subset represent an immediate and highly

potent defense mechanism upon re-exposure to the same

pathogen. Memory B cells that developed during the first infec-

tion or vaccine response help to increase antibody titers imme-

diately in response to a second encounter with the same

pathogen. Upon differentiation into antibody-secreting cells,

memory B cells mediate a sharp rise in antibody titers within

a few days. Because memory B cells and plasma cells have

been selected to make antibodies that bind the pathogen

more efficiently than their precursor cells, a process referred

to as affinity maturation, the antibody response to re-infection

is also of higher quality. Thus, because of the formation of im-

mune memory, subsequent immune responses against the

same pathogen are much faster and more potent, enabling

the efficient elimination before the development of symptom-

atic (or at least severe) disease (Figure 2). However, re-expo-

sures are often associated with antigenic diversity, e.g., when

viruses accumulate mutations, as seen in the ongoing SARS-

CoV-2 pandemic, or when we encounter members of bacterial

species that differ in their surface antigen structures. Elimina-

tion of these variant pathogens is more difficult to achieve

because high-affinity antibodies will not exist against the vari-
able structures and first need to develop to mediate full pro-

tection.

STERILIZING IMMUNITY

Depending on the overall magnitude and quality of the memory

response and the incubation period of the pathogen, it can be

eliminated prior to the establishment of the infection. Elimination

of the pathogen even before it can infect a host cell and replicate,

ideally directly at the site of entry, is referred to as sterilizing im-

munity (see Box 1 for glossary of terms). Antibodies are the main

mediators of sterilizing immunity, but T cells may contribute to

the elimination of infected host cells before the pathogen starts

to replicate. By definition, sterilizing immunity prevents pathogen

transmission.

Once enough individuals in a population have developed

protective immune memory, transmission becomes a rare

event because infected individuals are unlikely to meet a

non-protected individual while they are contagious. This indi-

rect protection of few non-immune individuals in a population

of mostly protected individuals is referred to as herd immunity

(Randolph and Barreiro, 2020). Herd immunity also protects

those that mount insufficient immune responses or cannot

be vaccinated and provides the basis for elimination (regional)

and complete eradication (global) of a disease, which has

been achieved for smallpox, a once devastating viral disease

with high lethality.

The induction of sterilizing immunity is often considered to be

the ultimate goal in vaccinology. However, a clear discrimination

between sterilizing and protective immunity that prevents symp-

tomatic infection in humans is difficult, if not impossible. Early in-

fections are often asymptomatic, and low levels of pathogen

replication in tissues or organs are undetectable. For example,

infections with malaria parasites, which first infect and multiply

in liver cells, are asymptomatic until thousands of parasites are

released into the blood stream and start infecting andmultiplying

in erythrocytes. The number of infected hepatocytes is low and

cannot be measured directly. Therefore, the only indicator for

sterilizing immunity is the absence of detectable levels of

blood-stage parasites. But even then, it remains unclear whether
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Box 1. Glossary of terms

Affinity maturation: improved quality of B cell-mediated immune responses based on random antibody gene mutations and the

selection of B cells expressing antibody variants with higher affinity for the antigen.

Antigen: structures recognized by antigen receptors on adaptive immune cells and by antibodies.

Antigenic drift: antigenic diversity generated by error-prone replication.

Antigenic shift: antigenic diversity by the exchange of genome fragments during co-infection of the same host cell.

Attenuated pathogen: modified pathogen with lower virulence.

Broadly neutralizing antibodies: antibodies that neutralize viral variants or (sub)species.

Herd immunity: indirect immune protection of non-immune individuals in a population of mostly immune individuals.

Humoral immune response: antibody-mediated immune response.

Pre-existing immunity: immunity induced by prior pathogen exposure or vaccination.

Protective immunity: pathogen replication is limited before disease symptoms develop or shortly after, causing only mild disease.

Sterilizing immunity: elimination of a pathogen before it replicates in the host.

Virus-neutralizing antibodies: interfere directly with the receptor-mediated infection of host cells.
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parasite development was blocked before (antibody-mediated)

or after (T cell-mediated) the invasion and multiplication in hepa-

tocytes or by the combined action of B and T cells.

The difficulty in defining sterilizing immunity is not limited to

pathogens with complex life cycles. The virus-neutralizing activity

of antibodies can be readily defined in robust in vitro assays and in

passive transfer experiments. But to what degree vaccination-

induced humoral immune responses prevent infection and path-

ogen replication also in humans, and therefore serve as indicators

or even correlates of sterilizing immunity, cannot be easily estab-

lished. Thus, without measurable parameters that clearly define

correlates of sterilizing immunity for every pathogen and disease,

the line between protective and sterilizing immunity that truly pre-

vents the infection and pathogen replication is narrow.

STERILIZING IMMUNITY AND VACCINE DEVELOPMENT

Most vaccines mediate protection through antibodies that

directly target structures (antigens) on the pathogen surface

(Pollard and Bijker, 2021). By promoting affinity maturation,

T cells play a key role in the development of protective antibody

responses of high affinity. Vaccines based on replication-defi-

cient (attenuated) pathogens mediate potent immune protec-

tion, which is difficult to achieve with protein-based subunit

vaccines. Several factors contribute to these differences in ef-

ficacy, including the magnitude and breadth of the innate im-

mune response and the amount and stability of the target anti-

gen that determines the length of the vaccine response

(Figure 1). Persistent antigen availability or repeated booster

immunizations promote the induction of durable immune re-

sponses by increasing the quantity and quality of the memory

response. Antibody affinity maturation is a key determinant of

protective immune memory and mediates changes in the qual-

ity of antibody responses with time. The underlying evolutionary

process relies on the random mutation-mediated generation of

antibody variants and subsequent selection of antibodies with

improved antigen-binding properties (Victora and Nussenz-

weig, 2022). Antigen persistence and booster immunizations

that reactivate pre-existing memory cells drive this process

and allow the continued maturation of the antibody response

over time.

Affinity maturation plays an important role in the development

of high-affinity antibodies that interfere directly with the host cell
2 Immunity 55, November 8, 2022
invasion process of intracellular pathogens (neutralizing anti-

bodies) and are therefore the most efficient mediators of steril-

izing immunity. Their role is well understood in many viral infec-

tions where they block binding of viral surface proteins to host

cell receptors, preventing virus entry. Nonetheless, non-neutral-

izing, high-affinity antibodies contribute to viral clearance

and the elimination of extracellular bacterial and parasitic patho-

gens indirectly via interactions with innate immune molecules

and cells.

PATHOGEN IMMUNE EVASION

Host-to-host transmission is essential for long-term pathogen

survival. To avoid human immune responses that prevent effi-

cient transmission, pathogens have developed various passive

and active immune evasion strategies that target innate and

adaptive protection mechanisms (Figure 1). These evasion stra-

tegies pose great challenges for the development of efficacious

vaccines, which protect from disease and prevent transmission

to non-immune hosts (Pollard andBijker, 2021). This is especially

true for viral, bacterial, and parasitic pathogens that quickly hide

in host cells without replicating and establish chronic latent in-

fections.

Pathogens have developed efficient strategies to escape nat-

ural and vaccine-induced immunity. Because adaptive immune

responses are characterized by their high specificity, increasing

the antigenic diversity is a major immune evasion mechanism.

Genetic diversity plays a key role in increasing antigen diversity

and can be achieved in different ways. To change their appear-

ance, bacteria and parasites generate antigenic diversity by

controlled changes in their gene expression profiles, whereas vi-

ruses mutate (antigenic drift) or shuffle (antigenic shift) their

genome (Yewdell, 2021). While antigenic drift is achieved by an

error-prone replication of the viral genome, antigenic shift, as

seen for influenza virus, is mediated by the exchange of genome

fragments during co-infection of the same host cell with two

distinct viruses. Large viral reservoirs and transmission events

from animals increase the chance of antigenic shift events.

However, pathogen evolution is also influenced by the host im-

mune response. Antibodies strongly drive the selection of vari-

ants that are able to escape the immune pressure exerted by

the host immune system. In infections with human immunodefi-

ciency virus (HIV), a virus that is characterizedby its highmutation
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Figure 1. Factors influencing the
generation of sterilizing immunity
Host-, vaccine-, and pathogen-specific factors
that determine whether an infection or vaccina-
tion can induce potent, long-lasting immune re-
sponses that can efficiently eliminate the path-
ogen directly upon entry and hence prevent
infection of the host.
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rate and diverse immune evasion strategies, this co-evolution

process canbe followed longitudinally in a single infected individ-

ual (Bonsignori et al., 2017). Humoral immune responses usually

fail to control HIV infection, as the highmutation rate ofHIV results

in the fast emergence of viral variants escaping antibody recog-

nition. However, antibodies targeting conserved epitopes of

functional relevance for the virus can develop over time and

showactivity against newly emerging variants. Similar to the virus

that they target, these broadly neutralizing antibodies show

strong signs of evolution throughmutations and concomitant se-

lection as part of the natural affinity maturation process that un-

derlies the development of high-affinity memory antibodies (Vic-

tora and Nussenzweig, 2022). The development of broadly

neutralizing antibodies is not limited to HIV, demonstrating the

potential of the humoral immune system to overcome antigenic

diversity (Corti and Lanzavecchia, 2013). Nevertheless, the

development of vaccines that induce broadly neutralizing anti-

body responses remains a challenge (Pollard and Bijker, 2021).

THE SARS-CoV-2 PANDEMIC

The ongoing SARS-CoV-2 pandemic illustrates the host-path-

ogen co-evolution at population level and is a textbook example

of the basic principles that underlie immune protection and

neutralizing antibody responses. The initial lack of pre-existing

immunity at the beginning of the pandemic allowed the virus to

quickly spread globally, causing millions of deaths. Fortunately,
numerous highly efficacious vaccines

against the original virus were developed

at unprecedented speed, including

potent mRNA-based subunit vaccines

that mediated about 95% protection

from COVID-19 after only two immuniza-

tions. Protection was associated with

the induction of strong neutralizing

serum antibody responses against the

receptor binding domain (RBD) of the

spike (S) protein on the virus surface

that mediates infection of the host cell.

Efficacy relied on high serum antibody

levels, likely because the vaccine-

induced systemic immune response

produces immunoglobulin G (IgG) anti-

bodies that are not efficiently trans-

ported across the epithelial barrier in

the upper respiratory tract to mediate

neutralization at the site of virus entry.

Although the SARS-CoV-2 mutation

rate is low, so many people were in-
fected that the random development of mutants with survival ad-

vantages in any of the millions of infected individuals worldwide

was just a matter of time. Large sequencing efforts allowed live

monitoring of the viral genome evolution throughout the course

of the pandemic. Due to their improved transmission properties,

some of the newly emerging variants (a, b, g, d) spread quickly,

wiped out the original virus, and dominated the global infection

process in waves (Callaway, 2021). The increasing immune pres-

sure induced by natural and vaccine-induced immunity pro-

moted the selection of the now-dominant omicron variant with

numerous mutations in the spike RBD that mediate immune

escape from humoral immunity. The evolutionary selection pro-

cess continues, as evidenced by the continued global spreading

of new omicron subvariants. Despite the clear lack of sterilizing

immunity against omicron, memory induced by infection with

the wild-type virus or vaccination mediates strong protection

from severe disease compared with non-vaccinated individuals

without prior SARS-CoV-2 memory (Figure 2). Cross-protection

is likely mediated by rare broadly neutralizing antibodies against

areas of the RBD with limited antigenic diversity (Wang et al.,

2021), although CD8+ T cells specific for conserved regions

within any of the viral proteins likely contribute to immunity

against the variants. By reducing the viral burden, cross-protec-

tive immunity helps limit transmission and the emergence of

novel viral escape variants.

Parallel to the activation of pre-existing memory cells

against conserved epitopes that will initially dominate the
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Figure 2. Induction of sterilizing or
protective immunity against SARS-CoV-2
(A) Primary exposure by SARS-CoV-2 infection or
vaccination induces germinal center reactions,
resulting in affinity-matured, long-lived B cell
memory responses. Antibodies secreted by
long-lived plasma cells and memory B cells form
the first line of the humoral immune defense
against viral re-encounter and can neutralize the
virus directly upon entry, thereby mediating
sterilizing immunity. Secondary exposure re-
activates germinal center responses, resulting in
improved B cell responses against the wild-type
virus.
(B) Secondary exposure to a variant virus
activates predominantly pre-existing cross-
reactive memory B cells that target conserved
and often non-neutralizing epitopes. Although
these cross-reactive antibodies fail to mediate
sterilizing immunity, they can help reduce the
viral load and thereby disease severity.
Secondary infections with a variant virus will
also activate rare B cells that target non-
conserved epitopes as part of a new primary
response. The cells will enter germinal center
reactions and form memory responses for
protection from future exposures to the same
virus variant.
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anti-variant response, specific B cell responses against non-

conserved epitopes will be induced. Because these cells

need to undergo affinity maturation and expansion to form

memory, they will be less frequent and require repeated expo-

sures to build up memory against variant-specific epitopes.

Nevertheless, they will broaden the response and thereby

contribute to protection.

CHALLENGES FOR THE INDUCTION OF STERILIZING
IMMUNITY AGAINST SARS-CoV-2

Although highly efficacious vaccines against COVID-19 were

developed within less than a year, they were not distributed

equally across the world. Low vaccination rates facilitate the

global spreading of newly emerging SARS-CoV-2 variants,

causing severe disease among non-vaccinated individuals.

Because the virus relies on interactions with host receptors

for cell invasion, the mutation space may be limited by the vi-

rus’ need to balance transmissibility with escape from humoral

immunity. Importantly, the new mRNA-based vaccine platforms

allow for the rapid development of adapted vaccines against

selected variants such as omicron. Although new viral variants

will likely continue to emerge, pre-existing antibodies and

memory B and T cells induced by vaccination against the orig-

inal virus or prior infections that target conserved epitopes will

contribute to cross-protection from severe disease and death

(Wang et al., 2021). Nevertheless, sterilizing immunity will be

difficult to achieve unless viral evolution slows down or vacci-

nation and infection-mediated immunity induce highly effica-
4 Immunity 55, November 8, 2022
cious broadly neutralizing antibody re-

sponses (Reynolds et al., 2021). Strong

humoral responses in the upper respira-

tory tract might be necessary for pro-

tection from the infection at the site of
virus entry, but potent mucosal immunity is not easy to achieve

by vaccination. Nonetheless, even in the absence of sterilizing

immunity, immune memory will not only protect from disease,

but also help reduce transmission and the size of the circu-

lating virus pool.

RECAP

Antibody-mediated sterilizing immunity is the most effective way

of the adaptive immune system to defeat invading pathogens by

preventing the establishment of the infection. Repeated vaccina-

tions or pathogen exposures can induce sterilizing immune

memory, but through antigenic diversity, pathogens escape ster-

ilizing immunity. The ongoing SARS-CoV-2 pandemic exem-

plifies this pathogen-host co-evolution process on a global

scale. The fast transmission of SARS-CoV-2 facilitated the

development of a large virus reservoir and the concomitant gen-

eration of random variants that continue to be selected for higher

transmissibility and immune escape properties. The spreading of

the omicron variant with numerous mutations that mediate im-

mune escape from neutralizing antibodies reflects this process.

Although all available vaccines were developed against a virus

that was quickly replaced, they show sufficient breadth to pro-

tect efficiently from severe COVID-19 caused by any of the

SARS-CoV-2 variants, including omicron. Thus, despite the

absence of sterilizing immunity, COVID-19 vaccination saved

millions of lives, likely mediated by cross-protective antibodies

and T cells against conserved epitopes. To end the pandemic,

the goal is to reduce the size of the viral reservoir. Natural and
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vaccine-induced immunity will help to reduce transmission,

thereby lowering the likelihood for the development and spread

of novel escape variants.
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