
Vaccination for
Mycobacterium tuberculosis
infection: reprogramming
CD4 T-cell homing into the
lung
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Development of effective tuberculosis vaccines is hampered
by insufficient understanding of protective immunity. Here,
Woodworth et al.1 show secondary effector CD4 T cells
generated after Mtb challenge of H56/CAF01 vaccinated
mice display superior lung homing compared with primary
effectors. Vaccination generates large populations of
parenchymal lungeffectorcellsby inducingCXCR3þKLRG1�

cells that continuously migrate from lymph nodes to lung, and
limiting the generation of non-protective CX3CR1þKLRG1þ

intravascular effectors, providing insight vaccine-mediated
protection against tuberculosis.

Mycobacterium tuberculosis is the lead-
ing cause of global mortality due to
infectious disease, despite the availability
of curative chemotherapies and the
mostly widely used vaccine in the world,
bacille Calmette–Guérin (BCG) (WHO
2015). BCG immunization partially pro-
tects against the most severe forms of
childhood tuberculosis, but it has little or
no ability to prevent adolescent and adult
tuberculosis, where the majority of
transmission occurs. The development
of an effective vaccine against Mtb
infection would have a dramatic impact

on global public health and is urgently
needed. Progress in the development of
novel TB vaccination strategies, how-
ever, has been hindered by the inade-
quate understanding of the precise
mechanisms of protective immunity.
Here I briefly trace how some recent
advances in the understanding of CD4
T-cell differentiation and lung-homing
during Mtb infection are now conver-
ging with observations on T cell corre-
lates of vaccine-mediated protection to
give important new insights into vacci-
nation against tuberculosis.

DICHOTOMY OF PD-1þ AND KLRG1þ

MTB-SPECIFIC TH1 CELLS AS

CORRELATE OF VACCINE MEDIATED

PROTECTION

One of the first studies to identify
functionally distinct subsets of pulmon-
ary Mtb-specific CD4 T cells found that
two inhibitory receptors, PD-1 and
KLRG1, are differentially expressed
and can be used to discriminate CD4
T cells that are either highly proliferative
or produce relatively elevated amounts of
IFNg, respectively.2 Moreover, it was
shown that PD-1þ CD4 T cells convert
into KLRG1þ CD4 T cells as they
proliferate while KLRG1þ T cells pro-
liferate poorly and do not change phe-
notype, indicating that PD-1þ CD4 T
cells are less differentiated compared
with KLRG1þ cells. This dichotomy has
since been further explored in several
studies investigating correlates of pro-
tection following vaccination as well as
the basic T-cell biology of these two
subsets.

On the basis of this paradigm, studies
in the mouse model have found that
vaccine-induced protection against aero-
sol Mtb infection is associated with a
predominance of KLRG1� CD4 T cells.
Upon Mtb challenge, vaccine-specific
effector CD4 T cells in the lungs of mice
that are protected by immunization with
BCG or protein/adjuvant vaccines pro-
duce more IL-2 and express much less
KLRG1 in comparison with primary
Mtb-specific effector T cells generated
after infection of naı̈ve mice.3 It was later
shown that many of the KLRG1�

vaccine-specific CD4 T cells that are
present in the lungs of vaccinated mice
following Mtb challenge also express the
inhibitory receptor PD-1 but display little
evidence of functional exhaustion.4
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Collectively, these data have led to the
hypothesis that protective vaccination for
Mtb infection elicits less-differentiated
CD4 T cells, as indicated by the lack of
KLRG1 expression and increased PD-1
and IL-2 production, that resist differ-
entiation into KLRG1þ CD4 T cells.

MIGRATORY CAPACITY OF

MTB-SPECIFIC CD4 T-CELL SUBSETS

In parallel studies investigating T cell
migration during Mtb infection, it was
found that PD-1þ and KLRG1þ Mtb-
specific CD4 T cells differ in their ability
tomigrate into the lungs and controlMtb
infection5 Using the intravascular stain-
ing approach that allows for the dis-
crimination between cells in the lung
vasculature and lung parenchyma, it was
demonstrated that CXCR3þPD-1þ

CD4 T cells localize in the lung tissue
parenchyma, while CX3CR1þKLRG1þ

CD4 T cells reside in the lung-associated
blood vasculature. Moreover, CD4 T
cells purified from the lung parenchyma
migrate back into the lung parenchyma
and suppress growth of Mtb, while CD4
T cells purified from the lung vasculature
fail to migrate into the lungs and poorly
protect againstMtb infection. These data
showing that CD4 T cells must migrate
into the lung to control Mtb are con-
sistent with the observation that direct
recognition of MHCII on Mtb-infected
macrophages by CD4 T cells is required
for suppression of bacterial replication.6

It was later demonstrated that BCL6 is
required to generate lung parenchymal
CXCR3þPD-1þ CD4 T-cell responses
while ICOS and CXCR5 are required to
sustain them, showing that the host-
protective Mtb-specific effector CD4 T
cells utilize pathways similar to those
used by conventional memory CD4 T
cells generated after complete clearance
of an acute infection.7 Collectively, these
data indicate that to control Mtb infec-
tion Ag-specific CD4 T cells must
extravasate out of the blood, migrate
into granulomas and directly interact
withMtb infectedmacrophages, but only
the more memory-like CXCR3þPD-1þ

subset of T cells is able to do so. Once
CD4 T cells differentiate so far as the
CX3CR1þKLRG1þ stage, they lose the

ability to enter the lung and fail to protect
against pulmonary Mtb infection.

VACCINATION ENHANCES

PULMONARY RESPONSES BY

IMPACTING CD4 T-CELL

DIFFERENTIATION

The promising candidate Mtb vaccine
H56/CAF01 is a fusion of three Mtb
antigens in a liposome-based adjuvant.
H56 immunization offers robust, long-
lived protection in mice and greatly
boosts BCG-mediatedprotection in cyno-
molgus macaques.8 Moreover, H56/
CAF01 is currently under clinical devel-
opment, making it a key example for
investigating the correlates of vaccine-
mediated protection. Here, Woodworth
et al1 evaluate the lung homing capacity
and recirculation properties of effector
CD4 T cells that expand following Mtb
challenge of either unimmunized orH56/
CAF01-vaccinated mice. Using the intra-
vascular staining approach, the authors
found that H56/CAF01 immunization
leads to an early and large increase in
the number of lung-parenchymal CD4 T
cells compared with responses in unim-
munized animals, and alterations to the
phenotype of T cells in the lung blood
vasculature. Unlike the primary CD4 T
cell response toMtb infection wheremost
of the CD4 T cells in the vasculature are
CX3CR1þKLRG1þ non-protective
cells, most of the CD4 T cells in the
vasculature of immunized mice are
CXCR3þKLRG1� , consistent with
the lung-homing phenotype. Accord-
ingly, it was found that adoptively trans-
ferred secondary effector CD4 T cells
FACS purified from the lung vasculature
after challenge of immunized mice
migrate into the lung parenchyma much
more efficiently compared with primary
effector CD4 T cells taken from the lung
vasculature of unimmunized mice.
Furthermore, Woodworth et al also show
that treatment of mice 7 weeks post
infection with the S1P1 agonist FTY720
(which traps T cells in lymph nodes by
preventing egress) causes a rapid deple-
tion of the CXCR3þKLRG1� CD4 T
cells from the vasculature. These data
collectively indicate that immunizedmice
largely contain CXCR3þKLRG1� CD4
T cells in both the vasculature and

parenchymal of the lung, in contrast to
the prominent accumulation of non-
protective CX3CR1þKLRG1þ CD4 T
cells observed in unimmunized mice.
Moreover, H56/CAF01 immunization
induces sustained migration of
CXCR3þKLRG1� CD4 T cells from
lymph nodes into the lung parenchyma,
thereby maintaining the elevated
numbers of parenchymal cells at the site
of infection even at late time points
(Figure 1).

Collectively these data argue that in
addition to the enhanced precursor
frequency of Mtb-specific CD4 T cells
present at the time of challenge, the
differentiation of CD4 T cells upon
infection is also improved by vaccina-
tion. That is, H56/CAF01 immunization
generates a population of lung homing
CXCR3þKLRG1� memory CD4 T cells
thatmaintains lung homing capacity and
largely resists differentiating into non-
protective CX3CR1þKLRG1þ intravas-
cular secondary effector cells upon recall
after Mtb challenge. Indeed, in immu-
nized mice Mtb-specific CD4 T cells that
recognize antigens not included in the
vaccine underwent extensive differentia-
tion into CX3CR1þKLRG1þ non-pro-
tective phenotype CD4 T cells, showing
the ability to resist differentiation into
this more terminal effector like state was
only found in the recalled vaccine-
specific memory CD4 T cells. Impor-
tantly, this provides a proof-of-principle
that large numbers of lung parenchymal
CD4 T cells can be generated and
sustained with vaccination regimens that
impact the differentiation state and
therefore lung migrating capacity of
the Ag-specific T cells that are recalled
after infection challenge.

IMPLICATIONS FOR TB VACCINE

DEVELOPMENT

Previous work in the study of vaccine
elicited CD8 T-cell responses in mice
have found that repeated rounds of
boosting results in ever increasing
amounts of KLRG1 expression and
decreasing ability to proliferate and
produce IL-2.9 In other words, repeated
boosting has been associated with the
development of traits that are associated
with a nonprotective phenotype in the
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setting of pulmonary Mtb infection. In
the present report by Woodworth et al,
however, H56/CAF01 immunization,
which included an initial subcutaneous
inoculation and two subsequent booster
injections 2 weeks apart, had the oppo-
site effect on the CD4 T-cell responses
and actually imparted the vaccine-spe-
cific T cells the ability to resist the
accumulation of KLRG1þ terminal
effector-like cells. Therefore, an impor-
tant question in the future will be to
better understand the mechanisms
through which H56/CAF01 immuniza-
tion protects CD4 T cells from terminal
differentiation. In the setting of CD8
T-cell responses specific for systemic,
acute pathogens like LCMV and Listeria
monocytogenes it has been shown that
memory cells are predisposed to adopt-
ing a terminal effector phenotype upon
recall due to heighted amounts of
IL-12R, but that limiting the amount
of IL-12 can prevent Tbet driven
terminal differentiation of recalled
memory cells.10 Therefore, although it
is somewhat counter-intuitive, it is
possible that vaccination regimens that

induce limited amounts of IL-12 driven
T-cell polarization and differentiation
could result in superior protection against
Mtb. In support of this hypothesis, it was
recently shown that Tbet haploinsuffi-
cient mice have reduced levels of
KLRG1þ ESAT-6-specific CD4 T cells
and mediate enhanced control of Mtb
infection.11 The precise roles of IL-12 and
Tbet in CD4 T-cell differentiation during
Mtb infection, however, have not been
well examined. Moreover, TB vaccine
development has been largely empirical,
and the direct impact of various vaccine
strategies onT cell quality is not routinely,
systematically evaluated.

The T cell markers being used in the
mouse models of Mtb infection
described herein will hopefully prove
useful for the evaluation of the quality of
CD4 T-cell responses in humans. Cur-
rently it is not clear if Mtb-specific
CX3CR1þKLRG1þ terminal effectors
are even generated in human tubercu-
losis. Furthermore, it is not known what
types of vaccination regimens induce
Mtb-specific terminal effectors versus
the more desirable less-differentiated

memory cells that can resist terminal
differentiation upon recall and thereby
sustain high numbers of parenchymal
T cells. In all, this report by Woodworth
et al shows that the ability to induce
CD4 T cells that generate secondary
effectors with an efficient lung-homing
phenotype upon challenge may be a
useful criteria withwhich to evaluate new
candidate tuberculosis vaccines.
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