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Abstract

Young infants are generally more susceptible to viral infections and experience more severe
disease than adults. CD8" T cells are important for viral clearance and although often ineffective
in neonates can be protective if adequately stimulated. Using a murine CB6F1/J hybrid model of
respiratory syncytial virus (RSV) infection, we previously demonstrated that the CD8* T cell
immunodominance hierarchy to two RSV-derived epitopes, KIM2g5_go, and DPM;g7_195, was
determined by the age at infection. To determine if age-dependent RSV specific CD8* T cell
responses could be modified through enhanced innate signaling, we used toll-like receptor (TLR)
agonist 4 or 9 treatment at the time of infection, which remarkably changed the neonatal
codominant response to an adult-like K{M2g,_go CD8* T cell immunodominant response. This
shift was associated with an increase in the number of conventional dendritic cells (cDCs), CD11b
*and CD103* DCs, in the lung-draining lymph node, and increased expression of the co-
stimulatory molecule CD86. The magnitude of the K¢M2g,_go CD8* T cell response in TLR-
treated neonates could be blocked with antibodies against CD80 and CD86. These studies
demonstrate the age-dependent function of cDCs, their role in determining immunodominance
hierarchy, and epitope-specific CD8" T cell requirements for co-stimulation that all influence the
immune response magnitude. The unique impact of TLR agonists on neonatal T cell responses is
important to consider for RSV vaccines designed for young infants.
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Introduction

Globally, lower respiratory tract infections are the largest contributor to mortality in the first
year of life (1). Viral infections cause 50% of this mortality, with RSV being the single most
important viral pathogen followed by influenza (1). Immunity to viral infection requires
clearance of infected cells by CD8* cytotoxic T lymphocytes (CTL), and in young infants,
the appearance of CD8* T cells correlates with the time of recovery and convalescence (2,
3). The highly regulated immune environment of the neonate has been implicated in limiting
robust CD8" T cell responses, thus playing a role in susceptibility to viral infection (4-6).
Neonatal humans and mice, however, have been found to mount more adult-like T cell
responses in the setting of infections, such as human cytomegalovirus or Trypanozoma cruzi
(7, 8), and after particular immunizations or stimuli (9-11). These studies implicate a role
for innate signaling to override the limitations of pathogen-specific CD8* T cell responses in
young infants.

Following primary infection, CD8* T cell activation occurs in the lymph nodes draining the
site of infection upon encountering antigenic peptide presented in the context of a MHC
class I (MHCI) molecule in conjunction with accessory signaling (12-14). Only a tiny
fraction of all the potential viral epitopes are recognized by naive epitope-specific CD8* T
cells and the magnitude of each epitope-specific response varies resulting in a numerical
hierarchy with immunodominant epitopes provoking the largest CD8* T cell responses.
Intrinsic CD8* T cell factors such as the number and phenotype of naive pathogen-specific
CD8* T cells and the affinity of the T cell receptor (TCR) for the peptide-MHCI complex
have been shown to predict the resulting immunodominance hierarchy (15-17). In addition,
factors extrinsic to the T cell such as antigen availability and the affinity of peptide for the
MHCI complex of APCs have been shown to influence T cell response magnitudes (18-20).

We have shown previously that adult CB6F1/J mice have an immunodominant response to
an epitope in the M2 protein of RSV (KdM282_90, RSV transcription processivity factor,
amino acid residues 82-90) and a subdominant response to an epitope in the M protein
(DbM187_195, RSV matrix protein, amino acid residues 187-195) (21). Neonatal mice make
a distinct response during RSV infection in which the KdM2g,_gg CD8* T cell response is
lower in magnitude, resulting in a codominant T cell response (22). The adult response
hierarchy is preserved during congenic transfer of adult CD8* T cells into neonatal mice
experiencing RSV infection, suggesting that intrinsic factors determined the K¢M2g_go-
immunodominance (22).

In addition, we have shown that lung conventional dendritic cell (cDC) responses are more
mature upon RSV infection outside of the neonatal period and this coincides with the age-
dependent transition from neonatal to adult CD8" T cell response hierarchy (23). In mice,
two cDC subsets, designated CD103* DCs and CD11b* DCs, take up antigen in the lung
and migrate to the mediastinal lymph node that drains the lung (dLN) to present antigento T
cells (24, 25). CD103* DCs have been shown to be more effective at cross-presenting
antigen to CD8* T cells (25). Recent studies, however, have suggested that both CD103*
DCs and CD11b* DCs can contribute to the quantity and quality of the CD8* T cell
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response (26, 27). Despite their essential role in engaging CD8* T cells, it is not known how
these cDC subsets influence immunodominance.

In this study, we show that augmenting toll-like receptor (TLR) 4 or 9 triggering during RSV
infection can increase the representation of neonatal cDCs expressing CD86 in the dLN
during T cell priming. This is associated with an increase in the KdM2g,_go-specific T cell
response to RSV resulting in an adult-like immunodominance hierarchy. Additionally, we
demonstrate that epitope-specific CD8" T cells have individual requirements for co-
stimulation that may be differentially provided by distinct cDC subsets. Together the data
show that neonatal DCs exhibit limited markers of maturation in response to RSV and that
this influences the immunodominance hierarchy. Enhancing functional responses of neonatal
cDCs to RSV through TLR activation can meet intrinsic epitope-specific CD8" T cell
requirements for recruitment during infection providing insight into adjuvant design for
neonatal vaccines.

Methods and Materials

Mice

Neonatal hybrid CB6F1/J mice (6-7 days of age) were the product of timed in-house
breeding of BALB/c (female) mice and C57BL/6 (male) mice purchased from The Jackson
Laboratory (Bar Harbor, ME). Adult hybrid CB6F1/J mice (8-12 weeks old) were purchased
from The Jackson Laboratory or bred in-house. CB6F1/J mice express both H-2° and H-24
class | MHC proteins. C.129S- Batf3™mKmmyj (BAL B/c Batf3~/~) mice and B6.129S(C)-
Batf3!m1Kmm/j (B6 Batf3~/~) mice were purchased from The Jackson Laboratory. BALB/c
Batf3~/~ (female) mice and B6 Batf3~/~ (male) mice were bred in-house to produce adult
and neonatal hybrid Batf3~~ mice expressing both the H-2P and H-24 class | MHC proteins.
All mice were bred and maintained under specific pathogen-free conditions at an American
Association for the Accreditation of Laboratory Animal Care-accredited animal facility at
the Vaccine Research Center (VRC), NIAID or the Uniformed Services University of the
Health Sciences (USUHS) and housed in accordance with the procedures outlined in the
Guide for the Care and Use of Laboratory Animals, National Research Council, 8t Edition,
2011. All experiments were performed under an animal study proposal approved by either
the VRC or USUHS Institutional Animal Care and Use Committee.

Virus infection

The A2 strain of RSV was propagated in HEp-2 cells (ATCC, Manassas, VA) as previously
described (28). Mice were anesthetized with 3% isoflurane inhalation prior to intranasal
inoculation with 2x10° PFU live RSV in a volume titrated to the lung volume by age,
approximately 5-6pl per gram of body weight or 25-30ul for neonates and 100ul for adults.
Neonates were infected at 6-7 days of age and adults were infected at 8-12 weeks of age.

TLR agonists and administration

TLR agonists were administered intranasally at the time of RSV infection. TLR agonists
were reconstituted as recommended by the manufacturer and then added to the viral stock
prior to infection. Lipopolysaccharide from £.co/i 055:B5 ready-made solution 1mg/ml
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(Sigma-Aldrich Corp., St. Louis, MO) was administered as a TLR4 agonist. Neonatal mice
received 5ug and adult mice received 10ug intranasally at the time of infection.
Alternatively, TLR9 agonist CpG oligonucleotide [ODN 1826 5’-tcc atg acg ttc ctg acg tt-3’
(20 mer)] was used, and compared with control ODN 1826, 5’- tcc atg agc ttc ctg agc tt -3’
(20 mer) reconstituted as directed from InvivoGen (San Diego, CA), or PBS as indicated.
Neonatal mice received 10ug and adult mice received 20pg intranasally at the time of
infection.

RSV-specific CD8" T cell tetramer assays

Mice were euthanized by intraperitoneal injection of pentobarbitol (250mg/g) prior to
removal of lung tissues at the indicated times post-infection. Lung tissues were dissociated
with a GentleMACS machine (Miltenyi Biotec, San Diego, CA) in RPMI-1640 medium
with 10% fetal bovine serum (FBS) and passed through a 70-um filter to obtain a single cell
suspension. FBS lot was tested for RSV neutralizing antibodies prior to use. Leukocytes
were isolated by centrifugation over Fico/Lite-LM density gradient (Atlanta Biologicals).
For tetramer analysis, washed cells were initially treated with Fc Block (BD Biosciences,
San Jose, CA) for 10 min at room temperature then surface stained with K4M2g,_gq and
DPM;g7_195 tetramers (Beckman Coulter, San Diego, CA) together with fluorescently
conjugated antibodies specific for CD3, CD4, and CD8 in PBS with 2% FBS for 20 min at
4°C. LIVE/DEAD Fixable Aqua Dead Cell stain kit from Invitrogen was used to exclude
dead cells. Fluorescence was measured on an LSR-II flow cytometer (BD, San Jose, CA)
and data were analyzed using FlowJo version 9.8.3 (Tree Star, San Carlos, CA). Analysis
was performed on singlet living lymphocytes and then gated for tetramer positive cells out of
CD3*CD8*cells. Data acquisition parameters were set using fluorescent beads (BD
Biosciences). Tetramer-specific cells were enumerated by counting the total number of cells
in single cell suspension on a Beckman Coulter Counter (Z1 Coulter Counter) then
calculated based on the percentage of tetramer positive cells identified by flow cytometric
analysis. For Batf3~/~ experiments tetramer-specific cell enumeration was obtained by
running sample to completion on the flow cytometer. Sample isolation through acquisition
on flow cytometer was performed on a single day.

Dendritic cell assays

The lung draining mediastinal lymph nodes (dLN) were dissociated between the frosted
ends of two glass slides at the indicated times post-infection. Single cell suspensions were
then washed and resuspended in PBS with 2% FBS. Cells were surface stained with
fluorescently conjugated antibodies specific for the following molecules: I-AP (clone AF6—
120.1) or I-A/E Cy55PerCP (M5/114.15.2), CD80 (16-10A1), CD11b (M1-70), CD70
(FR70), CD103 (2E7), CD3 Cy7APC, CD86 (GL-1), mMPDCA-1 (JF05-1C2.4.1), CD8 (53—
6.7), CD11c (N418) from Biolegend, eBioscience, or BD Biosciences after Fc Block as
described above. Fluorescence was measured on an LSR-I11 flow cytometer and data
analyzed using FlowJo version 9.8.3. Analysis was performed on singlet living cells, CD3*
cells were then excluded followed by selection of CD11c* cells that were MHC class 11 high
and then identified as CD103* or CD11b™ cells (cDC subset gating strategy in Supplemental
Figure 1). Data acquisition parameters were set using fluorescent beads and fluorescence-
minus-one (FMO) controls. Cell counts were obtained by running each individual sample to
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completion and dividing cell count by number of pooled dLNs. Sample isolation through
acquisition on flow cytometer was performed on a single day.

In vivo blockade of costimulatory molecules CD80 and CD86

Neonatal mice were infected and treated with a TLR agonist as described above. Anti-CD86
and anti-CD80 were then administered by intraperitoneal injection at indicated day post-
RSV infection. Anti CD86 (clone GL-1) and anti CD80 (clone 16-10A1) antibodies were
purchased from Bio X Cell (West Lebanon, NH) (product numbers BE0024 and BE0O25,
respectively). Isotype controls were administered two days post infection by intraperitoneal
injection and also purchased from Bio X Cell (Rat 1gG2a product number BE0089,
Hampster 1gG, product number BE0091). Partial blockade of CD80 and CD86 was achieved
by Jin vivotitration to diminish but not eliminate the CD8" T cell responses (data not shown).
After LPS treatment, 10ug of individual antibodies were required to induce partial blockade.
After CpG treatment 7.5ug of individual antibodies were required to induce partial blockade.

Statistical analysis

Results

Statistical analyses between two groups were conducted using a two-tailed Student’s t-test.
Comparisons between multiple groups were performed using a one-way or two-way
ANOVA followed by post-tests for multiple comparisons between all groups as described in
figure legends. These statistical analyses were performed using Prism software (GraphPad
Software, Inc.). Results are expressed as means + SEM. Values of p <0.05 were considered
statistically significant (*).

TLR agonist treatment at the time of RSV infection establishes an immunodominant
KdM2g,_go—specific T cell response in neonatal mice

We have previously demonstrated a role for CD8" T cell intrinsic factors in determining the
adult KIM2g5_qo immunodominance (22). In early life, however, cDC responses correlated
with a codominant RSV-specific CD8* T cell response (23). Based on studies showing that
certain conditions of immune stimulation led to more robust CD8* T cell responses in
neonates (29), we hypothesized that controlled alteration of immune stimulation early in
RSV infection in neonates may influence the RSV-specific CD8* T cell response hierarchy.
Therefore, we treated neonatal mice with pathogen-associated molecular patterns (PAMPS)
that trigger pattern recognition receptors (PRRs) at the time of RSV infection. We then
analyzed the RSV-specific CD8* T cell responses in the lung 7 days post-infection (DPI) in
comparison to adults.

First, we treated neonatal mice with LPS that signals via the PRR, TLR 4. TLR4 is a robust
innate immune stimulator, also shown to be a host molecule linked to pathogenesis during
RSV infection (30, 31). Interestingly, LPS treatment at the time of RSV infection
significantly increased the percentage of KdM2g,_go-specific T cells in neonatal mice
resulting in a K9M2g,_gq -dominant T cell response hierarchy similar to that seen in
untreated adult mice (Fig. 1A). Correspondingly, LPS treatment decreased the percentage of
DPM1g7_195 —specific T cells responding to infection in the lung (Fig. 1A). Analysis of the
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absolute number of RSV-specific CD8* T cells per lung showed that KdM2g,_gg -specific T
cells increased nearly 3-fold after LPS treatment of neonatal mice, while the number of
DPM1g7_195 -specific T cells was relatively unchanged (Fig. 1B). Consistent with an increase
in the percentage of KdM2g,_gq -specific T cells after LPS treatment of neonates, the
response ratio of KIM2g,_gp to DPM1g7_195 -specific cells increased from a mean ratio of
one to 8.9 approximating the mean ratio of 10 seen in adults (Fig. 1D). LPS treatment of
adults did not change the immunodominance hierarchy and in contrast to neonates, the
percentage and number of KdM2g,_go-specific CD8* T cells did not increase, but rather,
slightly decreased in the adult lung.

We next examined if CpG, a TLR9 agonist, shown to induce more robust CTL responses in
neonates (11), also resulted in a KdM2g,_gg—dominant response to RSV in neonates. CpG
treatment of neonatal mice increased the percentage of K¢M2g,_go-specific T cells in the
lung at 7DPI from a mean percentage of 16% to 27% compared to a mean of 42% in the
LPS-treated neonates (Fig. 1C). The percentage of DPMg7_195 -specific CD8* T cells in the
neonatal lung was unchanged by CpG treatment (Fig. 1C). Analysis of the absolute number
of KdM2g,_g0 and DPM1g7_195 -specific T cells per lung after CpG treatment of neonates
reflected an increase in the K4M2g,_go-specific response by nearly 3 fold and no change in
the D°M1g7_195 —specific, similar to that seen after LPS treatment (Data not shown). The
response ratio of KIM2g,_go-specific T cells to DPM1g7_195 -specific T cells reached a mean
of 8.6, approximating the ratio seen in adults (Fig. 1D). Similar to LPS-treated adults, CpG
treatment did not change the immunodominance hierarchy in adults and resulted in a slight
decrease in the percentage of responding KdM2g,_gq -specific T cells. These data show that
increasing TLR stimulation early in RSV infection alters the neonatal CD8* T cell
immunodominance hierarchy to more closely resemble an adult-like response to RSV. In
addition, triggering of PRRs in adults during early RSV infection reduced the KdM2g,_gq -
specific T cell response, suggesting that PRRs have distinct effects on the RSV-specific
CD8™ T cell response in adults versus neonates.

TLR agonists increase the percentage of neonatal cDCs in the dLN towards adult-like

levels

The quantity and quality of DCs found in tissue-draining lymph nodes determine the
engagement and activation of T cells. In neonatal mice the representation of DC subsets in
tissue-draining lymph nodes differs compared to adults (23, 32). Moreover, DC subset
accumulation in the dLN during RSV infection is characterized by a predominance of
CD103* DCs prior to 10 days of age and the change in representation of cDCs in the dLN
with age is associated with the transition towards KM2g,_gg dominance (23).

To explore whether TLR agonist treatment alters the representation of cDC subsets in the
dLN during RSV infection, we treated neonatal and adult mice intranasally with LPS at the
time of RSV infection and then analyzed the cDC response in the dLN 3DPI by flow
cytometry (Supplemental Fig. 1). Analysis of the cDC subsets showed that as a percent of
CD11c™ cells, the neonatal CD103* DCs decreased with LPS treatment, resulting in a
similar percentage of CD103* DCs to that of untreated adults (Fig. 2A). In contrast, neonatal
CD11b* DCs increased significantly in percentage and number (Fig. 2B and D) resulting in
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a slightly greater representation of CD11b* DCs in the neonatal dLN compared to untreated
RSV-infected adults. In adult mice treated with LPS, the percentage of CD103* DCs also
decreased while the CD11b* DC subset increased (Fig. 2A and B).

To determine if the kinetics of cDC arrival into the dLN was altered by LPS treatment, we
quantified the number of cDCs responding 1-3DPI. We found that intranasal LPS treatment
of neonates significantly increased the number of CD11b* DCs in the dLN in the first 3DPI,
while the increase in CD103* DCs was not significant (Fig. 2C and D). The number of
CD11b* DCs was increased significantly in the dLN as early as 1DPI and was sustained
through 3DPI resulting in an earlier accumulation in the dLN during T cell priming (Fig.
2D).

We examined if CpG also increased the representation of cDCs in the dLN during RSV
infection. As a percentage of CD11c* DCs, neonatal CD103* DCs were relatively
unchanged, while CD11b* DCs significantly increased after CpG treatment, represented as
the ratio of CD103* DCs to CD11b* DCs in Fig. 2E.The treatment of neonates with CpG
resulted in a ratio of CD103* DCs to CD11b* DCs in the dLN similar to that of untreated
adults (Fig. 2E). The numbers of neonatal CD103* DCs and CD11b* DCs accumulating in
the dLN 3DPI and CpG treatment were similar to that seen after LPS treatment (data not
shown). Together these data demonstrate that treatment of neonatal mice, with TLR4 or 9
agonists, results in a representation of cDCs in the dLN similar to that found in untreated
adult mice during primary RSV infection.

Neonatal mice lacking CD103* DCs mount a KdM2g,_gg-dominant CD8* T cell response to
RSV infection

The data indicate that TLR agonists affect both cDC subsets, but more significantly increase
the number of CD11b* DCs in the neonatal dLN during early infection. The increased
accumulation of CD11b* DCs in the dLN at 10 days of age coincided with the age-
dependent change in RSV-specific immunodominance (23). To further examine the role of
these cDC subsets to influence the immunodominance hierarchy, we evaluated T cell
responses in Batf3~~ mice, which lack CD103* DCs (33). Hybrid CB6F1 Batf3~/~ neonatal
and adult mice were infected with RSV and RSV-specific CD8* T cell responses were
evaluated 7DPI in the lung. The lack of CD103* DCs in hybrid Batf3~/~ mice after RSV
infection was confirmed by flow cytometric analysis of cDC subsets from the dLN of adults
and neonates 3DPI (Supplemental Fig. 2). Infection of neonatal Batf3~/~ mice resulted in an
increased percentage and number of K9M2g,_go-specific T cells in the lung at 7DPI (Fig. 3A
and B). The increase in K9M2g,_go-specific T cells resulted in a response ratio of
approximately 4 and was statistically significant compared to the response ratio observed in
wild type neonatal mice (Fig. 3C). RSV infection of adult hybrid Batf3~/~ mice sharpened
the immunodominance hierarchy (Fig. 3D and F); however, the total number of RSV-
specific CD8* T cells in the lungs of adults was dramatically reduced (Fig. 3E). Together our
data indicate that the CD11b*™ DC population preferentially supports KdM2g,_gg-specific T
cell dominance, although CD103* DCs determine the magnitude of the total RSV-specific
CDS8™ T cell response, in both adults and neonates. Furthermore, these data suggest
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cooperative yet distinct roles for both cDC subsets to influence the immunodominance
hierarchy.

TLR agonists differentially increase the expression of the co-stimulatory molecule CD86
on neonatal CD103* DCs and CD11b* DCs

To determine if TLR signaling induced functional maturation in addition to increasing cDC
numbers in the dLN, we next examined the expression of co-stimulatory molecules on the
cDC subsets. Expression of key co-stimulatory molecules; CD40, CD70, CD80 and CD86
(34-36) on neonatal and adult cDCs, was analyzed by mean fluorescence intensity (MFI) as
measured by flow cytometry. CD103* DCs and CD11b* DCs isolated from the dLN of
neonatal mice at 3DPI showed non-significant differences in expression of CD40, CD70 or
CD80 after LPS treatment (Fig. 4A and B). In contrast, the average expression of CD86 was
increased 4-5 fold on neonatal CD11b* DCs after LPS treatment in conjunction with RSV
infection compared with RSV infection alone (Fig. 4B, E, and F). The increase in CD86
expression on neonatal CD11b* DCs after LPS treatment resulted in levels of CD86
expression comparable to those exhibited by adult CD11b* DCs in the absence of TLR
agonist treatment (Figure 4E and F). CD103* DCs demonstrated an increase in CD86
expression 3DPI that did not reach the expression levels seen on adult CD103* DCs (Fig. 4C
and D).

Therefore we next examined the co-stimulatory molecule expression on neonatal and adult
cDCs after CpG treatment at the time of RSV infection. Similar to LPS treatment, CpG did
not significantly alter the expression of CD40, CD70 or CD80 on neonatal cDCs in the dLN
3DPI (Fig. 5A and B), but did significantly increase the expression of CD86 on CD11b*
DCs (Fig. 5B, E, and F) and CD103* DCs (Fig. 5B, and C). Treatment with CpG resulted in
levels of CD86 expression on neonatal CD11b* DCs nearly equivalent to that of adults after
RSV infection alone, whereas neonatal CD103* DC expression of CD86 did not reach adult
levels. Flow cytometric analysis of MFI of the fluorochrome conjugated to the anti-CD86
antibody on non-cDC cells found in either the CD11c- or CD11c+ gates, did not identify
alternate cell populations significantly expressing CD86 in the dLN (data not shown).

Co-stimulatory molecule expression on adult cDC subsets differed compared to neonates
after TLR agonist treatment. CD80 was upregulated on both CD103* DCs and CD11b* DCs
in the dLN 3DPI after CpG and LPS treatment (Supplemental Fig. 3A-D). In contrast to
neonates, the expression of CD86 was primarily increased on adult CD11b* DCs after LPS
treatment but not CpG (Supplemental Fig. 3B and D). CD40 and CD70 expression were
relatively unchanged on adult cDC subsets.

In addition to co-stimulation, antigen presentation is required to engage naive T cells. Viral
load and antigen abundance have been shown by others to influence the magnitude of CD8*
T cell responses suggesting a role in determining immunodominance hierarchy (16, 37).
However, we have previously demonstrated that intranasal infection of neonates and adults
with a replication-defective adenovirus vector expressing the KdM2g,_gp and DPM1g7_195
epitopes does not alter either immunodominance hierarchy (22). These data suggest that
alterations in viral load and the abundance of available antigen do not change the RSV-
specific CD8* T cell response hierarchy. TLR agonist treatment has the potential to affect

J Immunol. Author manuscript; available in PMC 2018 March 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Malloy et al.

Page 9

both viral load and antigen presentation. Therefore to further address whether the load of
replicating virus and possible alterations in antigen availability influence immunodominance
during RSV infection, we infected neonatal mice with 2x104, 2x10°, 2x106 or 1x107 PFU
of RSV and found no difference in the RSV-specific CD8* T cell response hierarchy in
neonates over this 1000 fold viral dose titration (Supplemental Fig. 4). These data suggest
that RSV-specific immunodominance in neonates is more sensitive to co-stimulatory
requirements than the abundance of antigen.

Partial blockade of CD80/86 in TLR agonist treated neonates during T cell priming restores
codominant RSV-specific CD8* T cell responses

Co-stimulatory molecules contribute to optimal T cell expansion (38, 39) and given that
expression of CD86 was significantly increased after TLR stimulation, particularly on
CD11b* DCs, we hypothesized that CD86 co-stimulation may be key to K4M2g,_gg
dominance. To examine the role of co-stimulation in determining KdM2g,_go-specific T cell
immunodominance, partial blockade of CD86, and its redundant CD80, was achieved using
receptor-specific antibodies. Blocking antibodies for CD86/80 molecules were administered
in doses titrated to diminish but not eliminate their availability after TLR agonist treatment
of neonates. Blocking antibodies were administered on a single day during each of the first 5
days post-TLR agonist treatment and RSV infection to determine when in the course of
infection expression of CD86/80 was most important in influencing KIM2g,_go-dominance.
RSV-specific CD8* T cell responses were then assessed at 7DPI. Blocking antibodies
administered during the first 3 days post-TLR agonist treatment and infection effectively
reversed the KdM2g,_go-specific T cell response and reestablished the codominance of the
K9M2g,_g0 and D°M1g7_195-specific T cell responses characteristic of untreated neonates
(Fig. 6A-D). This blockade of CD86/80 significantly diminished the percentage of
responding K9M2g,_go-specific CD8* T cells after LPS or CpG treatment of neonatal mice
while the percentage of D°M1g7_195-specific T cells was not significantly affected. This
striking reversal to the neonatal phenotype highlights the importance of co-stimulation
provided by CD86/80 in the optimal T cell recruitment of K9M2g,_go-epitope specific CD8*
T cells in contrast to DPM;g7_195-specific T cells.

Discussion

Immunodominance hierarchies are generally reproducible amongst individuals with shared
MHC alleles, however, we have previously demonstrated in a murine model that despite
common MHC alleles immunodominance differs depending upon the age at RSV infection
(22). Here, we show that TLR agonist treatment modifies diminished neonatal cDC
responses to RSV and alters the immunodominance hierarchy by increasing the KdM2g5_go-
specific CD8* T cell responses. The data suggest co-stimulatory molecule expression on
neonatal cDCs is limited compared to adult cDCs during RSV infection, and that epitope-
specific CD8* T cells have different requirements for co-stimulation. Increasing the number
of neonatal CD86-expressing cDCs, particularly CD11b* DCs, during RSV infection with
TLR agonists was associated with an increase in KdM2g,_go-specific CD8* T cells. The
increase in number of KdM2g,_go-specific CD8* T cells in neonates after TLR agonist
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treatment approximated that seen in untreated adult mice and recapitulated the adult
immunodominance hierarchy.

Triggering PRRs has been shown to influence DC maturation, including antigen capture,
processing and presentation, migration, and co-stimulatory molecule expression (40-43).
Neonatal DCs from mice and humans, however, demonstrate limitations in markers of
maturation such as cytokine production and co-stimulatory molecule expression upon TLR
stimulation compared with adult DCs (44-47). Several PRRs including TLR2, TLR3, TLR4,
TLR7, NOD2, RIG-1 and MDAS5 have been implicated in sensing RSV yet none
conclusively (48-52). Less protective responses have been associated with genetic
polymorphisms of TLR4 in some infant populations suggesting a role for sufficient TLR4
signaling in pathogenesis of disease (30). Augmenting TLR stimulation with either LPS or
CpG at the time of RSV infection increased the recruitment of cDCs into the dLN of
neonates resulting in a similar representation of neonatal cDCs in the dLN compared to
adults infected with RSV alone. We have previously published that the numbers of CD11b*
DCs in the dLN 3 days post RSV infection are 10 fold greater in adults then neonates
whereas the difference is only 1-2 fold greater in the adult lung suggesting that adult CD11b
* DCs are more affectively recruited to the dLN. TLR agonist treatment, however, mitigates
this disparity by inducing 10 fold or greater rise in the accumulation of neonatal CD11b* DC
in the dLN. In addition to deficient recruitment of cDCs to the dL N, neonatal cDCs also
exhibited lower expression of co-stimulatory molecule CD86 in response to RSV that could
be increased with TLR agonist administration. Our data show that providing additional TLR
engagement, with a robust TLR4 or a TLR9 agonist, in neonatal mice during RSV infection
increases the accumulation of neonatal cDCs in the dLN and induces greater co-stimulatory
molecule expression, similar to that seen in adults. This is consistent with published data
evaluating DCs and other APC in cord blood and from other neonatal murine models
suggesting that more robust responses can predominate if distinct or multiple TLR agonists
are engaged (53, 54). Further research is necessary to understand the checkpoints that must
be met through TLR activation to both recruit cDCs into peripheral tissues and further
induce their expression of co-stimulatory molecules as our data and that of others suggests
that these signaling pathways are not comparably activated between adults and neonates
(55).

DCs have been shown to influence immunodominance hierarchies induced in other infection
models (56, 57). These studies, however, have not evaluated the role of distinct DC subsets,
either characterizing DCs only by CD11c* expression or using bone marrow derived DCs.
Furthermore individual DC subsets have been found to play distinct roles in mediating
communication that activates naive CD8* T cells within the dLN (58). Functional roles of
DC subsets have been attributed to lineage and genetic requirements (59). Context of
immune stimulation has also been shown to determine function in lung cDCs (26, 27).
Neonatal CD11b* DCs were poorly recruited to the lung and dLN during RSV infection,
which was in contrast to adult CD11b* DCs that were recruited in greater number and
percentage. Infection of mice lacking CD103* DCs was used to evaluate the influence of
these DC subsets on immunodominance hierarchy. Infection of both adult and neonatal
CD103* DC-deficient mice resulted in an increased percentage of responding KdM2g,_go-
CD8" T cells, resulting in a sharpening of the KdM2g,_go-dominance in adults and a more
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adult-like immunodominance hierarchy in neonates. The total number of RSV-specific CD8*
T cells was, however, altered in CD103* DC- deficient mice. The data indicate that CD11b*
DCs were more apt to support a KIM2g,_go-dominant response, but participation of CD103*
DCs was necessary to achieve maximal CD8* T cell responses. Current analysis of either
CD103* DC or CD11b*DC subsets most likely represent populations of cells that vary in
maturation and function. Further development of phenotypic markers to better define
antigen-presentation and function of CD103*DCs and particularly CD11b*DCs by our lab
and others will improve the understanding of this complex interplay of DC subsets to elicit
neonatal CD8* T cell responses during RSV infection. Together these data suggest that cDC
subsets may differentially provide requirements for epitope-specific CD8* T cell recruitment
thereby determining immunodominance and the magnitude of the pathogen-specific CD8* T
cell response.

Co-stimulatory molecule expression by APCs is required to elicit activated T cells (60, 61),
however, the role of co-stimulation to influence immunodominance hierarchy has varied
depending on the experimental infection model (62, 63). Of the co-stimulatory molecules
evaluated in this report, the B7 family member, CD86, exhibited the greatest disparity in
expression between adults and neonates during RSV infection. Neonatal cDCs in the dLN
expressed lower levels of CD86 in comparison to adults, but were induced to express adult-
like levels on CD11b* DCs after TLR agonist treatment. Flow cytometric evaluation of
additional cell populations in the dLN failed to identify alternate populations of cells that
might express CD86 providing co-stimulation to T cells. The significant increase in CD86
expression on neonatal cDCs was associated with a dominant K4M2g,_go-specific T cell
response. The TLR induced changes in co-stimulation provided by cDCs had limited effect
on the DPM;g7_195-specific T cell response suggesting that intrinsic requirements for co-
stimulation may differ between epitope-specific T cells and could explain differing reports
on the role of co-stimulation to influence immunodominance. These data show that co-
stimulation through the B7 family influences the magnitude of the RSV-specific CD8* T cell
response in an epitope-dependent manner to determine immunodominance.

Interestingly, upregulation of CD86 in TLR agonist-treated adult mice was not accompanied
by an increase in KIM2g,_gq specific CD8* T cell response thereby suggesting that a
threshold for co-stimulation had been met. The titration of CD86/80 blockade to limit but
not eliminate co-stimulatory molecule interaction in neonatal mice treated with TLR
agonists also suggests that intrinsic epitope-specific thresholds for co-stimulation may drive
K9M2g,_gp dominance. Thresholds of antigen-presentation have been shown to influence the
magnitude of epitope-specific responses in another model and beyond those thresholds no
additional increase in T cell number is seen (18). Similarly these data suggest that a
threshold of CD86 co-stimulation may be required to elicit the dominance of the K4M2g,_gg
specific T cell response.

Overall, our data demonstrate that neonatal immunodominance hierarchy can be regulated
during RSV infection. Using TLR agonist treatment we altered, not only the accumulation of
neonatal cDCs in the dLN, but also the quality of their ability to engage naive CD8* T cells.
Furthermore, CD103* DCs and CD11b* DCs play distinct roles to influence the overall
magnitude of the response and the immunodominant-epitope, respectively. By upregulated
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CD86 expression on neonatal cDCs, TLR agonist treatment enhanced co-stimulation
required for KdM2g,_gp -specific CD8* T cell dominance. In contrast, TLR-induced
stimulation did not affect the magnitude of D°M1g7_195 specific T cell response
demonstrating an epitope-dependent impact of TLR treatment. The neonatal cDC and T cell
responses could be manipulated to a greater extent than adult responses suggesting that there
is potential to selectively influence neonatal T cell responses to optimize protective
immunity against viral infections.
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Figure 1.

Treatment with either LPS or CpG concurrent with RSV infection changes the RSV-specific
immunodominance hierarchy in neonatal mice. (A) Percentage of tetramer-specific CD8* T
cells in the lung of neonatal or adult mice 7 days post-infection (DPI) with RSV alone or
treated with LPS. (B) RSV-specific CD8* T cell counts per lung 7DPI with or without LPS
treatment. (C) Percentage of tetramer-specific CD8" T cells in the lung 7DPI with RSV or
RSV and CpG treatment. (D) Ratio of RSV-specific CD8* T cells indicating the relative
frequency of KIM2g,_go-specific T cells compared to DMy g7_195-specific T cells from
neonatal or adult mice with and without TLR agonist treatment. Differences between adult
groups were not statistical significant. Each experiment had 4-5 mice per group and data are
representative of 3 experiments. Response ratio represents data from 3 experiments.
Statistical significance assessed by one-way ANOVA with Tukey’s multiple comparisons
test with a single pooled variance. (*p<0.05, **p<0.01, **** p<0.0001, NS indicates not
significant). Error bars indicate SEM.
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Figure 2.
Treatment with either LPS or CpG concurrent with RSV infection increases the percentage

and number of responding CD11b* DCs in the dLN. (A-B) Neonatal and adult mice were
infected with RSV and treated with LPS. cDCs were analyzed from the dLN 3DPI. CD103*
DCs (A) and CD11b* DCs (B) as a percent of CD11c* gated cells (Supplemental Fig. 1).
Experiments were performed with 3-5 pooled dLN per sample and 2—-3 samples per group
and are representative of 3 experiments. (C-D) Comparison of the numbers of CD103* DCs
(C) or CD11b* DCs (D) from the neonatal dLN with or without LPS treatment. cDC cell
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count was analyzed from the dLN 1, 2 and 3DPI. Three to 6 dLN were pooled per sample.
(E) Relative frequency of CD103* DCs to CD11b* DCs demonstrated as a ratio of CD103*
DCs divided by CD11b* DCs 3DPI. Differences between adult groups were not statistically
significant. Each point represents a pool of 3-5 mice and is representative of 3 experiments.
Statistical significance compared using one-way or two-way ANOVA and Tukey’s multiple
comparisons test (*p<0.05, **p<0.01, ***p<0.001, **** p<0.0001, NS indicates not
significant). Error bars indicate SEM.
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Figure 3.
Lack of CD103* DCs results in KdM2g,_gq -dominant T cell response in neonates and adults

during RSV infection. (A-F) CD103* DC-deficient CB6F1/J hybrid and wild type CB6F1/J
hybrid mice were infected with RSV and epitope-specific T cell subsets were analyzed by
tetramer staining from the lung at the peak of the CD8* T cell response. (A and B) Adult and
neonatal epitope-specific CD8* T cell responses shown as a percentage of the total CD8* T
cell in the lung and (B and E) absolute number per lung. (C) Response ratio of the
percentage of K9M2g,_gp to DPM1g7_195-specific CD8* T cells. One-way or two-way
ANOVA with Tukey’s multiple comparisons test was used to assess statistical significance
(*p=0.05, **p<0.01, ***p=<0.001, **** p<0.0001, NS indicates not significant). Error bars
indicate SEM.
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CD86 expression is increased to adult-like levels on CD11b* DCs after LPS treatment

A Neonatal CD103* DC
Sum
© 4=
o
8
£ 3=
)
k-]
- 2m
3
E T P
|
0 1 1
CD40 CD70 CD80 CD86
Costimulatory molecule
C CD103*DC
CD86 expression
NS
10*
3 fold *%
——
*%
T 103 1.4 fold
E | \
102 T
RSV LPS RSV LPS
Neonate Adult
Treatment groups
CD11b* DC
E CD86 expression
*
104 *k
3 fold
. NS
4 fold
L 10
=
102
RSV LPS RSV LPS
Neonate Adult
Treatment groups

B Neonatal CD11b* DC
Sum
D=
o
S
< 3=
)
k]
ys
3
i 1= .
E 1
0 1
CD40 CD70 CD80 CD86
Costimulatory molecule
D CD103* DC
100+ :

Rel. no. —m—p
A O o
S o o

201
0 ™7 T Y

010° 10* 10°

CD86 el

Neonate RSV
=== Neonate RSV + LPS
*e* Adult RSV

F CD11b* DC
1004

1 J L) ] ]
010° 10* 10°
CD86 —m80

Page 22

concurrent with RSV infection. (A-B) Neonatal cDC subsets were identified in the dLN
3DPI with or without LPS treatment and co-stimulatory molecule expression was measured

as mean fluorescence intensity (MFI) by flow cytometry. Data represent fold-change
increase of co-stimulatory molecule expression on cDCs from LPS treated mice over

untreated mice. (C-D) MFI of CD86 expression on neonatal and adult CD103* DCs with or
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MPFI of CD86 expression on neonatal and adult CD11b* DCs represented by (E) geometric
mean and (F) histogram. Statistical significance determined by two-tailed unpaired Student’s
t test (*p<0.05, **p<0.01, NS indicates not significant).
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Figure5.

CD86 expression is increased on CD103* DCs and CD11b* DCs after CpG treatment
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concurrent with RSV infection. (A-B) Neonatal cDC subsets were identified in the dLN
3DPI with or without CpG treatment and co-stimulatory molecule expression was measured
as MFI by flow cytometry. Data represent fold change in costimulatory molecule expression
on TLR agonist treated cDC subsets above untreated cDC subsets. (C-D) CD86 expression
on neonatal and adult CD103* DCs with or without CpG treatment 3DPI represented as (C)
geometric mean and (D) histogram. (E-F) MFI of CD86 expression on neonatal and adult
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CD11b* DCs with or without CpG treatment represented by (E) geometric mean and (F)
histograms. Statistical significance determined by two-tailed unpaired Student’s t test
(*p=0.05, **p=<0.001, NS indicates not significant).
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Figure6.

Blockade of CD86 expression reverses the effect of LPS and CpG on immunodominance
hierarchy in neonates during early T cell priming. (A-B) Neonatal mice were infected and
treated with LPS then administered CD80/86 blocking antibodies on a single day during the
first 5DPI followed by CD8 T cell analysis from the lung 7DPI. (A) RSV-specific CD8* T
cells were identified by tetramer staining and measured as a percentage of the total CD8* T
cell response in the lung. Experiments had 4-5 animals per group and are representative of 2
experiments. (C-D) Neonatal mice were infected and treated with CpG then administered
CD80/CD86 blocking antibodies on a single day during the first 5DPI again T cell analysis
was performed 7DPI. One-way or two-way ANOVA with Tukey’s multiple comparisons test
was used to assess statistical significance (*p<0.05, **p<0.01, ***p<0.001, **** p<0.0001,
NS indicates not significant). Error bars indicate SEM.
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