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Abstract

Mucosal surfaces provide a remarkably effective barrier against potentially
dangerous pathogens. Therefore, enhancing mucosal immunity through
vaccines—strengthening that first line of defense—holds significant promise
for reducing the burden of viral diseases. The large and varied class of vi-
ral pathogens, however, continues to present thorny challenges to vaccine
development. Two primary difficulties exist: Viruses exhibit a stunning di-
versity of strategies for evading the host immune response, and even when we
understand the nature of effective immune protection against a given virus,
eliciting that protection is technically challenging. Only a few mucosal vac-
cines have surmounted these obstacles thus far. Recent developments, how-
ever, could greatly improve vaccine design. In this review, we first sketch
out our understanding of mucosal immunity and then compare the herpes
simplex virus, human immunodeficiency virus, and influenza virus to illus-
trate the distinct challenges of developing successful vaccines and to outline
potential solutions.
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INTRODUCTION

Over the past 200 years, vaccines have effectively limited the range and impact of many viral
illnesses, such as polio, measles, and rubella. Vaccination can even be credited with eradicating
smallpox, which had been a scourge of human populations for more than 10,000 years. As discussed
in this review, however, viruses as a class present intricate challenges to the human immune
system—and to our ability to counter them with vaccines.

This is not to say that we have not made great strides in understanding the mechanisms
that initiate and maintain adaptive immunity. We now understand the viral sensors that prompt
antigen-presenting cells to prime T and B cell responses (1, 2), and we have identified the effector
cytokines and master transcription factors that govern T and B cell differentiation (3). These
discoveries have enabled us to formulate better adjuvants, design epitopes to direct T and B cell
responses, and target various dendritic cell (DC) populations to elicit a desired immunological
outcome (4, 5). In parallel, the ability to manipulate viral genomes has given us the power to
render viruses avirulent through deletions and to derive epitopes capable of eliciting robust and
long-lasting T and B cell responses, many of which provide impressive protection in preclinical
animal models of infectious diseases (6). Despite all of this progress, however, many preclinical
successes fail in human trials; even experimental vaccines that elicit impressive immune responses
in human subjects frequently fail to protect against viral infection or reduce disease burden. Why
is it so difficult to generate effective vaccines for many clinically important viral pathogens?

Part of the answer is that viruses are ingenious at evading the immune response, either through
mutation to escape B or T cell recognition or by avoiding effector mechanisms. Another facet of
the problem is that, in many cases, we still lack sufficient understanding of the types of immune
responses, natural or otherwise, that protect the host from a given virus. Vaccine development has
historically focused on enhancing immunogenicity, i.e., the ability of a vaccine to elicit measurable
levels of antibody (Ab) and T cell responses, which in humans can only be monitored in the
peripheral blood. Immunogenicity, however, is no guarantee of protective immunity: an immune
response capable of controlling a viral infection without causing host tissue damage (7). High
levels of circulating Ab, antigen-specific T cells, and cytokines may fail to control viral invasion
of a specific mucosal tissue simply because they lack access to it. Moreover, an overly exuberant
immune response can itself drive pathology. The goal of this review is first to consider the immune
mechanisms of protection against viral pathogens that infect the host through mucosal surfaces and
next to consider the implications for ongoing efforts to develop vaccines for three specific viruses:
herpes simplex virus 2 (HSV-2), human immunodeficiency virus 1 (HIV-1), and influenza A virus.

WHAT DOES IT TAKE FOR A VIRUS TO INFECT A HOST?

Humans are constantly exposed to and colonized by a vast array of fungi, parasites, bacteria, and
viruses (8, 9). Most host-microbe interactions do not lead to disease either because mammalian
hosts have evolved to tolerate or benefit from the microbes (commensal bacteria) or because the
microorganisms never manage to invade the host and replicate. Even when infection occurs, it does
not necessarily lead to disease, provided that the immune system efficiently handles the pathogen
without causing immunopathology. Protective immune responses therefore can be defined as host
countermeasures that prevent disease but not necessarily infection. A typical viral infection begins
with exposure (through inhalation, ingestion, or sexual intercourse), followed by � penetration
of the virus through the mucosal layer (Figure 1). The virus must then� enter the host, either
by infecting epithelial cells or by gaining access to the submucosa through a microabrasion in the
mucosal barrier, and� infect target cells in the lamina propria. Viruses can also� gain access to
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Figure 1
Steps in viral infection and corresponding host counter mechanisms. Hosts have multiple layers of defense against viral infection. A
virus must first� cross the mucosal layer to enter the host. Some viruses infect epithelial cells; others� pass through the epithelial
layer through a microabrasion and� infect target cells in the submucosa; still others gain access to the circulation through	 infecting
migratory cells and
 become viremic. Each step of the infection process is counteracted by the host innate and adaptive immune
responses indicated in the bottom half of the figure. Abbreviations: Ab, antibody; DC, dendritic cell; IFN, interferon; ISG, immune
serum globulin; sIgA, secretory IgA; TRM, tissue-resident memory T cell.

systemic circulation (through blood or lymph) and, in some cases, cause systemic viremia. Finally,
some viruses establish infection of� distal target tissues, exemplified by hepatitis viruses infecting
hepatocytes in the liver.

Not all viruses undergo all of these steps, of course. Unlike vector-borne viruses, which are
injected directly into the systemic circulation, many viruses stop at step � and do not spread
beyond the entry tissue. As the virus invades deeper, however, it meets both innate and adaptive
host immune responses dedicated to counteracting its progress (Figure 1).

IMMUNE DEFENSES AT MUCOSAL SURFACES

Mucosal tissues mark the boundary between the environment and the body’s interior and can be
divided into two physiological types (Figure 2; 10). The type I mucosal surface is covered by
simple columnar epithelia that perform vital functions, such as gas exchange in the respiratory
tract, nutrient uptake in the GI tract, and regulation of fertility in the upper reproductive tract.
Type II mucosal surfaces are much more robust. They consist of stratified squamous epithelia
composed of multilayered keratinocytes; this offers greater protection against the mechanical
stresses encountered by the cornea, mouth, esophagus, anus, ectocervix, and vagina. The two
types of mucosal surfaces deploy distinct protective mechanisms, with respect to both innate and
adaptive immune effector responses.
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Constitutive and Inducible Antiviral Innate Defenses

Several layers of constitutive defensive barriers confront any virus that seeks to enter the host
through mucosal surfaces (Figure 2). The first obstacle, for both type I and type II tissues, is the
mucus layer. Differentiated columnar epithelial cells known as goblet cells secrete mucins, large
glycoproteins responsible for the gel-like quality of mucus (11). This mucus enables the mucosa
to intercept environmental antigens and protect the systemic compartment from overstimulation.
Containment and clearance are largely physical processes. In the respiratory tract, for example,
viruses trapped in the mucus layer are swept away by ciliated epithelial cells, and coughing and
sneezing can expel large boli of mucus-entrapped materials. However, mucus also contains several
antimicrobial peptides and natural Abs and is thus an active participant in viral defense. For
example, cervical mucus varies in thickness, acidity, and hormonal composition according to the
stage of the menstrual cycle and can either foster or hinder sperm (or virus) transport, and salivary
glands secrete digestive enzymes as well as secretory IgA (sIgA), a powerful antimicrobial defense
(12). In the GI tract, viruses must survive the low pH of the stomach as well as digestive enzymes
secreted along the length of the tract. Paneth cells that reside in the crypts of Lieberkühn in
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Figure 2
Type I and type II mucosal surfaces deploy distinct protective mechanisms. (a) Type I mucosae (e.g., gastrointestinal, respiratory, and
upper female reproductive tracts) are covered by simple columnar epithelia. Goblet cells secrete mucus that covers the mucosal surface.
Many type I mucosae contain mucosa-associated lymphoid tissue, which serves as a site for antigen presentation to naive T and B cells.
Dendritic cells take up luminal antigen through their extended dendrites. M cells transport luminal antigens to the dendritic cells
beneath. Type I epithelial cells express neonatal Fc receptor (FcRn), capable of transporting IgG across the epithelial cell layer. Type I
mucosal epithelial cells also express polymeric Ig receptor, which allows transport of dimeric IgA secreted by plasma cells in the lamina
propria to the apical side of the epithelial membrane. Cleavage of the pIgR-dIgA complex releases secretory IgA (sIgA) into the lumen
of the type I mucosa. sIgA serves as the dominant protective isotype in type I mucosae. Tissue-resident memory T and B cells are found
in the epithelial layer and the lamina propria. (b) Type II mucosae (e.g., corneal, oral, esophageal, and lower female reproductive tracts)
are covered by squamous stratified epithelial cells. The mucus that covers these surfaces is secreted by nearby glands. Unlike type I
mucosal epithelia, type II mucosal epithelia do not express pIgR but express FcRn, making IgG the predominant protective isotype.
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the small intestine secrete antimicrobial peptides, and the lower GI tract is heavily colonized by
bacteria that protect against viral infection in various ways (13).

If a virus invades the mucus layer, the next barrier to infection is the epithelial layer. Viruses
can make their way through a breach in the epithelial barrier to directly infect the cells in the
submucosa. For example, HIV-1 and human papillomavirus (HPV) enter the cervical tissue via
microabrasions in the epithelial barrier, gaining direct access to CD4 T cells (14) or basal cells
(15, 16), respectively. Alternatively, viruses can infect epithelial cells directly, replicate, and then
infect other cell types. HSV-1 and HSV-2 employ this strategy: These viruses replicate in vaginal
epithelial cells before infecting nearby innervating neurons, in which they establish latency to wait
out the initial immune response.

Once a virus infects the epithelium or the cells beneath, it induces host defenses. One route
feeds directly into the adaptive immune system: M cells within the epithelial layer not only serve
as a site for gathering lymphocytes but also transport antigens from the lumen to the DCs beneath
the mucosal layer. Plasmacytoid dendritic cells (pDCs) can also sense viruses through Toll-like
receptors (TLRs) expressed in endosomes (17). Innate immunity is simultaneously activated: Most
innate immune cells bear pattern recognition receptors (PRRs) that detect the unique features of
viral infection, known as pathogen-associated molecular patterns (PAMPs) (18). Signaling through
the PRRs activates transcription factors that induce expression of autocrine and paracrine antiviral
mediators, such as type I interferons (IFNs).

DC PRRs engage viral PAMPs to activate a set of genes that promote pathogen uptake and
antigen presentation on MHC class I and class II molecules (19). Viral engagement of DC PRRs
also induces expression of the chemokine receptor CCR7, which promotes migration of the DCs
to the draining lymph nodes to stimulate naive lymphocytes that carry cognate immune receptors.
In some type I mucosal tissues, DCs do not have to migrate through the lymphatic vessel to
encounter naive lymphocytes. Organized lymphoid tissues, such as the tonsils or Peyer’s patches
in the ileum, prime the T and B cell responses to antigen (Figure 2a; 10). Activated T and B
cells proliferate, differentiate, and migrate to the site of infection to help control primary viral
infection. After an infection resolves, some of these lymphocytes become long-lived memory cells
that protect against secondary infection with the same virus (see below).

If the virus infects mobile cells, it can enter systemic circulation and spread to target tissues at
distal sites. In the blood, preexisting IgM binds viruses with broad specificity and blocks further
spread. Viruses in circulation may also trigger pDCs in the spleen to secrete type I IFNs, but some
viruses manage to evade these responses and gain access to target cells in distal tissues.

Effector Mechanisms of Immune Protection

Many mechanisms exist by which memory lymphocytes can block viral infection. In parallel,
viruses have evolved numerous strategies to evade even the most effective of these mechanisms.

Neutralizing antibodies. Neutralizing Abs (nAbs), so called because they neutralize the bio-
logical effects of an antigen, inhibit viral attachment or entry. nAbs that are secreted into the
mucosal lumen can bind to an incoming pathogen and prevent it from entering host target cells
by blocking receptor binding or cellular uptake (Figure 3a). Complement fixation by nAb kills
viruses. Finally, nAbs provide sterilizing immunity at little cost to the host (Figure 4). Vaccines
eliciting high titers of nAb in mucosal secretions are thus ideal for providing protective immunity
in humans. Nevertheless, high levels of Ag present for an extended period of time may lead to the
deposition of immune complexes in various tissues, which can cause immune pathology.

The nAb isotype best suited to providing protection in different mucosal tissues is determined
by the ability of the Ab to cross the epithelial barrier into the lumen. Type I mucosal epithelia
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Figure 3
Overview of viral evasion pathways and possible vaccine strategies for protection against viruses. (a) An
effective vaccine induces antibodies to neutralize viruses that invade the host through mucosal surfaces.
(b) Mutations allow some viruses to escape detection by antibodies and successfully infect the host. (c) Other
viruses incorporate immunoevasins on the surface of virions, blocking antibodies from neutralizing them.
(d ) Vaccine strategies that may be appropriate for evasive viruses include generating neutralizing antibodies
against conserved, critical regions of viral surface proteins (dark blue); blocking immunoevasins with
antibodies (light blue); establishing tissue-resident memory T cells (blue) that can block the virus at the site of
entry; and establishing tissue-resident antibody-secreting cells (red ) to increase the concentration of
antibodies against the virus and its immunoevasins.
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A theoretical model of efficacy and costs associated with distinct effector mechanisms. Secretory IgA (sIgA)
and broadly neutralizing antibody (bnAb) and neutralizing antibody (nAb) in the mucosal lumen can bind to
incoming virions and prevent viral entry altogether. These effector mechanisms are therefore highly efficient
and impose very little tissue damage. Non-neutralizing antibody (nnAb) does not prevent infection of cells
but clears infected cells by recruiting phagocytes and NK cells; this process may be accompanied by
moderate levels of inflammation. Memory T cells mediate viral control through cytotoxicity and cytokine
release, often resulting in inflammation. Tissue-resident memory T cells (TRMs) are more effective than
circulating memory T cells (TCIRC) in controlling infection and spread. However, even TRMs rely on
recruiting inflammatory cells from the peripheral blood to mediate protection. TCIRC can be protective, but
they are less effective than TRMs and carry high tissue damage costs, owing to the delay in pathogen control
and the effector mechanisms employed. In some cases, tissue damage mediated by T cells, and not viral
infection per se, results in the pathogenesis of viral diseases.

Broadly neutralizing
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that neutralize diverse
strains of a particular
infectious agent

express polymeric Ig receptors (pIgRs) capable of transporting dimeric IgA; type II mucosal ep-
ithelia lack pIgR and are thus incapable of transporting dIgA. Both mucosal surfaces are capable
of transporting IgG via neonatal Fc receptors (FcRns) (Figure 2; 20).

sIgA in the mucus layer of type I mucosa provides a formidable barrier to viral pathogens.
Dimeric IgA secreted from plasma cells in the lamina propria binds to pIgRs at the basolateral
surface of the type I epithelia and is transported to the lumen, where cleavage of the pIgR-
dIgA complex releases sIgA into the lumen. sIgA is excellent at neutralizing viruses but poor at
fixing complement or engaging FcRs on phagocytes or NK cells. sIgA therefore mediates little
Ab-dependent cellular phagocytosis (ADCP) or Ab-dependent cellular cytotoxicity (ADCC) and
produces very little damage to the host in comparison to IgG (Figure 4).

Despite the obvious appeal of stimulating nAbs as a vaccine strategy, several considerations
render this approach unlikely to be feasible. First, certain pathogens are armed to disengage nAb-
dependent defense mechanisms (21). For example, HSV-1 encodes gE/gI glycoproteins that act
as FcR analogs to capture nAbs via their Fc domain (22, 23), rendering them incapable of neutral-
ization. Second, nAbs cannot confer long-term protection if the surface glycoproteins expressed
by the virus rapidly mutate away from recognition—this is why we need annual vaccination for in-
fluenza viruses. Third, even when broadly neutralizing Abs (bnAbs) are highly protective, they can
be extremely difficult to elicit using current vaccine strategies. In the case of HIV-1, for example,
we have, in rare cases, been able to isolate highly protective bnAbs from infected individuals, but we
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have yet to develop a vaccine that can elicit such Abs in the general population (discussed below).
When pathogens evade the protection conferred by nAbs, we must turn to non-nAb strategies.

Non-neutralizing antibodies. A non-neutralizing Ab (nnAb) is unable to block pathogen entry
into a host organism but can engage other means of viral control. NK cells express FcR CD16,
which binds to the Fc portion of a nnAb bound to the surface of an infected cell and mediates
ADCC. By expressing phagocytic FcRs, nnAbs also mediate immediate uptake and destruction
of pathogens bound by such Abs, leading to ADCP. Finally, nnAbs can destroy a pathogen by
activating complement. All of these effector mechanisms require the recruitment of innate immune
cells (NK cells, phagocytes) or effector molecules (complement system).

As discussed below, the different Ab isotypes engage distinct effector mechanisms, according to
whether they fix complement, bind to FcRs, or are transported into the mucosal lumen (24). For
example, human IgG1 is excellent at opsonization, whereas IgM and IgG3 are better at activating
complement. Thus, nnAbs are efficient, but the inflammation associated with their effector strategy
makes them more costly to the host than nAbs. Even so, many pathogens are able to evade nnAbs.
For example, the HSV-1 envelope contains glycoprotein C (gC), which interferes with the C3
complement cascade (25). When a virus evades all Ab-dependent mechanisms, the next line of
defense is local antigen-specific CD4 and CD8 T cells (Figure 4).

Memory T cells. Memory T cells provide the last line of defense. Circulating memory T cells
are divided into central memory T cells (TCMs), which survey secondary lymphoid organs, and
effector memory T cells (TEMs), which are capable of entering peripheral tissues (26). Circulating
memory T cells can recognize cognate virus antigen in the lymph nodes draining the site of
infection, expand, migrate to the site of infection, and help clear virus-infected cells. Because it
requires time for TCMs or TEMs to proliferate, migrate, and mediate effector function at the site
of infection, the virus has an opportunity to do quite a bit of damage while the body is mounting
this response. Nevertheless, circulating memory T cells alone are capable of providing substantial
protection against many viral infections (Figure 4).

Some T cells can establish residency within certain tissues and become tissue-resident memory
T cells (TRMs), which greatly accelerate the recognition and clearance of pathogens that have been
previously encountered at that site. The cost of activating TRMs in mucosal tissues might appear
to be greater than that of Ab-based effector mechanisms; IFN-γ has a pleiotropic effect on various
cell types, inducing IFN-stimulated gene expression, enhancing recruitment of leukocytes, and
creating an inflammatory milieu. Because TRMs curtail viral replication so efficiently, however,
their inflammatory consequences are limited both anatomically and temporally.

Not all of these immune mechanisms are effective against all viruses. For instance, cytotoxic
T cell responses are often ineffective against acute cytopathic viruses (27) because the viruses induce
cell death faster than cytotoxic T lymphocytes (CTLs) can kill infected cells. Preventing further
transmission of acute cytopathic viruses usually requires soluble antiviral effectors such as IFN-γ,
which are better suited to inducing an antiviral state in neighboring cells. Conversely, memory
CD8 T cells are often sufficient to control nonlytic viruses, such as lymphocytic choriomeningitis
virus, or slowly replicating viruses, such as vaccinia virus (28). CTLs that kill infected cells before
they can release viral progeny are typically effective at halting noncytopathic virus transmission.

Efficiency and Consequences of Different Effector Mechanisms

Each immune effector mechanism serves a distinct purpose, but in general, the first lines of de-
fense offer more robust protection with less damage to the host than subsequent lines of defense
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(Figure 4). For example, neutralizing Abs that block viral entry altogether not only are highly ef-
fective, but they also obviate a massive systemic immune response and do not allow pathogens time
to do much damage. By contrast, when a virus has already slipped through multiple lines of immune
defense, cytotoxic T cells can be very effective, but their activity is accompanied by inflammatory
responses that can cause significant damage to the host. In addition, acutely cytopathic viruses,
such as smallpox, poliovirus, and Ebola virus, cause tremendous pathology, directly and rapidly.

Vaccines that seek to elicit protective immunity must balance the need to stimulate the immune
system against the need to minimize tissue damage. Although the vaccine field has historically
focused on increasing immunogenicity, immune-mediated pathology itself can cause significant
morbidity and mortality. This is particularly true for diseases caused by noncytopathic viruses,
such as hepatitis B virus, hepatitis C virus, and HIV-1. The more rapidly a pathogen can be
contained, the less pathology it or the immune response it provokes can cause; one advantage we
may have with viruses that invade mucosa (as opposed to blood-borne pathogens) is the possibility
of activating mucosal immunity to contain the virus, both anatomically and temporally.

An alternative to increasing host resistance to pathogens is promoting host tolerance of disease
inflicted by them (29–31). The skin and various mucosae are, after all, already tolerant of many
beneficial microorganisms. Increasing disease tolerance is an unexplored area of infectious disease
biology that may prove useful in managing certain chronic infections.

IMMUNOLOGICAL CORRELATES OF VACCINE-MEDIATED
PROTECTION

The successes and failures of vaccines in humans can provide a rich source of information on which
immune responses simply reflect immunogenicity and which correlate with protective immunity.
In this section, we consider what several successful human vaccines reveal about mechanisms of
immunological protection.

B Cell–Mediated Protection

Virtually all successful human prophylactic vaccines rely on Abs (Table 1) (32). Understandably,
serum Ab levels, expressed as endpoint titers or international units (IUs) per mL, have been used as
correlates of the protection conferred by vaccines. Serum Ab levels are directly relevant for viruses
that enter through the bloodstream. High levels of circulating IgG can immediately neutralize
viruses, such as yellow fever virus and Japanese encephalitis virus, introduced through insect bites.
In the case of viruses that enter through mucosal surfaces, however, serum Ab levels may not be
relevant (Table 1). Protection against orally transmitted viruses, such as hepatitis A, rotavirus,
and polio, for example, is conferred by high levels of neutralizing sIgA in the intestinal lumen (33).
However, sometimes serum IgA measurements are useful for these viruses. For example, serum
IgA is used as a surrogate for sIgA in the case of rotavirus vaccine. A meta-analysis of multiple
cross-sectional studies in more than 30 countries found an inverse relationship between serum IgA
titers and the level of child mortality from rotavirus infection, and Ab titers were highly predictive
of vaccine efficacy: Serum IgA titers above 90 were correlated with significant protection (34).

Neutralizing IgG in the vagina and neutralizing IgA secreted from the endocervix are predicted
to block entry of viruses transmitted via the genital mucosa, such as HPV. Although anti-HPV16
IgG titers in cervical secretions are often less than 1% of those seen in the serum (titers of less
than 10 IUs are typical in cervical secretions, whereas titers of ∼3,000–4,000 IUs are typical in
sera; 35), they are apparently sufficient to confer complete protection in vaccinated individuals.
This may be because HPV enters through minor abrasions in the mucosa (15), which also likely
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Table 1 Immunological correlates of protection for antiviral vaccines in humansa

allow serum IgG access to the mucosal tissue. Because of the complete efficacy of protection by the
quadrivalent vaccine (targeting HPV types 6, 11, 16, 18) and the lack of breakthrough infection, the
actual correlate of protection mediated by HPV cannot be ascertained (36). However, sustained
generation of neutralizing anti-HPV Abs appears to explain the clinical efficacy of the quadrivalent
vaccine (37).

In addition to secreting Abs, B cells facilitate DC–T cell interactions in lymph nodes, present
antigens to effector T cells and T follicular helper cells, and produce cytokines that regulate
innate and adaptive immunity to pathogens (38). Vaccines could use such Ab-independent effector
functions of B cells to promote protective immunity by, for example, using B cells to present
antigens to stimulate memory T cells.

T Cell–Mediated Protection

T cells help generate robust Ab responses, and they also mediate direct antiviral defenses by
killing infected cells and secreting antiviral cytokines. The only human vaccine known to confer
T cell–mediated protection, however, is the varicella-zoster virus (VZV) vaccine (Table 1).

584 Iwasaki



IY34CH21-Iwasaki ARI 15 April 2016 20:36

Herpes zoster is caused by reactivation of latent VZV acquired originally as chicken pox during
childhood. Most herpes zoster cases are seen in adults older than 50 years of age; reactivation
is associated with a decline in T cell immunity. With increasing age, T cell responses to VZV
undergo a precipitous decline, whereas Ab responses to the viral glycoproteins remain constant,
even in subjects older than 79 years (39). In unvaccinated elderly individuals who have developed
herpes zoster, higher numbers of responder T cells and IFN-γ+ cells one week after onset
are associated with reduced severity and less postherpetic neuralgia (40). However, higher Ab
titers are associated with increased herpes zoster severity and postherpetic neuralgia. These data
indicate that the ability of memory T cells to rapidly expand in response to reactivating VZV
correlates with protection in humans.

The live attenuated Oka VZV vaccine (Merck) is recommended for people older than 60 years.
How does the vaccine confer protection? Presumably, VZV vaccine induces elevated T cell re-
sponses that mediate a rapid antiviral response to contain reactivation (39, 40). In a slightly younger
age group (50–59 years), the magnitude of the rise in VZV Ab titers from the time before im-
munization to 6 weeks after immunization is a reliable correlate of protection (41). Notably, in
vaccinees older than 60 years, the average increase in Ab titers is only 1.6-fold greater than placebo
at 6 weeks post-vaccination (39). Collectively, these data indicate that the correlate of protection
for VZV in adults 50–59 years old is the rise in Ab titers, whereas older adults rely on T cells for
protection.

PROTECTION CONFERRED BY MUCOSAL B AND T CELLS

Even when immunogenicity correlates with protection, the precise mechanism of protection in
the vaccinated host can remain unclear. For instance, a serum concentration of virus-specific IgG
could reflect the concentration needed either to directly neutralize virus introduced into circulation
or to effect protection within the mucosal lumen after transport by the FcRn. The serum IgG
concentration could even reflect, for example, a mucosal Th1 response to a given virus. Animal
studies suggest that the organization of memory cell types and molecules at the site of viral entry
is critical for conferring antiviral defense.

Local Memory B Cells

Humoral immunity is conferred by circulating Abs and is thought to be systemic. Recent evidence,
however, reveals the existence of local Ab-secreting B cells in mucosal tissues. For example, in mice
vaginally immunized with HSV-2, a large number of IgG-secreting plasma cells is found in the
vagina even 10 months after infection (42). Along similar lines, HIV-specific IgG concentrations
in the cervicovaginal mucus of HIV-infected women are higher than those in serum, suggesting
that HIV-specific IgG is produced locally (43, 44).

Evidence also exists that local Ab production provides viral control. For instance, non-
human primates immunized intranasally with gp41-containing virosomes produce mucosal
and circulating IgA and IgG Abs, whereas intramuscular immunization generates only serum
Abs—and only mucosal Abs mediate protection (45). Intravenous vaccination of macaques with
simian immunodeficiency virus (SIV)mac239�nef causes plasma cells and ectopic lymphoid
follicles to accumulate beneath the mucosal epithelium in the female reproductive tract (46).
IgG produced by the local plasma cells is concentrated within the cervical reserve epithelium
and vaginal epithelium by the action of FcRns. This local Ab production and delivery system
correlates spatially and temporally to local protection against high-dose pathogenic SIV vaginal
challenge (46). Collectively, these findings in humans, mice, and nonhuman primates suggest that
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circulating Ab may not be sufficient to control certain viral infections at peripheral sites and that
tissue localization of B cells or Ab is required for fully protective immunity (Figure 3d ). Future
vaccine designs could employ strategies to increase local accumulation of virus-specific B cells.

Tissue-Resident Memory T Cells

Circulating memory T cells do not patrol certain tissues, such as the skin, lung airways, vagina,
or nervous system. Instead, restricted from memory patrol, these organs combat infections by
recruiting memory T cells upon an inflammatory response (47). However, the restricted organs
have the capacity to establish TRMs after a primary viral infection, recruiting effector T cells in
response to chemokines; when TRMs establish residency within a given peripheral tissue, they
undergo minimum exchange with the circulating pool and can reside in the tissue for quite some
time (47–49).

Importantly, TRMs are highly protective against local viral infections, effectively blocking
viruses from infecting target cells in the lamina propria (step � in Figure 1). For example, fol-
lowing secondary HSV-1 challenge, previously infected areas of skin containing TRMs show more
rapid viral control than unimmunized skin (50). Delivery of antigens via epidermal disruption, as
with immunization of mice via skin scarification with either vaccinia virus or the modified vaccinia
Ankara virus (MVA), induces protection against skin challenge (51). In the lungs, CD8 TRMs pro-
vide heterosubtypic immunity against influenza and far better protection than circulating memory
T cells (52); a decline in CD8 TRMs correlates with a loss of protection (53). Virus-specific CTLs
near the bronchial tree mediate viral clearance (54). CD4 TRMs isolated from the lung show greater
lung tropism and better control of influenza virus than CD4 T cells isolated from the spleen (55).
Finally, intravaginal immunization of mice with an attenuated HSV-2 virus protects the host, even
upon lethal genital HSV-2 challenge, and CD4 TRMs are responsible for this protection (56). Col-
lectively, these studies show that TRMs provide immediate control of viral pathogens that invade
the host through mucosal tissues that is superior compared to TEMs and TCMs and that circulating
TEMs or TCMs alone may not fully protect against infection at these sites. The superior ability of
TRMs to provide antiviral protection probably results from their ability to immediately respond to
invading pathogens owing to their location, either through cell intrinsic protective mechanisms
(cytolysis, cytokine secretion) or by recruiting circulating cell subsets (chemokine induction).

In humans, TRMs are found in various mucosal tissues, including the gut and lung (57, 58).
Although the importance of TRMs in protecting against viral pathogens has not been definitively
established in humans, evidence indicates that TRMs provide protective immunity in certain cases.
Mathematical modeling based on genital biopsies shows that the density of CD8 T cells at the site
of HSV-2 release from the neuron to the epithelium predicts whether reactivation will lead to a
genital ulcer or asymptomatic shedding, with higher density being more protective (59). HSV-
induced CD8αα+ T cells that reside at the dermal-epidermal junction (DEJ) appear to promote
virus control (60). These CD8 T cells rapidly contain viral spread: Infected cells are killed within
hours (61). Once lesions have resolved, virus-specific CD8 T cells at the DEJ cluster around the
nerve endings from which the virus was released (62). A spatial mathematical model by Schiffer (63)
makes the intriguing prediction that high levels of CD8 T cells in the mucosa do not necessarily
indicate a protective phenotype but rather a response to recent shedding. In a naturally infected
individual, breakthrough shedding occurs under all sets of model parameter assumptions, as CD8
TRM densities surpass a protective threshold in only small regions within the genital tract. If CD8
T cell densities are artificially increased in the vaginal tissue by 50% using an immunotherapeutic
approach, better control of shedding is predicted to occur for at least a year (63). Therefore, a
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vaccine strategy that increases CD8 TRM density in susceptible organs may provide long-term
protection against viruses.

Problems and Possible Solutions for Developing Antiviral Vaccines:
Three Case Studies

To explore the gap that can emerge between immune responses to a vaccine and true protective
immunity, we now consider various attempts to develop vaccines for specific viruses. In particular,
we examine efforts to develop protection against a DNA virus (HSV-2), a retrovirus (HIV-1),
and an RNA virus (influenza A virus). All three infect humans through mucosal tissues, but they
do so via distinct routes and through distinct cell types, namely, epithelial (influenza, HSV-2),
lymphoid (HIV-1), and neuronal (HSV-2) cells. These viruses cause either acute (influenza A virus)
or chronic (HSV and HIV-1) infections, and each evades the immune response in a distinct way.

Genital Herpes

HSV-2 is one of the most common sexually transmitted viruses, with approximately 45 million
people infected in the United States alone (64). This high rate of infection is a testament to the
efficacy of the herpes virus life cycle, which alternates between lytic and latent stages. During the
initial infection, HSV-2 enters the body primarily through the genital mucosal surface; the virus
replicates and kills infected cells, eliciting a T cell response to the viral antigens. Some of the virus
also migrates to the sacral ganglia, however, where it shuts down viral protein synthesis and enters
a period of latency. Because the immune system remains unaware of latently infected cells that
do not express viral antigens, the latent virus can wait out an acute immune response and thereby
evade complete destruction. When the body is under stress, the virus reactivates and is transported
back to the mucosa, where it can replicate in epithelial cells for a few days, until memory T cells
find and contain infected cells. These intermittent rounds of viral replication make for a very
successful virus. At present, no vaccines exist to prevent transmission, nor is there a cure.

Prior infection with HSV-2 provides significant though imperfect protection against exogenous
HSV-2 infection. One study showed that 2 of 8 patients had HSV-2 isolates whose genomic
DNA restriction digestion patterns varied, which suggests exogenous reinfection with a new viral
strain (65); another study found no evidence of exogenous HSV infection in 45 patients (66); yet
another analysis of viral isolates from recrudescent genital herpes found that only 2 of 65 subjects
(3%) were reinfected with exogenous strains (67). It seems that the natural immunity acquired
following infection with HSV-2 provides significant protection against superinfection, and basic
understanding of naturally acquired protection can guide vaccine approaches.

Attempts to create vaccines for HSV-2. In mouse models, passive transfer of IgG specific for
HSV glycoproteins into the vaginal lumen is highly protective against HSV-2 infection. Based
on these results, most vaccine approaches against HSV-2 have sought to generate robust systemic
IgG responses against viral glycoproteins. Unfortunately, human vaccine trials with recombinant
HSV-2 glycoproteins have failed to establish protective immunity against HSV-2 genital infection
(68–70). A recombinant bivalent gB2 and gD2 subunit vaccine with an oil/water emulsion adjuvant
(Chiron) induces strong neutralizing serum Ab and circulating CD4 T cell responses in humans
(71) but fails to prevent HSV-2 infection in discordant heterosexual couples. Similarly, a gD2
subunit vaccine given with an adjuvant containing alum and monophosphoryl lipid A (MPL, a
TLR4 agonist; vaccine produced by GSK) induces both neutralizing serum Ab and circulating
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CD4 T cell responses in HSV-2 seronegative subjects (72)—but largely fails to protect against
HSV-2 infection (73, 74).

One possible reason for the failure of the Ab-mediated genital herpes vaccines is that the
concentration of IgG required to provide protection against HSV-2 within the vaginal mucosa is
extremely high: Mouse studies indicate that the concentration of mouse monoclonal Ab (mAb)
III-174 (IgG2a; 75) in the vaginal lumen required to block vaginal infection after passive vaginal
Ab transfer is 50 μg/mL (76, 77). However, in a study using an intravenous injection of a large dose
of ascites fluid containing mAbs specific for gB (15βB2) or gD (18βB3), the mAbs failed to enter
vaginal secretions at all and offered no protection against genital HSV-2 challenge (although
protection was conferred against systemic HSV-2 challenge; 78). Systemic IgG thus has little
effect on vaginal infection, despite the presence of FcRns capable of transporting IgG to the
lumen. Is it possible for a vaccine to achieve an intravaginal concentration of virus-specific IgG
of 50 μg/mL? To put this number in context, in naive mice, the concentration of total IgG in the
vagina is on the order of only 20 μg/mL (79). Even in mice vaginally immunized with attenuated
thymidine kinase mutant HSV-2 and boosted with the wild-type (WT) virus, the concentration
of HSV-specific IgG in the vaginal lumen is only 2.6 μg/mL and a protective level of IgG is not
achieved (78). Naive mice given two rounds of recombinant gD2 immunization, intraperitoneally,
followed by vaginal challenge with live WT HSV-2, produce polyclonal Ab capable of conferring
protection (80). Protective IgG concentrations for HSV-2 are thus not impossible, although they
are supraphysiological.

Why is such a high level of Ab required to protect against HSV-2? The vaginal levels of
neutralizing IgG required to protect against a similar virus, SIV, are as low as 0.01 μg/mL (81).
The answer probably has to do with the HSV-2 envelope being studded with glycoproteins that
evade the effector function of Abs. Viral gC binds the complement component C3 and inhibits
complement-mediated virus neutralization and the lysis of infected cells. In addition, the gE/gI
complex acts as an FcR decoy on the viral envelope (25, 82–84). These immunoevasins (85)
collectively render Abs ineffective in the control of HSV.

Even high concentrations of IgG in vaginal secretions might not be sufficient to provide pro-
tection, however. Women receiving intramuscular injections of gB2 and gD2 in MF59 adjuvant
(Chiron) generate concentrations of IgG against gB2 and gD2 in cervical secretions that are almost
as high as the levels found in naturally HSV-2-infected women, but they are not protected against
HSV-2 infection (86). Why does this highly immunogenic vaccine fail to protect humans? In natu-
rally infected humans, HSV-2 induces not only IgG production but also robust local antiviral CD4
and CD8 T cell memory responses (87–90). Whether TRMs provide protective immunity against
genital HSV infection in humans remains to be proven, but studies in mouse models have shown
TRMs provide superior protection against viral challenge compared to circulating T cells (56, 91,
92). Although recombinant vaccines generate circulating memory T cells (71), they are unlikely to
generate TRMs in the genital mucosa. Even though CD4 TRMs do not completely block primary
infection, they dramatically reduce viral replication in the vaginal mucosa and disease caused by
infection (93). In addition, CD8 TRMs in the genital mucosa appear to be critical in blocking viral
infection of the dorsal root ganglia (91) (see sidebar, Heterologous Protection Between HSV-1
and HSV-2).

Future approaches for an HSV-2 vaccine. As genital herpes involves infection of local
cell types only (steps � to � in Figure 1), vaccine efforts should focus on generating robust
local effector responses: Protective immunity against HSV-2 must be established to protect
neurons from becoming infected. Harvey Friedman and colleagues (23, 94–96; Figure 3d ) have
designed a clever vaccine strategy to counteract viral evasion by developing subunit vaccines

588 Iwasaki



IY34CH21-Iwasaki ARI 15 April 2016 20:36

HETEROLOGOUS PROTECTION BETWEEN HSV-1 AND HSV-2

Although vaccines are designed to confer homologous protection, there appears to be considerable heterologous
protection between the two HSV types. In women, HSV-1 seropositive status provides considerable protection
against genital HSV-2 acquisition. In one study of discordant heterosexual couples, the HSV-2 attack rate for HSV-
1 seropositive females was only 1.2%, whereas that for HSV-1 seronegative females was 11.9% (73), indicating that
the preexisting immune response to HSV-1 confers protection against acquisition of genital HSV-2. In the follow-
up Herpevax trial, women seronegative for both HSV-1 and HSV-2 were vaccinated with the gD2-alum MPL
vaccine (GSK; 74). They developed no protection against HSV-2 but did develop an impressive level of protection
against HSV-1 genital disease (58%) and HSV-1 infection (35%). Protection against HSV-1 was correlated with
serum anti-gD2 IgG, with a mean titer of 6,875 found in protected individuals and 3,561 in unprotected individuals
(P = 0.04). Cellular immune responses (CD4 T cell cytokines in response to gD2) did not correlate with cross-
protection in gD2-immunized women. These studies indicate that pre-existing IgG against gD2 confers significant
levels of protection against HSV-1. Therefore, considerable cross-protective immunity appears to exist between
HSV-1 and HSV-2, which could be exploited for future HSV vaccines.

that incorporate immunoevasins as antigens. Simultaneous immunization with gD (immunogen),
gC (immunoevasin), and/or gE (immunoevasin) leads to Ab production against all of these
components, leading to Ab blockade of the inhibitory functions of gC and gE and enabling the
anti-gD Ab to restrict viral infection.

Another vaccine approach is to induce local TRMs through prime-and-pull (Figure 3d ). CD8
TRMs specific to HSV-2 can be elicited by immunization followed by topical application of the
chemokines CXCL9 and CXCL10 to the vaginal lumen during the primary immune response.
These chemokines bind to CXCR3 expressed by effector CD8 T cells to recruit and maintain
CD8 TRMs (91). In a similar strategy, a chemical irritant such as 2,4-dinitrofluorobenzene or
nonoxynol-9 is used to create local inflammation to recruit and maintain CD8 TRMs (92). Once
established, TRMs can be restimulated to recruit circulating memory T cells to the genital mucosa,
to amplify the antigen-specific memory T cell pool (97). Based on mathematical modeling, CD8
TRMs must be established at a high enough density throughout the vaginal epithelium if they are
to confer protection against HSV-2 replication (63). Therefore, an effective vaccine may need to
establish high concentrations of TRMs in the genital mucosa in addition to generating high levels
of nAbs to prevent latent infection of neurons (Figure 5).

HIV-1

HIV-1 is a member of the lentivirus family of retroviruses. HIV-1 is transmitted through sexual
contact (vaginal, penile, rectal), exposure to blood (including during pregnancy and the perinatal
period), and breastfeeding. Since its discovery in the early 1980s, HIV-1 has claimed the lives of
more than 25 million people and created 14 million orphans in sub-Saharan Africa alone (98). In
endemic countries, HIV-1 deaths and the reduced fertility of HIV-positive women have dramat-
ically altered population demographics (99). The pressing need for a vaccine against this terrible
disease is, unfortunately, matched by the difficulty of the challenge. First, the virus shows a remark-
able proclivity for mutation (both within a host and across the globe), and it establishes latency
within only a few rounds of replication. Second, the natural immune response generated by HIV-1
infection often fails to protect against superinfection, except in rare humans who spontaneously
control the infection. Therefore, we do not know the parameters of the gold standard protective
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Figure 5
Obstacles and approaches to designing vaccines against viruses: three case studies. Viruses pose different obstacles (red ) to vaccine-
mediated protection. (a) In the case of herpes simplex virus (HSV) infection, the virus evades antibody (Ab) effector functions by
expressing immunoevasins on its surface. To get around this problem, a vaccine could elicit super-high titers of neutralizing Ab (nAb)
or could produce nAb in conjunction with anti-evasin Abs to enable Ab-dependent clearance of the virus. Alternatively, a vaccine could
generate robust CD4 tissue-resident memory T cells (TRMs) and CD8 TRMs specific to conserved epitopes to block viral spread. (b) In
the case of human immunodeficiency virus 1 (HIV-1), the obstacle is the high rate of mutation, which generates mutants that escape Ab
detection. To overcome this obstacle, a vaccine that elicits broadly neutralizing Abs (bnAbs) against conserved epitopes on the viral
surface glycoprotein would be desirable. In addition, CD4 TRMs and CD8 TRMs specific to conserved epitopes could block viral
spread. Caution should be taken to ensure CD4 TRMs do not serve as target cells for infection. (c) Antigen (Ag) drift and shift by the
influenza A virus present obstacles to developing a universal vaccine. In younger vaccinees, a vaccine that generates bnAb to conserved
regions of hemagglutinin (HA) may overcome this problem. In older vaccinees (>65 years), de novo Ab responses are nearly impossible
to generate. Therefore, expansion of existing T cells against conserved epitopes may be needed to block viral spread. Caution should be
taken to limit immunopathology caused by such a vaccine strategy. Abbreviations: CTL, cytotoxic T lymphocyte; PRR, pattern
recognition receptor; TEM, effector memory T cell.

immune responses to strive for. Third, even though bnAbs have been isolated from humans on
rare occasions, we do not yet have a way to generate such Ab responses in human subjects with an
immunogen.

Correlates of protection against HIV-1 acquisition in naturally exposed humans. Immune
responses that develop naturally in people infected with HIV-1 generally fail to protect against
superinfection, even with a closely related strain of HIV-1 (100); this is one way in which HIV-1
is quite different from HSV. Studies of those rare individuals who do resist disease have provided
important insights into the pathogenesis of the virus as well as the host immune response. These
individuals fall into two classes: those who are exposed to and/or acquire HIV-1 but control the
infection at an undetectable viral load (controllers) and highly exposed, persistently seronegative
(HEPSN) individuals who have a natural resistance to HIV-1 and do not seroconvert (101).

Phenotypic and genome-wide association studies indicate that HIV-1 controllers benefit from
protective HLA class I alleles, including HLA-B∗57, HLA-B∗27, HLA-B∗13, and HLA-B∗58:01
(102–109). Specific amino acids in the HLA-B peptide–binding groove discriminate protective
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from risk alleles. In addition, single nucleotide polymorphisms in HLA-C (102, 105–108) and
HCP5 (105, 107) appear to suppress viremia in infected individuals. It thus appears that the
ability of HLA class I molecules to bind to and present a certain set of viral peptides to CD8
T cells endows infected individuals with the ability to control viremia. The rectal mucosa of
HIV controllers does, in fact, show robust, polyfunctional, HIV-specific CD8 T cell responses to
conserved epitopes of the gag polyprotein (110). CD8 T cells from controllers also have higher
levels of granzyme B, perforin, and IFN-γ than CD8 cells from non-controllers, and they are able
to kill target cells more efficiently to suppress viral replication (111–113). nAbs are less frequently
found in HIV controllers and are not associated with spontaneous protection against HIV-1 disease
progression (114). Whether nnAbs mediate ADCC in HIV controllers as opposed to progressors
remains unclear, as some reports support such a role (115–117), whereas others find no correlation
(118, 119).

HEPSN groups include commercial sex workers, exposed healthcare providers, and the
uninfected partners in serodiscordant couples. Three factors have been proposed to explain
the resistance of HEPSN individuals to HIV-1: T cells, elevated numbers of NK cells, and
mucosal IgA responses to HIV-1 (120). Some studies have found HIV-specific circulating
T cell responses in the peripheral blood of HEPSN individuals (121–125): Healthcare workers
that have been repeatedly exposed to HIV via needle sticks develop robust CD8 (123) and CD4 T
cell responses to HIV, without detectable Ab responses (122). In a study of 12 potentially exposed
but uninfected men who have sex with men, 4 had a detectable CD8 T cell response to gag and
vif (121). Although HEPSN individuals, by definition, lack Ab responses to HIV, some display
low but detectable HIV-specific CD4 T cell responses (126). Somewhat surprisingly, HEPSN
individuals display decreased levels of T cell activation but increased levels of regulatory T cells
(Tregs) (127–131). As with controllers, it remains uncertain whether HEPSN individuals enjoy
protection via mucosal Abs. Some studies have found a correlation between mucosal IgA responses
and HEPSN status (132). Six independent laboratories, however, measured HIV-1-specific IgG
and IgA responses in the cervicovaginal mucosa of HEPSN women and found very few Abs to
the virus—but virus-specific IgG Abs were detected in the cervicovaginal fluids of HIV-infected
women (133). Another study, conducted in Vietnam, found that, compared with HIV-1-infected
intravenous drug users, drug users exposed to but not infected with HIV-1 had elevated NK cell
lytic function and cytokine secretion (134). These studies suggest that HEPSN individuals control
HIV-1 infection independently of conventional T and B cell responses, possibly through elevated
NK cell activity and enhanced Treg suppression of immune responses.

How can these immune correlates of spontaneous viral control and resistance help us design
vaccines against HIV-1? Increasing CD8 and CD4 T cell responses to HIV-1 may be beneficial,
but the quality of T cells must be sufficiently different from those elicited by vaccines (see below).
Also, assuming that we cannot change the HLA genotype of the human host, identifying protective
epitopes that are presented by controller HLA alleles may provide us with a basis to engineer a
vaccine that mimics the features of such epitopes, a vaccine that can be engaged by more common
HLA haplotypes.

Correlates of vaccine-induced control of HIV-1 acquisition in humans. In addition to
looking for naturally protective immune responses in rare individuals, we can learn from studying
correlates of protection in vaccine trials. There have been more than 200 human clinical trials
(http://iavireport.org/Trials-Database), some of which have moved forward to Phase IIb and
Phase III efficacy trials. Early efforts to elicit protective Ab responses with the AIDSVAX B/E
(gp120) vaccines VAX003 and VAX004 induced significant IgG responses to gp120 but did not
reduce the incidence of HIV-1 among vaccinees. VAX003 recipients were not protected from
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acquisition of HIV-1 via the systemic route (e.g., intravenous drug use; 135). VAX004 did not
protect against acquisition of HIV-1 among men who have sex with men or among women at
high risk for heterosexual transmission of HIV-1 (136). In the STEP trial, a MRKAd5 HIV-1
gag/pol/nef vaccine elicited robust CD8 and CD4 T cell responses (137) but was not protective
(138). These studies tell us that the parameters used to monitor vaccine-induced immune
responses were not relevant for protective immunity.

The RV144 study tested the safety and efficacy of a prime-boost regimen in heterosexual
individuals at various levels of risk for HIV infection; ALVAC-HIV (a canarypox vector expressing
HIV-1 env/gag/pro) was the prime and AIDSVAX-gp120 B/E (recombinant gp120) was the boost.
The vaccine elicited both T cell and Ab responses and achieved protection with 31% efficacy
(139). Levels of IgG against variable regions 1 and 2 (V1V2) of the HIV-1 envelope (Env) protein
correlated inversely with infection, whereas plasma IgA Ab binding to an Env panel correlated
directly with infection (140). IgG avidity, ADCC, nAb, and Env-specific CD4 T cell responses
were associated with a reduced risk of infection in vaccinees who showed low IgA responses, but
none of these parameters correlated with protection in those who developed robust IgA responses.
These data suggest that protective immunity against HIV may be conferred by IgG and that IgA
may interfere with protective mechanisms elicited by vaccines.

Protection conferred by passive transfer of neutralizing antibodies. Studies of SIV in
rhesus monkeys provide further clues about the immune response to HIV. Systemic transfer of
SIV-specific IgG protects rhesus macaques from lethal vaginal challenge with SIV. For example,
in one study, intravenous infusion of 15 mg/kg mAb 2F5 and/or mAb 2G12 (against surface gp120)
blocked vaginal SIV transmission in most recipient monkeys. The concentration of mAb in the
vaginal mucosa at the time of challenge was roughly 10–100 ng/mL (81). The serum concentration
of the mAb at the time of challenge was 115–260 μg/mL, indicating that the level of Ab that
reached the vaginal mucosa is 1/10,000 the circulating amount. Another study administered mAb
b12 at 25 mg/kg, 5 mg/kg, or 1 mg/kg 6 hours prior to vaginal challenge with R5 simian-human
immunodeficiency virus (SHIV; 141). The group that received the 25 mg/kg dose was completely
protected. At the time of challenge, this group had vaginal mAb levels of 20–30 μg/mL and plasma
mAb levels of 600–940 μg/mL. Similarly, passive transfer of a bnAb, PGT121, at 5 mg/kg or
1 mg/kg resulted in protection against vaginal challenge with SHIVSF162P3 24 hours later. Serum
concentrations of 95 μg/mL and 15 μg/mL resulted in protection against high-dose viral challenge
at relatively low vaginal Ab concentrations of 0.9 μg/mL and 0.2 μg/mL, respectively (142).

Collectively, these studies show that vaginal concentrations of nAb as low as 0.01 μg/mL can
protect against vaginal challenge with SIV or SHIV. The vaginal concentration of IgG is usually
between 0.1% and 0.01% of that of the serum concentration. To reach a protective level in the
vagina, the serum concentration of virus-specific IgG must be maintained, conservatively speaking,
at approximately 100 μg/mL. A study using plasma from humans receiving passively transferred
nAbs predicts that neutralizing titers higher than 1:200 are required to reach a 50% response
rate, in terms of preventing acute infection with HIV-1 (143). This correlates with estimates of
nAb titers needed to protect rhesus macaques from SHIV challenge (1:38 to 1:400; 141, 144,
145). These studies indicate that Ab-dependent protection against HIV-1 is efficiently mediated
by neutralizing IgG at relatively low levels (0.01–20 μg/mL) in the vagina. To this end, a bnAb
whose Fc portion has been modified to elicit greater affinity for the FcRn offers better protection
within the rectal mucosa than unmodified bnAb, as the modified bnAb is more likely to reach the
lumen (146). Therefore, the challenge of providing protective immunity against HIV-1 is not in
generating supraphysiological levels of Ab but in eliciting bnAb.
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Future approaches for HIV-1 vaccine development. Studies of HIV-1 controllers point to
robust CD8 T cell immunity, perhaps based on epitopes presented by rare HLA haplotypes. The
RV144 studies indicate that, in sufficient quantities, Env V1V2-specific IgG is protective as long
as IgA responses are kept low. Passive immunization studies indicate that systemic bnAb (IgG)
is highly effective in blocking HIV-1 transmission. Collectively, these data suggest that an ideal
HIV vaccine should elicit a broadly neutralizing IgG response as well as generate specialized T
cell responses (Figure 5b). By enforcing the barriers to the first steps of HIV infection (Figure 1),
we may be able to achieve protective immunity before the virus becomes latent in CD4 T cells.

The biggest hurdle in generating an Ab-based vaccine is finding ways to elicit bnAbs (147,
148). The conserved regions of Env are obscured by glycans that shield neutralizing epitopes
from Ab recognition. In addition, it has been difficult to produce HIV-1 Env immunogens that
retain their native conformation. In 10–25% of HIV-1 infected humans, a repertoire of modestly
to broadly neutralizing Abs develops a few months to several years after infection (147). These
bnAbs are characterized by extensive somatic hypermutation and long, variable heavy-chain third
complementarity-determining regions (149). For example, rather than the ∼5% VH mutations
accrued by high-affinity nAb against influenza HA, HIV-1 bnAb often accumulates ∼15–30% VH

mutations (150). In addition, bnAb is often both polyreactive and autoreactive (151, 152). Most
B cells bearing poly- or autoreactive receptors undergo negative selection in the bone marrow
(153), however, so few such B cells exist in the periphery to be stimulated by a vaccine.

Haynes and colleagues (149) have proposed B cell–lineage vaccine design as a sophisticated,
rational approach to generating bnAb. This strategy involves cloning and sequencing the VH

and VL genes from bnAb. In this approach, the B cell receptor (BCR) sequences of intermedi-
ate ancestors and the unmutated ancestor that gave rise to the clone secreting the bnAb would
be inferred computationally. Vaccine antigens that bind to the native BCR and to the BCR of
successive generations of B cells would be designed using a combination of structural biological
approaches, high-throughput screening, and computational methods. Vaccination would involve
immunization with an antigen that binds strongly to the unmutated, naive B cell, followed by an
antigen that binds to an intermediate descendent, and finally an antigen that drives the generation
of bnAb.

To this end, the developmental pathway of a B cell lineage leading to the generation of V1V2
bnAb has been mapped within an HIV-infected individual (154). If the unmutated BCR and the
BCRs of successive B cell generations leading to bnAb are conserved in humans, a B cell lineage
vaccine could protect against HIV-1. In silico and experimental models of immunization predict
that sequential immunization with antigen variants could elicit cross-reactive Abs to conserved
epitopes (155). Only a minority of HIV infected humans naturally develop bnAb responses, how-
ever, suggesting that there may not be a universal BCR capable of giving rise to bnAb. Efforts
to establish Ab-secreting cells within local mucosal tissue could be beneficial: One study showed
that prime-and-pull with chemokine CCL28 or MPL, applied vaginally, modestly increased Ab-
secreting B cells in the vaginal tissue after intranasal priming with gp140-MPL (156). Approaches
to generate bnAb and increase local concentrations of bnAb should be combined to establish the
most protective environment within the target tissue.

Despite overwhelming evidence that CD8 T cells protect against HIV-1, the STEP trial that
induced high levels of systemic CD8 T cell immunity failed to protect vaccinees against HIV-1
infection. Based on analogy with other viruses, it may be that high levels of TRMs rather than
circulating TEMs or TCMs provide protective immunity against HIV-1. In support of this notion,
after macaques were vaccinated with live, attenuated SIVmac239�nef, which provides robust pro-
tection in this species, the greatest antiviral activity was found in mucosal, and not circulating,
memory CD8 T cells (157). Protection conferred by live SHIV vaccine relies on CD8 T cells, and
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the presence of CD8 T cells in the vagina at the time of SIV challenge and a modest expansion of
local CD8 effector T cells correlates with protection (158). Virus-specific CD8 T cells form clus-
ters just below the epithelial layer in animals immunized with SIVmac239�nef as early as 2 weeks
after immunization (159). Therefore, future vaccine approaches could benefit from including a
pull approach to recruit and establish CD8 TRMs in the genital and rectal mucosa. Alternatively,
recombinant, live, attenuated rhesus cytomegalovirus (RhCMV) expressing SIV genes induces
high-frequency CD8 TEMs capable of early, complete control of intrarectal SIV challenge in ap-
proximately half of immunized animals (160). Moreover, CD8 TEMs induced by the RhCMV-SIV
vaccine ultimately clear SIV infection within infected animals following intrarectal or intravaginal
challenge (161). Successful T cell–mediated protection from HIV-1 therefore requires high levels
of mucosal memory CD8 T cells, and several preclinical models suggest ways of generating such
a memory T cell population. Formation of local memory CD8 T cells may not be sufficient for
protection against SIV challenge, however (159), so it seems more fruitful to combine bnAb and
local T cell–based vaccine approaches to fortify protective immune barriers at the sites of HIV-1
entry (Figure 3d ).

Influenza Virus

We typically think of the flu as a rather innocuous annoyance, but the single most devastating
disease epidemic in recorded history was the influenza pandemic of 1918, which killed between
20 and 40 million people. Even today, the influenza A virus causes seasonal epidemics around
the world, regularly resulting in 250,000 to 500,000 deaths every year, primarily among the
very young and the very old (162). The influenza A genome consists of eight single-stranded
RNA segments. The internal nucleoprotein (NP) and matrix (M1) protein of the virus are highly
conserved between strains and are recognized by CD8 T cells; it is the two major glycoproteins,
hemagglutinin (HA) and neuraminidase (NA), on the surface of the virus that serve as the primary
targets of Ab recognition. Each year, the HA sequence acquires drift mutations to escape Ab
neutralization, and reassortment between different strains of influenza infecting the same cell
gives rise to antigenic shift and pandemic flu strains (163). It is this mutability that requires the
development of a new batch of vaccine every year, which in turn motivates the ambition to develop
a universal influenza vaccine.

Immunological correlates of protection against influenza virus. The most common seasonal
flu vaccine given to humans is the inactivated trivalent vaccine, which targets the three most
representative virus types in circulation (two subtypes of influenza A and one influenza B virus).
Quadrivalent inactivated flu vaccines, which include a second influenza B virus, have been
recommended since 2013. Live attenuated influenza vaccines (LAIVs) (e.g., FluMist) made of
temperature-attenuated reassortant virus also come in both trivalent (two subtypes of influenza
A viruses and one B virus) and quadrivalent (with an additional B virus) forms. Inactivated flu
vaccines are injected intramuscularly, and LAIVs are administered intranasally. For inactivated
influenza vaccines, an HA inhibition titer of 1:40 has been established as an immunologic correlate
of 50% protection in adults (164–166); children require 1:110 to achieve 50% protection (167;
Table 1). The correlate of protection for adults over the age of 65, however, is unclear (168; see
below). An immunological correlate of protection has not been defined for LAIVs.

Protection against influenza requires both Ab and T cell responses. Aside from T cells often
being required to elicit robust, high-affinity Ab responses, T cells directly mediate antiviral
protection, which becomes especially relevant if the circulating virus has HA and NA for which
the population has no preexisting Abs. In this situation, preexisting T cells specific for influenza
virus antigens mediate heterosubtypic protection from infection. A study in human volunteers
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challenged with an influenza virus for which the subjects had no preexisting Abs showed that
preexisting CD4 T, but not CD8 T, cell responses control viral replication and reduce illness
(169). Memory CD4 T cells induce secretion of multiple cytokines and chemokines during
influenza infection in the lung, contributing to protection from viral challenge (170). For example,
in individuals born after 1957 who had no preexisting Ab response to H1N1 strains, protection
against the 2009 pandemic H1N1 strain correlated with levels of IFN-γ–secreting CD8 T cells
(171). In another study, pre-existing cytotoxic T cell levels above 10% (at 50:1 effector to target
ratio in a 51Cr-release assay) correlated with protection in human volunteers challenged with
influenza virus (166). In sum, both CD4 and CD8 T cells specific to influenza provide important
protective immunity in humans, especially in the absence of preexisting Ab responses.

Goals of creating a universal flu vaccine. The costs and logistical challenges of administering
a seasonal flu vaccine each year make the idea of a universal influenza vaccine that would, in prin-
ciple, protect against all strains of influenza after one immunization rather appealing (Figure 5c).
The main challenge in generating a universal flu vaccine is designing immunogens capable of
eliciting Ab responses that are broadly neutralizing against multiple HA or NA subtypes (172).
As noted above, the prime target of nAbs identified so far is the HA that decorates the surface of
influenza virions. HA is synthesized as a precursor that is cleaved into two domains: HA1 forms
the hypervariable globular head, whereas HA2 anchors the protein into the membrane with a
relatively conserved stalk region. Most efforts to develop a universal flu vaccine focus on targeting
the most conserved regions of HA, either the receptor binding site (RBS) within the globular
head or the stalk region. The epitope recognized by several RBS-targeting bnAbs includes a
highly conserved tryptophan residue within the floor of the RBS groove at HA1 position 153
(173). Because natural infection with influenza rarely elicits a cross-reactive nAb response (174),
a vaccine must contain immunogens that are sufficiently different from those present during a
natural infection with virus to generate nAbs. To this end, promising candidate vaccine approaches
targeted to the conserved regions of HA are being tested in preclinical and clinical settings (173).
Such approaches include immunization with headless HA (175, 176) and sequential immunization
with HA with different head groups to focus Ab responses on the stalk region (177–179).

In addition to these approaches, empirical evidence indicates that certain prime-boost regimens
and adjuvants can achieve nAb-based protective immunity. Animals primed with a DNA vaccine
encoding HA and then given a seasonal inactivated vaccine boost develop protection against
heterologous influenza strains (180). In addition, treatment with rapamycin during the first 28 days
following intraperitoneal immunization with live influenza virus elicits stronger and more broadly
cross-reactive protective nAb responses in mice (181). As for the mechanism of bnAb generation,
an intriguing study shows that the germline-encoded BCR (VH 1–69), which is shared by several
bnAb clones, first binds the HA stem region as surface IgM. Affinity maturation of the BCR that
leads to bnAb activity requires only seven amino acid changes from the germline sequence (182).
Therefore, a vaccine strategy to elicit broadly cross-protective immunity to influenza viruses could
benefit from targeting naive B cells expressing VH 1–69 IgM. The next generation of influenza
vaccine may take advantage of approaches to focus reactivity against the conserved HA epitope
while exploiting the rare germline-encoded BCRs capable of giving rise to bnAbs.

Protecting the vulnerable—flu vaccines for the elderly. Adults over the age of 65 are partic-
ularly vulnerable to influenza infection; this group accounts for 90% of flu deaths in the United
States (183). Innate and adaptive immune responses change with age (immunosenescence) and
grow increasingly aberrant over time (184–186): Basal inflammatory responses increase, and an-
tiviral cytokine responses change (184, 187–189). Immunosenescence not only increases the risk
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of mortality associated with influenza, it also reduces the efficacy of influenza vaccination (168).
Even with a good vaccine match and high viral circulation, the effectiveness of vaccines against
influenza-like illness in elderly people is only 23% (95% CI 6–36%) and vaccination does not
offer significant protection against influenza infection (RR 1.04, 95% CI 0.43–2.51) (190).

Immune correlates of protection in the elderly include high levels of granzyme B expression
and a high ratio of IFN-γ to IL-10 expression in peripheral blood mononuclear cells (PBMCs)
stimulated in vitro with influenza A virus antigen (191, 192). No difference in serum IgG titers
against H3N2 exists between infected and uninfected elderly individuals vaccinated against this
subtype, the most important cause of influenza disease in this population. Unlike young subjects,
older adults immunized with inactivated flu vaccine fail to generated protective levels of Ab re-
sponse against the vaccine antigen (193, 194). Moreover, the inactivated vaccine fails to induce
any increase in CD8 T cell responses to flu in either young or old vaccinees (193).

In light of these studies, an approach to vaccine development for those over 65 years of age
might include the following strategies: (a) eliciting protective levels of bnAb de novo, (b) inducing
protective titers of Ab against the emerging influenza HA de novo, and (c) restimulating existing T
cell immunity against conserved epitopes found in NP and M1. It may not be possible, however,
to devise a vaccine capable of eliciting de novo Ab responses in older adults, as B cell development,
differentiation, and function decrease with age (195). In an effort to overcome this consequence
of immunosenescence, a high-dose trivalent vaccination (60 μg HA as opposed to the standard
15 μg; 196) has been approved for use in individuals older than 65 years. This approach has not
achieved the levels of Ab stimulation seen in younger vaccinees, however, nor has the injection
of intradermal trivalent vaccines, which randomized clinical trials suggest are more effective than
intramuscular injections in adults older than 60 (197, 198). Given the impairment of TLR function
in older populations (199), a more effective vaccine will require a proper adjuvant capable of induc-
ing Ab responses, such as the TLR5 response: Unlike other TLRs, TLR5 expression and function
are preserved in the monocytes of older individuals (194, 200). In addition, older mice have been
successfully vaccinated with a fusion protein of flagellin (a TLR5 agonist) and HA1 (201).

Another strategy against influenza virus in the elderly involves the existing memory T cell pool
(Figure 5c). This situation is suited to influenza virus: Because most adults have existing T cell
immunity to conserved epitopes, it may be more feasible to design a vaccine that can restimulate
a preexisting pool of memory T cells to NP or M1 conserved epitopes than to generate immune
responses de novo. FluMist is a temperature-sensitive LAIV capable of eliciting cross-reactive
T cell immunity in mice (202), especially when booster immunizations are given (203). Several
studies have shown that, in the elderly, FluMist exhibits modest efficacy alone or added efficacy
in combination with an inactivated vaccine (204).

Alternative approaches, such as immunization with MVA expressing NP and M1, have demon-
strated robust in vivo CD8 T cell stimulation in human volunteers aged 50–85 years (205). In vitro,
glucopyranosyl lipid adjuvant–stable emulsion, a TLR4 agonist, serves as an adjuvant to restimu-
late the Th1 response to trivalent vaccine in PBMCs of older adults (206). A combination of vaccine
and adjuvant is thus capable of restimulating existing T cell responses and can likely improve viral
control in the elderly.

A word of caution is in order, however. Enhancing the immunogenicity of vaccines in the
elderly may not be desirable if the immunopathological consequences are more harmful than the
disease. The pathological consequences of vaccine strategies that rely on high-cost immunological
mechanisms, inducing cytotoxic T cells, must be carefully examined in humans. It is also worth
remembering that most flu-related deaths in this age group result from pneumonia, which is
caused by secondary bacterial infections (207, 208). Primary influenza infection can cause loss of
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disease tolerance to secondary bacterial infection (209), and elderly populations are particularly
vulnerable. Understanding how to increase tolerance against subsequent disease caused by bacterial
infection in flu-infected elderly people would illuminate a new way to approach medical care for
this vulnerable group.

CONCLUDING REMARKS

As the world faces imminent threats from Zika virus, Ebola virus, Chikungunya virus, Middle
East respiratory syndrome coronavirus (MERS-CoV), and other particularly virulent viruses, new
ways to approach vaccine design are becoming necessary. Vaccines have been generally successful
against viral pathogens that do not mutate rapidly or that are devoid of structural immunoevasins.
For such pathogens, nAbs are relatively easy to generate, and even low levels of nAb at the site of
viral entry can inhibit infectious spread. Vaccines have not been successful against pathogens that
block or escape Ab effector mechanisms of virus restriction, and such pathogens are among the
most devastating causes of disease.

Looking forward, the tactic taken in vaccinology for the latter class of pathogens must deviate
from the traditional approach, which seeks to generate high levels of serum Ab titers. High
serum Ab levels are likely insufficient to protect against viruses capable of immune evasion. The
obstacles are specific to each pathogen, and the immune effector mechanisms that are capable
of overcoming viral evasion tactics are distinct. Vaccine design would benefit from considering
the stage of virus infection that should be targeted to create the most robust protection with
the least amount of collateral damage to the host, and from focusing on the appropriate effector
mechanism (Figure 1). Above all, we need to understand the pathogenesis of a given viral
infection. If the mechanism by which a pathogen evades T and B cell immune responses can be
delineated at the molecular level, a strategy can be designed to counteract its evasive maneuvers.

Future vaccines could also take advantage of recent gains in our understanding of the biology of
tissue-resident memory lymphocytes. The right memory cell types at the portals of pathogen entry
will provide better protection than circulating memory cells, with less cost to the host. Establishing
tissue-resident T follicular helper cell populations will stimulate local Ab secretion, which could
be enhanced by promoting the expression and function of the pIgR (for type I mucosa) and the
FcRn (for both types of mucosal surface). Although vaccine approaches that modify these facets
of mucosal immunity have not yet been developed, basic research will provide clues for how to
get there.

SUMMARY POINTS

1. Protective immunity controls a pathogen without causing excess harm to the host.

2. Every effector mechanism is associated with a different means of pathogen control—and
the potential to damage the host.

3. Serum Ab titers do not always predict protective immunity for a given virus, especially
when the virus enters through a localized mucosal site.

4. Designing effective vaccines requires an understanding of the mechanisms by which a
given pathogen evades the immune response.

5. Future vaccines could benefit from research determining which stage of viral infection
can be interrupted to give the highest levels of host protection.
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