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Although induction of CD8+ responses is widely accepted as critical in clearing viral infec-
tions and necessary for effective vaccines against viruses, much less is known regarding the
role of these cells in bacterial and other infections, particularly those that enter the host via the
gastrointestinal tract. In this commentary, I discuss the likelihood that CD8+ responses are also
important in protection from intestinal Gram-negative bacteria, as well as the many factors
that should be taken into consideration during the development of vaccines, based on elic-
iting long-term protection predominantly mediated by CD8+ responses against these organ-
isms.

GREAT DEBATES

What are the most interesting topics likely to come up over dinner or drinks with your
colleagues? Or, more importantly, what are the topics that don’t come up because they
are a little too controversial? In Immune Memory and Vaccines: Great Debates, Editors
Rafi Ahmed and Shane Crotty have put together a collection of articles on such ques-
tions, written by thought leaders in these fields, with the freedom to talk about the
issues as they see fit. This short, innovative format aims to bring a fresh perspective by
encouraging authors to be opinionated, focus on what is most interesting and current,
and avoid restating introductory material covered in many other reviews.

The Editors posed 13 interesting questions critical for our understanding of vaccines
and immune memory to a broad group of experts in the field. In each case, several
different perspectives are provided. Note that while each author knew that there were
additional scientists addressing the same question, they did not know who these
authors were, which ensured the independence of the opinions and perspectives
expressed in each article. Our hope is that readers enjoy these articles and that they
trigger many more conversations on these important topics.

Editors: Shane Crotty and Rafi Ahmed
Additional Perspectives on Immune Memory and Vaccines: Great Debates available at www.cshperspectives.org
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It is widely accepted that vaccination is one of
the most effective strategies ever developed to
prevent and combat infections. Despite some
stunning successes (e.g., eradication of small-
pox, near eradication of polio) (Minor 2015),
much remains to be learned regarding the basis
of protective immunity (Levine and Sztein
2004). This is critical to accelerate the develop-
ment of new-generation vaccines as well as to
improve vaccines against organisms for which
only moderately effective vaccines are available.
One of the main problems in addressing this
important issue is that protective immunity
depends, to a large extent, on the interactions
of each particular infectious organism with the
human host. In other words, in this case, one
size does not fit all. To complicate matters
even further, for many infections that are
human–host restricted, there are no reliable
animal models that faithfully reproduce the
human disease. In these cases, by necessity, we
have to rely largely on human experimentation,
which is limited not only by strict regulatory
guidelines but also by accessibility to the human
tissues that are the main targets for entry, as well
as the persistence of individual pathogens. This
is a major limitation, because circulating im-
mune cells (blood is one of only a handful of
tissues readily accessible in humans) do not
necessarily reflect the responses of “resident”
immune cells present in the local tissues (e.g.,
T resident [Tr]) (Park andKupper 2015). In fact,
each particular microenvironment is occupied
by immune cell subsets, which have down-
regulated or up-regulated defined sets of genes
that allow them to remain in place (sometimes
long-term, e.g., Tr), and interact with “nonim-
mune” cells types (e.g., intestinal epithelial cells
[IECs], stromal cells), which are also critical for
eliciting and maintaining appropriate immune
responses (Hooper 2015). Equally complex are
the cell subsets present in secondary lymphoid
tissues (e.g., mesenteric lymph nodes, spleen),
and their interactions, which, following expo-
sure to antigens, result in the generation of
specific effector responses and long-term B
and T memory cells (Nera et al. 2015). For these
reasons, among others, in this short perspective
article, I will restrict my discussion to explore

whether vaccines that elicit T-cell responses,
particularly those mediated by CD8+ cells,
are possible in humans by focusing on a single
site and class of infectious agents, that is,
bacteria that access the human host via the or-
ogastric route. This discussion might provide a
framework that can be extended to other organ-
isms and tissues in which they take residence.

INORDINATE COMPLEXITY OF IMMUNE
RESPONSES

Evidence uncovered during the past few de-
cades, particularly in recent years, owing to re-
markable technological advances, points to an
extraordinarily complex immune system in
which traditional innate as well as adaptive hu-
moral and cellular immunity are unquestion-
ably highly interrelated and interdependent.
The explosion of information regarding the
presence of multiple subsets of both effector
and regulatory cells in every compartment paint
a picture of great complexity. Major players in-
clude dendritic cells (DCs), macrophages, and
other antigen-presenting cells (APCs) (Ham-
mer and Ma 2013; Gao and Williams 2015; Pu-
lendran 2015; Varol et al. 2015), B and T cells
(Youngblood et al. 2013), granulocytes, as well
as many cell types that defy their grouping into
rigid classification schemes (e.g., mucosal-asso-
ciated invariant T [MAIT] cells, natural killer
(NK) cells, NKT cells, and innate lymphoid cells
[ILCs]) (Gao and Williams 2015; Haeryfar and
Mallevaey 2015; Howson et al. 2015; Van Kaer
et al. 2015; Zajonc and Girardi 2015). Because
these subsets are able to regulate each other
through direct cell–cell interactions, as well as
the production of cytokines and other soluble
mediators, it is very important that they are all
taken into consideration when trying to define
the attributes of an effective vaccine that results
in long-term protection.

For example, when addressing a major pop-
ulation, for example CD8+, we have to take into
account that it is composed of many subsets,
including, among others, T naïve (TN), T effec-
tor/memory (TEM), T central/memory (TCM),
and CD45RA+ TEM (TEMRA) (Sallusto et al.
2004; Newell et al. 2012), and that CD8+-medi-
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ated responses are restricted by highly polymor-
phic classical major histocompatibility complex
(MHC) class-Iamolecules and nonpolymorphic
MHC-like molecules such as HLA-E, an MHC
class-Ib molecule (Heinzel et al. 2002; Salerno-
Goncalves et al. 2004; Rodgers and Cook 2005),
as well as by the MHC class-I-related protein 1
(MR1) used by MAIT cells, the majority of
which are CD8+ (Walker et al. 2012). Each of
these subsets is specialized in presenting partic-
ular classes of antigens. Because of this complex-
ity, what constitutes a CD8+-mediated response
has been controversial, with many investigators
associating CD8+ responses to those restricted
by MHC class-Ia molecules when, in reality,
CD8+ cells represent a constellation of numer-
ous effector cells, able to respond to a multiplic-
ity of antigenic stimuli. Also, it is important to
consider that the activation, differentiation, and
maturation of CD8+ cells is highly dependent on
the “support” provided by many subsets of
APCs, which, in addition to processing and pre-
senting antigens, release cytokines and other
factors, which in aggregate with those produced
by CD4+ cells (including T follicular/helper cells
[TFH]) (Hale and Ahmed 2015), IECs (Hooper
2015), and other cell types in response to extra-
cellular and intracellular bacteria have the ability
to tilt the adaptive T-cell responses toward ef-
fector or regulatory phenotypes. These complex
interactions ultimately lead to the induction of
either protective or ineffective, or even reacto-
genic, responses following vaccination. Also, it
should be noted that it is likely that, ultimately, an
appropriate balance between effector and regu-
latory cells (e.g., regulatory T [Treg] cells [Bur-
zyn et al. 2013; Panduro et al. 2016; Su et al.
2016], regulatory B [Breg] cells [Zhou et al.
2016]) might be a determining factor in eliciting
long-lasting protective responses following im-
munization with minimal or, ideally, no reacto-
genicity to vaccination. Because of space limita-
tions, it is not possible to address the role of each
of these cell subsets and their complex interac-
tions. A large number of extensive and excellent
reviews have been published on this subject and
a few of them are referenced above.

To address the central question of this com-
mentary, it is my opinion that vaccines against

enteric bacteria, which rely predominantly on
CD8+ responses, are indeed possible. However,
in all likelihood, this will be restricted to partic-
ular organismswith a “lifestyle” that is amenable
to being controlled by CD8+-mediated re-
sponses. For example, when considering bacte-
ria that spend most of the time intracellularly
(e.g., the Gram-negative pathogenic bacteria
Salmonella enterica serovar Typhi [S. Typhi]),
it is reasonable to speculate that CD8+ cells able
to kill infected cells and produce interferon γ
(IFN-γ) and other cytokines/chemokines to ac-
tivate the innate and other adaptive immune re-
sponses, will be the dominant effector mecha-
nism, which will ultimately lead to eradication
of this pathogen from the host. In contrast, it is
unlikely that CD8+ cells will be the dominant
effector response that will control other enteric
bacteria, such as enterotoxigenic Escherichia coli
(ETEC), which reside extracellularly (Bourgeois
et al. 2016). Antibody responses in the gut mi-
croenvironment, supported by TFH and other
cell types, will likely play the dominant roles in
protection from enteric extracellular bacteria.
As an example, I will briefly describe some of
the lessons learned frommore than two decades
of studying immunity to S.Typhi, which suggest
that vaccines that elicit strong CD8+ responses
can be protective.

LESSONS LEARNED FROM STUDIES WITH
ATTENUATED S. TYPHI VACCINES AND
INFECTIONS WITH WILD-TYPE S. TYPHI
IN A HUMAN CHALLENGE MODEL

Studies conducted during the past quarter cen-
tury using peripheral blood mononuclear cells
(PBMCs) obtained from volunteers orally im-
munized with the licensed Ty21a oral typhoid
vaccine, as well as with several attenuated S. Ty-
phi vaccine candidates, have shown that the re-
sponses elicited by oral immunization are ex-
traordinarily complex, involving all arms of
the immune response, including innate immu-
nity, antibody responses, and B memory cells
(BM) to lipopolysaccharide (LPS) and flagellar
antigens, as well as a wide array of cell-mediated
immunity (CMI). The latter include prolifera-
tive responses, cytokines, and other mediators
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produced by bothCD4+ andCD8+ cells showing
a dominance of type 1 (T helper 1 [TH1] and T
cytotoxic 1 [Tc1]) proinflammatory cytokines,
which include, among others, IFN-γ, tumor ne-
crosis factor-α (TNF-α), and interleukin (IL)-17
(Sztein et al. 1994; Viret et al. 1999; Wyant et al.
1999; Salerno-Goncalves et al. 2002, 2003, 2004,
2010; Kirkpatrick et al. 2005; Salerno-Goncalves
and Sztein 2009; McArthur and Sztein 2012).
Moreover, we have shown that individuals vac-
cinated with Ty21a (Sztein et al. 1995; Salerno-
Goncalves et al. 2004) and the vaccine candidate
CVD 909 (Wahid et al. 2007) elicited CD8+ cy-
totoxic T lymphocytes (CTLs) able to kill S. Ty-
phi–infected autologous targets mostly through
a FAS-independent, granule-dependent path-
way. Of note, these responses were found to be
restricted by both classical class-Ia and nonclas-
sical class-Ib HLA-E molecules, showing that
multiple mechanisms might be involved in kill-
ing of S. Typhi–infected cells and S. Typhi–in-
duced cytokine production (Salerno-Goncalves
et al. 2002, 2003, 2004). Of great importance,
these long-term (up to 3 years) responses were
multiphasic and mediated predominantly by
TEM and TEMRA, with a lesser TCM component,
and the cells were multifunctional, that is, they
showedmore than one function simultaneously,
a characteristic widely believed to be associated
with protective immunity (Betts et al. 2003,
2006; Precopio et al. 2007; Qiu et al. 2012).
These responses show that it is possible to
elicit, through immunization, long-term strong
CD8+ T memory responses. Also, we showed
IL-10 production by PBMCs from volunteers
immunized with attenuated typhoid vaccines
to S. Typhi flagella, suggesting the induction of
Treg (Wyant et al. 1999; Wahid et al. 2007).
Interestingly, we and others have tried, and
failed, to observe a correlation on a volunteer-
by-volunteer basis between serum antibody ti-
ters to S. Typhi LPS and/or S. Typhi flagella and
CMI in individuals immunized with various
attenuated S. Typhi vaccine strains (Dham and
Thompson 1982; Sztein et al. 1994; Tacket et al.
2000; Salerno-Goncalves et al. 2003). This
panoply of responses, however, only indicate
that the vaccines are immunogenic, and cannot
be construed as an indication that they are

the effector immune responses associated with
protection.

The only viable approach, however difficult,
to show that a particular effector immune re-
sponse(s) is(are) associated with protection in
humans is through evaluation of immunity in
human challenge models (Chakraborty et al.
2016; Chen et al. 2016). A wild-type S. Typhi
challenge model in humans pioneered at the
University of Maryland in the 1950s and 1960s
(Hornick et al. 2007) was recently reestablished
in Oxford by Dr. Pollard and his team (Wad-
dington et al. 2014). The availability of PBMCs
from these volunteers, some of whom developed
typhoid disease (TD) and some who did not
(NoTD), allowed us the unique opportunity to
use advanced technologies to uncover responses
that might represent mechanistic or nonmech-
anistic immunological correlates of protection
(CoP) (Plotkin and Gilbert 2012). Participants
who developed TD showed serological re-
sponses to flagellin and LPS antigens. In con-
trast, no changes were observed in these anti-
body levels in NoTD volunteers, suggesting
that, rather than a CoP, these antibodies were
the result of clinical disease involving local and
systemic infection (Waddington et al. 2014).We
used PBMCs from these participants to perform
exhaustive immunological studies, including the
induction of T and BM and Treg responses
(McArthur et al. 2015; Fresnay et al. 2016; Toa-
panta et al. 2016), as well as to study the effects of
challenge on activation of circulating DCs and
macrophages (Toapanta et al. 2015), and asso-
ciate these responses with clinical outcome in an
effort to define CoP. The generalized experi-
mental design used for the performance of stud-
ies using PBMC obtained from participants
orally challenged with wild-type S. Typhi is il-
lustrated in Figure 1.We found, for the first time,
that S. Typhi–specific CD8+ responses correlate
with clinical outcome in humans challenged
with wild-type S. Typhi. Particularly important
was the finding that higher multifunctional S.
Typhi–specific CD8+ baseline responses were
associated with protection against typhoid and
delayed disease onset and that following chal-
lenge there was a decrease in circulating S.
Typhi–specific CD8+ TEM with homing poten-
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tial to the gut as well as extraintestinal tissues,
suggesting migration to the site(s) of infection
(Fresnay et al. 2016). We also provided the first
evidence that prechallenge up-regulation of the
gut homing molecule integrin α4β7 in Treg,
followed by a significant down-regulation post-
challenge consistent with Treg homing to the
gut, as well as up-regulation of activation mole-
cules postchallenge, was associated with the
development of TD (McArthur et al. 2015).
These results suggest that Treg plays an impor-
tant role in clinical outcome and, presumably, in
immunity elicited by vaccination (McArthur

et al. 2015). Thus, we learned not only that
effector and memory CD8+ responses might in-
deed be the dominant effector mechanism of
protection to a gut intracellular bacteria, but
also that Treg appears to be involved in deter-
mining clinical outcome as well, suggesting that
the concomitant evaluation of both responses
might be important in determining who is pro-
tected and who is not.

Another lesson learned is that we have to
pay particular attention to baseline responses.
Until very recently, the existence of preimmu-
nization immunity in humans, and how it

Target cells
Autologous EBV-LCL,
721.221.AEH, blasts

Effector cells
PBMC collected before and at multiple times (up

to 1 year) after an oral challenge with WT S. Typhi
(Quailes strain)

Flow cytometry
(e.g., Tm: CD3, CD4, CD8, CD62L, CD45A,

CD107a, IFN-γ, TNF-α , MIP-1β,
IL-17A, IL-2, integrin α4β7)

Mass cytometry
(e.g., Tregs: FoxP3, CD152/CTLA-4, CD3,

CD4, CD8, CCR7/CD197, CD62L, CD45RA,
PD-1/CD279, LFA-1/CD11a, CD27, CD69,
CD39, CD25, IFN-γ, TNF-α , IL-17A, IL-10,

CCR6, integrin α4β7)

S. Typhi infection

+

OR

14–18 h

Ex vivo studies: APCs,
B cells, MAITs, others

CD8+ T effectors and
memory

CD4+ T effectors and
memory

Tregs

γ-Irradiation

Figure 1. In vitro stimulation of peripheral blood mononuclear cells (PBMCs) isolated from wild-type (WT) S.
Typhi–exposed participants with S. Typhi–infected targets and ex vivo studies: Experimental design. PBMCs
obtained before and at various times after oral exposure to theWT S. Typhi Quailes strain were incubated in vitro
with autologous Epstein–Barr virus transformed lymphoblastoid B-cell lines (EBV-LCL), 721.221.AEH EBV-
LCL (to measure HLA-E-restricted responses) or blasts infected with WT Salmonella enterica serovar Typhi (S.
Typhi). After an overnight incubation, cells were fixed and stained for flow cytometry (14-color) or mass
cytometry (up to 34 metal-conjugated monoclonal antibodies) depending on whether CD4+ or CD8+ T effector
and/or memory subsets (TEM), or regulatory (Tregs) T cells were evaluated. Activation and other characteristics
of B cells, antigen-presenting cells (APCs), mucosal-associated invariant T cells (MAITs), or other populations
were evaluated ex vivo without stimulation. IFN-γ, Interferon γ; TNF-α, tumor necrosis factor α, MIP-1β,
macrophage inflammatory protein-1β, IL-17A, interleukin 17A; FoxP3, forkhead box P3; CTLA-4, cytotoxic
T-lymphocyte-associated antigen 4; LFA-1/CD11a, lymphocyte function-associated antigen-1; CD279/PD1,
programmed cell death-1; CCR6, C-C chemokine receptor type 6; CCR7, C-C chemokine receptor type 7.
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might impact vaccination, was not rigorously
studied. The almost ubiquitous and variable
“responses” to specific antigens in unexposed/
unvaccinated individuals observed before vac-
cination in humans were routinely dismissed
with statements such as “we do not know why
they are there but we see them all the time
and this is something that we have to live with
when doing human research.” However, our
data and that of others (Su et al. 2013), whether
because of previous exposure to the pathogen,
cross-reactivity, or recognition of several li-
gands by some T cells, clearly indicate that
baseline responses have to be taken into con-
sideration during the development of novel
vaccines.

Finally, it is also important to be mindful of
the fact that owing to migration of circulating
antigen-specific cells to the appropriate micro-
environment (the gut and secondary lymphoid
tissues in the case of S. Typhi), it is possible that
no responses are seen in circulation at particular
times because the specific cells have already mi-
grated to the appropriate site. This observation
advocates for the importance of obtaining spec-
imens at different time points to define the ki-
netics of the responses and to ensure that the
immunity elicited by immunization is captured
in circulation.

CONCLUDING REMARKS

Given the complexity of the infectious organ-
isms/host interactions outlined above, it might
not be possible to rationally design a long-term
protective vaccine, mediated primarily by CD8+

and/or other mechanisms, until we have a much
deeper understanding on the wide-ranging host
responses, which include, among others, (1) tra-
ditional immunological effectors (e.g., innate,
humoral, CMI), (2) regulatory cells, (3) contri-
bution of the gut microbiome in shaping these
interactions (Ferreira et al. 2010; Macia et al.
2012; Belkaid and Hand 2014), (4) the role of
cells traditionally not considered part of the im-
mune response (e.g., IECs, which produce cyto-
kines and are critical in controlling the barrier
that keeps the infectious bacteria from gaining
access to systemic sites), and (5) the pathogene-

sis of each particular organism. We should also
be mindful that it is possible that the CoP are
different in endemic regions because of many
host and environmental factors that are dissim-
ilar between developed and underdeveloped re-
gions of the world (e.g., differences in genetic
makeup, microbiota, malnutrition, zinc defi-
ciency). The relatively recent resurgence of in-
terest in the use of human challenge studies
holds great potential to dramatically accelerate
our understanding of these complex responses.
Also, the advent of extremely powerful technol-
ogies that allow for relatively simple and inex-
pensive analyses of, for example, the T- and B-
cell repertoires (Jiang et al. 2013; Han et al. 2014;
Newell and Davis 2014), gene expression of the
complete or large portions of the human ge-
nome (e.g., transcriptomics, proteomics) (Ha-
gan et al. 2015), epigenetic regulation (Valensisi
et al. 2015), single-cell transcriptomics, ex-
tremely granular phenotypic and functional
characterization of cell subsets by conventional
flow cytometry and mass cytometry (CyTOF)
(Newell et al. 2012), as well as the use of systems
biology approaches (Nakaya et al. 2015), have
the potential to provide critical information to
dramatically accelerate the rational design of
long-term protective vaccines. Equally impor-
tant to achieve this goal is a better understand-
ing of the mechanisms of action of adjuvants,
including oral adjuvants such as double-mutant
LT (dmLT) (El-Kamary et al. 2013), which have
the potential not only to enhance immunity, but
also to tilt the immune response toward the de-
sired effector mechanism(s), as well as minimize
the number of doses required for vaccination,
leading to increased compliance and acceptance
of vaccines as a critical public health tool. Final-
ly, as discussed, we should be aware that despite
the fact that a defined effector response is
dominant in a particular context (e.g., CD8+

responses to S. Typhi), it is unlikely that this is
the only effector mechanism involved in protec-
tion. In fact, a cluster of CD8+ responses in
conjunction with many other immunological
components (e.g., antibodies, CD4+ effector,
memory, and TFH) and other biomarkers are
all likely to play a role in protection as part of
a constellation of host immune responses
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(which I refer to as “immunological clusters of
protection” [iCoP]) that, acting in concert, re-
sult in the elimination of the invading pathogen.
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