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Abstract

The discovery of new vaccines against infectious diseases and cancer requires the development of
novel adjuvants with well-defined activities. The TLR4 agonist adjuvant GLA-SE elicits robust
TH1 responses to a variety of vaccine antigens and is in clinical development for both infectious
diseases and cancer. We demonstrate that immunization with a recombinant protein antigen and
GLA-SE also induces granzyme A expression in CD4 T cells and produces cytolytic cells that can
be detected in vivo. Surprisingly these in vivo CTLs were CD4 T cells, not CD8 T cells and this
cytolytic activity was not dependent on granzyme A/B or perforin. Unlike previously reported
CD4 CTLs the transcription factors Thet and Eomes were not necessary for their development.
CTL activity was also independent of the FasL-Fas, TRAIL-DR5, and canonical death pathways,
indicating a novel mechanism of CTL activity. Rather, the in vivo CD4 CTL activity induced by
vaccination required T cell expression of CD154 (CD40 ligand) and target cell expression of
CDA40. Thus, vaccination with a TLR4 agonist adjuvant induces CD4 CTLs which kill through a
previously unknown CD154-dependent mechanism.

Introduction

MHC class Il restricted CD4 T cells have traditionally been characterized as helper T cells
(TH) based on their ability to modify or enhance the immune response mediated by CD8 T
cells, B cells and innate immune cells. Help is mediated by both cell-cell interactions such as
CD154-CD40 cross talk with B cells and secretion of cytokines including TNF and IFN-y
which cause maturation of phagocytic cells such as macrophages. CD8 T cells also produce
some of these same cytokines but can also directly kill target cells presenting a cognate
MHC class I:peptide complex. CD8 cytolytic T lymphocytes (CTLs) use two primary
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mechanisms of cytolysis: exocytosis of lytic granules containing perforin and granzymes
and cell surface receptors including FasL that bind receptors on the target cell that initiate a
cell death pathway. Death of the target cell can proceed via several different signaling
pathways including a caspase 3- or caspase 7-dependent pathway and Bad/Bax pathway of
mitochondria cytochrome c release (1).

CDA4 T cells with lytic activity have also been described, however early work was based on
long-term cultured CD4 T clones, suggesting this may be an in vitro artifact resulting from
chronic antigen stimulation and IL-2 signaling (2). More recent in vivo and directly ex vivo
work has described CD4 CTLs that express perforin and the most well characterized
cytolytic granzyme, granzyme B (reviewed in (3, 4)). These CD4 CTL have been implicated
in the control of a number of viral infections including LCMV, influenza, mousepox, and
West Nile virus in mice (5-8). Human CD4 CTLs expressing lytic granules have also been
described for HIV, HCMV, and Epstein-Barr virus as well as mycobacteria including BCG
and Mycobacterium tuberculosis (M.th.) infections (9-16). Human and mouse CD4 CTL
can also kill via cell-cell contact by expressing FasL or the related surface protein TRAIL
which bind Fas or death receptor 5 (DR5), respectively, on target cells to induce death (9,
17, 18). Of note Woodworth et al. found that M.th.-specific CD4 CTLs were induced in
mice infected with M.tb., but unlike those produced by viral infection, these CD4 CTL
killed via an undefined mechanism that was independent of perforin, Fas-FasL, and TNFR1
(19).

The major lineages of CD4 T cell differentiation including TH1, TH2, TH17, Treg and TFH
have been linked to expression of a fate determining transcription factor, Thet, GATAS,
RORvt, FoxP3, or Bcl-6, respectively. CTL activity was originally ascribed to a subset of
THA1 cells, although other groups found that non-polarized CD4 T cells could also mediate
CTL activity. More recently the T-box transcription factor Eomes was found to be necessary
for the expression of granzyme B in mouse CD4 T cells stimulated via CD134 and CD137, a
regimen sufficient to produce CD4 CTL (20). Similarly ectopic expression of Eomes drove
perforin and FasL expression in mouse TH2 cells, converting them to CD4 CTL (21). The
exact conditions necessary to induce CD4 CTL in vitro and in vivo are still being established
but it seems clear that both antigen concentration and I1L-2 availability can affect CD4 CTL
programming (22).

Given the contribution of CD4 CTL to the immune response to a number of bacterial and
viral infections it would be useful to develop a vaccination scheme that can intentionally
elicit these cells. We have developed a number of adjuvants that preferentially augment TH1
or TH2 responses or boost antibody responses to protein antigens indicating the induction of
TFHs (23-26). Using the recombinant M.th. protein antigen ID93 we have found that the
synthetic TLR4 agonist GLA augments IFN-y and TNF CD4 T cell responses when
formulated in an oil-in-water stable emulsion (SE) (24, 26). We now report that this
vaccination scheme also elicits CD4 T cells that express granzyme A and are lytic in vivo.
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Materials and Methods

Mice and immunizations

Intracellular

Wild type C57BI/6, B6.SJL-Ptprc@Pepc?/BoyJ (CD45.1), 129X1/SvJ-GzmatmiLey
Gzmbt™M2-1Ley/3 (Gzm A/B~'~, B6.Cg-Tg(Cd4-cre)1Cwi/Bflul (CD4-Cre*), B6.12951(cg)-
EomestM1-1Bflu/y (Eomes fl/fl), Thet—/—, B6Smn.C3-Fasl9!9/J (FasL™~), B6.MRL-Fas!P'/]
(Fas™"), C57BL/6-Pfr1tm1Sdz/y (pfr=/-), B6N.129S1-Casp3iMFlV/y (Casp3 ), B6.129S6-
Casp7™mIFIV/j (Casp7/7), B6.129X1-BaxM1Sik/J (Bax "), B6;129S-Tnfrsflatmiimx
Tnfrsflb™Imx/3 (TNFR1/27/), B6.129P2-Cd40!™1Kik/j (CD40~/-), and B6.129S2-
Cd40lgtmLImx/j (CD154~/") mice were purchased from Jackson Laboratories (Bar Harbor,
ME). Splenocytes from DR5~/~ mice on the C57BI/6 background (27) were a kind gift from
Stephen Schoenberger (La Jolla Institute for Allergy and Immunology). CD4-Cre* and
Eomesf/f!l mice were interbred to establish CD4-Cre* Eomesfl/fl (Eomes®%) and CD4-Cre~
Eomes/fl (Eomes™/f!) lines. Mice were immunized by intramuscular injection with the
recombinant protein 1D93 unadjuvanted or formulated with the adjuvant GLA-SE to provide
a final vaccine dose of 0.5 g antigen and 5 ug GLA-SE (28). All mice were maintained in
specific pathogen-free conditions. All procedures were approved by the IDRI institutional
animal care and use committee.

cytokine and tetramer staining

One week after immunization splenocytes were plated at 2x106 cells/well and stimulated for
2 hours at 37°C with 1D93 (10 ug/mL) or unstimulated. GolgiPlug (BD Biosciences) was
added and the cells were incubated for an additional 8 hours at 37°C. Cells were washed and
surface stained with fluorochrome-labeled antibodies to CD4 (clone RM4-5) and CD8
(clone 53-6.7) (BioLegend and eBioscience) in the presence of anti-CD16/32 (clone 2.4G2)
for 20 minutes. Cells were washed and permeabilized with Cytofix/Cytoperm (BD
Biosciences) for 20 minutes. Cells were washed with Perm/Wash (BD Biosciences) and
stained intracellularly with fluorochrome-labeled antibodies to CD154 (clone MR1), IFN-y
(clone XMG-1.2), IL-2 (clone JES6-5H4) and TNF (clone MP6-XT22) (BioLegend and
eBioscience) for 20 minutes. Cells were washed and resuspended in PBS. Up to 10° events
were collected on an LSRFortessa flow cytometer (BD Biosciences). Data were analyzed
with FlowJo v9. Cells were gated as singlets > lymphocytes > CD4+ CD8- or CD4~ CD8*
> cytokine positive. 1D93 specific response frequencies were determined by subtracting the
frequency of response positives of unstimulated cells from 1D93 stimulated cells in matched
samples.

Alternatively splenocytes were stained for 90 minutes at 37°C with an I-AP tetramer
presenting the dominant epitope of Rv3619 (VIYEQANAHGQ), one of the components of
ID93 (24). APC labeled tetramers were provided by the NIH Tetramer Core Facility. Cells
were then surface stained with fluorochrome-labeled antibodies to CD4, CD8, CD44 (clone
IM7), and lineage (CD19 (clone 1D3), CD11b (clone M1/70), and I-AP (clone AF6-120.1))
in the presence of anti-CD16/32 for 20 minutes. Cells were washed and permeabilized with
Cytofix/Cytoperm (BD Biosciences) for 20 minutes. Cells were washed with Perm/Wash
(BD Biosciences) and stained intracellularly with fluorochrome-labeled antibodies to
granzyme A (clone GzA-3G8.5), granzyme B (clone GB11), perforin (clone eBioOMAK-
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D), and Eomes (clone Danl11mag) (BioLegend, eBioscience, and BD Biosciences). Cells
were washed and resuspended in PBS. Up to 10° events were collected on an LSRFortessa
flow cytometer (BD Biosciences). Data were analyzed with FlowJo v9. Cells were gated as
singlets > lymphocytes > lin~ > CD4+ CD8-> CD44M tetramer+ > intracellular marker.

In vivo killing

Statistics

Results

Target CD45.1 splenocytes were isolated and red blood cells were lysed. Cells were split
equally and labeled with 4 uM or 0.4 uM CFSE for 10 minutes in PBS at 37C. Cells were
washed twice with RPMI + 20% FCS. CFSEN cells were then incubated for 1 hr at 37°C
with 1D93 (10 pg/mL) and washed. CFSEN and CFSE!® cells were combined 1:1 in PBS. In
some experiments CD45.1 and CD40~/~, Fas™~, or DR5™~ (all CD45.2) target cells were
mixed 1:1 prior to CFSE and ID93 labeling and analyzed in the same recipients. Up to 107
target cells were intravenously injected into immunized animals and matched unimmunized
controls one week after immunization. One day later splenocytes were harvested from
recipients and red blood cells were lysed. Depending on the experiment cells were stained
for CD45.1 (clone A20), CD45.2 (clone 104), and I-AP (eBioscience and BioLegend). Cells
were gated as singlets > lymphocytes > CFSE* donors > CD45.1* CD45.2™ or CD45.1~
CD45.2* > |-AP* or I-AP~ > CFSEN or CFSE®. Specific lysis was calculated as (1 —
(CFSEM immunized/ CFSE' immunized)/average (CFSEM ynimmunized/

CFSE!® |nimmunized))*100 as described previously (5). In some experiments immunized mice
were depleted of CD4™ cells (clone GK1.5) or CD8* cells and NK1.1* cells (clones 53-6.7
and PK136, respectively) two days prior to transfer of target cells by intraperitoneal
injection of 0.25 mg of each depleting antibody.

The Student’s t test was used to analyze data sets consisting of only two groups. ANOVA
analysis with the Bonferroni correction for multiple comparisons was used when more than
two groups were analyzed. Statistical analyses were performed using Prism software
(GraphPad Software, Inc., La Jolla, CA).

Expression of cytolytic markers in CD4 T cells after immunization

Parenteral immunization with ID93+GLA-SE produces ID93-specific CD4 T cells that
produce a number of TH1-associated cytokines upon stimulation, including IFN-y, TNF,
IL-2, and GM-CSF, as well as expression of CD154 (CD40 ligand) (24). However cytokine-
producing CD8 T cells are not evident (29). To determine whether immunization produced
cytolytic CD8 T cells that were not detectable by cytokine secretion we employed an in vivo
killing assay. CD45.1 congenic splenocytes were differentially labeled with high or low
concentrations of CFSE ex vivo and pulsed with 1D93 or left unpulsed. Labeled cells were
mixed 1:1 and intravenously injected into immunized or unimmunized animals. 18 hours
later there was a substantial reduction in the frequency of ID93-pulsed target cells in the
immunized recipients compared to the unimmunized controls, indicating the presence of
ID93-specific CTLs (Figure 1A and B). Surprisingly CD8 T cells from these same animals
did not degranulate upon in vitro stimulation with 1D93, as measured by surface capture of
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CD107a during stimulation (data not shown). Further immunization did not induce the
expression of granzyme A, granzyme B or perforin in CD44" CD8 T cells (Figure 1C).
Unexpectedly, we found that a significant number of CD44M CD4 T cells contained
granzyme A, but not granzyme B or perforin (Figure 2 A-D). Granzyme A was further
enriched in 1D93-specific CD4 T cells identified with an I-AP tetramer loaded with the
dominant epitope from Rv3619, one of the component proteins of 1D93. Additionally these
cells had an increased level of expression of the transcription factor Eomes, which has been
linked to the development of cytolytic CD4 T cells (Figure 2E) (20, 21).

CD4 cells mediate MHCII-restricted cytotoxicity

To determine whether MHCII-restricted CD4 T cells were mediating the in vivo cytotoxicity
we observed after immunization we assessed the killing of MHCII+ and MHCII- target
cells pulsed with 1D93. ID93 pulsed MHCII+ cells were almost completely ablated in
vaccinated recipients whereas there was minimal killing of MHCII- 1D93 pulsed cells
(Figure 3A and B). Induction of these MHCII-restricted CTLs largely depended on the
GLA-SE adjuvant, as immunization with ID93 alone elicited very little specific in vivo
killing, in line with the paucity of ID93-specific CD4 T cells generated by immunization
with 1D93 alone (Figure 3B) (24). Similar results of adjuvant dependent induction of
MHCII-restricted in vivo killing were obtained with a second fusion protein, F3, consisting
of two Leishmania proteins, adjuvanted with GLA-SE (data not shown).

To confirm that this was mediated by CD4 T cells and not canonical cytolytic cell
populations such as CD8 T cells or NK cells we depleted CD4 T cells or CD8 T cells and
NK cells after vaccination. Depletion of CD4 T cells completely abolished the in vivo
killing of MHCI I+ cells in vaccinated animals, whereas CD8 T cell and NK cell depletion
had no effect (Figure 3C). Taken together we find that ID93+GLA-SE produces a novel
population of CD4 T cells that expresses granzyme A and Eomes and kills ID93-pulsed cells
invivo in an MHC Il restricted manner.

CD4 cytotoxicity is independent of granzyme, perforin, Eomes, FasL, TRAIL, and canonical
death signaling pathways

The lack of perforin expression by 1D93-specific CD4 T cells suggested that the in vivo
cytolytic activity may not depend on the expression of granzyme A. To test this hypothesis
we immunized WT and granzyme A/B deficient mice. Granzyme A staining in memory and
ID93-specific CD4 T cells was abolished in the granzyme A/B deficient animals, confirming
the specificity of the staining (Figure 4A). Despite the loss of granzyme A expression, the in
vivo cytolytic capacity was not diminished in the immunized GzmA/B~~ mice (Figure 4B).
Further the in vivo killing was not dependent on perforin expression as killing was not
ablated in vaccinated Pfr~/~ animals (Figure 4C). Thus the in vivo CD4 T cell mediated
cytotoxicity does not depend on exocytosis of lytic granules containing granzymes or
perforin.

The Thox transcription factor Eomes is critical for the development of cytolytic CD4 T cells
by CD134 and CD137 stimulation (20) and is upregulated along with Thet in 1D93-specific
CDA T cells following vaccination with ID93+GLA-SE (24)and Figure 2E). As global
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Eomes deficiency is embryonic lethal, we bred Eomesf/fl and CD4-Cre mice to generate
either CD4-Cre~ Eomesfl/fl (Eomes /Tl or CD4-Cre* Eomesfl/fl (Eomes 90) which lack
Eomes expression in all T cells (30). Eomes-deficiency reduced the frequency of ID93-
specific TH1 cells by ~50% following vaccination (Figure 5A). To our surprise Eomes was
not necessary for the killing of MHCII+ target cells in vivo (Figure 5B). To determine
whether the residual TH1 cells were sufficient to mediate in vivo cytotoxicity we immunized
WT and Thet™~ mice. As expected Thet was necessary for the generation of 1D93-specific
THA1 cells, however there was a modest frequency of 1D93-specific cells remaining in the
vaccinated Thet™~ mice as determined by CD154 expression upon 1D93 stimulation (Figure
5C). Thet-deficiency resulted in a modest, but significant (P<0.01) reduction in specific lysis
of MHCII+ cells in vivo (Figure 5D). However there was substantial residual in vivo
cytotoxicity activity indicating that neither transcription factor was essential for the
development of CD4 CTL following vaccination and that CD4 CTL activity did not depend
on TH1 differentiation controlled by Thet.

In addition to producing perforin and granzyme-containing lytic granules, CTLs can kill
target cells via cell-cell interactions, primarily FasL on the CTL binding to Fas on the target
cell. To test this possibility we immunized WT and FasL™/~ mice with ID93+GLA-SE. One
week after immunization WT and FasL ™/~ cohorts were able to kill MHCI1+ target cells with
similar efficiency (Figure 6A). To determine whether this killing was mediated by redundant
lytic granule and Fas-FasL pathways we examined the killing of a mixture of CD45.1 and
Fas™'~ target cells in WT and perforin-deficient recipients. Immunized perforin-deficient
recipients killed Fas™" targets more efficiently than CD45.1 targets, indicating that perforin-
dependent cytolytic granules and the Fas-FasL pathway are dispensable for CD4 CTL
activity following vaccination (Figure 6B).

The TNF super receptor family member death receptor 5 (DR5) can also initiate cell death
on target cells when engaged by its ligand TRAIL on cognate CTLs (31). To test this
possibility we transferred a 1:1 mix of CD45.1 and DR5~/~ target cells into immunized WT
and Pfr~/~ recipients. As with Fas-deficiency we found that neither DR5 nor perforin were
necessary for in vivo cytotoxicity (Figure 6C). Based on these results none of the canonical
CTL effector pathways are necessary for CD4 CTL activity after vaccination.

To determine whether these cells kill via one of the canonical cell death signaling pathways
or a unique pathway we immunized a cohort of WT mice and transferred in either WT
targets or targets lacking a canonical cell death signaling component, either caspase 3,
caspase 7, Bax, or TNFR1/2 (1, 32). Surprisingly none of these signaling components were
necessary for the killing of MHCI I+ targets in vaccinated recipients (Figure 6D). These data
suggested a novel killing pathway that was independent of the known effector and signaling
pathways associated with CTL activity.

CD4 cytotoxicity depends on CD40 and CD154

In the absence of Thet there was a partial loss of in vivo cytotoxicity, along with a complete
loss of TH1 cytokine production (Figure 5C and D). However even in these animals
substantial CTL activity remained, along with some 1D93-specific CD154 expression by
CDA T cells. B cells are the most prevalent MHCII-expressing splenocytes in our target cell
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population and they constitutively express CD40. To determine whether CD154 was
necessary for in vivo killing of MHCII* cells, we immunized WT and CD154~/~ animals
and transferred in a 1:1 mix of CD45.1 and CD40~/~ target cells. Immunization of CD154—/
— mice generated a greater frequency of 1D93-specific CD4 T cells as determined by the
frequency of CD4 T cells producing IFN-y, TNF, or IL-2 upon 1D93 stimulation or by 1-AP
tetramer labeling (Figure 7A and B). Unlike the other knockouts tested CD154~/~ mice
failed to kill WT MHCII* target cells. Similarly WT mice were unable to kill CD40~/
MHCII™* target cells (Figure 7C). Thus ID93+GLA-SE immunization produces CD4 CTLs
that express CD154 that binds CD40 on MHCII* cells presenting the cognate antigens
resulting in death of the target cell.

Discussion

The TLR4 agonist adjuvant GLA-SE augments a robust TH1 and antibody response when
paired with recombinant protein vaccine antigens. (24, 26) We now find that this
combination also induces CD4 T cells with the ability to kill cells bearing cognate
MHCII:peptide complexes. Although CD4 CTLs have been noted for more than three
decades, to our knowledge reports of vaccine-elicited CD4 CTLs have been rare. Unlike
previous reports we find that this CD4 CTL activity does not rely on any of the canonical
CTL mechanisms including perforin, granzymes, Fas-FasL, or TRAIL-DR5; rather the CD4
CTLs induce cell death by ligating CD40 on target cells via expression of CD154. Unlike
other CD4 CTLs these cells do not require the expression of the transcription factor Eomes
for their cytolytic activity.

CDA4 T cells have traditionally been characterized by their ability to provide help to a
number of different immune responses including augmenting B cell production of antibodies
and formation of memory cells, modifying APCs to more efficiently prime CD8 T cells, and
activating macrophages to resist intracellular infections. In addition direct cytolytic activity
of CD4 T cells was noted in cell lines, but largely dismissed as an artifact of the long-term
stimulation and culturing needed to detect the cytolytic activity (2). More recently CD4
CTLs specific for a number of viral infections have been isolated directly ex vivo. These
include CD4 CTLs that recognize HIV, influenza, EBV, and many other pathogens
(reviewed in (4, 33)). By adapting an in vivo Killing assay, Jellison et al. demonstrated that
CD4 CTLs arise during murine LCMV infection (5). Notably these CD4 CTLs are almost as
efficient at killing target cells in vivo as the canonical CD8 CTLs, although the kinetics of
killing is slower for CD4 CTLs (34). CD4 CTLs likely play an important role in controlling
pathogens that infect macrophages and other APCs as well as other cell types that express
MHC class Il either constitutively or upon infection. In mice perforin expression by CD4 T
cells is important for the control of both influenza and ectromelia virus (6, 8). In humans the
frequency of malaria-specific CD4 T cells that degranulate upon stimulation correlates with
protection against experimental malaria challenge, whereas the frequency of malaria-
specific IFN-y-producing CD4 or CD8 T cells do not correlate with protection, suggesting a
role for CD4 CTLs in controlling malaria infection (35). In HIV the frequency of Gag-
specific CD4 T cells that express granzyme A and other cytolytic markers correlates with
suppression of viral load and prevention of disease progression in patients not undergoing
anti-retroviral therapy (11). Although the granzyme A expression by CD4 T cells elicited by
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immunization that we observed following vaccination was not necessary for CD4 CTL
activity in this study, it is intriguing to speculate about its potential benefits. Induction of
granzyme A expressing CD4 T cells via the GLA-SE adjuvant may be a beneficial
component of an efficacious vaccine.

Human and murine CD4 CTLs have been shown to kill via perforin or Fas-dependent
pathways, or both. The usage of perforin or Fas depends on the identity of the pathogen
driving CTL development as well as antigen abundance and concentrations of IL-2 (4, 16,
22, 33). However these pathways are not sufficient to explain the activity of some CD4
CTLs. Using an in vivo killing assay similar to the one we use here, Woodworth et al. found
that M.tb.-specific CD4 CTLs arise during infection of mice (19). This activity was
independent on perforin, Fas-FasL, and TNF, leading the authors to conclude there was a
novel, but undefined mechanism of CD4 CTL. Similarly perforin- and Fas-independent CD4
CTLs have been observed in murine y-herpesvirus 68 infection (36). Based on our
observations here we speculate that these CD4 CTL activities may also depend on CD154
engagement of CD40 on target cells. Granzyme/perforin- and Fas-dependent cell death
require the activation of executioner caspase pathways including caspase 3 and 7 or
mitochondrial cytochrome c efflux mediated by Bad/Bax (1). We found that these pathways
are dispensable for CD4 CTL activity in this system. CD40 signals through a variety of
TRAF molecules to engage a number of downstream signaling pathways (reviewed in (37)).
It is possible that one or more of these TRAF pathways may be engaged to drive target cell
death in this system.

CD4 CTL activity has been associated with IFN-y-producing CD4 T cells, suggesting that
they are not a unique lineage, but rather a subset of TH1 cells. However recent work by
Brown and Swain demonstrated that non-polarizing conditions (i.e. THO) are more effective
for producing CD4 CTLs than TH1 or TH2 polarizing conditions (22). Additionally
expression of the T-box transcription factor Eomes is essential for the expression of
granzyme B by CD4 T cells stimulated via CD134 and CD137 (20). Ectopic expression of
Eomes was sufficient to convert non-cytolytic Th2 cells into CTLs, suggesting that Eomes-
dependent CD4 CTLs represent a unique differentiation pathway (21). Type | interferons
may also play a role in some CD4 CTL development by acting on the transcription factors
Blimp-1 and Thet (38). The CD154-dependent CD4 CTLs we report here do not require
Thet expression, strongly suggesting that they are not a subset of TH1 cells. To our surprise
they also did not require Eomes expression, indicating that they develop via a unique
differentiation mechanism. CD154 expression upon antigen stimulation has been proposed
as an indicator of CD4 T cell specificity regardless of TH subset differentiation, thus CD4
CTL activity via this pathway may be common to all antigen-experienced CD4 T cells (39).

CDA4 T cell expressed CD154 ligation of CD40 on B cells and APCs plays a central role in
many adaptive immune responses. CD40 is constitutively expressed on B cells throughout
development. CD40 signaling is essential for the development of T dependent antigen
responses including germinal center formation, somatic hypermutation, isotype switching,
memory B cell differentiation, and generation of plasma cells (reviewed in (37)). Defects in
CD154-CDA40 result in one of several types of Hyper-lgM syndrome (X linked in the cases
of CD154 deficiency) marked by a lack of class switching and somatic hypermutation (40).
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CDA40 engagement on APCs upregulates MHC and co-stimulatory molecules necessary for T
cell priming, augments IL-12 secretion, and promotes cross presentation. CD40 engagement
on both B cells and APCs can promote survival by upregulating the pro-survival genes Bcl-
XL and c-FLIP (41-43). Considering this pro-survival effect of CD154-CDA40 signaling we
were surprised to find that CD154 and CD40 were essential for the in vivo CTL activity
observed after vaccination. However CD40 has also been implicated in cell death under
certain circumstances. For example CD40 signaling can increase expression of Fas on tumor
cells, increasing susceptibility to FasL-mediated killing (44-46). Engagement of CD40 on
tumor cells can inhibit proliferation via an undefined mechanism (47, 48). More directly
human trimeric CD154 can induce apoptosis of CD40-expressing solid tumors (46). Finally
the CD40 agonist antibody dacetuzumab is used to treat metastatic melanomas and B cell
lymphomas by inducing apoptosis (49, 50). Thus the ability to induce CD154-dependent
CD4 CTLs by vaccination with an adjuvanted protein may be of particular benefit for
therapeutic cancer vaccines.

In summary we find that the TLR4 agonist adjuvant GLA-SE induces CD4 CTLs with the
ability to kill autologous B cells that present a cognate MHCI1:peptide complex. This
activity is independent of all previously defined CTL mechanisms and instead depends on
CD154 engagement of CD40 on target cells. This represents a newly defined function for
this receptor-ligand pair and may be related to the observations of anti-tumor activity of
CD40 engagement. Future efforts will be dedicated to defining the signaling mechanisms
necessary for CTL activity and application of this to the development of effective CTL
vaccines.
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Figure 2. ID93+GL A-SE immunization elicits granzyme A expressing CD4 T cells

(A) ID93-specific CD4 T cells were identified by tetramer staining after immunization. The
frequency of (B) granzyme A, (C) granzyme B, and (D) perforin or (E) MFI of Eomes was
determined for naive (CD44!°), memory (CD44") or Rv3619 tetramer specific CD4 T cells

from unimmunized (black bars) and immunized (white bars) animals. N=5 animals. Data are
representative of three experiments with similar results. Bars represent mean + s.d.
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Figure 3. ID93+GL A-SE immunization produces cytolytic CD4 T cells
(A) ID93+GLA-SE (black line) and unimmunized (gray fill) mice received a 1:1 mix of

ID93 pulsed (CFSEM) and unpulsed (CFSE") cells. 18 hours later MHCII* CFSEN cells
were specifically eliminated in the ID93+GLA-SE immunized recipients. (B) The frequency
of in vivo killing of MHCII* and MHCII~ cells was determined for animals immunized with
ID93 alone or ID93+GLA-SE. (C) Depletion of CD4 T cells, but not CD8 T cells and NK
cells following vaccination with ID93+GLA-SE was sufficient to ablate the in vivo killing
of 1D93 pulsed MHCII* cells. N=5 animals/group. Data are representative of three
experiments with similar results. Bars represent mean + s.d.
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Figure 4. In vivo cytotoxicity does not require granzyme A/B or perforin
(A and B) WT and GzmA/B-/- mice were immunized with ID93+GLA-SE or left

unimmunized. (A) The frequency of granzyme A expression by memory (CD44M) and
Rv3619 tetramer-specific CD4 T cells was increased in vaccinated WT but not GzmA/B-/-
immunized animals. In vivo cytotoxicity of MHCII+ cells was not impaired by (B)
granzyme A/B or (C) perforin deficiency relative to WT. N=5 animals/group. Data are
representative of (A and B) two or (C) four experiments with similar results. Bars represent
mean + s.d.
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Figure 5. Development of cytolytic CD4 T cells by vaccination isindependent of the Thox
transcription factors Eomes and Thet

(A) The frequency of 1D93 specific Tyl cells and (B) in vivo cytotoxicity against MHCII*
ID93 pulsed target cells were determined in 1D93-GLA-SE immunized Eomes™/fl and
Eomes?© mice. (C and D) WT and Thet™~ mice were immunized with ID93+GLA-SE. (C)
Only the WT animals developed 1D93-specific Tyl cells, (D) but both populations killed
MHCII* ID93 pulsed target cells in vivo. N=5 animals/group . Data are representative of (A
and B) four or (C and D) two experiments with similar results. Bars represent mean + s.d.
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Figure 6. Invivo CD4 T cell cytotoxicity isindependent of canonical cytolytic pathways
(A) WT and FasL ™/~ immunized mice both kill MHCII* CD45.1 cells. (B) WT and Pfr~/~

immunized mice both kill CD45.1 and Fas™~ MHCII* WT cells. (C) WT and Pfr~/-

immunized mice kill CD45.1 and DR5~~ MHCII™ target cells. (D) WT immunized mice kill
WT, Casp3~/~, Casp7~/~, Bax”~ and TNFR1/2~/~ MHCII* targets. N=5 animals/group. Data
are representative of two to five experiments with similar results. Bars represent mean + s.d.
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Figure7.Invivo CD4T cell cytotoxicity depends on CD40-CD154 interactions
Immunization with ID93+GLA-SE produced similar frequencies of 1D93-specific CD4 T

cells as determined by the frequency of (A) IFN-y, TNF, or IL-2 producing cells upon 1D93
stimulation or (B) staining with an I-AP tetramer. (C) CD154~/~ immunized mice do not
develop cytolytic CD4 T cells upon vaccination. Similarly immunized WT mice develop
cytolytic CD4 T cells that kill WT but not CD40~~ MHCII* target cells. N=5 animals/

J Immunol. Author manuscript; available in PMC 2016 October 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Coler et al.

Page 20

group . Data are representative of four experiments with similar results. Bars represent mean
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