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Abstract

TCR signal strength during priming is a key determinant of CD4 T cell activation but its impact on
effector CD4 T functions in vivo remains unclear. In this study, we compare the functionality of
CDA4 T cell responses induced by peptides displaying varying binding half-lives with MHC class 11
before and after influenza virus infection. While significant quantitative and qualitative
differences in CD4 T cell responses were observed before infection between mice vaccinated with
low or high stability peptides, both mice mounted robust early Th1 effector cytokine responses
upon influenza challenge. However, only effector CD4 T cells induced by low stability peptides
proliferated and produced IL-17A after influenza challenge. In contrast, effector T cells elicited by
higher stability peptides displayed a terminally differentiated phenotype and divided poorly. This
defective proliferation was T cell-intrinsic but could not be attributed to a reduced expression of
lymph node homing receptors. Instead, we found that CD4 T cells stimulated with higher stability
peptides exhibited decreased responsiveness to low levels of Ag presentation. Our study reveals
the critical role of TCR signal strength during priming for the function and Ag sensitivity of
effector CD4 T cells during viral challenge.

Introduction

Th1 cells produce IFN-y and mediate protective immunity against intracellular pathogens. In
contrast to the remarkable homogeneity of in vitro-induced Th1 cells, Thl cells induced by

vaccines and pathogens in vivo are phenotypically and functionally heterogeneous. Although
it is known that Th1 cell quality rather than quantity plays an important role in their efficacy
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invivo (1), the parameters controlling the robustness of CD4 T cell responses during
pathogen challenge remain poorly defined.

The strength of TCR interaction with peptides bound to MHC class 1l molecules (pMHCII)
is central to CD4 T cell proliferation and differentiation (2). In general, strong TCR signals
favor the differentiation of Thl cells (3, 4), suggesting that increasing TCR signal strength
during priming would improve the quality and efficiency of cellular immunity (5, 6).
However, experiments in murine experimental autoimmune encephalomyelitis model have
suggested that strong TCR stimulation decreased effector CD4 T cell encephalitogenicity
(7). How TCR signal strength during priming changes effector CD4 T cell functions is
therefore still unclear.

We have previously shown using peptides mutated at MHCII anchor residues that pMHCI|I
stability regulates the magnitude, quality and clonotypic diversity of the effector CD4 T cell
compartment (8, 9). In the current studies, we used a recombinant influenza virus to analyze
the impact of pMHCI| stability on effector CD4 T cell function during viral challenge. We
found that effector CD4 T cells induced by lower stability peptides proliferated rapidly in
response to influenza virus challenge and exhibited significant plasticity in their cytokine
production. In contrast, effector CD4 T cells induced by higher stability peptides displayed a
terminally differentiated phenotype and proliferated poorly after virus challenge. This
defective proliferative response could be attributed to a decrease in Ag sensitivity. Taken
together, our results reveal the importance of TCR signal strength during priming for
effector CD4 T cell responses during viral challenge.

Materials and Methods

Mice

B10.BR, B10.BR-Thy1.1 congenic, and 5C.C7a transgenic mice have been described
before (9) Mice were maintained under pathogen-free conditions at The Medical College of
Wisconsin. The Medical College of Wisconsin and the Institutional Animal Care and Use
Committee reviewed and approved all experiments.

Peptide synthesis

PCCgg_104 (KAERADLIAYLKQATAK), PCC1g3x (KAERADLIAYLKQATKK), and
MCCgg_103 (ANERADLIAYLKQATK) peptides were synthesized by standard solid-phase
methods, purified by HPLC, and confirmed by mass spectrometry as previously described
(9). Hemoglobin peptide (Hbgs_76) Was purchased from AnaSpec (San Jose, CA).

Immunization and adoptive transfer

Mice were immunized s.c. at the base of the tail with 60 pug of peptide in combination with
monophosphoryl lipid A (MPL)-based adjuvant [laboratory formulation based on procedures
in (10)]. For adoptive transfer, 2.5x10° total splenocytes from 5C.C7ap transgenic mice
containing 4x10% naive PCC-specific CD4 T cells were transferred i.v. into B10.BR-Thy1.1
congenic mice at the time of immunization.
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Generation of Recombinant WSN-MCCgg_193 Virus

To generate the recombinant WSN mutant virus (WSN-MCCgg_193), We inserted the
oligonucleotidic sequence encoding MCCgg_103 (5°-
GCAAACGAACGTGCAGATCTCATCGCCTATCTAAAACAAGCTACTAAG-3’)
between nucleotides 145 and 146 of WSN NA gene. Insertion of up to 28 aa into the NA
stalk does not impair NA function but insertion of more than 12 aa attenuates the virus.
A/WSN/33 (WSN; HIN1) and WSN-MCC was generated by using plasmid-based reverse
genetics (11). Viruses were amplified and plaqued on Madin-Darby Canine Kidney
(MDCK ) cells.

Influenza infection

Mice were i.p. injected with 100 pl of a combination of xylazine (2 mg/ml) and ketamine
(15 mg/ml) (Midwest Veterinary Supply) in PBS. Mice were infected intranasally under
anesthesia with 2400 PFU recombinant WSN-MCCgg_193 Virus in 30 ul of PBS. All infected
mice were housed in the biocontainment suite at the animal facility of the Medical College
of Wisconsin where tissue harvest from infected mice was also performed.

Quantitation of viral RNA by qPCR

Viral RNA was detected in a manner similar to previously published protocols (12, 13).
RNA was isolated from lung homogenates using TRIzol (Sigma-Aldrich) and RNA was
reverse-transcribed into cDNA using a gene specific primer targeted to influenza acid
polymerase (PA) negative sense RNA (PA RT 5’-GTGCGACAATGCTTCAATCC-3’) and
Superscript 11 reverse transcriptase (Invitrogen Life Technologies). cDNA was then used for
amplification by quantitative real-time PCR (iCycler; Biorad) using primers specific for
influenza PA gene (PA forward 5’-CGGTCCAAATTCCTGCTGA-3’, PA reverse 5’-
CATTGGGTTCCTTCCATCCA-3’). The negative control consisted of lung homogenates
from uninfected naive B10.BR mice. The PA-gene copy number was calculated from a
known concentration of PA-containing plasmid (a gift from Dr. R Webster, St. Jude
Children’s Research Hospital, Memphis, TN) used as a standard curve in all reactions. PA
copies per lung were then calculated based on the total amount of RNA in each lung sample.

Preparation of single cell suspensions from organs

At the indicated times, mice were euthanized by CO, inhalation followed by exsanguination
by perforation of the abdominal aorta. Lungs were perfused by injecting 3 ml of PBS in the
left ventricle of the heart. Cells in the lung airways were harvested after intratracheal
introduction and recovery of 1 mL PBS three times. Single cells were prepared from
draining lymph nodes (LNs) and spleen as described previously (9). Preparation of lung
single-cell suspensions after enzymatic digestion was described elsewhere (14). Briefly,
lungs were removed, minced, and incubated in digest media containing 250 U/ml
collagenase type 1 (Worthington, Lakewood, NJ), 5 U/ml hyaluronidase (Sigma-Aldrich, St.
Louis, MO), and 50 U/ml DNase | (Worthington) for 1 h at 37°C, and 2 mM EDTA was
added for the last 15 min. The single-cell suspension was filtered through 40-um pore cell
strainers after removing erythrocytes by NH4CI hypotonic lysis buffer.
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For the analysis of dendritic cell (DC) population, draining LNs were harvested, cut into
small fragments, and digested with 2 mg/ml collagenase D (Roche, Mannheim, Germany)
and 50 U/ml DNase | (Worthington) in HBSS with calcium and magnesium for 30min at
37°C, followed by the addition of 10 mM EDTA for a further 5 min.

BrdU labeling in vivo

Twenty-four hour before sacrificed, mice were i.p. injected with 1 mg of BrdU (BD
Biosciences, San Jose, CA). BrdU incorporation was assessed using a BrdU Flow kit (BD
Biosciences) according to the manufacturer’s instructions.

Measurement of Cytokines

Bronchoalveolar lavage fluid (BALF) was obtained by flushing the airway with 1 ml sterile
PBS. We spun down the cells and collected supernatants. The level of cytokines in the
supernatants was measured with the BioRad multiplex assay (BioRad Laboratories,
Hercules, CA) in accordance with the manufacturer’s instructions.

Flow cytometry

Cell suspensions were labeled for 45 min at 4°C at a density of 2x108 cells/ml with
predetermined optimal concentrations of the following fluorophore-labeled mAbs: FITC-
conjugated anti-Vall (RR8.1), anti-I-Ek (14.4.4), PE or biotin-conjugated anti-Vb3 (KJ25;
all produced in the laboratory); Pacific Blue-conjugated anti-CD3 (17A2), anti-CD19 (6D5),
PE-conjugated anti-CD49a (HMal), anti-CD80 (16-10A1), anti-CCR7 (4B12), APC-
conjugated anti-KLRG1 (2F1/KLRG1), anti-CXCR3 (CXCR3-173), anti-CD62L (MEL-14),
FITC or APC/Cy7-conjugated anti-Thy1.1 (OX-7), anti-Thy1.2 (30-H12), APC/Cy7-
conjugated anti-CD44 (IM7), anti-CD11c, biotin-conjugated anti-CD69 (H1.2F3; all from
Biolegend, San Diego, CA); PerCP/Cy5.5-conjugated Streptavidin, biotin-conjugated anti-
CD103 (2E7), eFluor450-conjugated anti-CD11b (M1/70), anti-CD8a (53-6.7), anti-B220
(RA3-6B2; all from eBioscience, San Diego, CA); Purified rat anti-mouse CD16/CD32
antibody (clone 93, produced in the laboratory) was used to prevent nonspecific binding of
antibodies to the Fc receptors. After staining, cells were suspended in 1.5 pg/ml DAPI (Life
Technologies, Carlsbad, CA) for dead cells exclusion.

Apoptosis was determined with the FLICA Kit (Life Technologies) according to the
manufacturer’s protocol.

For intracellular staining, cells were stained with Fixable Viability Stain 450 (BD
Biosciences, San Jose, CA) following surface staining. Cells were fixed and permeabilized
using BD Cytofix/CytopermTM (BD Biosciences). Intracellular proteins were stained for 30
min at RT with FITC-conjugated anti-Ki67 (B56, BD Biosciences) according to the
manufacturer’s protocol.

Data were collected with FACS Diva software (BD Biosciences) and were analyzed with
FlowJo software (Tree Star, Ashland, OR). Profiles are presented as 5% probability contours
with outliers.
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Ex vivo restimulation and intracellular cytokine staining

Cell suspensions in RPMI 1640 supplemented with 10% FCS, 50 nM 2-ME were plated in
24-well plates (107 cells/mL) and restimulated with 20 ng/ml PMA and 1 pg/ml ionomycin
for 4 h. Stimulated cells were resuspended in anti-CD16/32 antibody (produced in the
laboratory) in PBS with 5% FCS and labeled for surface markers and dead cells as described
above. Cells were fixed using BD Cytofix/Cytoperm™ (BD Biosciences). PE-labeled anti-
IL-17A (TC11-18H10.1), and APC-labeled anti-IFN-y (XMG1.2) antibodies (all Biolegend)
were diluted in Perm/Wash Buffer (BD Biosciences) and incubated with fixed cells for 30
min at room temperature. Cells were washed with Perm/Wash Buffer followed by PBS with
5% FCS and analyzed.

In vivo Proliferation assay

Vaccine-primed CD4* T cells were enriched from draining LN and spleen by Dynal
negative selection (Life Technologies). Thy1.2* 5C.C7 cells were sorted on a BD Aria by
removing Thy1.1* cells. B10.BR-Thy1.1 mice were infected with WSN-MCCgg_103 Virus
following adoptive transfer of 2x10° sorted 5C.C7 cells. BrdU was i.p. injected 24 h before
analysis as described above.

Ex vivo proliferation assay

Single cell suspensions from draining LN and spleens from immunized mice were
negatively selected for CD4 T cells using Streptavidin RapidSphere EasySep (StemCell
Technologies, Vancouver, CA), biotin-conjugated anti-CD8a (53-6.7) and anti-B220
(RA3-6B2, all Biolegend). Thy1.2* 5C.C7 cells were sorted on a BD Aria. Sorted 5C.C7
cells were labeled with 5 UM CFSE using labeling procedure described previously(15).
CD11c* cells were purified by positive selection (Miltenyi Biotec, Auburn, CA) from
spleens of naive mice or mediastinal LNs (MLNs) of the mice infected with WSN-
MCCgg_103 Virus 2 days before. CD103*CD11b~ or CD103~CD11b* DCs in MLN were
sorted on Aria.

2x10% CFSE-labeled 5C.C7 cells were co-cultured with 2—4x103 splenic DCs or MLN DCs
at the indicated concentrations of MCCgg_103 peptide in 96-well plate, and proliferation was
measured as CFSE dilution after 3 days.

Statistical analysis

Statistical differences between experimental groups were determined by the Student t test.
Correlations between parameters were assessed by the Spearman correlation analysis.
Statistical analysis was conducted with Prism software (GraphPad Software, La Jolla, CA).
p < 0.05 was considered statistically significant.

Results

Strong TCR signals alter the magnitude and quality of CD4 T cell response induced by
TLR4 agonists

We have previously performed peptide dissociation assay with soluble I-E molecules to
determine pMHCII half-lives and shown that PCCgg_104 peptides form low stability
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PMHCII (t1/2 = 5 h) that were 50-fold less stable than pMHCII formed by its higher
stability variant PCCqg3k (t1/2 = 229 h). To examine the impact of TCR signal strength on
the magnitude and quality of Th response, we immunized B10.BR mice subcutaneously with
PCCgg_104 Or PCCqg3k in an adjuvant system based on the TLR4 agonist MPL (8). After 7
days, polyclonal Ag-specific Th cells in draining LN, spleen and lung were analyzed.
Immunization with high stability peptide PCCqg3k increased the total number of Ag-specific
Th cells in all organs examined (Fig. 1 A). When restimulated in vitro, significantly higher
number of IFN-y* Th1 cells were detected in the cells primed with high stability peptides
(Fig. 1 B&C) while few cells produced IL-17 (Fig. 1 B&D). Immunization with high
stability peptides not only enhanced Th1 cell differentiation but also induced a number of
phenotypic changes in Thl cells (M. Nagaoka, C.K. Baumgartner, and L.P. Malherbe,
submitted for publication), the most dramatic being the upregulation of CD49a (VLA-1), an
alpha subunit of a1p1 integrin that has been shown to play an important role in T cell
responses during influenza virus infection (16, 17) (Fig. 1 E&F). Overall, strong TCR signal
during priming not only increased the magnitude of Th1 response but also changed Th1 cell
quality.

Effector Thl cells induced by TLR4 agonists are rapidly mobilized in response to influenza

challenge

To assess in vivo effector functions of Th cells primed with different TCR signal strength,
we created a recombinant influenza A virus carrying moth cytochrome c peptide epitope
(WSN-MCCgg_103), a peptide that form intermediate stability pMHCII with I-EK (t1/2 = 73
h) (8). This peptide was chosen because PCCgg_104 is known to raise a heteroclitic response
to MCCgg_103, Which means that all T cell clones raised by immunization with PCCgg_104
respond better to MCCgg_103 (18). Infection of B10.BR mice with WSN-MCCgg_103, unlike
WT WSN, induced the expansion of cytochrome c-specific Va11*Vp3*CD44hicDe2L 0
cells (8, 19), confirming that the cytochrome c peptide is presented during infection (data
not shown). Unlike mice immunized with control I-EX binding hemoglobin peptide
(Hbgs—76), mice immunized with PCCgg_104 0r PCCqg3k displayed a rapid accumulation of
Ag-specific Th cells in the BAL and lung (Fig. 2 A) 4 days after challenge with WSN-
MCCgg_103 Virus. Although high stability peptides induced higher number of Th1l cells in
secondary lymphoid organs before infection (Fig. 1 B), a comparable number of Ag-specific
Th1 cells were found in the infected lung 4 days after virus challenge in mice immunized
with high or low stability peptide-immunized mice (Fig. 2 B). Furthermore, similar elevated
levels of Thl-associated cytokines (IFN-y and IL-2) and low levels of anti-inflammatory
cytokines (IL-10) were detected in the BALF of these mice (Fig. 2 C). These data suggest
that, irrespective of TCR signal strength during priming, vaccine-induced Th1 cells were
rapidly recruited to the lung and produced effector cytokines upon viral infection.

Plasticity of effector CD4 T cells induced by weaker TCR signals

We have shown that few Ag-specific Th17 cells were elicited following immunization with
low or high stability peptides (Fig. 1 C). Surprisingly, we found that IL-17 level in the
BALF on day 4 postinfection was significantly higher in mice immunized with low stability
peptides (Fig. 3 A). Intracellular cytokine staining confirmed that only Th cells primed with
low stability peptides produced IL-17 in infected lungs (Fig. 3 B&C). Furthermore, about
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40% of IL-17* cells coproduced IFN-y (Fig. 3 B&C). IL-17*IFN-y* cells were not detected
in any organs (LN, Spleen, lung) prior to challenge (Fig. 1 C) suggesting that effector CD4
T cells induced by weaker TCR signal maintained functional plasticity during influenza
challenge.

Defective proliferative response impaired accumulation of strongly stimulated effector
CD4 T cells following influenza challenge

Previous studies have shown that temporally distinct waves of effector cells are necessary to
mediate a sustained response to influenza virus infection (20). When we analyzed Th cell
responses at a later stage of infection (day 6 postinfection), we found that Ag-specific Th
cells primed with low stability peptides continued to accumulate in the lung between day 4
and day 6 postinfection exceeding the number of Th cells induced with high stability
peptides (Fig. 4 A). We have previously shown by single-cell repertoire analysis that low
stability peptides promote the selective expansion of high avidity T cells while higher
stability peptides expand lower avidity clonotypes (8). It was therefore possible that high
and low avidity clonotypes differed in their capacity to accumulate during viral challenge.
To investigate this possibility, we adoptively transferred cytochrome c-specific monoclonal
5C.C7 TCR transgenic T cells to congenic recipients before peptide immunization and
tracked their accumulation in response to virus challenge. Consistent with our observations
in the polyclonal response, we found that 5C.C7 cells primed with higher stability peptides
were present in high number in the lung prior to virus challenge (Fig. 4 B) but their number
remained constant during the first six days of infection. In contrast, the number of 5C.C7
cells primed with low stability peptides increased 16-fold during the same timespan (Fig. 4
B). Therefore, independently of TCR usage, immunization with lower stability peptides
promoted a superior accumulation of Ag-specific CD4 T cells later after influenza challenge.

The difference in effector T cell accumulation between mice primed with low and high
stability peptides could reflect a difference in apoptosis or proliferation. No difference in the
number of apoptotic 5C.C7 T cells at day 4 postinfection was observed between recipients
immunized with high or low stability peptides (data not shown). In contrast, 5C.C7 T cells
primed with high stability peptides expressed significantly higher levels of KLRG1, a
marker associated with terminally differentiated cells with poor proliferative capacity (21)
(Fig. 5 A). Accordingly, less pulmonary Ag-specific CD4 T cells expressed Ki67 (Fig. 5 B)
or incorporated BrdU (Fig. 5 C) on day 4 after influenza challenge in mice immunized with
high stability peptides, suggesting a defective proliferation was responsible for the poor
accumulation of effector CD4 T cells in these mice.

Lung-derived DCs in MLNSs play a critical role in initiating T cell proliferative response
following primary and secondary influenza infections (20, 22). We found that BrdU
incorporation (Fig. 5 D), Ki67 expression (Fig. 5 E), and CD69 expression (Fig. 5 F) at day
4 postinfection were also significantly reduced in high stability peptide-primed Th cells
present in MLN. Overall, these data suggest that Th cells primed with strong TCR signals
have decreased proliferative capacity in response to viral infection.
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The proliferative defect in mice primed with strong TCR signal is CD4 T cell intrinsic

The defective proliferative response in mice primed with high stability peptides can be
mediated by T-cell intrinsic or extrinsic mechanisms. One of the phenotypic changes
observed in a fraction of Th cells primed with higher stability peptides is the acquisition of
granzyme B (M. Nagaoka, C.K. Baumgartner, and L.P. Malherbe, submitted for
publication). Cytotoxic CD4 T cells could affect early Ag presentation by decreasing viral
titer in the lungs (13) or by killing Ag-presenting APCs (23). To determine whether priming
CDA4 T cells with higher stability peptides had an impact on early viral replication in the
lung, a quantitative PCR-based assay that detects the influenza A PA gene copy number was
used (24). Fig. 6A shows PA gene copy number per lung at day 4 postinfection and
demonstrates that the lungs of mice immunized with low or high stability peptides contained
significantly less viral RNAs than the lungs of mice immunized with control hemoglobin
peptides, suggesting that effector CD4 T cells impacted early viral replication but cytotoxic
CD4 T cells. However, comparable amount of viral RNAs were found following
immunization with low or high stability peptides.

Airway-resident CD103" DCs play a critical role in Ag presentation to T cells in MLN
following influenza infection (25). To determine whether CD4 T cells primed with higher
stability peptides impacted Ag-presenting DCs in MLN, we analyzed DCs in MLN 2 days
after challenge. The numbers of total DCs or CD103* DCs in MLN (Fig. 6 B&C), as well as
their expression levels of MHCII and CD80 (Fig. 6D) were comparable between mice
immunized with high or low stability peptides, suggesting that cytotoxic CD4 T cells
induced by high stability peptides did not alter Ag presentation following virus challenge.

To further determine whether the defect in T cell proliferation was T-cell intrinsic or
extrinsic, we primed 5C.C7 T cells with low stability peptides in vivo, transferred them into
secondary recipients previously immunized with low or high stability peptides, and
monitored their proliferative response following influenza challenge. No difference in BrdU
incorporation was observed between 5C.C7 effector cells transferred in recipients
immunized with low or high stability peptides on day 4 postinfection (Fig. 6 E). In contrast,
when we transferred peptide-primed 5C.C7 effector T cells into secondary recipients
previously immunized with low stability peptides, we found that effector cells primed with
higher stability peptides exhibited a significantly reduced capacity to proliferate in response
to viral challenge (Fig. 6 F). Therefore, these data imply that T cell-intrinsic mechanisms
control CD4 T cell proliferative response following influenza challenge.

Strong TCR signals During Priming Increase Ag Threshold Requirement for Recall
proliferation

The expression of LN homing receptors CD62L and CCR7 distinguishes Ag-specific CD4 T
cell subsets with high proliferative capacity (26—-28). CCR7 has also been shown to regulate
CDA4 T cell migration from tissues into draining LNs (29, 30). Therefore, we examined
CD62L and CCRY7 expression on Ag-specific CD4 T cells after immunization. We found
that a similar frequency of 5C.C7 cells expressed CD62L following immunization with low
or high stability peptides but less 5C.C7 cells expressed CCR7 in the draining LNs of mice
immunized with high stability peptides (Fig. 7 A&B). However, the total numbers of Ag-
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specific CD4 T cells in MLNs at early stage of infection (day 2 postinfection) were
comparable between mice immunized with high or low stability peptides (data not shown),
suggesting that Th cells primed with strong TCR signal were recruited to MLNs during virus
challenge.

Next, we assessed the proliferative response of Th cells to lung-derived DCs. CD103* or
CD103™ DCs in MLNs at day 2 postinfection were sorted and co-cultured for 3 days with
CFSE-labeled 5C.C7 cells primed with high or low stability peptides. Regardless of lung DC
subset, dramatic differences in effector T cell division were observed. Whereas over 20—
30% of effector T cells stimulated with low stability peptides had divided within 3 days,
only 5% of the effector T cells stimulated with high stability peptides had entered cell cycle
(Fig. 7C). Interestingly, when 1uM of cognate peptides were added to lung DCs, 5C.C7 cells
induced by high stability peptides proliferated comparable to or better than cells induced by
low stability peptides (Fig. 7 D), suggesting that strongly stimulated CD4 T cells divide
poorly in vivo in response to low doses of Ag. To further characterize the impact of peptide
stability on the Ag sensitivity of effector CD4 T cells, CFSE-labeled 5C.C7 cells primed
with high or low stability peptides were stimulated with purified splenic DCs from naive
mice in the presence of various concentrations of peptides. We found that 5C.C7 cells
primed with low stability peptides proliferated preferentially at low peptide concentrations
(from 1 pM to 10 nM) while high stability peptide-primed 5C.C7 cells proliferated better at
high Ag concentrations (from 10 nM to 1 uM) (Fig. 7 E&F).

Modulating surface TCR expression is the best known mechanism for tuning T-cell Ag
sensitivity. To determine if the distribution of the 5C.C7 TCR was similar in effector 5C.C7
cells stimulated with low or high stability peptides, we stained for cell surface expression of
the transgenic Va1l and VB3 TCR chains. We found that Va1l expression was reduced in
5C.C7 cells stimulated with high stability peptides (Fig. 7G). However, no reduction in V3
expression was observed (data not shown) and the reduction in Va1l expression was not
observed in the spleen (Fig. 7G). When we compared the Ag sensitivity of 5C.C7 cells
derived from draining LN and spleen, we found that, irrespective of their organs of origin,
cells primed with low stability peptides proliferate better at low Ag dose (Fig. 7H).
Therefore, we concluded that TCR signal strength during priming tunes Ag sensitivity
independently of TCR expression level.

Discussion

Our studies reveal the remarkable impact of TCR signal strength during priming on effector
CDA4 T cell functions in response to viral infection. Although mice primed with low or high
stability peptides mounted comparable Thl responses early after influenza challenge, their
effector CD4 cells differ in their plasticity and Ag sensitivity. Effector CD4 T cells induced
by lower stability peptides quickly proliferated upon influenza challenge and simultaneously
initiated IL-17 production. In contrast, effector CD4 T cells induced by high stability
peptides did not secrete IL-17, developed a terminally differentiated phenotype, and
proliferated poorly in response to viral infection. This defective proliferation was T-cell
intrinsic and caused by a decreased sensitivity to low-density Ag presentation.

J Immunol. Author manuscript; available in PMC 2015 September 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Nagaoka et al.

Page 10

T cell sensitivity to Ag stimulation has long been known to be regulated by T cell activation
status. In vitro derived effector (31, 32) and memory (33, 34) CD4 T cells have been shown
to display enhanced proliferation in response to low Ag dose. The increased sensitivity of
Ag-experienced T Cells has been attributed to an increased in the size of oligomeric TCR
complexes (35) and a superior calcium mobilization and phosphorylation of signaling
molecules downstream of the TCR (31). Interestingly, in several studies, low stability
PCCgg_104 peptides were used to analyze effector/memory CD4 T cell responsiveness to Ag
stimulation (31, 32, 34). Our studies demonstrate that the stability of the priming peptides
plays a critical role in the sensitivity of the resulting effector CD4 T cells. Ag-specific CD4
T cells induced by higher stability peptides in vivo were less sensitive than CD4 T cells
elicited by low stability peptides and than naive CD4 T cells themselves. Our results may
also explain why in murine experimental autoimmune encephalomyelitis model, Th cells
induced by higher stability peptides did not accumulate in the central nervous system and
failed to induce disease (7, 36).

Several studies have shown that the Ag sensitivity of naive T cells is constantly tuned by
basal TCR signals derived from self-pMHCII recognition on DCs by a poorly understood
mechanism (37-39). Whether effector CD4 T cells still perceive this tonic TCR signal is

unclear but it is known that memory CD4 T cells are less dependent upon MHC class I1-

derived signals than naive CD4 T cells for their homeostasis (40).

Our studies reveal the functional importance of TCR signaling strength during priming for
effector CD4 T cell proliferation in response to influenza virus challenge. Effector CD4 T
cells induced by strong TCR signals were defective in initiating proliferation and
accumulating in response to viral challenge. Interestingly, influenza-virus specific memory
CD8 T cells have also been shown to differ in their capacity to mount a proliferative
response upon virus challenge. As suggested in our studies, CD62L expression on T cells
was not predictive of their proliferative capacity (41). Instead, for both CD4 T cells (our
results) and CD8 T cells (42, 43) the limiting factor appears to be their capacity to
proliferate in response to limited Ag concentration present on the surface of lung-derived
DCs in MLN following influenza challenge. Hence, tissue-derived DCs during viral
infection may set the Ag threshold for recall proliferation (44) and select effector/memory T
cells based on the strength of their past Ag stimulation.

Our studies highlight another important role of TCR signaling strength during priming for
effector CD4 T cell response to influenza virus infection. While strongly stimulated CD4 T
cells developed a terminally differentiated phenotype in response to viral infection, CD4 T
cells stimulated with weaker peptides increased their production of IL-17A. While some
IL-17A-producing cells were detected prior to virus challenge, none of them co-produced
IFN-y and their numbers were not significantly different between mice primed with low or
high stability peptides. Woodworth et al. have recently reported similar functional
differences between CD4 T cells elicited by dominant or cryptic epitopes upon challenge
with Mycobacterium tuberculosis (45). Dominant epitope-specific CD4 T cells become
terminally differentiated upon bacterial challenge while cryptic epitope-specific T cells
enhanced IL-17A production. These results suggest that effector Th1 cells elicited by
suboptimal TCR stimulation (lower stability peptides, cryptic epitopes) exhibit considerable
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plasticity for future IL-17 expression (46—48), perhaps due decreased exposure to Thl
polarizing cytokines (49).

In summary, our data reveal the critical role of TCR signal strength during priming for the
plasticity and Ag sensitivity of effector CD4 T cells during virus challenge. These findings
could have important implications in the design of new vaccination approaches to protect
against pathogens.
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Figure 1. TCR signal strength dictatesthe magnitude and quality of Thl cells
B10.BR mice were s.c. immunized with PCCgg_104 or PCC1g3k peptides and analyzed at

day 7 after immunization. (A) Total number of Ag-specific CD4 T cells

(Dapi~B220~CD8a~CD11b~Val1*VB3*CD44M). (B-D) IL-17 and IFN-y production by Ag-
specific CD4 T cells in draining LN measured by intracellular cytokine staining (ICS). Total
number of IFN-y* (C) or IL-17* (D) Ag-specific CD4 T cells. (E) Expression of CD49a and
CXCR3 in Ag-specific CD4 T cells. (F) Frequency of CD49a* CXCR3 Ag-specific CD4 T
cells. Numbers in quadrants or above circled areas indicate percent cells (+ SEM) in profile.
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Means + SEM for at least three animals are shown. *p < 0.05, **p < 0.01 (unpaired Student
t test). Data shown are derived from at least three independent experiments (n = 3 mice per

group).
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Figure 2. Rapid mobilization of effector Thl cellsduring influenzainfection
B10.BR mice were s.c. immunized with Hbgs_76, PCCgg_104, Or PCC1g3K peptides,

challenged 7 days later with WSN-MCCgg_104 influenza virus, and analyzed on day 4
postinfection. (A) Total number of Ag-specific CD4 T cells
(Dapi~B220~CD8a~CD11b™Vall*Vp3+CD44M) in BALF (left) and lungs (right). (B) Total
number of IFN-y* Ag-specific CD4 T cells in lungs measured by ICS. Means + SEM for at
least three animals are shown. *p < 0.05, **p < 0.01 (unpaired Student t test). Data shown
are derived from at least three independent experiments (n = 3 mice per group). (C) IL-2,
IFN-y, and IL-10 concentrations in BALF of infected (n=9) or naive (n=14) mice measured
by multiplex.
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Figure 3. Th cellsinduced by low stability peptides produce IL-17 upon influenza infection
B10.BR mice were s.c. immunized with Hbgs_76, PCCgg_104, Or PCC1g3k peptides,

challenged 7 days later with WSN-MCCgg_104 influenza virus, and analyzed on day 4
postinfection. (A) IL-17 concentration in BALF measured by multiplex. (B) IL-17 and IFN-
v production by Ag-specific CD4 T cells in draining LN measured by ICS. (C) Frequency of
IL-17*1IFN-y~ (left) or IL-17TIFN-y* (right) Ag-specific CD4 T cells measured by ICS.
Numbers in quadrants indicate percent cells (+ SEM) in profile. Means £ SEM for at least
three animals are shown. *p < 0.05, **p < 0.01 (unpaired Student t test). Data shown are
derived from at least three independent experiments (n = 3 mice per group).
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Figure 4. Better accumulation of effector CD4 T cellswith low stability peptides
(A) B10.BR mice were s.c. immunized with Hbgg_76, PCCgg_104, Or PCC13k peptides,

challenged 7 days later with WSN-MCCgg_104 influenza virus, and analyzed on day 6 after
challenge. Total number of Ag-specific CD4 T cells
(Dapi"B220~CD8a~CD11b~Vall*Vp3+*CD44M) in lung. (B) Splenocytes from Thy1.2*
5C.C7af TCR transgenic mice were adoptively transferred into congenic Thy1.1* mice.
Recipient mice were s.c. immunized with PCCgg_104 0r PCC1g3k peptides and challenged 7
days later with WSN-MCCgg_104 influenza virus. Total number of 5C.C7 cells
(Dapi~B220~CD8a~CD11b~Thy1.2*CD44M) in lungs on days 0, 4, and 6 postinfection.
Means + SEM for at least three animals are shown. *p < 0.05, **p < 0.01 (unpaired Student
t test). Data shown are derived from at least three independent experiments (n = 3 mice per

group).
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Figure 5. Dampened proliferativerecall responsein mice primed with strong TCR signaling
(A-D) Splenocytes from 5C.C7af TCR transgenic mice were adoptively transferred into

congenic mice. The recipient mice were s.c. immunized with PCCgg_104 or PCC13k
peptides, challenged 7 days later with WSN-MCCgg_104 influenza virus, and analyzed on
day 4 postinfection. (A—C) Frequency of KLRG1* (A), Ki67* (B), or BrdU* (C) 5C.C7 cells
in lung. (D) Frequency of BrdU* 5C.C7 cells in MLN. (E-F) B10.BR mice were s.c.
immunized with PCCgg_104 0r PCC1g3k peptides. After 7 days, mice were infected with
WSN-MCCgg_104 influenza virus and analyzed on day 4 postinfection. Frequency of Ki67*
(E) or CD69* (F) Ag-specific CD4 T cells (Dapi"B220-CD8a~CD11b~Val1*VE3*CD44M)
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in MLN. Means = SEM for at least three animals are shown. *p < 0.05, **p < 0.01, ***p <
0.001 (unpaired Student t test). Data shown are derived from at least three independent
experiments (n = 3 mice per group).
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Figure 6. Defective proliferation of high stability peptides-primed Th cellsis T cell intrinsic
(A-D) B10.BR mice were s.c. immunized with PCCgg_194 0r PCC1g3k peptides. After 7

days, mice were infected with WSN-MCCgg_104 influenza virus. (A) At day 4 postinfection,
mice were sacrificed, lungs were removed, RNA was isolated, and quantitative PCR was
performed as described in Materials and Methods. PA copy number per lung is shown for
six mice per group. (B-D) At day 2 postinfection, mice were sacrificed and MLNs were
removed. (B—sC) Total number of (B) DCs (defined as CD3"CD19"DAPI"MHCII*CD11c*
cells) or (C) CD103* DCs in MLN. (D) MFI of MHCII and CD80 in CD103* DC in MLN.
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(E-F) Splenocytes from 5C.C7ap TCR transgenic mice were adoptively transferred into
congenic mice and recipient mice were s.c. immunized with PCCgg_194 0r PCC1g3k
peptides. After 7 days, 5C.C7 cells were sorted and transferred to secondary recipients
immunized with PCCgg_194 0r PCC1g3k peptides 7 days before. Secondary recipients were
infected with WSN-MCCgg_104 influenza virus and analyzed on day 4 postinfection. (E)
Frequency of BrdU* among PCCgg_194"primed 5C.C7 cells in PCCgg_104~ or PCC1g3k-
immunized recipients. (F) Frequency of BrdU* among PCCgg_1g4~ 0r PCC1g3k-primed
5C.C7 in PCCgg_104 immunized recipients. Means £ SEM for at least three animals are
shown. *p < 0.05 (unpaired Student t test). Data shown are derived from at least three
independent experiments (n = 3 mice per group).
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Figure 7. High stability peptide-induced Th cellsfail to proliferatein responseto lung DCs from

infected mice

Splenocytes from 5C.C7af TCR transgenic mice were adoptively transferred into congenic
mice, and recipient mice were s.c. immunized with PCCgg_194 0r PCC1g3k peptides. (A)

Frequency of CD62LM or (B) CCR7* 5C.C7 cells in the indicated organs 7 days after

immunization with indicated peptides. Means + SEM for at least six animals are shown. (C-
F) Draining LN and spleen of recipient mice were harvested 7 days after immunization.
5C.C7 cells were sorted and CFSE-labeled. (C-D) CFSE-labeled 5C.C7 day 7 effector cells
were cultured without (C) or with (D) 1 pM MCCgg_193 peptide and CD103* or CD103~
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DCs sorted from MLNSs of B10.BR mice infected with WSN-MCCgg_104 influenza virus 2
days before. (E-F) CFSE-labeled 5C.C7 day 7 effector cells and (F) naive 5C.C7 cells were
cultured with purified splenic DCs from naive mice and (E) various concentrations of
MCCgg_103 peptide or (F) 100 pM of MCCgg_103 peptide. After 72 h, cell division was
determined by flow cytometry. Frequencies of dividing CD4 T cells (Thy1.2*CFSE) are
displayed. (G) Vall staining MFI of 5C.C7 cells in indicated organs 7 days after
immunization. (H) CFSE-labeled 5C.C7 day 7 effector cells derived from draining LN or
spleen were cultured with purified splenic DCs from naive mice and 100 pM of MCCgg_103
peptide. After 72 h, cell division was determined by flow cytometry. Frequencies of dividing
CDA4 T cells (Thy1.2+CFSElo) are displayed. Means + SEM for at least three animals are
shown. *p < 0.05, (unpaired Student t test), **p < 0.01 (unpaired Student t test). Data shown
are derived from at least three independent experiments (n = 3 mice per group).
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