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Multifunctional Tyl cells define a correlate of vaccine-
mediated protection against Leishmania major

Patricia A Darrah!, Dipti T Patel!, Paula M De Luca!, Ross W B Lindsayl, Dylan F Daveyl, Barbara J Flynnl,
Soren T Hoff 2, Peter Andersen?, Steven G Reed?, Sheldon L Morris* Mario Roederer’ & Robert A Seder!

CD4* T cells have a crucial role in mediating protection against a variety of pathogens through production of specific cytokines.
However, substantial heterogeneity in CD4* T-cell cytokine responses has limited the ability to define an immune correlate of
protection after vaccination. Here, using multiparameter flow cytometry to assess the immune responses after immunization, we
show that the degree of protection against Leishmania major infection in mice is predicted by the frequency of CD4* T cells
simultaneously producing interferon-y, interleukin-2 and tumor necrosis factor. Notably, multifunctional effector cells generated
by all vaccines tested are unique in their capacity to produce high amounts of interferon-y. These data show that the quality of a
CD4* T-cell cytokine response can be a crucial determinant in whether a vaccine is protective, and may provide a new and useful
prospective immune correlate of protection for vaccines based on T-helper type 1 (Ty1) cells.

Vaccines have made a substantial global impact on morbidity and
mortality of a variety of bacterial and viral infections. Nevertheless,
there are no licensed vaccines that are protective against HIV, malaria
or pulmonary tuberculosis infection. For these pathogens, the cellular
immune response comprising CD4* T cells, CD8" T cells or both can
be important in controlling infection and preventing or delaying the
onset of disease. Thus vaccine development for these infections is
focused on generating protective T-cell responses'. A key mechanism
by which T cells mediate their effector function is through the
production of various cytokines. However, due to the heterogeneity
of T-cell cytokine responses generated by different vaccines, there are
still no well defined immune correlates of protection for infections
requiring T-cell responses. Therefore a crucial step in vaccine devel-
opment requires improved understanding of the functional hetero-
geneity of T-cell cytokine responses.

After activation, naive CD4" T cells can differentiate into functional
subsets termed Tyl or Ty2 cells>. Tyl responses are required to
mediate protection against a variety of intracellular infections.
Such responses consist of populations of cells that secrete interferon
(IFN)-v, tumor necrosis factor (TNF) or interleukin (IL)-2 in various
combinations®®. Differences in the types of cytokines produced by
individual cells have profound implications for their capacity to
mediate effector function, be sustained as memory cells or both. In
this regard, CD4* T cells that secrete only IFN-y have limited capacity
to develop into memory cells compared with IL-2- or IL-2- and
IFN-y-producing cells®$. This implies that, for example, vaccines
eliciting a high frequency of single-positive IFN-y producing cells may

be limited in their ability to provide durable protection. The premise
that distinct populations of Tyy1 responses determine vaccine efficacy
provides a conceptual framework to define an immune correlate
of protection.

Most vaccine studies for infections requiring Tyl responses mea-
sure the frequency of IFN-y producing cells as the primary immune
correlate of protection®. Although IFN-y is clearly necessary'®-12,
using it as a single immune parameter may not always be sufficient
to predict protection!>~16, TNF is another effector cytokine that can
mediate control of intracellular infections!”!8, Indeed, IFN-y and TNF
synergize in their capacity to mediate killing of pathogens!*?. IL-2
has little direct effector function but strongly enhances the expansion
of CD4" and CD8" T cells, leading to a more efficient effector
response. Thus, we hypothesized that CD4" T cells that are multi-
functional and simultaneously produce IFN-y, TNF and IL-2 may
provide optimal effector function and protection.

The best technique for assessing multiple functions of T cells
simultaneously is multiparameter flow cytometry?!. By assessing all
combinations of IFN-y, TNF and IL-2 at the single-cell level, one can
define the quality of the CD4" T-cell cytokine response. In the present
study we used an experimental infection model in which different
vaccines elicited qualitatively distinct Tyl responses and conferred
varying degrees of protection. Our results showed that the frequency
of multifunctional Ty1 cells simultaneously secreting IFN-y, TNF and
IL-2 correlated best with protection. Notably, such cells seem
specialized to secrete high amounts of IFN-y and TNE These
data provide fundamental insight into how distinct populations of
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cytokine-producing cells are optimized for effector function and
demonstrate a correlate of protection for vaccines targeting T-cell
responses based on the quality of the response.

RESULTS
Vaccine-elicited protection against Leishmania major

=ve» Models of L. major infection have been extensively used to understand

the generation and maintenance of Tyl responses in the context of

=" both natural infection and vaccine-elicited protection??. Infection of

C57BL/6 mice mimics human disease, with the development of
cutaneous lesions that are resolved by the host Tyy1 response through
effector cytokines such as IFN-y and TNE To study the functional
heterogeneity of primary Tyl responses generated in vivo and to
define immune correlates of protection, we used a variety of vaccine
formulations in the L. major model. We compared live vaccination, the
gold standard for life-long protection in mice?>?* and humans?>; or a
recombinant leishmanial protein (MML) and a toll-like receptor
(TLR) ligand (CpG), another formulation that confers protection in
mice?®?’; to replication-defective adenovirus that expresses MML
(MML-ADV). Although not yet tested in the L. major model,
adenoviral vaccines?®? elicit strong T-cell responses and have poten-
tially broad application for use in HIV3?, malaria®! and tuberculosis®2.

As a measure of protection, we compared lesion development and
parasite burden after intradermal ear challenge with live L. major
1 month after immunization. The greatest degree of protection was
observed in mice given the live and MML+CpG vaccines (Fig. 1a).
Notably, we observed an inverse correlation between the dose of
intramuscular (i.m.) MML-ADV and the level of protection; although
all doses of MML-ADV resulted in smaller lesions compared with
those in unvaccinated mice, low-dose MML-ADV (107) protected

Figure 1 Vaccine-elicited protection against L. major. Mice were challenged
in the ear with live L. major after immunization with a variety of vaccine
formulations. Left panels, ear lesion diameter over time (mean + s.e.m.,

n > 12). Right panels, number of parasites per ear in each vaccine group
(lines are geometric means). (a) MML-ADV (i.m.) dose dependence
compared with negative (PBS, control adenovirus (Ctrl ADV)) and positive
(MML+CpG, live parasite) controls. (b) Comparison of i.m. versus s.q. at
high (1019) or low (108) MML-ADV dose. (c) Requirement of IFN-y or TNF
for mediation of vaccine-elicited protection. Mice, vaccinated with 107
MML-ADYV, received antibodies to IFN-y or TNF at the time of challenge.
Shown are representative data from three of nine experiments. Symbols
indicate statistical differences for lesion sizes or endpoint parasite numbers,
comparing with PBS (*P < 0.04), with 10! or 1010 i.m. (P < 0.03), with
1019 s.q. (*P < 0.02) or with 107 s.g. (*P < 0.002).

mice to the greatest degree (Fig. 1a). In a separate experiment, we
observed a similar inverse correlation when MML-ADV was adminis-
tered subcutaneously (s.q.; Fig. 1b), and the s.q. route consistently
elicited better protection than the i.m. route at the same dose. The
enhanced protection by s.q. immunization may reflect induction
of skin-homing T cells or differences in the frequency or type of
antigen-presenting cells by this route. A key finding is that less
protection was observed with high-dose MML-ADV immunization,
irrespective of route.

The requirement for Tyl cells in mediating protection in vivo was
assessed in several ways. First, vaccine-elicited protection was com-
pletely abrogated upon depletion of CD4" T cells at the time of
infection (data not shown). Next, depletion of IFN-y or, to a lesser
extent, TNF at the time of infection (Fig. 1c) abolished vaccine-
mediated protection. Hence, CD4" T cells, IFN-y and TNF were
required for vaccine-mediated protection in this model.

Functional heterogeneity among Ty1 responses

Based on the requirement for IFN-y and role for TNF as effector
cytokines that mediate protection, we assessed the frequency of
antigen-specific IFN-y-, IL-2- and TNF-producing CD4" T cells at
time of infection (Fig. 2a). One month after vaccination there was no
difference between vaccine groups in the frequency of IFN-y-produ-
cing cells in the spleen as assessed by intracellular cytokine staining
(Fig. 2a) or enzyme-linked immunosorbent spot (ELISPOT) analysis
(Fig. 2b). Note that the frequency of antigen-specific responses in live-
vaccinated mice is under-represented, as all vaccine groups were
restimulated with MML protein; using a complete spectrum of
leishmanial antigens, cytokine responses after live vaccination are
~15-20% (data not shown). Collectively, these data show that the
total frequency of antigen-specific IFN-y* cells was not predictive of
vaccine-elicited protection. Furthermore, protective efficacy was not
related to differences in the breadth of the CD4* T-cell response
among the different vaccine formulations or to enhanced production
of IL-4 or IL-13 in mice immunized with high-dose MML-ADV. We
also looked for a potential role for IL-10 and regulatory T cells, but
these did not seem to demonstrably affect the protection after high-
dose MML-ADV vaccination (Supplementary Fig. 1 online).

Based on the importance of IFN-y and TNF in mediating protec-
tion (Fig. 1c), we undertook a more comprehensive functional
analysis of cytokine-producing CD4* T cells. Using multiparameter
flow cytometry, seven distinct populations of cytokine-producing cells
can be delineated at the single-cell level based on any combination of
IFN-y, IL-2 or TNF (Supplementary Fig. 2 online). The relative
frequency of these distinct populations defines the quality of the Tyl
response. Thus for IFN-y, the total frequency of IFN-y-producing
cells encompasses four distinct populations: IFN-y single-positive,
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Figure 2 Multifunctional Tyl cells are optimal
effector cells. (a—f) MML-specific cytokine
production from splenocytes of vaccinated mice
determined at the time of challenge. Multi-
parameter flow cytometry (Supplementary Fig. 2)
was used to determine (a) the total frequency of
IFN-y-, IL-2- or TNF-producing CD4* T cells,

M 10" s.q.

o

producing CD4* T cells (%)

0
IFN-y
IL-2
TNF

IFN-y IL-2 TNF

o

IFN-y SFC/10° cells
(2]
o

- -
B0 N
o O o

107
s.q.

107
im.

10"
i.m.

o

107
s.q.

107
i.m.

10
i.m.

PBS MML-ADV

MML-ADV

After infection
Control

Before infection

Control MML MML

I . LED .

(c) the frequency of cells expressing each of the
seven possible combinations of IFN-y, IL-2 and
TNF and (d) the fraction of the total response
comprising cells expressing all three cytokines
(3+), any two cytokines (2+), or any one cytokine
(1+). (b) The number of IFN-y spot forming

cells (SFC) as measured by ELISPOT assay.

(e) Representative fluorescence intensity
distributions of 3+, 2+, and 1+ cells in a
vaccinated mouse before and after infection
(arbitrary units). (f) The IFN-y, IL-2, and TNF
MFIs of antigen-specific 3+, 2+, and 1+ cells for
each vaccine group. Shown is the mean + s.e.m.
(n = 3 or 4) for one of at least three experiments.
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the expansion of such cells. However, we did
not observe proliferative differences between
total MML-specific CD4* T cells from mice
vaccinated with high- or low-dose MML-
ADV in vitro (Supplementary Fig. 4 online).
A second possibility is that these cells may
produce more of each cytokine on a per-cell
basis. In this regard, there is substantial
heterogeneity in the median fluorescence
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IFN-y*IL-2%, IFN-y"TNF* and IFNy*IL-2*TNF*. In contrast to the
lack of correlation seen by measuring the total frequency of IFN-y
producing cells as a single parameter (Fig. 2a,b), this analysis showed
a correlation between the frequency of multifunctional (IFN-vy, IL-2
and TNF triple-positive) CD4™ T cells and the degree of protection in
mice vaccinated with low-dose MML-ADV, MML+CpG or live
L. major (Fig. 2c). Conversely, mice vaccinated with 10! MML-ADV
were not protected from challenge (Fig. 1b) despite having a high
frequency of IFN-y single-positive cells (Fig. 2c). Differences in the
quality of the response between vaccine groups are represented pic-
torially by pie charts (Fig. 2d). Quantifying the fraction of the total
cytokine response comprising three (3+4), any two (2+) or any one (1+)
cytokine, we found that over half of the response in the 1010 MML-
ADV group was 1+ cells, whereas the response after live vaccination was
dominated by multifunctional (3+) cells. The quality of the response in
the draining lymph node and lung showed similar differences among
the vaccine groups (Supplementary Fig. 3 online). Therefore, although
different vaccines elicited similar frequencies of total antigen-specific
IFN-y responses, protection improved as the responses shifted qualita-
tively from 1+ to 3+.

intensity (MFI) of the various cytokines,
reflecting differences in cytokine production
among subsets. Indeed, the MFI of 3+ cells
was much higher for IFN-y, IL-2 and TNF
than all 2+ or 1+ cells after vaccination as
well as during an ongoing infection (Fig. 2e). Notably, we observed a
progressive decrease in the MFI for all cytokines as the degree of
functionality decreased (3+ to 1+), irrespective of vaccine group, in
spleen (Fig. 2f) as well as lymph node and lung (Supplementary
Fig. 5 online). Overall, these data highlight a fundamental property of
Tyl cytokine-producing cells by showing that functional differences
existed at distinct stages of Tyl differentiation. They further imply
that the increased secretion of cytokine by individual 3+ cells
contributed to making them better effectors.

In comparing different vaccine formulations, we noted that the
MFIs of 3+ cells elicited by different vaccines were not identical;
indeed there was a hierarchy of cytokine production that correlates
with protection (Fig. 2f). Multifunctional (3+) cells from mice
vaccinated with live L. major had the highest MFI for IFN-y and
TNF compared with all other groups, whereas those from mice
vaccinated with MML+CpG or 107 MML-ADV had a greater MFI
for IFN-y and TNF than those from the 10!° MML-ADV group. The
enhanced MFI for IFN-y and TNF from multifunctional cells from
live-vaccinated mice may reflect the fact that cells from such mice are
exposed to a low level of persistent antigen in vivo and are primed for
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optimal effector function. Hence, these data show differences in the
potency of the effector cytokine responses even among discrete
populations of Tyl cells.

Notably, in contrast to the MFIs for [FN-y and TNF, there were no
differences in the MFI for IL-2 in the multifunctional cells when
comparing all the vaccine groups (Fig. 2f). Thus, different vaccines
have a far greater influence on the relative potency of IFN-y and
TNF than IL-2 produced by multifunctional cells. Taken together,
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spleen showed low CCR7 expression, whereas cells producing IL-2,
TNF or both in the absence of IFN-y had higher expression of CCR7.
A similar distribution of cytokine-positive cells with respect to CCR7
expression was seen in lungs after vaccination with MML+CpG.
Notably, in lymph nodes draining the site of immunization, there
was a higher frequency of IL-2-, TNF-, or IL-2- and TNF-producing
cells that had low expression of CCR7 compared with the frequency of
such cells in spleen or lungs (Fig. 3). Finally, similar data were obtained
from healed mice assessed 8 months after infection (data not shown).
Thus, in this vaccine model, protection was best correlated with the
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Figure 4 Prechallenge Ty1 functionality predicts protection. (a) For each
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P < 0.04). (b) Representative images of IFN-y ELISPOT wells and mean spot

size of IFN-y ELISPOTs from the various vaccine groups. (c) MML-specific IFN-y secretion measured by ELISA from splenocytes of vaccinated mice (mean +
s.e.m., n = 3). (d) The mean frequency of MML-specific multifunctional (3+) cells (left) and the IFN-y iMFI (right) after vaccination both inversely correlate
with the lesion size after challenge in four different experiments (represented by different colors). Each individual point represents a vaccine group that
differs with respect to experiment, formulation, route, dose and time of challenge. Inset: data from an experiment done using an analog rather than digital
instrument, accounting for the change in fluorescence scale. Aggregate statistical analysis across the three or four experiments yields a single correlation
coefficient and significance value, computed from a multivariate linear least-squares model. In this model, the slope did not vary significantly by experiment,
showing that, for example, for two groups of mice where the average 3+ population differs by 0.2%, we expect a difference in lesion size of 0.75 mm.
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Figure 5 BCG vaccination elicits multifunctional Tyl cells in mice and humans. (a) In mice (n = 4), the frequency of PPD-specific CD4* T cells producing
each possible cytokine combination in the spleen (left) or lung (right) 4 months after BCG vaccination. (b) MFIs of IFN-y, IL-2, or TNF for 3+, 2+ and 1+

cells in mice after vaccination with BCG. (c) Multifunctional cytokine analysis and (d) IFN-y MFI of PPD-specific, memory CD4* T cells in PBMCs from four
humans vaccinated with BCG at various times. Shaded bars, interquartile range. PPD responses in unvaccinated mice and humans were undetectable.

induction of Tyl cells that were lower in expression of CCR7 and
would be considered effector memory cells. Notably, such cells secrete
IL-2 as well as TNF and IFN-y.

An immune correlate encompassing magnitude and quality
Differences in the frequency and MFI of 3+ cells between vaccine
groups prompted us to develop a metric that incorporates both

e, the magnitude and quality of a response and can be used to predict

@)
@protecﬁon when comparing several vaccine formulations at the

=" same time. The magnitude of a response is defined by the total

frequency of CD4* T cells producing a particular cytokine, whereas
the MFI is used to assess the potency or quality of the response.
By multiplying the frequency by the MFI, we derived a metric termed
the integrated MFI (iMFI) that reflects the total functional response of
a population of cytokine producing cells. Although there was
little difference in the frequency of total IFN-y-producing cells
between vaccine groups, significant differences in the IFN-y MFI
resulted in iMFI values that were predictive of protective efficacy
(Fig. 4a). The higher iMFI elicited by protective vaccines is deter-
mined by the underlying quality of the response and is likely to be
driven by a high frequency of multifunctional cells (Fig. 2c)
that produce more cytokine (Fig. 2f). As the iMFI reflects the
total functional response, there should be an increase in the total
amount of cytokine secreted during a response. Indeed, although the
frequency of IFN-y ELISPOTs between vaccine groups was the
same (Fig. 2b), there was marked contrast in the size and intensity
of the individual spot-forming cells (Fig. 4b), indicating that
more IFN-y per cell was produced in vaccine groups that elicited a
greater degree of protection. Moreover, after in vitro stimulation,
enhanced production of IFN-y protein (Fig. 4c) correlated with the
IFN-y iMFI (Fig. 4a).

As the iMFI is a product of frequency and quality, protective iMFI
values could also arise from a high frequency of lesser quality cells.
Indeed, mice immunized with high- or low-dose MML-ADV had
comparable IFN-y iMFI at 10 d after immunization and showed
similar protection when challenged at this time, despite differences in
IFN-y frequency (Supplementary Fig. 6 online). Finally, TNF and
IL-2 iMFIs also correlated with protection (Fig. 4a). For TNF, this was
due to the difference in MFI, as was seen with IFN-y. By contrast, for
IL-2, MFIs were similar in all vaccine groups, but the frequency varied.
These data underscore the utility of iMFI for determining a total
functional response and show that the iMFI for any of the cytokines
can be useful for correlating with protection.

To determine a statistical correlation between immune protection
and the magnitude and quality of the response, we plotted the
mean frequency of 3+ Tyl cells at the time of challenge against the
mean lesion size for four independent experiments incorporating a
variety of vaccine formulations (MML-ADV, MML+CpG, live), time
of challenge (10 d, 28 d), routes (i.m., s.q.) and MML-ADV doses
(10%-10'!) (Fig. 4d, left). Across all variables, there was a strong
inverse correlation between the frequency of 3+ cells and pathogenesis.
Furthermore, in an example of how the iMFI can be a useful metric
for individual cytokines, the IFN-y iMFI significantly correlated with
protection (Fig. 4d, right). Moreover, a similar relationship obtained
using iMFI for TNF and to a lesser extent for IL-2 (data not shown).
These findings were consistent with the fact that all three cytokines
were in fact produced in highest amounts from the same
multifunctional cells, cells which correlated with protection. In
conclusion, these data provide two prospective immune correlates of
protection that incorporate the quality of the response. The iMFI
encompasses the total functional response of a given cytokine
and, when assessed at the time of infection, provides a parameter
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for comparing the abilities of various vaccines to elicit protection.
However, a full characterization of the quality of the response provides
information on both function and phenotype, predicts protection and
may offer insight into the durability of the response.

Finally, to assess how Ty1 responses might mediate protection after
vaccination, we performed an immune analysis at the site of infection
after challenge (Supplementary Fig. 7 online). The results demon-
strated maintenance of quality after challenge and highlighted the fact
that live vaccination elicited a high frequency of multifunctional cells
that migrate into the site of infection quickly.

Multifunctional Ty1 responses elicited by BCG

To determine whether the functional hierarchy of cytokine-producing
Tyl cells existed in another vaccine model of infection requiring a
Tyl response®, we assessed the quality of the Tyl response after
Mpycobacterium bovis bacillus Calmette-Guérin (BCG) immunization
in mice and humans (Fig. 5). In mice, the antigen-specific Tyl
response after BCG consisted of a high frequency of multifunctional
(3+) and IFN-y*TNF* (24) CD4" T cells in both the spleen and the
lung (Fig. 5a). Consistent with findings in the L. major model
(Fig. 2f), there was a progressive decrease in the MFIs of IFN-y,
IL-2 and TNF when comparing 3+ cells with 2+ or 1+ cells (Fig. 5b).
Upon aerosol challenge with M. tuberculosis, BCG vaccination con-
ferred protection compared with the susceptibility of naive mice, as
demonstrated by significantly decreased (P < 0.05) bacterial burdens
(logyo colony forming units) at 1 month after challenge in both the
spleen (naive, 5.22 + 0.11; BCG, 4.41 * 0.20) and lung (naive, 6.14 £
0.07; BCG, 5.20 £ 0.06). In concert with the data from the mouse
model, the major population of antigen-specific Tyl cells from
peripheral blood mononuclear cells (PBMCs) of humans that received
BCG immunization were multifunctional or dual IFN-y- and TNF-
producing cells (Fig. 5¢). Moreover, the cytokine MFI hierarchy in
humans was similar to that observed in mice when comparing
multifunctional ~with single-positive  cytokine-producing cells
(Fig. 5d). Although these data are indicative that multifunctional
Tyl cells may be of benefit in M. tuberculosis infection, a formal
demonstration using different vaccine formulations encoding
Yo M. tuberculosis antigens that elicit distinct functional Tyl responses
that confer varying protection will be required.

© 2007 Nature Publishing Group http://www.nature.com/naturemedicine

DISCUSSION

This report reveals a fundamental property of Tyl cells, showing that
there are distinct differences in the potency of effector cells demarcated
by whether they secrete multiple cytokines. We show that Tyl cells
that produce IL-2, TNF or both are mostly CCR7* central memory
cells. These populations can develop into IFN-y-producing cells upon
subsequent activation® and are likely to provide a reservoir of long-
term central memory cells. Although such populations have a role in
protection’”, they are unlikely to be sufficient for optimal protection
in the absence of effector cells. The majority of CD4* T cells that
produce IL-2, IFN-y and TNE or IFN-y and TNF were lower in
expression of CCR7 and would be classified as effector memory cells.
Based on their enhanced production of IFN-y they are essential for
mediating protection against L. major. Finally, single-positive CD4*
IFN-y-producing cells have low MFIs and would be far less efficient as
effector cells. Thus vaccines such as high-dose MML-ADV, in which
single-positive IFN-y producing cells constitute a substantial portion of
the total CD4* cytokine response, would be more limited in mediating
optimal and sustained protection. These data raise the question of
whether Tyl cells transition from multifunctional to single-positive
IFN-y-producing cells. Indeed, this type of linear progression as it

relates to cytokine production has been suggested at the population
level for CD8™ T cells in response to chronic viral infection®.

A formal demonstration that multifunctional cells directly mediate
protection is not possible at this point because of the technical
limitations in isolating enough viable cells that simultaneously pro-
duce three cytokines. Nevertheless, it has been shown that Ty1 effector
cells, as defined by CD62LI° expression, isolated from mice previously
infected with L. major can confer protection upon transfer to naive
mice®®. Our findings that these effector cells are predominantly
multifunctional provide evidence for their key role in protection. In
conclusion, vaccines must generate sufficient, but not excessive,
differentiation to ensure a population of Tyl responses that comprise
protective effectors and durable memory cells.

The factors controlling the magnitude and quality of Tyy1 responses
are the amount and duration of antigen®” ', the type of antigen-
presenting cell! and the innate cytokine milieu*? generated by the
vaccine or adjuvant. A previous study in a mouse model of a persistent
viral infection showed that CD4" T cells undergo progressive exhaus-
tion and ultimately become unresponsive*>. As shown here, high-dose
MML-ADV, which is likely to provide more antigen and innate
cytokine production, elicited a substantially higher frequency of
total IFN-y-producing cells compared with low-dose MML-ADV at
the peak of the response (10 d; Supplementary Fig. 6). However, by
28 d the frequency of the IFN-y response had contracted to become
comparable with that seen in other vaccine groups, but its quality was
substantially different and yielded poor protection. These data indicate
that the magnitude of the peak effector Tyl response may not
necessarily correlate with durability and protection and that for Tyl
cells ‘more’ is not always ‘better’.

In terms of the durability of responses after immunization with
MML-ADV or MML+CpG, we assessed the magnitude and quality
over an extended period of time (Supplementary Fig. 8 online).
Notably, the quality of the Tyl responses generated by MML-ADV or
MML+CpG was established as early as 10-28 d after immunization
and remained consistent over a prolonged period of time. Thus,
vaccines seemed to imprint the quality of the response early after
immunization. By contrast, the magnitude of the responses decreased
over time in all vaccine groups (Supplementary Fig. 8). Although we
have not determined whether low-dose MML-ADV provides long-
term protection, the progressive decrease in the Tyl response makes it
unlikely that this vaccine modality would elicit sustained protection.
Moreover, we have observed that protection after MML+CpG begins
to wane 6 months after immunization. Thus, despite a favorable
quality, the magnitude of this response may not be sufficient to
mediate optimal protection. A final point is that although the quality
of responses may remain constant over a defined period of time,
additional immunization(s) can alter the quality of the responses*‘.

In contrast to MML-ADV and MML+CpG vaccines, which do not
provide persistent antigen and are unlikely to mediate sustained
protection, vaccination or infection with live L. major elicits complete
life-long immunity. As L. major has evolved mechanisms to allow
persistence in host cells®, it provides a low level of sustained antigen,
which is required for generating and sustaining a high frequency of
multifunctional effector cells. This requirement for persistent anti-
gen?>?4 puts a substantial constraint on whether nonlive vaccines can
generate a sufficient frequency of multifunctional Tyl effector cells
that are sustained over a prolonged period of time. Thus in using
nonlive recombinant vaccine formulations or live vaccines that are
cleared from the body, boosting throughout the lifetime of the
individual may be necessary to ensure full protective immunity for
infections requiring Tyl responses. Boosting may help maintain a
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sufficient frequency of potent effector cells that act immediately upon
infection as well as a reservoir of memory cells with effector capacity?>.

In conclusion, this study provides evidence why multifunctional
Tyl cells are better for mediating effector function. Although such
cells may be necessary for optimal and sustained protection for
infections requiring Ty1 responses, they may not always be sufficient.
This will depend on the magnitude, potency and durability of multi-
functional responses and may vary depending on the vaccine. The
findings that multifunctional Ty1 cells are better effectors also extend
to CD8" T cells. Indeed, it has recently been shown that CD8* T cells
from HIV-infected individuals with better control of infection have an
increased frequency of multifunctional cells compared with those
individuals with progressive disease. In this regard, we have also
observed that CD8% T cells that secrete IL-2, TNF and IFN-y make
more IFN-y than IFN-y*TNF' or IFN-y* cells (data not shown),
indicating that these multifunctional CD8" T cells might be better
effectors. Hence, in evaluating vaccine candidates against HIV, malaria
and tuberculosis in which Tyl T cells, CD8" T cells or both may be
required, it will be important to determine which vaccine or regimen
elicits the highest frequency of the most potent multifunctional cells.
The findings reported here should be useful for improving the design
of preventive and therapeutic vaccines against infections and cancer to
elicit qualitatively better T-cell responses.

METHODS

Mice. C57BL/6 mice purchased from The Jackson Laboratory were maintained
in the Vaccine Research Center Animal Care Unit under pathogen-free
conditions. All experiments were approved by the Vaccine Research Center
animal care and use committee.

Immunization. MML, also known as Leish-111f, is a recombinant leishmanial
polyprotein shown to be protective in vivo*”. We immunized mice with
10%-10'! viral particles (approximately 16 particles per infectious unit) of
replication-deficient adenovirus that expressed MML (MML-ADV), in a single
injection either i.m. (leg) or s.q. (foot). MML (25 pg) and CpG 1826 (Coley
Pharmaceutical Group; 50 pg) were administered s.q. three times, 2 weeks
apart, as previously described®. In some experiments, 1 mg of antibody to CD4
(GK1.5; Harlan Bioproducts for Science) was given intraperitoneally 2 d before
Yo, and after vaccination. For live vaccinations, mice received 10* metacyclic
@L. major promastigotes (V1, MHOM/IL/80/Friedlin) s.q. or 5 x 10° M. bovis
=¥ BCG Pasteur (Staten Serum Institute) i.m.

Infectious challenge and parasite quantification. Mice were challenged
intradermally in both ears with 500-1,000 metacyclic L. major promastigotes
either 10 or 28 d after vaccination, as previously described?®. Live-vaccinated
mice had healed the infection 6 months earlier. In some experiments, we
administered 0.5 mg antibody to IFN-y (XMG1.2; Harlan Bioproducts for
Science) or antibody to TNF (MP6-XT22) intraperitoneally at the time of
infection and weekly thereafter. We measured the diameter of dermal lesions (at
least 12 ears per time point) weekly. Parasite numbers in the ear were
determined as previously described*® and scored as the highest dilution
containing viable parasites after incubation for 5 d at 26 °C. For M. tuberculosis
studies, naive or BCG-vaccinated mice were challenged with 200 virulent M.
tuberculosis Erdman 3 months after immunization. We counted the number of
colony-forming units to determine the bacterial burden in the spleen and lung
1 month after challenge.

ELISPOT and ELISA. For individual spleen samples (n = 3), we incubated
2 x 10° (ELISPOT) or 4 x 10° (ELISA) cells in triplicate with 20 pg/ml MML
protein in a total volume of 200 pl at 37 °C. The frequency of IFN-y producing
cells was measured after 24 h (BD ELISPOT; BD Pharmingen) using an
Axioplan 2 imaging system (Zeiss) and IFN-y protein in cell supernatants
was measured after 48 h (Quantikine ELISA; R&D Systems) using a Spectramax
Plus (Molecular Devices).

ARTICLES

Multiparameter flow cytometry. We incubated cells harvested from infected
ears’’ or 1.5 x 10° leukocytes from spleen, lymph node or lung with 2 pg/ml
antibody to CD28 (BD Pharmingen) and 20 pg/ml MML or PPD (purified
protein derivative, CSL Ltd.) for 2 h at 37 °C. Brefeldin A (BFA; Sigma-Aldrich)
was added at a final concentration of 10 pg/ml and cells were incubated for an
additional 4 h before intracellular cytokine staining. Cells were incubated with
the viability dye ViViD (Molecular Probes) as previously described*’, followed
by staining for CD3, CD4, CD8 (Biolegend), CCR7 (Biolegend), IFN-v, IL-2,
TNF and IL-10 (eBioscience) using the BD Cytofix/Cytoperm kit according to
the manufacturer’s instructions. Finally, we resuspended cells in BD stabilizing
fixative. All antibodies and all reagents for intracellular cytokine staining were
purchased from BD Pharmingen except where noted. We acquired 250,000 live
lymphocytes per sample using a modified BD LSR II flow cytometer and
analyzed the data using SPICE 4.0 and FlowJo software (Tree Star). For
additional information, see Supplementary Figure 2. Samples from one
experiment were analyzed using a BD FACS Calibur; the change in instrument
type (analog Calibur versus digital LSR) accounts for differences in the
fluorescence scales and iMFI values between experiments (for example,
Fig. 4d, right).

Human donors. Informed consent was obtained from all subjects and the study
was approved by the local Ethics Committee for Copenhagen and Frederiksberg
(KF11-004/01) in 2001. PBMCs were re-stimulated with 5 pg/ml PPD in the
presence of 1 pg/ml antibody to CD49d and antibody to CD28 in the presence
of 10 pg/ml BFA for 6 h before staining for CD3, CD4, CD8, CD27, CD45RO,
IFN-y, IL-2 and TNE. Naive CD4" T cells were identified as CD27TCD45RO".

Statistics. All comparisons between vaccine groups used a two-tailed Student’s
t-test assuming unequal variances. For challenge data, we compared lesions
(n = 12 ears per group) at the time of peak lesion size in unimmunized mice
(~7 weeks) and quantified parasite numbers at the end of the lesion time
course. Comparison of frequency, MFI and iMFI in the spleen was based on
3—4 mice per group. All cytokine frequencies and iMFI values reported are after
background subtraction of the frequency or iMFI of the identically gated
population of cells from the same sample stimulated without antigen. We
calculated correlations between the prechallenge mean frequency of 3+ cells or
mean IFN-y iMFI and the postchallenge mean lesion size (~ 7 weeks) using a
multivariate linear regression model (aggregate least-squares fit). We used JMP
5.1 (SAS Institute) for all statistical analyses.

Note: Supplementary information is available on the Nature Medicine website.
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