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Low Antigen Dose in Adjuvant-Based Vaccination Selectively
Induces CD4 T Cells with Enhanced Functional Avidity and
Protective Efficacy

Rolf Billeskov,*’* Yichuan Wang,;t Shahram Solaymani-Mohammadi,* Blake Frey,*
Shweta Kulkarni,* Peter Andersen,” Else Marie Agger,* Yongjun Sui,* and
Jay A. Berzofsky*

T cells with high functional avidity can sense and respond to low levels of cognate Ag, a characteristic that is associated with more
potent responses against tumors and many infections, including HIV. Although an important determinant of T cell efficacy, it has
proven difficult to selectively induce T cells of high functional avidity through vaccination. Attempts to induce high-avidity T cells
by low-dose in vivo vaccination failed because this strategy simply gave no response. Instead, selective induction of high-avidity
T cells has required in vitro culturing of specific T cells with low Ag concentrations. In this study, we combined low vaccine Ag
doses with a novel potent cationic liposomal adjuvant, cationic adjuvant formulation 09, consisting of dimethyldioctadecylammo-
nium liposomes incorporating two immunomodulators (monomycolyl glycerol analog and polyinosinic-polycytidylic acid) that
efficiently induces CD4 Th cells, as well as cross-primes CD8 CTL responses. We show that vaccination with low Ag dose
selectively primes CD4 T cells of higher functional avidity, whereas CD8 T cell functional avidity was unrelated to vaccine dose
in mice. Importantly, CD4 T cells of higher functional avidity induced by low-dose vaccinations showed higher cytokine release
per cell and lower inhibitory receptor expression (PD-1, CTLA-4, and the apoptosis-inducing Fas death receptor) compared with
their lower-avidity CD4 counterparts. Notably, increased functional CD4 T cell avidity improved antiviral efficacy of CD8 T cells.
These data suggest that potent adjuvants, such as cationic adjuvant formulation 09, render low-dose vaccination a feasible and

promising approach for generating high-avidity T cells through vaccination.

ovel vaccine candidates have traditionally been evaluated
by the quantity of the responding T cells, but recently it
has become clear that T cell quality is probably even
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more important, and strategies to improve T cell quality are now
considered crucial for optimizing the potency of novel vaccines (1,
2). Increasing the functional avidity of T cells in vivo through
immunization is a promising strategy to increase vaccine efficacy
against infectious diseases and tumors (3-9).

T cells of high functional avidity are able to respond to very low
levels of cognate Ag, and high functional avidity has been linked
with enhanced clearance of viral infections and tumors (5, 10).
Functional avidity is highly complex and is regulated by many
variables. The strength of binding between a T cell and the APC is
crucial and is highly dependent on TCR affinity and structural
avidity for the cognate MHC—peptide complex on the APC (10).
However, the strength of the immunological synapse and func-
tional avidity between a T cell and the APC are also affected by
TCR—coreceptor expression, costimulatory receptor expression
levels on T cell/APC, localization of TCR in lipid rafts, TCR
signaling efficiency, and the local cytokine/inflammatory milieu
among others (11, 12). Despite this complexity, readouts for
functional avidity are rather straightforward; they measure the Ag
concentration required to activate T cells as assessed by functional
assays, including cytokine production, proliferation, and target
cell lysis. Importantly, functional T cell avidity is highly depen-
dent on Ag dose. We originally described selective induction of
T cells with high functional avidity (5): CD8 T cells cultured
in vitro with low levels of Ag displayed higher avidity and anti-
viral efficacy compared with low-avidity T cells cultured with
high Ag concentrations. So far, selectively enhancing functional
avidity has mainly been possible through in vitro expansion (5).
Priming high-avidity T cells by vaccination in vivo has proved
difficult, because vaccination with low vaccine Ag doses in vivo
results in no or negligible immune responses (5, 13). Furthermore,


http://orcid.org/0000-0003-4533-7304
http://orcid.org/0000-0002-1568-4607
http://orcid.org/0000-0002-0342-3194
http://orcid.org/0000-0002-0342-3194
mailto:rob@ssi.dk
mailto:berzofsj@mail.nih.gov
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1600965/-/DCSupplemental
http://www.jimmunol.org/site/misc/authorchoice.xhtml

The Journal of Immunology

it was shown that in vitro—derived high-avidity T cells were very
susceptible to clonal deletion through activation-induced cell
death, became increasingly susceptible to tolerance induction, and
had poor memory capacity (14-16).

Our group has focused on developing cationic liposomal adjuvants
for infectious disease targets, and these adjuvants are highly efficient
at delivering Ag to and activating dendritic cells (DCs) to prime
T cell responses, even at very low Ag doses (17, 18). One such
adjuvant, cationic adjuvant formulation (CAF)09, efficiently in-
duces Th and CTL responses (19). Combining novel potent adju-
vants with low-dose immunizations has not been done previously;
in this study, we investigated this promising strategy for the in-
duction of high-avidity T cells and improved vaccine efficacy.

In this article, we show that immunizing mice with low Ag doses
in CAF09 selectively enhances CD4, but not CD8, T cell functional
avidity and that this increased functional avidity leads to improved
protection in a viral challenge model.

Materials and Methods
Mice

Experiments were performed with 7-10-wk-old BALB/c mice that were
immunized three times at 2-wk intervals, unless otherwise stated. For
adoptive transfer experiments, we used wild-type (WT) BALB/c or RT1
TCR-transgenic (Tg) mice (20), in which CD8 T cells recognize the H2-D%-
restricted HIV IIIB gp160 envelope aa 318-327 P18-110 (RGPGRAFVTI)
epitope, as donor mice and H2° SCID mice (BALB/c background) as
recipient mice. For the IL-15 study, IL-15-knockout (KO) mice (21) on
a C57BL/6 background were used with age-matched C57BL/6 WT
controls. All mice were bred and purchased from Charles River (Fred-
erick, MD), and experiments were performed at the National Cancer
Institute (NCI). All protocols were approved and performed under the
guidelines of the NCI's animal care and use committee; animals were
housed in appropriate facilities at the NCI and received water and food
ad libitum.

Vaccines, Ags, and immunizations

Ags were mixed in a total volume of 100 pl of 10 mM Tris-HCI (pH 7.4)
and mixed 1:1 with 100 wl of the liposomal CAF09 (19), consisting of
dimethyldioctadecylammonium bromide (DDA; NCK, Copenhagen,
Denmark), synthetic monomycolyl glycerol (MMG; NCK) analog MMG-
1, and the TLR-3 agonist polyinosinic-polycytidylic acid (pI:C; Sigma-
Aldrich, Copenhagen, Denmark) and formulated by the film method, as
previously described (22). Thus, a total of 200 wl of vaccine was given per
mouse dose that contained 250 g of DDA, 50 pug of MMG-1, and 50 pg
of pI:C. Vaccines were vortexed for 30 s and left for >10 min before
injection. No analgesics or anesthesia were used or needed for immuni-
zations. Three immunizations, spaced at 2-wk intervals, were given
i.p., unless otherwise stated. The cluster peptide, PCLUS6.1-P18 (GenScript,
Piscataway, NJ), containing a H2%-restricted helper epitope (underlined) in the
PCLUSG.1 part of the peptide (DRVIEVVQGAYRAIRHIPRRIRQGLER)
and the immune dominant H2-D%restricted P18-I10 (underlined) con-
tained within P18 (RIQRGPGRAFVTIGK) (23) were used as vaccine
Ags. Doses of PCLUS6.1-P18 are indicated in the figures and legends. The
molecular mass = 4.9 kDa; hence, a vaccine dose of 1 nmol per mouse
corresponds to ~4.9 wg. For the IL-15-KO study, mice were immunized
with 50 g of the hepatitis B core Ag aa 128-140 (TPPAYRPPNAPIL;
GenScript) (24) formulated in CAF09, as described above.

In vitro cell cultures

Splenocyte cultures were obtained by passage of spleens through a 100-pm
nylon cell strainer (BD Pharmingen, San Jose, CA). After washing, cells
pooled from three to five mice in each experiment were cultured in tissue
culture—treated 96-well round-bottom Costar plates (Corning Life Sci-
ences, Corning, NY) containing 2 X 10° cells in a volume of 200 wl of
complete RPMI (RPMI 1640 supplemented with 5 X 1075 M 2-ME, 1%
[v/v] premixed penicillin-streptomycin solution, 1 mM glutamine [all from
Life Technologies, Thermo Fischer Scientific, Waltham, MA], and
10% (v/v) FBS [Gemini Bio Products, West Sacramento, CA]). Superna-
tants from triplicate cultures were harvested from cultures after 5 d of
incubation at 37°C and 5% CO, for the assessment of IFN-y by ELISA
(see below). For intracellular cytokine and surface marker analysis by flow
cytometry, 1-2 X 10° cells per well from individual spleens were cultured
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at 37°C and 5% CO, in complete RPMI for 1 h in tissue culture—treated
96-well round-bottom plates (Costar) and subsequently for 5 h after the
addition of brefeldin A (5 wg/ml; Sigma-Aldrich, St. Louis, MO) or
overnight (~16-h incubation). Cells were kept at 4°C overnight or stained
immediately. No differences in responses or avidity were observed in a
direct comparison between the two methods. For some in vitro studies,
5 ng/ml recombinant human IL-15 (PeproTech, Rocky Hill, NJ) was added
to splenocyte cultures for the stimulation period before intracellular cy-
tokine staining (ICS). PMA (40 ng/ml) and ionomycin (1 pg/ml; both from
Sigma-Aldrich) were used as a positive control and induced IFN-y pro-
duction in 5-20 and <70% of CD4 and CD8 T cells, as measured by flow
cytometry, respectively, or >10,000 pg/ml of IFN-y per well, as assessed
by ELISA (see below).

Cytokine ELISA

A sandwich ELISA was used to determine the concentration of IFN-y in
culture supernatants in microtiter plates (96 well; MaxiSorp; Nunc,
Copenhagen, Denmark). The Mouse IFN-y ELISA Ready-SET-Go!
kit (eBioscience, San Diego, CA) was used per the manufacturer’s
instructions.

Flow cytometry

A total of 1-2 X 10° splenocytes, obtained as described above, was stained
for surface markers, including CD3e (clone 17A2), CD4 (GK1.5), CD8«x
(53-6.7), TCR-B (H57-587), PD-1 (CD279; J43 or 29F.1A12), Fas (CD95;
Jo2), and CTLA-4 (CD152; UC10-4B9), permeabilized, and subsequently
stained for intracellular cytokine expression of IFN-y (XMGl1.2), IL-2
(JES6-5H4), TNF-ao (MP6-XT22), and IL-17A (eBiol7-B7) using the
BD Cytofix/Cytoperm kit, according to the manufacturer’s instructions.
Samples stained with T-bet (4B10) were assessed using a Foxp3 intra-
cellular staining kit (eBioscience). All Abs were purchased from eBio-
science, BD Biosciences (San Jose, CA), or BioLegend (San Diego, CA).
All samples were run on a BD LSR II flow cytometer with three (green,
red, and violet) or four (green, red, violet, and UV) lasers, and results were
analyzed using FlowJo software v8.87 (TreeStar, Ashland, OR). SPICE
and PESTLE software, provided by M. Roederer (National Institutes of
Health) Bethesda (25), was used for Boolean gating of T cell subsets
producing different combinations of measured cytokines. All cell pop-
ulations of interest were gated using the following hierarchy: singlets
(diagonal of forward scatter-A versus forward scatter-H), live cells, lym-
phocytes by characteristic forward—side scatter profile, and finally either
CD4 or CDS8 cells where gating was mutually exclusive. CD3 was not used
to only include T cells, because it was strongly downregulated after in vitro
stimulation, as in evident in the dot plots. Background levels of media
controls (<0.15% of CD4/CD8 T cells for IFN-vy, IL-2, and IL-17A;
<0.2% for TNF-a) were subtracted for the Boolean gate analysis of
T cell subsets producing different combinations of cytokine but not for
the total and normalized responses shown for single cytokines in the
remaining graphs. Graphs were prepared using Prism version 5 (GraphPad,
La Jolla, CA).

Estimating viral loads by plaque assay

Viral loads in ovaries were estimated as previously described (4, 26), with
minor modifications. Briefly, ovaries were homogenized and sonicated at
4°C, and serial 10-fold dilutions were plated and cultured in complete
DMEM (2.5% FBS, 200 mM L-Glutamine, 100 U/ml Penicillin, and
100 pg/ml Streptomycin; all from Sigma-Aldrich) on confluent BSC-1
cells in 24-well tissue culture—treated plates (Corning Life Sciences); the
volume per well was 0.5 ml. After 2 d of incubation at 37°C/5% COs, cell
monolayers were stained with 0.1% Crystal Violet in 20% ethanol, and
plaques were counted.

Statistical analysis

Functional avidity was calculated as log;o(ECsg), where ECsy was the
concentration of peptide needed to induce 50% of the maximal response.
ECso was calculated individually for each mouse. Avidity was also shown
as the ratio between high-avidity cells and the total response (high- and
low-avidity cells; see the text and figure legends for details). For nor-
malization of responses the highest response (% cytokine producing CD4/
CD8 T cells) within each mouse was set to 100% (max response), and the
normalized responses at different concentrations of stimulation calculated
(normalized response at concentration X) = (% cytokine-producing CD4/
CD8 T cells at stimulation X)/(maximum response) X 100%. Statistical
differences between vaccine groups with regard to magnitudes of response,
functional avidity, and log;o protection were determined by one-way
ANOVA and the Newman—Keul posttest for multiple comparisons; a
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p value < 0.05 was considered significant. Viral loads (log10 PFU) were
compared using the Kruskal-Wallis nonparametric test, with the Dunn
posttest for multiple comparisons. When comparing two mean fluorescent
intensity (MFI) curves over the course of several concentrations of stim-
ulation or Boolean subsets of cytokine-producing cells from different
vaccine groups, a two-way repeated-measures ANOVA was used, with
comparisons for each stimulation concentration done using the Bonferroni
correction for multiple comparisons. The relationship between viral load
and immune response was calculated using the Pearson product-moment
correlation. All statistical analyses were performed with Prism version
5 (GraphPad).

Results
Immunization with low doses of Ag selectively favors CD4 over
CDS8 T cell induction

We assessed the relationship between induction of CD4 and CD8
T cells and vaccine Ag dose using a 42-aa multiepitope cluster HIV
peptide (PCLUS6.1-P18) comprising helper and CTL epitopes
restricted to H-2%. The vaccine Ag was given in the novel cross-
priming adjuvant CAF09 (DDA/MMG-1/pI:C) (19), and the ad-
juvant dose was kept identical for all groups. We hypothesized that
with the CAF09 adjuvant, which selectively and efficiently de-
livers Ag to and activates DCs, we would be able to induce a CTL
response using low vaccine Ag doses and, hence, overcome the
threshold issues observed with low-dose vaccinations using con-
ventional adjuvants and viral vectors. The ultimate goal was to
achieve higher functional avidity of the vaccine-specific CD8
T cells when using low vaccine doses.

H-2¢ BALB/c mice were immunized three times 2 wk apart
with various doses of the vaccine Ag PCLUS6.1-P18 in CAF(9.
One week after the final immunization, spleens were harvested.
Splenocytes were restimulated in vitro with the vaccine Ag
PCLUSG6.1-P18, and cytokine production was assessed by flow
cytometry and ICS. Higher percentages (Fig. 1A) and absolute
numbers (Fig. 1B) of vaccine-specific CD4 IFN-y* cells were
induced at lower vaccine doses, whereas induction of CD8 T cell
responses required a higher dose of Ag. This differential pattern
was not specific for any one cytokine; it also held true for TNF,
IL-2, and IL-17A (Supplemental Fig. 1A, 1B, 1E). The number of
CD4 T cells peaked at a vaccine dose of 0.1-1 nmol PCLUS6.
1-P18 in CAF(09 per mouse for all three cytokines, whereas an
optimal CD8 T cell response was observed at a 10-100-fold
higher vaccine dose (10 nmol PCLUS6.1-P18 per mouse) (Fig. 1).
Because we were interested in vaccine-specific Thl and CTL ef-
ficacy related to viral challenge, we focused on the canonical Thl
cytokine IFN-vy as the key readout for the remainder of the study.
This experiment was repeated multiple times, and we pooled data
from eight of the repeated experiments that used the same vaccine
doses, timing, and stimulations, confirming a lower-dose optimum
for CD4 over CDS8 T cells and showing a significant difference in
the response magnitudes between vaccine groups (p < 0.05—
0.001, Fig. 1C, 1D).

Low-dose Ag vaccination induces CD4, but not CDS8, T cells of
enhanced functional avidity

In a follow-up experiment, we immunized mice as described above
but included more vaccine doses to measure functional T cell
avidity as a function of vaccine Ag dose. Splenocytes from im-
munized mice were stimulated with a range of vaccine Ag con-
centrations (5 X 10> to 5 uM PCLUSG6.1-P18) in vitro after the
last immunization, and IFN-y production was measured by flow
cytometry and ICS. Consistent with Fig. 1, we noted that lower
vaccine doses (0.03—-1 nmol) favored CD4 T cell responses,
whereas higher doses (=1 nmol) were required for CD8 T cell
induction (Supplemental Fig. 1C). Higher vaccine doses (50—
100 nmol peptide per mouse) did not result in increased Th or

CTL responses (data not shown). Importantly, lower vaccine doses
(0.03-1 nmol PCLUS6.1-P18 in CAF09 per mouse) resulted in
vaccine-specific CD4 T cells responding to lower concentrations
of Ag in vitro and, hence, were of higher functional avidity than
CD4 T cells from groups given higher vaccine Ag doses (3—
10 nmol; Fig. 2A). Functional avidity of CD4 T cells, calculated
as log;o(ECsy), differed significantly among vaccine groups (p <
0.05-0.01; Fig. 2C, Supplemental Fig. 1D). Interestingly, the same
trend of higher functional avidity with low vaccine Ag doses in
CAF09 was also observed when using TNF, IL-2, and IL-17 as
readout (Supplemental Fig. 1E, 1F). Surprisingly, the functional
avidity dose-response curves [using IFN-y and log;o(ECso) as
readout] for the groups that had induced a significant CD8 T cell
response were very similar among vaccine doses (Fig. 2B, 2D,
Supplemental Fig. 1C, 1D). Likewise, no differences for dose-
response avidity curves were obtained for CD8 T cells by stim-
ulating with various concentrations of the minimal P18-110 CTL
epitope or when the other above-mentioned cytokines were used
as readout (data not shown). Because we used relatively small
group sizes (n = 3 or 4 mice per group) and had repeated the
experiment multiple times, we decided to perform a pooled
analysis calculating avidity [log;o(ECsp)] to confirm the differ-
ences observed in T cell avidity. The pooled analysis reflected the
data from the experiment shown in Fig. 2A and 2B well and also
showed a significant increase in CD4 T cell functional avidity with
lower vaccine doses (p < 0.01-0.001), whereas there was no ef-
fect of vaccine dose on CD8 T cell avidity (Fig. 2C, 2D). Most
likely, a change in the peptide supplier midway through the study
resulted in the high variation in functional avidity, especially for
CD8 T cells.

Hence, immunization with low doses of PCLUS6.1-P18 in
CAFO09 selectively induced CD4 T cells, whereas higher doses of
Ag were needed to induce a significant CD8 T cell response. To our
surprise, lower vaccine doses selectively enhanced functional
avidity of vaccine-specific CD4, but not CD8, T cells.

Relative and absolute numbers of high-avidity CD4 T cells
increase with low vaccine Ag dose immunizations

We next examined whether the observed increase in functional
avidity after low-dose immunizations was caused by a relative
change in the quality of the CD4 T cell population or whether
absolute numbers of CD4 T cells of higher functional avidity were
increased as well. We immunized mice three times, as described
above, with low (0.1 nmol per mouse), medium (1 nmol per
mouse), or high (10 nmol per mouse) doses of PCLUS6.1-P18 in
CAF09 and stimulated splenocytes in vitro after immunizations
with various concentrations of PCLUS6.1-P18, as described before.
We then compared avidity by assessing the ratio of high-avidity
T cells responding to a low concentration of Ag/total responding
T cells as a measure of functional avidity, as previously described
(27). Lower vaccine doses significantly increased the relative level
of high-avidity CD4 T cells compared with higher vaccine doses
(Fig. 3A). In contrast, there was no significant relationship be-
tween vaccine Ag dose and the ratio of high-avidity/total respond-
ing CD8 T cells (Fig. 3B). We pooled data from five repeated
experiments that included the same vaccine doses, timing, and
stimulations, and we normalized absolute numbers of high-avidity
T cells (as defined in Fig. 3A, 3B) to the 1-nmol vaccine dose
group within each experiment to minimize interexperimental
variation. We found a significant increase in total numbers of high
functional avidity CD4 T cells in the 1-nmol vaccine dose group
compared with the high 10-nmol dose group (p < 0.01, Fig. 3C).
In contrast, significantly more total high-avidity CD8 T cells were
found in the high vaccine dose (10 nmol) group relative to lower
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FIGURE 1. Low-dose immunizations favor induction of CD4 T cells
over CD8 T cells. (A and B) BALB/c mice were immunized i.p. three times
at 2-wk intervals with different doses of PCLUS6.1-P18 in CAF09, as
indicated on the x-axis (C, control group receiving CAF09 only). One week
after the third immunization, splenocytes were restimulated in vitro with
5 wM PCLUS6.1-P18 in the presence of brefeldin A and assessed for
intracellular IFN-y production by flow cytometry. The graphs depict the
mean (+ SEM) percentages (A) and absolute numbers (B) of CD4 T cells
and CD8 T cells producing IFN-vy after stimulation in each vaccine dose
group (n = 3 per group). These results are representative of nine experi-
ments with similar results. (C and D) Pooled analysis of eight repeated
immunization experiments. Not all experiments included all vaccine doses,
and one repeated experiment used different doses and could not be pooled.
Mice were immunized, and IFN-y production was assessed by flow
cytometry, as described for (A) and (B). The graphs depict the mean per-
centages (= SEM) of CD4 T cells (0) and CD8 T cells (A) producing IFN-y
following stimulation with 5 uM PCLUS6.1-P18. n = 28 for CAF09; n =5,
11, 24, 16, and 12 for vaccine groups dosed at 0.01, 0.1, 1, 10, and 50 nmol
PCLUS6.1-P18, respectively. *p < 0.05, **p < 0.01, ***p < 0.001, one-
way ANOVA and Newman—Keul posttest.

doses (0.1 and 1 nmol, p < 0.01), confirming that low vaccine
doses did not selectively increase functional avidity of CD8
T cells (Fig. 3D).

The vaccine Ag dose during priming is essential for functional
CD4 T cell avidity and CD8 T cell number

Because functional T cell avidity maturation has been observed
during the course of an infection, despite the lack of somatic
hypermutations in the TCR (28, 29), we studied avidity maturation
during vaccination. CD4 T cell functional avidity was stable and
remarkably unaltered after one, two, and three vaccinations and
even >1 y after the last vaccination (data not shown). Interest-
ingly, we observed after vaccination with heterologous vaccine Ag
doses at the priming and boosting event (low or high priming dose
each boosted with low or high doses, respectively) that a low
priming dose was essential to elicit high functional CD4 T cell
avidity (regardless of booster vaccine dose), whereas the booster
dose was the major determinant of the magnitude (low booster
dose resulted in the highest CD4 response, Supplemental Fig. 2A,
2C). In contrast to CD4 T cells, the priming dose determined the
magnitude of the CD8 T cell response, and, as expected, no
significant relationship between functional CD8 T cell avidity
and either priming or booster vaccine Ag dose was observed
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(Supplemental Fig. 2B, 2D). Although these results would indicate
a strong selective process favoring T cells with higher intrinsic
functional avidity at the priming event, we did not find significant
differences between TCR variable o- and [-chains in vaccine-
specific CD4 or CD8 T cells (data not shown). In summary, these
data do not support the occurrence of avidity maturation during
vaccination with CAF09.

Low-dose immunization selectively induces increased levels of
polyfunctional T cells, which are not of higher functional

avidity

It was reported that T cells of higher functional avidity are also
more polyfunctional than their lower-avidity counterparts (7). We
examined this in our model by immunizing mice with various
doses of PCLUS6.1-P18 in CAF(09 and assessed avidity, as well
as polyfunctionality, by multicolor flow cytometry and ICS for
IFN-vy, TNF, and IL-2 after immunization. Responding T cells were
divided into subpopulations producing different combinations of
cytokines, as described by Darrah et al. (30), and a color code was
assigned to each combination of measured cytokines in pie charts
(Fig. 4A, 4B). When comparing pie charts between vaccine doses
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FIGURE 2. Low-dose immunization selectively enhances functional
avidity of CD4, but not CD8, T cells. BALB/c mice were immunized i.p.
three times at 2-wk intervals with different doses of PCLUS6.1-P18 in
CAFO09 and euthanized 1 wk later, when functional avidity of splenocytes
was assessed by ICS and flow cytometry. Relative percentage of CD4 (A)
and CD8 (B) T cells producing IFN-y after in vitro stimulation with in-
creasing concentrations (5 X 107° to 5 uM) of Ag, as indicated on the
x-axis. Responses were normalized to the maximum response for each
mouse (set to 100%; magnitudes of responses are shown in Supplemental
Fig. 1C) and plotted as a function of peptide concentration used for
stimulation. Data points represent mean and SEM of n = 3 mice per group
from mice immunized with the PCLUS6.1-P18 doses shown. Statistical
analyses were performed using two-way repeated-measures ANOVA and
the Bonferroni correction for multiple comparisons. Only groups with a
response significantly different from the control group are shown. Pooled
avidity [log;o(ECsp)] for CD4 (C) and CD8 (D) T cells calculated based on
normalized curves, such as the ones shown in (A) and (B), from repeated
experiments. n = 14-26 for 0.1, 1, and 10 nmol vaccine groups; n = 5-9 for
the remaining groups. Data points represent functional T cell avidity
[log10(ECsp)] from individual mice; mean and SEM are shown. The data
are representative of 10 experiments with similar results. **p < 0.01,
*#%p < 0.001, one-way ANOVA and Newman—Keul posttest for multiple
comparisons.
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FIGURE 3. Low-dose immunizations favor increased relative, as well
as absolute, numbers of high-avidity CD4 T cells but not CD8 T cells.
BALB/c mice were immunized i.p. three times at 2-wk intervals, as de-
scribed, with a low (0.1 nmol), medium (1 nmol), or high (10 nmol) dose of
PCLUSG6.1-P18 in CAF09. One week later, functional avidity was assessed
by ICS and by flow cytometry. (A) CD4 T cells of high functional avidity
were defined as cells producing IFN-vy after stimulation with 5 X 1073 uM
PCLUSG6.1-P18 (below the ECs in all groups to assure cells were of high
avidity), and the total response was determined as the highest response
observed in all groups over all stimulation concentrations. Data points
depict the ratio of high avidity/total response from individual mice in the
low (0.1 nmol), medium (I nmol), and high (10 nmol) vaccine dose
groups, as indicated on the x-axis. Mean and SEM of n = 3 mice per group
are shown. (B) The corresponding ratios of high-avidity/total vaccine—
specific CD8 T cells from the same experiments are shown. High-avidity
CD8 T cells were defined as CD8 T cells that produced IFN-y after
stimulation with 5 X 10”2 pM PCLUS6.1-P18 (corresponding to <30%
of the maximum response in all groups), and total response was defined as
the highest response over all stimulation concentrations. Absolute numbers
of high-avidity (defined as in A and B) IFN-y—producing CD4 (C) and CD8
(D) T cells are depicted using data pooled from five similar experiments.
Bars depict mean/SEM absolute numbers of high-avidity IFN-y—producing
CD4 (C) and CD8 (D) T cells that were normalized to the response in the
1-nmol vaccine dose group (set to 100%) within each experiment. High
avidity was defined as IFN-y—producing cells responding to the stimulation
concentration just below the ECs, concentration. n = 11-14 per group.
Amounts of high-avidity CD4 and CD8 T cells are indicated above/within
the bars relative to the 1-nmol group. Data are representative of nine ex-
periments showing similar results. *p < 0.05, **p < 0.01, one-way
ANOVA and Newman—Keul posttest for multiple comparisons. ns, not
significant.

(indicated to the left of the pie charts, Fig. 4A, 4B) for any given
Ag concentration (indicated below the pie charts), lower vaccine
doses resulted in a higher proportion of polyfunctional CD4
T cells that produced all three cytokines (green pie slice, Fig. 4A)
and fewer effector-like T cells (IFN-y* or IFN-y*TNF*; red and
orange pie slices, respectively). To some extent, this also was true
for CD8 T cells (Fig. 4B). Representative FACS plots used for
SPICE analysis, as well as the magnitudes of CD4 and CD8 T cell
responses, are shown in Supplemental Fig. 3A and 3B. Interest-
ingly, larger green (IFN-y"TNF'IL-2* T cell) polyfunctional pie
slices were observed at higher Ag stimulation concentrations,
indicating they were not of higher avidity than other subsets.
Furthermore, when comparing functional avidity of the different
subpopulations of cytokine producers within one vaccine group,
they all seemed to respond equally well to stimulation for both
CD4 and CD8 T cells (Fig. 4C, 4D, Supplemental Fig. 3C). If
anything, the trend was that effector-like cells producing IFN-y*,
with or without TNF* but no IL-2, responded better to lower Ag
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levels compared with polyfunctional cells producing all three
cytokines (Supplemental Fig. 3C). A pooled analysis of four ex-
periments (including the experiment shown in Fig. 4A and 4B)
also showed that increased CD4 T cell avidity was observed for all
investigated subpopulations and that no significant increase in
CD8 T cell avidity was evident after lower-dose vaccinations
(Supplemental Fig. 3D). Taken together, low vaccine doses se-
lectively enhanced CD4 T cell functional avidity and poly-
functionality; however, overall, polyfunctional T cells were not of
higher functional avidity than their monofunctional counterparts.

CD4 T cells of high functional avidity display higher cytokine
production and greater downregulation of TCR components
and inhibitory receptors on a per-cell basis compared with
low-avidity cells

We also asked whether high functional avidity CD4 T cells induced
by low vaccine doses differed phenotypically from lower-avidity
CD4 T cells induced by higher doses. Because high-avidity
T cells receive stronger signals through their TCR at a given
concentration of stimulation with cognate Ag compared with low-
avidity T cells, we speculated that this might lead to stronger
activation and more cytokine production per cell among the high-
avidity T cells. Therefore, we assessed surface and intracellular
expression of effector molecules by flow cytometry and ICS after
immunizing mice with various doses of PCLUS6.1-P18 in CAF09.
Indeed, cytokine-producing CD4 T cells of higher functional
avidity induced by low-dose vaccination (black thin line, Fig. 5A)
had higher per-cell expression of IFN-y (p < 0.001) and TNF
(p < 0.05) within IFN-y* cells and higher per-cell TNF and IL-2
expression within TNF' and IL-2* CD4 T cells, respectively (not
significant and p < 0.01, Fig. 5B) compared with lower-avidity
T cells induced by high-dose vaccination (filled graphs, Fig. SA,
5B). Furthermore, after stimulation, IFN-y—producing high-
avidity CD4 T cells expressed lower levels of TCR components
(CD3e, TCRPB, and CD4 coreceptor) than did lower-avidity
T cells, indicating more efficient activation-induced downregula-
tion of the TCR machinery following activation (Fig. 5C). T cells
of higher functional avidity have lower activation thresholds,
indicating a potential role for inhibitory receptors. In fact, higher-
avidity IFN-y" CD4 T cells expressed lower levels of the
inhibitory receptors PD-1 and CTLA-4, as well as the apoptosis-
promoting receptor Fas (CD9S5), indicating less restriction by
immune checkpoint regulation through PD-1 and potentially lower
susceptibility to Fas-induced apoptosis after stimulation of high-
avidity CD4 T cells (Fig. 5D). These differences were observed in
stimulated and unstimulated samples (data not shown). In fact, the
percentages of PD-1" CD4 T cells (Fig. 5E), as well as surface
expression levels of PD-1 (Fig. 5F), were higher for IFN-y—
producing and total CD4 T cells from groups immunized with
a high vaccine Ag dose. In line with this, higher-avidity CD4
T cells selectively expressed lower levels of CD95 (Fas) and the
inhibitory receptor CTLA-4 after in vitro stimulation with low
Ag concentrations compared with lower-avidity CD4 T cells
(Fig. 5G), indicating that CD4 T cells of high and low func-
tional avidity were able to downregulate these receptors but that
high-avidity CD4 T cells are able to do so after stimulation with
very low levels of cognate Ag. Accordingly, the increased cyto-
kine expression and decreased TCR component levels observed in
high- versus low-avidity CD4 T cells was evident at all Ag-
stimulation concentrations used (Supplemental Fig. 4). We also
speculated that increased T-bet expression in high-avidity CD4
T cells was potentially involved in lowering the activation thresh-
old; however, we did not find different T-bet expression in high- and
low-avidity CD4 T cells (Fig. 5G). Interestingly, low-avidity
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FIGURE 4. Low-dose immunizations favor increased polyfunctionality of responding T cells, which, however, is not restricted to T cells with high
functional avidity. BALB/c mice (n = 3) were immunized i.p. three times at 2-wk intervals with a low [0.1, 0.3 nmol for (B)], intermediate (1 nmol), or high
(10 nmol) dose of PCLUS6.1-P18 in CAF09. One week after the immunizations, splenocytes were stimulated with increasing concentrations of PCLUS6.1-
P18 in vitro and assessed for intracellular cytokine production, as described previously. Pie charts represent the relative distribution of CD4 T cell (A) and
CD8 T cell (B) subsets producing different cytokine combinations at the concentrations of Ag used for stimulations (indicated below the pie charts for
different vaccine doses). Note that the low dose in (B) is 0.3 nmol, because 0.1 nmol did not induce a measurable CD8 T cell response. Responses <0.2%
IFN-vy* or events <50 cytokine-positive were omitted from SPICE pie chart analysis. Functional avidity [shown as log;o(ECs)] of different subtypes of
CD4 (C) and CD8 (D) T cells producing the various combinations of cytokines indicated on the x-axis. Bars represent log;o(ECsg) values for n = 3 mice per
vaccine dose group calculated from normalized response curves (Supplemental Fig. 4B). Note that the lowest vaccine dose shown for CD8 T cells in (D) is
1 nmol, and not 0.1 nmol, because the latter dose did not induce a measurable CD8 T cell response. Data are representative of five experiments; see
Supplemental Fig. 4 for pooled avidity analysis of T cell subset populations. *p < 0.05, **p < 0.01, ****p < 0.0001, two-way repeated-measures ANOVA
and Bonferroni correction for multiple comparisons. ns, not significant.

CD4 T cells required ~10,000-fold greater Ag-stimulation con- found that more CD4 T cells from IL-157/" mice expressed the
centrations to produce as much cytokine per cell as high-avidity inhibitory PD-1 receptor than did WT CD4 T cells and, further-

CD4 T cells (Supplemental Fig. 4A, 4B). more, that CD4 T cells from IL-15"'" mice also expressed higher

Taken together, CD4 T cells of enhanced functional avidity levels (MFI) of PD-1 per cell (Fig. 6C, top and middle panels).
induced by low vaccine doses expressed greater levels of cytokine This was also true among IFN-y* CD4 T cells from IL-15"""
per cell, as well as lower levels of TCR components and inhibitory mice (Fig. 6C, bottom panel). We previously observed that high
receptors, potentially explaining their higher functional avidity. vaccine doses led to increased PD-1 expression and lower func-

tional avidity of CD4 T cells, and the data from IL-15"'" mice
could indicate that the presence of IL-15 during the vaccination

It was shown that IL-15 is important for the induction of CD3 phase was important in reducing PD-1 expression, in turn allowing
T cells of high functional avidity (31); however, less is known for higher functional avidity of CD4 T cells.

regarding the role of IL-15 in CD4 functional T cell avidity. To
investigate this, we immunized WT C57BL/6 mice and IL-15— ) .
deficient C57BL/6 mice (IL-15"'7) with the immunodominant infection

Functional CD4 T cell avidity is dependent on IL-15

CDA4 T cell avidity is important in protection against viral

I-A—restricted hepatitis B (hep B) core protein helper epitope Our original aim was to increase functional avidity of CD8 T cells
(hep B 128-140) in CAF09. After the last immunization, the re- through low-dose immunizations. However, to our surprise, CD8
sponse magnitude evaluated by flow cytometry and ICS clearly T cell functional avidity seemed independent of vaccine Ag dose,
showed lower relative and absolute numbers of IFN-y* CD4 whereas CD4 T cell functional avidity was highly dependent on
T cells in IL-15~'" mice compared with WT mice (Supplemental vaccine dose. Because CD4 help is a crucial part of efficient anti-

Fig. 5, p < 0.05 and p < 0.01, respectively). Simultaneously, infectious CD8 T cell responses, we wished to examine the role of
functional avidity was evaluated by IFN-y ELISA of splenocyte increased CD4 T cell functional avidity in the antiviral capacity of

culture supernatants from WT and IL-15'" mice stimulated with the induced CD8 T cells.
increasing concentrations of the hep B 128-140 peptide. The re- We immunized mice with various doses of PCLUS6.1-P18 in
sults showed greater functional avidity in WT mice than in CAFQ9, as previously described, and 5 wk after the third immu-

IL-15"'" mice (Fig. 6A, p = 0.0018, Fig. 6B). Interestingly, we nization we challenged mice i.p. with 2 X 10’ PFU a recombinant
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FIGURE 5. High-avidity CD4 T cells express higher cytokine levels and greater downregulation of TCR and inhibitory receptors than do their low-
avidity counterparts. Mice were immunized three times i.p. with the indicated doses of PCLUS6.1-P18 in CAFQ9, as described previously. One week after
immunizations (4 wk for CTLA-4 and Fas analyses), splenocytes were stimulated in vitro and assessed for the surface expression of various markers, as
well as intracellularly for cytokine production by flow cytometry. (A) Representative line graphs show intracellular expression of IFN-y, TNF, and IL-2
gated on IFN-y—producing CD4 T cells from mice immunized with 0.1 nmol (high avidity; thin black line) or 10 nmol (low avidity; filled graph)
PCLUS6.1-P18 in CAF09. IFN-y expression is shown for CD4 T cells from naive mice that did not produce IFN-vy as a staining control (thick black line).
(B) From the same mice in (A), TNF and IL-2 MFI for TNF" and IL-2* CD4 T cells, respectively. Data are shown as described in (A). (C) Surface expression
of TCR components CD3e and TCR-B, as well as CD4 coreceptor, on IFN-y"CD4* T cells from mice immunized with 0.1 and 10 nmol after stimulation or
on naive CD4 T cells; data are shown as described in (A). (D) Surface expression of inhibitory receptor PD-1, death receptor CD95 (Fas), and CTLA-4 on
IFN-y* CD4 T cells after stimulation. Filled graph (high dose): 30 nmol PCLUS6.1-P18 (low avidity); thin black line (low dose): 0.3 nmol PCLUS6.1-P18
(high avidity), thick black line: naive unstimulated CD4 T cells (control). (E) Percentage of PD-1 expression on all gated CD4 T cells (upper panel) and
IFN-y* CD4 T cells (lower panel) after stimulation. No upregulation of PD-1 was observed after in vitro stimulation. (F) Bar graphs show MFI of PD-1 on
all gated CD4 T cells (upper panel), as well as on IFN-y* CD4 T cells (lower panel), from the same experiment shown in (E). Bars represent mean and SEM
of n = 3 mice per group immunized as indicated on the x-axis. *p < 0.05, **p < 0.01, one-way ANOVA with Newman—Keul posttest (E and F). (G) In a
separate experiment, mice were immunized i.p. with a high (30 nmol) or low (0.3 nmol) dose of PCLUS6.1-P18 in CAF(9 three times, as described above.
Four weeks later, splenocytes were stimulated in vitro with increasing concentrations of PCLUS6.1-P18, as indicated on the x-axis. Graphs depict surface
expression (MFI) of CTLA-4 (upper left panel), CD95 (Fas; lower left panel), and T-bet (right panel) on IFN-y* CD4 T cells; data points represent mean
and SEM of n = 3 mice per group. Experiments were repeated at least twice with similar results. *p < 0.05, ****p < 0.0001, two-way repeated-measures
ANOVA and Bonferroni correction for multiple comparisons. Pos, positive controls (PMA-ionomycin).
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vaccinia virus (VPE-16) expressing HIV IIIB gp160 (5, 32). Five
days after challenge, vaccine protection was evaluated by har-
vesting ovaries (in which the virus preferentially grows) and es-
timating viral loads by plaque assay (see Materials and Methods).
The results showed that only the intermediate dose of 1 nmol
PCLUSG6.1-P18 induced significant protection from the viral
challenge (Fig. 7D) and that 10 nmol (resulting in higher CD8
T cell responses but lower CD4 avidity) also induced some level
of protection, albeit nonsignificant. One week before the challenge

(4 wk after the last immunization), we assessed the immune re-
sponses of the different vaccine groups. We noted that the 1 nmol
per mouse group had the highest CD4 T cell response (Fig. 7A),
although it was not significantly greater than the remaining
groups. Furthermore, the high vaccine dose group (10 nmol) had a
significantly higher CD8 T cell response than did all of the other
groups, including the 1-nmol group (p < 0.001; Fig. 7B), indi-
cating that a strong CTL response alone was not enough to induce
protection because this group was not significantly protected
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FIGURE 6. CD4 T cell functional avidity is dependent on the presence
of IL-15. WT C57BL/6 mice or IL-15-KO (on B6 background) mice were
immunized i.p. with 50 pg per mouse of hep B core 128-140 in CAF09
twice 2 wk apart. Two weeks after the last immunization, splenocytes were
stimulated in vitro for immune analyses. (A) Splenocytes were stimulated
for 5 d in the presence of increasing concentrations of the hep B core 128—
140 helper peptide, and IFN-y production in the culture supernatant was
assessed by IFN-y ELISA. The curves represent mean and SEM of n = 3
mice per group immunized with hep B core 128-140 in CAF09 (WT and
IL-15-KO mice) or WT mice receiving only CAF09 as a control (CAF09).
Absolute levels of culture supernatant IFN-y (pg/ml) (upper panel). IFN-y
production normalized to the maximum production for each mouse (lower
panel). (B) From the normalized values in the lower panel in (A), the
concentration of peptide needed to induce 50% of the maximum response
(ECs() was calculated for each mouse; data points represent avidity shown
as log;o(ECsp) mg/ml hep B 128-140 peptide with SEM. (C) Percentages
of PD-1* CD4 T cells (upper panel) and PD-1 expression per cell (MFI;
middle panel) for all CD4 T cells. PD-1 MFI for IFN-y* CD4 T cells after
stimulation with hep B 128-140 and ICS (lower panel). Data points rep-
resent individual mice; mean and SEM are indicated. The data shown are
representative of two experiments with similar results. *p < 0.05, **p <
0.01, one-way ANOVA and Newman—Keul posttest.

(Fig. 7D). Furthermore, the immune analysis showed, as seen
previously, higher CD4 T cell functional avidity in groups re-
ceiving lower (0.1-1 nmol) vaccine doses (p < 0.05-0.01 com-
pared with the adjuvant controls, Fig. 7C). The best correlate
observed between viral load and a single immune parameter was
logyo absolute numbers of CD4*IFN-vy* cells (R* = +0.99, p =
0.08), which approached significance, in stark contrast to the
number of IFN-y* CD8 T cells, which did not correlate with viral
load at all (R2 = +0.006, p = 0.84; data not shown). We then
ranked the immune responses among the three vaccine groups
(0.1, 1, or 10 nmol PCLUSG6.1-P18 in CAF09) with regard to the
absolute numbers of IFN-y—producing CD4 and CD8 T cells and
functional CD4 T cell avidity. Within each immune parameter, the
group with the highest magnitude of CD4/8 T cell response or
CD4 avidity received three rank points, and the group with the
lowest response/avidity received 1 rank point. When summing
these rank points, the intermediate 1-nmol group ranked highest
because it had the highest absolute numbers of IFN-y—producing
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CD4 T cells and the highest functional avidity, although not the
highest CD8 T cell response, and this group was the only one with
significant protection from the viral infection (Fig. 7D). Further-
more, the ranked immune parameter exhibited a significant inverse
correlation with viral loads (R? = +0.99, p = 0.0079, Fig. 7E). A
high-quality and high functional avidity CD4 T cell response
alone was not enough to confer protection, because immunization
with the lowest dose (0.1 nmol PCLUS6.1-P18), as well as with
1 nmol of the PCLUSG6.1 helper peptide (that did not contain the
CTL epitope), induced similar CD4 T cell responses compared
with the protected 1-nmol group but no CD8 T cell response. It
should be mentioned that the immune analysis of response mag-
nitude and avidity was measured 1 wk prior to challenge; however,
in a separate experiment, we noted a very stable magnitude of
CD4/CD8 T cell responses and functional avidity between 4 and
5 wk postvaccination (data not shown). We repeated the challenge
experiment using a low and high vaccine dose to perform T cell
analysis at the time of viral load assessment and, hence, direct
correlations within single animals. We used a lower challenge
dose to determine whether a proposed effect of high avidity would
be greater with lower pathogen and presumably Ag levels; how-
ever, at the lower challenge dose (1 X 107 PFU per mouse), both
low and high vaccine doses protected, indicating a lower threshold
for protection at this dose (Fig. 7F). Unfortunately, vaccine pro-
tection resulted in PFU values below the threshold of detection,
thus hindering meaningful correlation analyses between T cell
responses and protection at the time of viral load assessment.

Taken together, the combination of a CD4 T cell response of high
avidity and the presence of a functional CD8 T cell response was
crucial in obtaining protection from vaccinia virus infection, and
neither alone seemed to be sufficient.

Suboptimal numbers of virus-specific CTLs protect against
vaccinia virus challenge only in the presence of CD4 T cells of
high functional avidity

In our previous study, it was difficult to separate functional CD4
T cell avidity from CD8 T cell response magnitude because these
two parameters seemed to counterbalance each other. Low vaccine
dose resulted in high CD4 functional avidity and a lower-
magnitude CD8 response; conversely, CD8 responses were high-
est at high doses at which CD4 functional avidity was low.
Therefore, we separated these two factors by adoptively trans-
ferring gp160-specific CD4 T cells of either high/low avidity
along with identical TCR-Tg gp160-specific CD8 T cells. Thus,
we immunized BALB/c mice with a high (10 nmol) or a lower
(1 nmol) dose of the HIV IIIB gp160 PCLUSG6.1 peptide that did
not contain the P18-110 CTL epitope in CAF09 and, hence, in-
duced gpl160-specific Th cells of low or high functional avidity,
respectively (but no CTL responses). Simultaneously, we also
immunized TCR-Tg RT-1 mice with PCLUS6.1-P18 in CAF09;
these mice expressed a Tg TCR specific for the HIV IIIB
immunodominant gp160 (P18-110) H-2D"restricted CTL epitope
within PCLUS6.1-P18. After immunizations, we harvested spleno-
cytes and purified CD4 T cells from the low- and high-dose
PCLUSG6.1-immunized BALB/c mice (containing CD4 T cells of
higher or lower functional avidity, respectively) and adoptively
transferred them along with identical amounts of CD8 T cells
from the primed TCR-Tg RT1 mice into immune-deficient H-2¢
SCID mice. All mice were on a BALB/c background. The SCID
mice were subsequently infected with a low dose (0.5 X 107 PFU)
of VPE-16 recombinant vaccinia virus expressing HIV IIIB gp160
(see schematic representation in Fig. 8A). We transferred a sub-
optimal number of CD8 CTLs that, on their own, were not ex-
pected to protect against the challenge based on previous data (4)
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FIGURE 7. A combination of high CD4 T cell functional avidity and the presence of a CD8 T cell response protects against viral vaccinia challenge.
Mice were immunized three times, as described previously, with the indicated doses of PCLUS6.1-P18 containing the HIV IIIB gp160 Th and CTL epitopes
(Helper+CTL), as well as with PCLUS6.1 that included only the Th epitope (No CTL) in CAF09. CAF09 controls are indicated (CTRL). Five weeks after
the last immunization, mice were challenged i.p. with 2 X 107 PFU recombinant vaccinia virus vPE-16 expressing HIV IIIB gp160 (vPE-16), and immune
responses were assessed 4 wk after the last immunization. Splenocytes were harvested and restimulated in vitro with 5 uM PCLUSG6.1-P18 for CD4 (A) and
0.5 uM P18-110 for CD8 (B) T cell responses. Bars represent log;o mean and SEM of the percentage of IFN-y—producing T cells (n = 3 per group).
Statistical differences for the responses between groups were assessed by one-way ANOVA and the Newman—Keul posttest for multiple comparisons.
##%p < 0.001. (C) Functional avidity of IFN-y—producing CD4 T cells was assessed by ICS and flow cytometry and calculated as previously described; bars
depict mean log;o(ECso) with SEM for each vaccine group. No difference in CD8 functional avidity between groups was observed (data not shown). *p <
0.05, **p < 0.01 versus control group, one-way ANOVA and Newman—Keul posttest. (D) In the same experiment, vaccine protection was evaluated by
estimating viral load in ovaries 5 d postchallenge by plaque assay (see Materials and Methods). The graph depicts estimated log;o PFU of paired ovaries
(both right and left) from individual animals; n = 5 per group (n = 4 in the group vaccinated with PCLUS6.1 without the P18 CTL epitope) with medians
indicated. The level of detection (1000 PFU) is indicated by the dashed horizontal line. *p < 0.05, Kruskal-Wallis test with Dunn test for multiple
comparisons. (E) Linear regression was performed between estimated log;o PFU levels (= SEM) and a composite ranked immune parameter that was
derived by adding ranks among the three vaccine groups (0.1, 1, and 10 nmol PCLUS6.1-P18/CAF09) with regard to the magnitudes of the CD4 and CD8 T
cell responses and CD4 T cell functional avidity (rank 3 = highest response/highest avidity, rank 1 = lowest response/lowest avidity). Note that mice were
sacrificed prior to challenge to perform the immune analysis shown in (A—C); hence, correlations between immune response and PFU were performed at the
group level, with different mice giving rise to immune parameters and PFU, not within paired single animals. (F) Mice were immunized three times i.p. with
1 or 50 nmol PCLUS6.1-P18 in CAF09 or CAF09 alone (control) and were challenged 4 wk later with a low dose (1 X 10’ PFU per mouse) of vPE-16
vaccinia virus. Protection was assessed in ovaries by plaque assay at 5 d postchallenge. Bars represent median log;o PFU and interquartile range of n = 5
mice per group. This experiment had a lower detection limit of 100 PFU, as indicated by the dashed line. *p < 0.05, **p < 0.01 versus control, Kruskal—
Wallis test with Dunn test for multiple comparisons.

to leave a window for the CD4 T cells to improve protection. Prior
to transfers, we assessed responses and found that the avidity of
CD4 T cells was higher in the mice receiving the low dose
(1 nmol) of PCLUS6.1 compared with mice receiving 10 nmol
PCLUSG.1, as expected (data not shown). At the time of transfer,
we assessed immune responses of an aliquot of cells used for the
transfer and found (as expected) no significant difference in
the magnitude of IFN-y—producing CD4 T cells transferred from
the low- and high-avidity groups (Fig. 8B); however, the func-
tional avidity between the groups differed significantly, as ob-
served by the ratio of high avidity/total responding cells (p <
0.05, Fig. 8C). Strikingly, TCR-Tg CD8 T cells adoptively
cotransferred with the high-avidity CD4 T cells protected against
the subsequent viral challenge to a significant extent (p < 0.05),
whereas the same TCR-Tg—specific CD8 CTLs transferred along
with the low-avidity CD4 T cells did not (Fig. 8D); CD8 T cells
alone also did not protect at this dose. Thus, only the higher
functional avidity CD4 T cells led to an improved protective ca-
pacity of the transferred CD8 T cells. This experiment was re-
peated with similar results, and pooled analyses of the two
experiments confirmed significantly lower viral loads in recipients
of high-avidity CD4 T cells (p = 0.03, Fig. 8E). Our previous

experiments had shown that immunization of WT mice with 10
nmol PCLUSG6.1-P18 in CAF09 resulted in a higher CD8 T cell
response compared with 1 nmol PCLUS6.1-P18 after vaccination
(but lower CD4 avidity). In contrast, at 5 d postchallenge (at the
time viral loads were assessed), WT mice immunized with 1 nmol
had a higher CD8 T cell response than did the 10-nmol group
(Supplemental Fig. 6A, 6B), whereas CD4 T cell avidity was still
greater in mice vaccinated with the low dose (1 nmol) compared
with the high dose (10-nmol group; Supplemental Fig. 6C). This
could suggest that the high-avidity CD4 T cells improved CD8
T cell expansion after vaccinia challenge by an unidentified
mechanism, leading to increased CD8 T cell antiviral efficacy.

Discussion
Our main findings were that low vaccine Ag doses selectively
primed CD4 T cells over CD8 T cells and that functional avidity of
CD4 T cells was increased with lower vaccine doses. Interestingly,
adoptive transfer of CD4 T cells of high, but not low, functional
avidity along with the same Ag-specific TCR-Tg CD8 CTLs into
SCID mice protected against viral vaccinia challenge.

Functional T cell avidity of CD8 T cells is highly dependent on
Ag dose during in vitro culturing (5); however, we did not find a
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FIGURE 8. Adoptively transferring CD4 T cells of high, but not low, functional avidity along with primed TCR-Tg RT1 CD8 T cells confers protection
against viral vaccinia challenge. BALB/c mice were immunized three times, as described before, with a low (1 nmol) or high (10 nmol) dose of PCLUS6.1
(containing the HIV-IIIB gp160 helper but no CTL epitope) in CAF09. TCR-Tg RT1 mice carrying a TCR specific for the minimal immunodominant HIV
IIIB gp160 P18-110 epitope were immunized three times with 50 nmol PCLUS6.1-P18 in CAF09. Two weeks after immunizations of BALB/c mice and
3 wk after immunizations of TCR-Tg mice, spleens were harvested, and CD4 T cells from BALB/c mice immunized with either a low (1 nmol, high avidity)
or high (10 nmol, low avidity) dose of PCLUS6.1 were adoptively transferred i.v. with CD8 T cells from RT1 TCR-Tg mice that were vaccinated with
PCLUS6.1-P18 into SCID mice that were subsequently infected i.p. with 0.5 X 107 PFU vPE-16 vaccinia virus within 15 min of T cell transfer. Ap-
proximately 1.5 X 10° CD4 T cells of high or low functional avidity specific for PCLUS6.1, along with 5.5 X 10° P18-I110-specific CD8 T cells, were
transferred per mouse. (A) Schematic overview of the experiment. (B) At the time of transfer, an aliquot of the transferred CD4 T cells was assessed for
immune response, and the percentage (mean and SEM) of transferred CD4 T cells that produced IFN-y after in vitro restimulation with 5 uM PCLUS6.1, as
assessed by flow cytometry and ICS, is shown. (C) At the time of transfer, splenocytes were also restimulated with a range of PCLUS6.1 concentrations, and
the ratio of high functional avidity CD4 T cells (defined as CD4 T cells that responded with IFN-y production after stimulation with 0.05 uM Ag)/total
amount of responding CD4 T cells was assessed, as described previously. The graph depicts avidity (mean = SEM) measured as the ratio of the percentages
of high avidity/total responding CD4 T cells for each of n = 3 mice per group. (D) At 4 d postchallenge, ovaries were removed to estimate viral loads, as
previously described. The graph depicts estimated log;o PFU values for individual recipient mice receiving the donor cells indicated below the x-axis.
Individual log;o PFU values (mean = SEM) are shown. For (B)—(D), *p < 0.05, **p < 0.01, one-way ANOVA and the Newman-Keul posttest for multiple
comparisons. *p < 0.05, Student ¢ test without correction for multiple comparisons (D). (E) The adoptive transfer protection experiment was repeated with
similar results; PFU values were pooled from the experiment shown in (D) and the repeated experiment. To bypass the effect of differences in PFU values
between the two experiments (~0.7 log;o PFU difference), we calculated a 8 PFU value by normalizing log;o PFU values of individual mice to the mean of
mice receiving low-avidity CD4 T cells within each experiment. Thus, each data point represents the 8 PFU value (log;o PFU individual mouse — mean
log;o PFU low-avidity recipient group in the same experiment); mean and SEM are indicated. *p < 0.05, two-sided ¢ test. ns, not significant.

clear relationship between vaccine Ag dose in vivo and functional dose vaccinations, namely, that low vaccine Ag doses (<1 nmol
CD8 T cell avidity. We encountered the same problems as pre- adjuvanted peptide) did not induce a significant CD8 T cell re-
vious attempts to induce high-avidity CD8 T cells through low- sponse. It should be mentioned that low-dose immunization with
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OVA (0.05 pg to 1.1 pmol) in CAF09 induced a significant
SIINFEKL-specific CD8 T cell response in C57BL/6 mice but
with no increase in functional CD8 T cell avidity compared with
higher OVA doses (up to 500 wg OVA; data not shown). A few
previous studies observed a relationship between vaccine Ag dose
and functional avidity of CD8 T cells (3, 33-35); however, these
studies generally observed a decrease in avidity at extremely high
Ag doses or one dependent on a heterologous prime-boost regi-
men with different vaccine vectors (35-37). We did not assess
heterologous vectors in our study. Of note, in our experiments the
functional avidity of responding CD8 T cells was high, with ECs
for the minimal P18-I10 epitope in the 100-500 pmol range (data
not shown). Potentially, an upper limit for functional avidity had
been reached, and improvement was not possible, even with al-
tered vaccine doses.

Conversely, CD4 T cell functional avidity was highly dependent
on vaccine Ag dose. This is a remarkable and important finding,
because CD4 T cell functional avidity has been linked with im-
proved outcome in tumors (16) and infections, such as HIV (38),
and it could potentially play an important role in intracellular
bacterial infections in which CD4 T cell immunity is crucial. That
only CD4, and not CD8, T cell functional avidity was greater after
low-dose vaccination was intriguing and likely reflects the major
differences between these two cell types. The ability to increase
CD4 T cell functional avidity after low-dose vaccination might
reflect the great heterogeneity (Th1/2/17 and so forth) and plas-
ticity of CD4 T cells (39). However, we did not find any sys-
tematic differences in Th or regulatory cell lineage differentiation
(or cytokine skewing) in the different vaccine Ag dose groups
(Supplemental Fig. 1; regulatory T cell data not shown). That CD4
T cells generally were primed by lower vaccine Ag doses com-
pared with CD8 T cells could reflect findings in a recent study in
which cross-presenting CD8a* DCs were located more centrally
in the T cell zone of draining lymph nodes and required higher Ag
levels to access and process the Ag compared with conventional
non—cross-presenting DCs, which were located in the periphery of
the lymph node closer to Ag drainage from afferent lymphatics
(40). Changing the vaccine dose in our study could result in dif-
ferent numbers of Ag* DCs or the level of Ag on each DC.
However, conflicting results have been obtained with regard to
which role this plays in T cell functional avidity (3, 41), and we
did not assess this in our study.

We also compared the levels of costimulatory receptors on
T cells from animals immunized with high and low doses. No major
difference in T cell costimulatory receptor expression, such as
CD25, CD28, CD44, or CD69, was observed (data not shown);
interestingly, however, we found significantly lower expression of
the inhibitory receptor PD-1 and CTLA-4, as well as Fas death
receptor, on CD4 T cells from mice immunized with low Ag doses
(Fig. 5SD-G). PD-1 and especially CTLA-4 were proposed to in-
crease activation thresholds on T cells, and decreased expression
of these receptors could explain the increased functional CD4
T cell avidity observed after low-dose vaccinations (42).

High Ag concentrations can lead to overstimulation and apo-
ptosis of high-avidity T cells (14), but we did not see increases in
active caspase 3 expression following high-dose vaccination
compared with low-dose vaccination or differences in viability
during in vitro cell cultures from mice immunized with high/low
vaccine Ag doses (data not shown). Thus, our data do not support
the interpretation that greater functional avidity of CD4 T cells
after low vaccine doses was a result of high-dose—dependent
elimination of high-avidity T cells; consistent with this, a recent
study even found that low-avidity T cells are more susceptible to
activation-induced apoptosis than are high-avidity T cells (43).

Interestingly, the magnitude of the CD4 and CD8 T cell responses
declined with the highest doses (>50 nmol peptide per mouse).
Because no increase in activation-induced cell death or viability
after stimulation was observed, it could be speculated that higher
vaccine doses led to free Ag not bound by liposome-based CAF.
Free Ag drains faster to the draining lymph node and is processed
and presented by nonactivated DCs, in turn inducing tolerized or
even inhibitory regulatory Ag-specific T cells (44). In fact, the
50-nmol PCLUSG6.1-P18 vaccine dose equals ~1.2 mg/ml, and for
a similar liposomal adjuvant (CAFO1), concentrations > 1 mg/ml
Ag led to free unbound Ag (45).

In our studies, the priming dose determined functional CD4
T cell avidity (Supplemental Fig. 2), in contrast to previous studies
regarding CDS8 avidity (34-37), as well as an older study in which
CD4 T cell structural avidity assessed by MHC class Il:peptide
multimer staining was increased with lower peptide boosting, but
not priming, dose (46). This discrepancy could be related to the
differences in the experimental setups, adjuvants (CFA versus
CAF09), and readout (MHC-multimer stain versus functional as-
say) used. CAF09 and related CAF adjuvants were shown to im-
print effector and central memory phenotypes, as well as Th
lineage choice, early after the first or second immunization, and
these imprinted phenotypes are stable over prolonged periods of
time, even during the course of infection (47-49). This might
indicate stable epigenetic regulation of T cell phenotype, as well
as functional avidity, which was already imprinted after the first
immunization with CAF09. In fact, we found no difference in
functional T cell avidity of CD4 or CD8 T cells at different time
points (from as early as 3 d up to <12 mo) after one, two, or three
immunizations (data not shown).

It was proposed that a correlate of protection in HIV infection is
the presence of T cells of high functional avidity and, further, that
these high-avidity T cells also were of increased polyfunctionality
(7, 8). Interestingly, although we found that low vaccine Ag doses
induced CD4 T cells of higher functional avidity and greater
polyfunctionality (Fig. 4), cells responding to low Ag concentra-
tions (high functional avidity) displayed less polyfunctionality
than did low-avidity T cells responding only to higher Ag con-
centrations. Importantly, the earlier HIV studies focused on CD8
T cell avidity, in contrast to our findings with CD4 functional
avidity.

Finally, because IL-15 was found to be crucial in inducing high-
avidity CD8 CTLs (31), we examined the need for IL-15 to induce
CD4 T cells of high functional avidity. We found that IL-15 defi-
ciency significantly reduced the functional avidity of responding
CD4 T cells after vaccinations, as well as the magnitude of the re-
sponse (Fig. 6, Supplemental Fig. 5). Interestingly, IL-15"'~ CD4
T cells from peptide-vaccinated mice, as well as from adjuvant
controls, had much higher PD-1 expression per cell and on a pop-
ulation basis compared with WT cells (Fig. 6C). Vaccination of WT
BALB/c mice with high peptide doses led to low functional avid-
ity and high PD-1 expression in CD4 T cells. Low functional avidity
and high PD-1 expression were also observed in IL-15-KO mice,
and these two findings could support the hypothesis that the presence
of IL-15 during vaccination negatively regulates PD-1 expression in
responding T cells, and low PD-1 expression, in turn, lowers the
T cell Ag threshold, resulting in higher functional avidity.

Importantly, we found that increased CD4 T cell functional
avidity was crucial for optimal protection in a viral challenge model
using a recombinant nonlethal vaccinia virus expressing HIV I1IB
gpl160 (32). A possible mechanism for the increased protective
capacity is that the high-avidity CD4 T cells are stimulated to
provide improved help to CD8 T cells earlier during infection,
when Ag loads are still low. In fact, preliminary results showed
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that the protected 1-nmol vaccine Ag dose group had higher CD8
T cell responses postvaccinia challenge than did the high (10
nmol) group, despite a 10-fold lower CD8 T cell response in the
1-nmol group preinfection (Supplemental Fig. 6). Furthermore,
other studies highlighted the importance of CD4 T cell help for
CTL activity in improving protection against vaccinia challenge
(50, 51); however, to our knowledge, this is the first study to
suggest that the avidity of Th cells plays a crucial role.

In conclusion, we found that high functional avidity CD4 T cells
specific for HIV IIIB gp160 can be selectively induced by low Ag
dose vaccinations when given in the novel liposomal CAF09 ad-
juvant, and these high-avidity CD4 T cells improved the protective
capacity of gp160-specific CD8 T cells in a recombinant gp160-
expressing vaccinia challenge model. Because we did not find
high-avidity T cells to be tolerogenic, become inducible regulatory
T cells, or be highly susceptible to activation-induced cell death,
such as was observed for high-avidity CD8 T cells, inducing high-
avidity CD4 T cells by low-dose vaccination to improve help for
CTL may be an advantageous strategy when designing vaccines
against infectious diseases and cancer.
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