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Abstract

Due to the growing burden of tumors and chronic infections, manipulating CD8 T cell responses
for clinical use has become an important goal for immunologists. Here, we show that dendritic cell
(DC) immunization coupled with relatively early (days 1-3) or late (days 4-6) administration of
enhanced IL-2-signals both increase peak effector CD8 T cell numbers, but only early IL-2 signals
enhance memory numbers. IL-2 signals delivered at relatively late time points drive terminal
differentiation, marked Bim mediated contraction and do not increase memory T cell numbers. In
contrast, early IL-2 signals induce effector cell metabolic profiles more conducive to memory
formation. Of note, down-regulation of CD80 and CD86 was observed on DCs /in vivo following
early IL-2 treatment. Mechanistically, early IL-2 treatment enhanced CTLA-4 expression on
regulatory T (Treg) cells, and CTLA-4 blockade alongside IL-2 treatment /7 vivo prevented the
decrease in CD80 and CD86, supporting a cell-extrinsic role of CTLA-4 in down-regulating B7-
ligand expression on DCs. Finally, DC immunization followed by early IL-2 treatment and
aCTLA-4 blockade resulted in lower memory CD8 T cell numbers compared to the DC + early
IL-2 treatment group. These data suggest that curtailed signaling through the B7-CD28 co-
stimulatory axis during CD8 T cell activation limits terminal differentiation and preserves memory
CD8 T cell formation and thus, should be considered in future T cell vaccination strategies.

Introduction

Upon recognition of cognate peptide presented in the context of peptide-MHC | complex on
DCs, one naive antigen-specific CD8 T cell will give rise to more than 10* daughter cells
that have now acquired effector functions (1, 2). The accumulation of these effector CD8 T
cells depends on co-stimulation through the CD28 receptor (3), as well as signals from
inflammatory cytokines that prolong division (4). Following the peak of expansion, a
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relatively constant fraction of effector CD8 T cells undergo Bim-mediated apoptotic death
while the surviving cells initiate the memory CD8 T cell pool (1). Previously, manipulation
of input signals, such as deleting CD28 (3, 5) or quelling inflammatory cytokines during
pathogen infection (4, 6-11), yielded proportional numerical decreases in both the effector
and memory populations, suggesting that these two phases of the CD8 T cell response are
numerically linked. Thus, in the context of T cell vaccination, where activation signals are
modifiable, strategies to enhance the initial peak of T cell expansion (12-14), as a means to
enhance memory formation have become standard practice.

Due to their unique ability to recognize and protect the host from intracellular pathogens or
tumors, CD8 T cells have become the focus of numerous T cell vaccination strategies (15—
19). Despite decades of effort, however, prophylactic T cell vaccines developed against both
malignancy (20) and chronic viral pathogens (21, 22) have been a costly disappointment.
Ongoing T cell vaccination approaches against chronic viral infections are developed
empirically, with little focus on the immunological mechanisms that lead to protection or
durability of the T cell response (23). Strategies to elicit high antibody titers through
vaccination are well established, with many effective Ab-dependent vaccines available (24,
25). Now, basic mechanisms guiding CD8 T cell activation and memory generation must be
investigated further to advance current T cell vaccination practices.

Previously, we used ex vivo peptide-pulsed DCs as a tool to study basic mechanisms
controlling Ag-specific CD8 T cell responses. DCs offer many advantages, such as precise
control over APC number, Ag load, and peptide presentation within the host. Additionally,
they express high surface MHC | and co-stimulatory ligands to provide sufficient signal 1
and 2 to CD8 T cells. DC immunization can be administered alongside stimulators of
inflammation such as model pathogens (L/steria monocytogenes (Lm) and lymphocytic
choriomeningitis virus (LCMV) (26)); adjuvants, like CpG (4); or immunomodulators such
as interleukin-2 (IL-2) (27), to elicit environmental signals that alter various phases of the
CD8 T cell response. We recently showed that combining DC immunization with enhanced
IL-2 signals (IL-2/anti-IL-2 mAb complexes) from D4-6 increased tumor-specific effector
CD8 T cell number, function and control of pre-existing malignancy (27). Here, we evaluate
if and by what mechanism enhanced IL-2 signals can be harnessed to optimize memory CD8
T cell numbers after DC immunization.

Materials and methods

Mice and Dendritic Cells

C57BL/6 mice were purchased from the National Cancer Institute (Frederick, MD, USA).
OT-I cells, TCR-transgenic CD8* T cells specific for Ovays7.o64, have been previously
described (28). P14 cells, TCR-transgenic T cells specific for LCMV gp33.41, have been
previously described (29). Bim—/— OT-I cells were generously provided by Martin Prlic
(Fred Hutchinson Cancer Research Center; Seattle, WA). FoxP3-GFP mice were kindly
provided by Stanley Perman (University of lowa). The University of lowa Animal Care and
Use Committee approved animal experiments. LPS-matured Ovays7.2g4 OF gp33-41-peptide-
coated DCs were prepared as previously described (30) and were injected i.v. (5 x 10%/
mouse). Specifically, conventional CD11c* DCs were enriched /n vivo by s.c. injection of
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B16 tumor cells expressing FMS-like tyrosine kinase ligand (B16-flt3L) for the duration of
3 weeks.

Adoptive Transfer and Immunomodulators

Approximately 3x10% naive Thy1.1* OT-I or P14 cells isolated from naive donors were
transferred into each naive Thy1.2* C57BL/6 recipient mouse i.v at day —1. Mice were
injected i.v. with 5x10° matured/peptide-coated DCs at day 0 followed by Rat Ig or murine
IL-2/anti-1L-2 S4B6 complexes at the indicated concentrations i.p from either day 1-3
(early) or 4-6 (late). Complexes were made by incubating murine I1L-2 (PeproTech) with
S4B6 anti—-IL-2 mAb at a 2:1 molar ratio (7.5 ug/mL IL-2: 250 pg/mL S4B6) for 15 min at
37 degrees and serially diluted to lower concentrations. For blockade experiments, CTLA-4
mADb (Clone UC10-4F10) was purchased from BioXCell and administered i.p. at 250ug/
mouse from D0-3 post-DC immunization.

Tissue Preparation and Flow Cytometry

Single cell suspensions were prepared from spleen, lung, and inguinal lymph nodes at day 7
or day 66 post-DC immunization. Lungs were additionally incubated for 1h at 37C with
DNAse (0.1 mg/mL) and collagenase (0.38 mg/mL) followed by a Percoll (Sigma; St. Louis,
MO) gradient isolation. Spleens were incubated for 20 minutes at 37C with DNAse/
collagenase mixture when harvesting CD45.1+ DCs for DC transfer experiments. Single cell
suspensions were diluted and counted using standard methods. Cells were labeled with anti-
CD8 (eBiosciences; San Diego, CA), -Thy1.1, CD80 and —-CD86 (Biolegend; San Diego,
CA), and —STAT5 (pY694; BD Biosciences; San Jose, CA) antibodies using standard
protocols. Cells were analyzed on an LSRFortessa flow cytometer (BD Biosciences) and
analyzed by Flowjo software (Tree Star; Ashland, OR).

Immunoblot Assay

Spleens from OT-I-transferred, DC+IL-2c-treated mice were harvested on D6, stained with
anti-Thy1.1-APC antibody (Clone OX-7, BD Pharmingen) and purified with anti-APC-
antibody magnetic beads according to standard AutoMacs protocols. A total of 2 x 106 OT-I
cells were washed with cold PBS and lysed in NP40 buffer (20 mM HEPES [pH 7.9], 100
mM NaCl, 5 mM EDTA, 0.5 mM CaCl, 1% Nonidet P-40, 1 mM PMSF, 10 ug/ml leupeptin,
5 pg/ml aprotinin, and 1 mM NazVVOy,). Ten micrograms of protein were resolved by SDS-
PAGE, transferred to nitrocellulose, and probed with Bim or p-actin antibodies (Cell Signal
Technology; Beverly, MA) as indicated. Antibodies were detected with goat anti-rabbit
conjugated to horseradish peroxidase (Santa Cruz) and Supersignal (Thermo Scientific).
Images were captured with ImageJ software.

Metabolism Assay

Thyl1.1" OT-1 CD8" T cells were purified from the spleens of DC+IL-2c-treated mice at D6
post-DC immunization with anti-Thy1.1* APC antibody and Anti-APC bead sorting using
standard AutoMACS protocols (Miltenyi Biotec; San Diego, CA). After AutoMACS
purification, 2x10° OT-1 cells were plated in each well of an XF-96 plate (Seahorse
Biosciences; MA, USA). Oxygen consumption rates (OCR) and extracellular acidification
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rates (ECAR) for OT-1 CD8* T cells were measured in XF media (nonbuffered DMEM
containing 25 mM glucose, 2 mM L-glutamine, and 1 mM sodium pyruvate) under basal
conditions or in response to 1 pM oligomycin, 1.5 uM fluoro-carbonyl cyanide
phenylhydrazone (FCCP), and 0.5 uM rotenone + 2 uM antimycin A (Sigma) with XF-96
Extracellular Flux Analyzer (Seahorse Bioscience; Massachusetts, USA).

In vitro DC:Treg Assay

CD4*FoxP3~ (non-Treg) or CD4*FoxP3* (Treg) cells were sort-purified from FoxP3-GFP
mice. Magnetic CD11c* bead-sorted DCs were then plated alone or in a 2:1 ratio with non-
Tregs or Tregs. Samples were incubated for a total of 3 hours in the presence of 20nM
Bafilomycin A (Invivogen; San Diego, CA) prior to analysis of surface CD80 and CD86
expression.

Statistical Analysis

Results

Significance was calculated by student’s T test using Graphpad Prism 5 for Macintosh in
experimental comparisons between two groups, and one-way ANOVA for comparisons
among three treatment groups. p-values<0.05 were considered significant.

DC immunization followed by late IL-2 signals fail to enhance memory CD8 T cell numbers

The CD8 T cell field has established a paradigm of fixed contraction, where a relatively
constant percentage (90-95%) of effector T cells are lost by apoptotic death following the
peak of expansion (1, 31-33). This suggests a direct correlation between peak CD8 T cell
numbers and memory numbers, a concept that has since been adopted for T cell vaccine
development (15). However, fixed contraction has largely been described in multi-epitope-
specific CD8 T cells responding to a common infection, where each responding cell, no
matter its specificity experiences a common spectrum of pathogen-induced cytokines. It is
unclear whether manipulating CD8 T cell responses through vaccine adjuvants or specific
cytokines will uniformly enhance memory numbers. We previously showed that DC
immunization, followed 4-6 days later by enhanced IL-2-signals, in the form of IL-2/anti-
IL-2 antibody complexes, increased effector CD8 T cell expansion by up to 100-fold (27).
Briefly, complexes of IL-2 and the IL-2-specific mAb S4B6 have been shown to enhance the
biological properties of soluble IL-2 /in vivo by obstructing renal excretion of the cytokine
(34) and redirecting it’s bioavailability to CD122+CD25- effector T cells (35). Importantly,
stimulating T cell responses with the IL-2/S4B6 complex does not occur through activating
Fc receptors, thus limiting the biological effects on T cells to that of IL-2 only (36). To test
whether a direct link between expansion and memory numbers exists in this controlled
immunization setting, we utilized an adoptive transfer model of OT-1 TCR-transgenic CD8 T
cells, followed by Ovays7 peptide-pulsed DC immunization coupled with Rat Ig or
stimulating IL-2c treatment from day 4—6 post DC-immunization (DCxIL-2c4.g). Using this
approach, we were able to fix the naive CD8 T cell precursor number, the duration and
amount of antigen presentation, as well as eliminate the complex pathogen-specific cytokine
milieu (25) to isolate the effects of enhanced proliferative expansion on memory CD8 T cell
numbers.
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For our analysis, OT-I cells were adoptively transferred into mice followed by DC-Ovaysy
immunization and treatment with Rat g, 0.2ug or 1.5ug of IL-2¢ D4-6 post-DC
immunization and quantified frequencies and total numbers of OT-1 cells in the blood over
time. Frequency of OT-I cells increased in a dose-dependent manner by D7 post-DC
immunization, encompassing up to 50% of the entire peripheral blood leukocyte population
following IL-2c4.g treatment. However, these peak responses dropped to similar frequencies
by D90 (Fig. 1A). In concordance with these results, the number of OT-I cells from DC
+IL-2c4.g-treated mice was increased up to 100-fold at D7, but this did not lead to increased
memory numbers compared to DC alone immunization (Fig. 1B, C). CD8 T cells contract in
a Bim-dependent manner following infection (37); thus, we compared the contraction of WT
(Fig. 1B) and Bim-/ — TCR-transgenic OT-I cells following DC+IL-2c4.¢ treatment. We
observed that DC+IL-2c,.g -treated Bim—/— OT-I cells also underwent enhanced expansion
(Fig. 1D), similar to WT OT-I cells, but exhibited no visible contraction within the first 20
days (Fig. 1E). Additionally, DC+IL-2c4.¢ -treated Bim—/ — OT-I cells maintained a
statistically significant numerical difference from the DC+Rat Ig control group throughout
the experiment by frequency and total number in the blood (Fig. 1D, E), in opposition to the
WT OT-I that exhibited indistinguishable memory numbers with or without IL-2¢4.¢
treatment (Fig. 1A-C). These data demonstrate that enhanced Bim-mediated contraction
underlies the failure of IL-2c4.g-treatment to enhance memory CD8 T cell numbers despite
the 100-fold increase in effector CD8 T cell numbers. Notably, a physiologic CD8 T cell
response following attenuated L/steria monocytogenes-expressing Ovaysy peptide (attLM-
Ova) and IL-2c from D4-6 post-infection also contracted to the same memory CD8 T cell
numbers as control (Fig. S1A), illustrating the same phenomenon outside the DC
immunization setting. In addition, transgenic P14 cells, activated by lymphocytic
choriomeningitis virus (LCMV)-specific gp33 peptide-pulsed DCs followed by low or high
dose of 1L-2c4.g also exhibited enhanced expansion in blood (Fig. S1B, C), but no
enhancement in memory numbers in blood (Fig. S1C), spleen (Fig. S1D), inguinal lymph
node (Fig. S1E), and lung (Fig. S1F). These data suggest that similar memory CD8 T cell
numbers observed following DC+IL-2c4.¢ are not due to a difference in trafficking, and can
be generalized across CD8 T cell specificities.

To assess the effect of IL-2 signaling on Bim protein expression in activated OT-I cells, Bim
long (B ) and extra long (Bg| ) isoforms, specific for T cells (37), were visualized by
immunoblot assay from protein extracts derived from DCxIL-2c,.g-treated mice at D7 post-
DC immunization. The greatest protein expression of both Bim isoforms was exhibited in
the OT-1 cells from mice treated with1.5ug of IL-2c4.g, with intermediate expression in
0.2ug IL-2c4 g-treated cells and little detectable expression in Rat Ig-treated control OT-I
cells (Fig. 1F). These data suggest that IL-2c4_g treatment enhances the population of
terminally differentiated effector CD8 T cells, destined to undergo Bim-mediated apoptosis
during contraction, that fail to contribute to the memory population. Hence, immunization
strategies that aim to enhance Ag-specific memory CD8 T cell numbers long-term must
increase the effector population in a manner that preserves the proportion of memory
precursors and maintains a proportional contraction phase following the peak of expansion.
In addition, these data demonstrate that memory numbers are not uniformly determined by
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peak effector CD8 T cells numbers after vaccination, but will depend on the specific signals
used to amplify the response.

DC immunization followed by early IL-2 signals enhances memory CD8 T cell numbers

Previous reports indicate that CD11c* DCs have an /n vivo lifespan of 3 days (38) and can
present Ag for roughly 48 hours (39). Hence, our DC+1L-2¢4.g immunization would occur
after this limited DC priming phase, with IL-2c signaling solely to T cells once Ag
presentation is complete. Numerous studies suggest that memory CD8 T cell numbers may
be programmed (10, 40) by signals, including endogenous IL-2 (41, 42), received early
during the priming phase. Thus, we hypothesized that IL-2c treatment during priming may
alter memory CD8 T cell numbers.

To address whether enhanced IL-2c signals during DC-T cell interaction could increase
memory CD8 T cell numbers long-term, we repeated OT-1 adoptive transfer experiments
followed by DC immunization with the optimal high dose of IL-2c treatment shifted to D1-3
post-DC immunization (DC+IL-2c1_3). When directly monitoring the quantity of memory
CD8 T cells after DC+IL-2cq_3 treatment, a 20-fold increase in effector CD8 T cell
expansion along with stable enhancement of memory CD8 T cell numbers was observed in
the blood after DC+IL-2cq_3 treatment compared to DC+Rat Ig treated mice (Fig. 2A). To
ensure this was an overall increase in memory CD8 T cell numbers, and not simply due to
higher circulating memory CD8 T cells in the blood, OT-I cells were quantified in the spleen
of DCIL-2c.3 mice at D70 post-DC immunization. As observed in the blood, DC+IL-2c4.3
treatment resulted in a roughly 5-fold increase in frequency and total numbers of OT-I cells
in the spleen (Fig. 2B, C). Importantly, memory OT-I cells derived from DC+IL-2¢1_3
treatment displayed similar memory surface markers (Fig. 2D), cytokine expression (IFNvy,
TNFa, IL-2; Fig. S2A, B), and cytotoxicity (GrzB, CD107a/b; Fig. S2C) as those from DC
+Rat Ig controls. These data support that DC+IL-2c4.3 treatment generates a similar quality
of memory CD8 T cells as DC+Rat Ig controls. Thus, enhanced IL-2c signals delivered
during the priming phase of the CD8 T cell response increased effector populations with a
concomitant increase in memory numbers.

Several studies report that the memory CD8 T cell population is a result of effector vs.
memory fate decisions that occur during the activation and effector phases of the response
(43-45). Additionally, it is widely accepted that short-lived effector cells (SLECs) and
memory precursor effector cells (MPECSs) at these effector timepoints can be identified using
IL-7R expression (46), with high IL-7R favoring memory precursor differentiation. Thus, we
measured surface expression of IL-7R on OT-I cells from DC, DC+IL-2c;.3, and DC
+IL-2c4.¢ treatment groups at D7. OT-I cells from DC and IL-2c;_3-treated mice expressed
bimodal and high IL-7R expression, respectively (Fig. S2D); however, OT-1 cells from
IL-2c4.g treatment groups expressed no detectable surface IL-7R (Fig. S2D, E). While these
data are consistent with 1L-2,.¢ treatment preferentially generating terminally differentiated
OT-I cells, IL-2 signals have been shown to directly downregulate IL-7R expression on CD8
T cells in a PI3K-Akt-dependent manner (47). Thus, we utilized another method to
discriminate SLEC from MPEC populations following DC+IL-2c¢1.3 immunization.
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Pearce et al. previously demonstrated that terminal effector CD8 T cells could be
distinguished from memory precursors by their metabolic profiles (48). Predominant usage
of aerobic glycolysis is indicative of SLECs, being necessary for optimal translation of IFN-
(49, 50). In contrast, preferential use of oxidative phosphorylation with a high
mitochondrial spare respiratory capacity (SRC) has been previously demonstrated in
memory OT-I cells (48). Thus, we investigated the metabolic profiles of DCxIL-2c-primed
CD8 T cells. OT-1 cells were isolated from the spleen of DC alone and DC + IL-2c4.3 or
IL-2c,4.g-treated mice at D6 post-DC immunization to measure oxidative phosphorylation
(oxygen consumption rate; OCR) and aerobic glycolysis (extracellular acidification rate;
ECAR). OT-I cells from DC+IL-2c;_3-treated mice displayed the highest maximum OCR
capacity (Fig. 2E) and therefore, high SRC compared to OT-I cells from DC+IL-2¢4.¢-
treated mice (Fig 2F). The low baseline ECAR readings in OT-I cells after IL-2c.3
treatment also correlated with higher memory potential than 1L-2¢4. (Fig. 2G). The ratio of
OCR/ECAR, which provides an assessment of the preferential metabolic state of OT-I cells
from all treatment groups illustrated that early IL-2c treatment resulted in approximately 3-
fold higher OCR/ECAR ratio than late IL-2c treatment (Fig. 2H). Additionally, OT-1 cells
from DC controls displayed similar SRC, ECAR, and OCR/ECAR ratios as DC+IL-2c;.3
(Fig. 2F—H), suggesting that a similar metabolic profile and proportion of MPECs are
generated by DC+IL-2c4.3 treatment, despite increased effector expansion in the latter
group. Hence, these data support the hypothesis that DC+IL-2c4.3 treatment preserves the
memory potential of effector CD8 T cell populations with enhanced expansion, in contrast to
DC+IL-2c4.6, which drives terminal differentiation without an increase in memory numbers.

Early IL-2c treatment down-regulates B7-ligands on DCs in vivo

Earlier reports suggested CD25 expression on certain CD11c¢* DC subsets (51, 52) that may
confer IL-2 responsiveness (53). Thus, IL-2c4.3 could have a direct effect on the priming
DCs to enhance memory T cell potential. As previous studies indicate the requirement of
appropriately timed co-stimulatory signals through the CD28-B7 axis for memory CD8 T
cell generation (3, 5), we hypothesized that altered co-stimulatory molecule expression on
the surface of DCs following early IL-2c treatment may account for the generation of higher
memory CD8 T cell numbers. To test a direct effect of IL-2c on DCs, LPS-matured DCs
were plated for 3 days with or without the addition of IL-2c. As expected, mature DCs
expressed high CD80 and CD86, but no detectable changes in their expression were
observed following IL-2c-treatment (Fig. 3A). Analysis of CD122 and CD25 on our donor
DC population with or without I1L-2c revealed low expression of both IL-2R chains (Fig. 3B)
and pSTATS signal, despite an increase in T cell controls 10 minutes following exposure to
IL-2c (Fig. 3C). These in vitro data suggest that IL-2c does not have a direct effect on the
priming DCs, but does not preclude a possible indirect effect /n vivo.

To investigate changes in B7-ligand expression on DCs after IL-2cq_3 /in vivo,
CD45.1*CD11c* mature DCs were transferred into CD45.2* recipients that were
subsequently administered Rat Ig or IL-2c for 2 days. Due to the short /n vivo lifespan of
transferred DCs (38), spleens were harvested on D2 to compare surface expression of CD80
and CD86 on CD45.1" DCs. Transferred DCs in IL-2c-treated hosts exhibited a marked
down-regulation in CD80 and CD86 expression that was not observed in DC from Rat Ig
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treated mice (Fig. 3D) without any loss in DC numbers at the time of harvest (Fig. S3A, B).
The decrease of surface B7-ligand expression was most likely not due to direct IL-2¢c
signaling on DCs, based on low CD25 and CD122 expression on these cells /n vivo (Fig.
3E). These data suggest that early IL-2c treatment down-regulates surface CD80 and CD86
expression on DC in an indirect manner.

Tregs down-modulate B7-ligands on DCs following IL-2c1.3

Recently, novel roles of Treg cells in promoting memory CD8 T cell progression have been
described. Kalia et al. recently showed that transfer of Treg cells at the effector-to-memory
transition suppressed effector programs through the CTLA-4-B7 axis to allow the generation
of a memory population (54). CTLA-4, expressed constitutively on Treg cells (55), is known
to terminate CD28-mediated co-stimulatory signals induced by interaction with B7 family
members (56-59). To investigate whether IL-2c4.3 treatment led to an increase in Treg
numbers, FoxP3 expression in CD4 T cells from mice receiving DC transfers was assessed
at D2 in the spleen following early IL-2c treatment. IL-2c treatment led to a 2-fold increase
in FoxP3-expressing Treg cells, as previously shown following DC+IL-2¢4.g treatment (27)
(Fig. 4A). As IL-2, complexed to another mAb, JES6-1A12, has been demonstrated to
stimulate Treg cells to express inhibitory molecules (60), CTLA-4 receptor expression was
monitored on Treg (CD4*FoxP3*) and non-Treg (CD4*FoxP3™) cells from Rat Ig and early
IL-2c-treated mice. As previously reported, CTLA-4 was detectable on some Treg cells in
Rat Ig mice (Fig. 4B) with little CTLA-4 expression on non-Tregs (Fig. 4C). Two days of
IL-2c treatment increased the percent of Treg cells expressing CTLA-4 receptor to 80%
(Fig. 4B), with 15% of non-Tregs expressing lower levels of CTLA-4 receptor (Fig. 4C).
These data suggest a potential role for CTLA-4 on either Treg or non-Treg populations to
decrease B7-ligand expression on mature DCs during CD8 T cell priming.

CTLA-4 was recently proposed to suppress co-stimulatory function through the CTLA-4-B7
axis in a predominantly cell-extrinsic manner (61). Indeed, Qureshi et al. demonstrated the
capacity of CTLA-4 to trans-endocytose, internalize, and degrade CD80 and CD86 directly
from the APC surface (62). To test whether Tregs or non-Tregs could directly remove B7-
ligands from mature DCs, Treg and non-Treg cells were facs-sorted from FoxP3-GFP donor
mice. Tregs or non-Tregs were then plated in a 1:2 ratio with LPS-matured DCs for 3 hours
in the presence of Bafilomycin A (Baf A). Baf A was added to prevent phagolysosomal
degradation of B7-ligands to allow their detection by flow cytometric analysis (62). Mature
DCs plated alone expressed high CD80 and CD86 on their surface as seen previously (Fig.
3A). Incubation with non-Treg CD4 T cells had little to no effect on CD80 and CD86
expression on DCs (Fig. 4D). In contrast, DCs incubated in the presence of Treg cells lost
50-80% of surface B7-ligand expression (Fig. 4D, right). These /n vitro studies, along with
previously published data from Kalia et al. (54), suggest that Treg, but not non-Treg cells are
capable of removing B7-ligands from the surface of DCs.

CTLA-4 blockade prevents enhanced memory formation following early IL-2¢

To investigate whether down-regulation of B7-ligands on DCs occurred in a CTLA-4-
dependent manner /n7 vitro, we incubated DCs with Tregs and Tregs+aCTLA-4, measuring
CLTA-4 binding to surface CD86. Compared to the Treg controls, aCTLA-4 treatment
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decreased CD86 binding (Fig. S3C) and led to higher retention of CD86 expression on DCs
(Fig. S3D). To assess aCTLA-4 blockade /n vivo, we repeated the DC transfer experiments
with the addition of an I1L-2¢,_3+aCTLA-4 blockade group. As observed before, CD80 and
CD86 expression decreased with IL-2c treatment alone (Fig. 5A, B); however, concurrent
CTLA-4 blockade completely preserved CD80 expression and partially preserved CD86
expression on transferred DCs. These data suggest that up-regulated CTLA-4 on Treg cells
following DC+IL-2c1.3 treatment permits trans-endocytosis of B7-ligands from the surface
of DCs, potentially modulating co-stimulatory signals to T cells during priming that result in
enhanced memory numbers.

The transient activation of Treg cells and subsequent down-modulation of B7-ligands on
DCs upon IL-2cq_3 treatment led us to investigate whether CTLA-4 blockade would prevent
the DC+IL-2c¢q_3-mediated increase in memory CD8 T cell numbers compared to DC only
controls. First, we compared metabolic profiles of effector OT-I cells from DC+Early IL-2c
and DC+Early IL-2c+a CTLA-4 to observe whether CTLA-4 blockade decreased memory
potential early after DC immunization. Indeed, a CTLA-4 treatment led to lower maximum
OCR levels (Fig. S4A) and thus, lower %SRC (Fig. S4B). Next, adoptively transferred OT-I
cells were activated by DC, DC+IL-2¢4_3, or DC+IL-2¢1_3+aCTLA-4 and monitored over
time. OT-I cells in both IL-2c¢q_3-treated groups exhibited similar enhanced expansion during
the effector phase, but those that were treated with a CTLA-4 ultimately generated lower
memory CD8 T cell numbers compared to DC+IL-2c1_3 alone that were not significantly
increased from DC controls (Fig. 5C). Higher resolution analysis in the spleen corroborated
findings in the blood, with a lower frequency (Fig. 5D) and number of OT-1 cells (Fig. 5E) in
the DC+IL-2c¢;.3+aCTLA-4-treated group compared to DC+IL-2c;.3 group. These data
support the notion that early IL-2c treatment decreases co-stimulatory signals to CD8 T cells
during priming by a CTLA-4 dependent mechanism to favor memory precursor formation
during effector expansion, resulting in greater memory CD8 T cell numbers post-
contraction.

Discussion

Using a controlled DC immunization coupled with relatively early (D1-3) or late (D4-6)
alterations to IL-2 signaling, we define a mechanism by which Ag-specific memory CD8 T
cells can be enhanced long-term. Although DC immunization is not currently used in the
setting of prophylactic vaccinations, they have been approved for use in humans asa CD8 T
cell-mediated cancer therapy (20). With the growing number of immunization strategies to
combat chronic illness, DC immunization represents a viable platform to enhance Ag-
specific memory CD8 T cell numbers in humans. Our studies initially show that inducing
robust effector expansion with 1L-2c¢4_g signals does not predictably lead to increased
memory CD8 T cell numbers due to greater induction of terminally differentiated effector
cells. This is an important dissociation as vaccine efficacy is largely determined by the
strength of the initial response, also referred to as vaccine immunogenicity. Our studies show
that to successfully enhance the memory CD8 T cell population, vaccination strategies must
deliver signals that maintain or increase the proportion of memory precursors rather than
simply increase the numbers of terminally differentiated effector T cells observed at the peak
of the response.
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As previous studies suggest that memory CD8 T cell numbers are programmed during the
priming phase (40), we administered DC with IL-2c¢4_3, which led to preservation of MPEC
proportions in the context of enhanced IL-2-driven effector cell expansion. Although
numerous studies have alluded to early programming of memory CD8 T cells (1, 40, 63, 64),
it has been less clear what factors early on dictate changes in the ensuing memory
population. Previous work from the Greenberg lab demonstrated that DCs exhibiting a
mixture of mature and immature signals following TLR4/7/8 stimulation enhanced the
generation of CD28-expressing memory cells from cultured human PBMCs (65). In addition
to this, Laidlaw et al. demonstrated that Treg cell-derived IL-10 quelled inflammation and
thus, the activation state of DCs, to allow the maturation of memory CD8 T cells following
acute LCMV infection (66). In concordance with these previous findings, our data thus far
support that, although complete absence of co-stimulation through CD28 results in T cell
anergy, a decreased or curtailed B7-ligand expression in the context of DC+ early I1L-2¢
immunization may enhance memory CD8 T cell generation. Our data correspond with the
tunable threshold model of T cell activation, where different signal strengths determine
effector and memory CD8 T cell programs (67-69). Despite this, our results do not
necessarily disagree with the alternatively proposed autopilot model, stating that brief
interactions with APCs /n vitro will drive effector differentiation of naive CD8 T cells (70).
As demonstrated, DC immunization followed by both early and late IL-2c treatment results
in robust effector expansion above DC controls (Fig. 1 and 2); however, decreasing co-
stimulatory signal preserves the MPEC proportions in the effector phase to yield
proportional memory CD8 T cell numbers post-contraction that is not seen with late IL-2c. It
remains of great interest to determine the specific threshold level of B7-ligands required at
the priming stage to induce memory versus terminal effector CD8 T cells. Our data provide
novel insight into the immunological mechanisms that increase memory CD8 T cell numbers
in a controlled immunization setting that can contribute to the development of predictable T
cell vaccines.
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Figurel.
3x10% Thyl1.1* WT or CD45.2* Bim—/ — OT-I cells were adoptively transferred into naive

Thy1.2* or CD45.1* B6 mice, respectively, and immunized with 5x10° DC-Ova followed by
Rat Ig, 0.2ug or 1.5ug IL-2c on D4-6 post-DC immunization. (A) Representative flow plots
depicting OT-1 cell frequencies in the blood at D7 and D90 post-DC immunization. (B)
Kinetics graph of total number of WT OT-I cells quantified per mL of blood longitudinally
across 90 days in all treatment groups. (C) Summary bar graph (mean + SEM) of total
number of OT-I cells harvested from the spleen at D90 post-DC immunization. (D) Same as
(A) except frequency of Bim—/ — OT-I cells. (E) Same as (B) except total number of Bim-/ -
OT-I cells in the blood. (F) Immunaoblot of Bimg,_ and Bim|_isoforms in WT OT-I cells
harvested from spleen at D6 post-DC immunization across treatment groups (top).
Immunoblot of B-actin protein expression as loading control (bottom). Data are
representative of two experiment with at least n=5 mice/group/experiment. * = p<0.05; ** =
p<0.005; *** = p<0.0005; ns, not significant.

J Immunol. Author manuscript; available in PMC 2017 September 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kim et al.

Page 16
’ 2409 Phenotype
- 2 33 —C o
< Bo 08 5%
o= Ex2 %5 60
o8s Eg Z 40
— 3 N o o 1 =
EE, [ iy 8 20
S © o E=DC ctrl
3] ' : ' . = g‘ ° 9 S | | | | ClEarly IL-2¢
0 20 40 60 80 El_ B DC Early CD27 CD62L CD127 KLRG-1
Days (post DC immunization) cDs ctrl IL-2¢
E .. ©OigoA FccP Rot Pasey o G g - H .
@ —_ o -
= @ 200 — 10
E 300+ @ 1 P é 40 x
x5 oDCctl 5 15 ST g
Q5 200 = O L O
O¢g = Early IL-2¢c 2 1004 -} -+ . g— w5
= -+ Late IL-2¢ £20 o4
100+ O 50 Q
& O
0 : : T ? olh 0 0
0 30 60 90 120 DCEarlyLate DCEarly Late DC EarlyLate
Time (min) ctrl IL-2clL-2¢ ctrl IL-2¢ IL-2¢ ctrl IL-2clIL-2¢

Figure2.
3x10% Thy1.1* OT-I cells were adoptively transferred into naive Thy1.2* B6 mice and

subsequently immunized with 5x10° DC-Ova followed by Rat Ig or IL-2c on D1-3 (Early)
post-DC immunization. (A) OT-I cells quantified per mL of blood longitudinally across 70
days in all treatment groups. (B) Representative frequency of OT-1 cells in the spleen of Rat
Ig or IL-2c-treated mice at D70. (C) Summary (mean + SEM) of total number of OT-I cells
in the spleen of Rat Ig or IL-2c-treated mice on D70 post-DC immunization. (D) Summary
(mean = SEM) of the %OT-1 cells expressing CD27, CD62L, CD127, and KLRG-1 in the
spleen of Rat Ig or IL-2c-treated mice on D70 post-DC immunization. (E) 3x104 Thy1.1*
OT-I cells were adoptively transferred into naive Thy1.2* B6 mice and administered DC
only, DC + D1-3 (Early), or DC + D4-6 (Late) IL-2c treatment. OT-I cells were purified
from spleens at D6 post-DC immunization and assessed for metabolic function. Time-course
of oxygen consumption rate (OCR) in pmols/min from all treatment groups. (F) Same as (E)
except summary (mean = SEM) of spare respiratory capacity (SRC) in all treatment groups
normalized to percent of baseline. (G) Same as (E) except basal extracellular acidification
rate (ECAR) in mpH/min. (H) Same as (E) except ratio of basal OCR/ECAR in all treatment
groups. Data are representative of 2 independent experiments with at least n=3 mice/group/
experiment. OCR, oxygen consumption rate; ECAR, extraellular acidification rate; Oligo A,
oligomycin A (ATPase inhibitor); FCCP, p-triflouromethoxyphenylhydrazone
(mitochondrial uncoupler), and Rot, Rotenone (Complex I inhibitor). * = p<0.05; ** =
p<0.005; *** = p<0.0005; ns, not significant.
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Figure 3.

LPS-matured DCs were isolated via magnetic bead selection for CD11c* cells from B16-
flt3L-inoculated donor B6 mice. 1x10° CD11c* DCs were plated in 96-well plate with RP10
1640 media control or addition of 50ng/mL IL-2c. (A) Representative histogram plots and
summary (mean £ SEM) graphs depicting CD80 and CD86 surface expression on DCs with
or without IL-2c. (B) Representative histograms depicting CD25 and CD122 expression on
DCs with or without addition of IL-2c. (C) Representative histogram plots and summary
(mean + SEM) graphs depicting pSTAT5-Y 694 expression on plated DCs and T cells in both
treatment groups. (D) 3x10° LPS-matured CD11c* DCs from B16-flt3L-inoculated
CD45.1" B6 mice were adoptively transferred into naive CD45.2* B6 recipients and
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subsequently administered Rat Ig or IL-2c for 2 days. Representative histograms and
summary bar graphs (mean + SEM) depicting CD80 and CD86 expression in Rat Ig controls
and IL-2c treated mice in adoptively transferred CD45.1* DCs. (E) Representative
histograms depicting CD25 and CD122 expression on transferred CD45.2* DCs. Data are
representative of three independent experiments with at least n=3 mice/group/experiment.
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Figure4.

3x10% LPS-matured CD11c* DCs from B16-flt3L inoculated CD45.1* B6 mice were
adoptively transferred into naive CD45.2" B6 recipients and subsequently administered Rat
Ig or IL-2c for 2 days. (A) Representative histograms and summary bar graphs (mean +
SEM) of FoxP3* cells previously gated on CD4*Thy1.2* T cells in Rat Ig control and I1L-2¢c
treated mice. (B) Representative histograms and summary bar graph (mean = SEM) of
percent CTLA-4 positive Treg (CD4+ FoxP3+) cells at D2 post-DC transfer. (C) Same as
(B) except percent CTLA-4+ non-Treg (CD4+FoxP3-) cells. (D) Treg or non-Treg cells
were facs-sorted from FoxP3-GFP mice and incubated in a 1:2 ratio with LPS-matured DCs
in the presence of 20nM bafilamycin A. Representative histograms of CD80 and CD86
expression on DC only, DC+non-Tregs, and DC+Tregs. Data are representative of at least 2
independent experiments with at least n=3 mice/group/experiment.
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3x106 LPS-matured CD11c* DCs from B16-flt3L inoculated CD45.1* B6 mice were
adoptively transferred into naive CD45.2* B6 recipients and subsequently administered Rat
Ig, IL-2c, or IL-2c+aCTLA-4 mAb for 2 days. (A) Representative histogram plots of CD80
expression on transferred CD45.1* DCs in Rat Ig control, IL-2c treated, and I1L-2c
+aCTLA-4 treated mice. (B) Same as (A) except CD86 expression. (C) 3x10% Thy1.1* OT-I
cells were adoptively transferred into naive Thy1.2* B6 mice and subsequently immunized
with 5x10° DC-Ovays; followed by Rat Ig or IL-2¢ on D1-3 post-DC immunization +
aCTLA-4 blocking mAb. Total number of OT-I cells quantified per mL of blood
longitudinally across 60 days in all treatment groups. (D) Representative flow plots of OT-I
cell frequencies in the spleen at D60. (E) Summary bar graph (mean £ SEM) of total number
of OT-1 cells in the spleen at D60 post-DC immunization in all treatment groups. Data are
representative of 2 independent experiment with at least n=10 mice/group.
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