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Abstract

Tissue-resident memory T cells (Trps) can profoundly enhance mucosal immunity, but parameters
governing Trp induction by vaccination remain poorly understood. Here we describe an approach
exploiting natural albumin transport across the airway epithelium to enhance mucosal Ty
generation by vaccination. Pulmonary immunization with albumin-binding amphiphile-conjugates
of peptide antigens and CpG adjuvant (amph-vaccines) increased vaccine accumulation in the lung
and mediastinal lymph nodes (MLNs). Amph-vaccines prolonged antigen presentation in MLNs
over 2 weeks, leading to 25-fold increased lung-resident T-cell responses over traditional
immunization and enhanced protection from viral or tumor challenge. Mimicking such prolonged
exposure through repeated administration of soluble vaccine revealed that persistence of both
antigen and adjuvant was critical for optimal Tgry induction, mediated through T-cell priming in
MLNSs post prime, and directly in the lung tissue post boost. Thus, vaccine persistence strongly
promotes Trp induction, and amph-conjugates may provide a practical approach to achieve such
kinetics in mucosal vaccines.

One-sentence summary:

Pulmonary immunization with albumin-binding peptide vaccines promotes resident memory CD8*
T cell generation in the lung.
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Introduction

Tissue-resident memory T cells (Trwms) provide immune surveillance at barrier tissues and
provide a first line of defense against intracellular pathogens at mucosal surfaces (1-3).
Trms provide rapid protection in the tissue by detecting antigens presented by infected cells,
triggering production of inflammatory cytokines/chemokines and mediating cytotoxicity (1,
4, 5). Studies profiling Trm specificity in different tissues have shown that the human Ty
repertoire, while diverse, can be biased towards pathogens that infect a particular tissue, as
evidenced by the presence of influenza-specific Trus in lungs (6, 7) and hepatitis B-specific
Trws in the liver (8). In addition, Tgrms play an important role in protection from tumors that
develop from epithelial tissues (9-11). Based on these characteristics, the design of vaccines
that efficiently generate Ty cells is of great interest for both infectious disease and cancer.
Although much progress has been made in defining cues that promote Try generation (12—
15), it remains poorly understood how parameters of vaccination might be optimized to
enhance the differentiation of long-lived tissue-resident lymphocyte populations.

Peptide-based vaccines are attractive for their safety, affordability, and compatibility with
rapid manufacture for personalized cancer vaccines (16). While numerous ongoing clinical
trials are exploring the use of peptide vaccines in cancer (17, 18) and infectious diseases (16,
19), their immunogenicity remains modest and there are currently no FDA-approved peptide
vaccines. One major shortcoming of peptide-based vaccines is poor pharmacokinetics, a
combination of inefficient accumulation in lymph nodes and rapid degradation in vivo (20,
21). To address this, we previously described a vaccine technology enabling massive
expansion of antigen-specific T cells, based on coupling peptide antigens or molecular
adjuvants to an amphiphilic phospholipid moiety, forming amphiphile vaccines (amph-
vaccines) (20-22). On injection, the lipid tail of these amph-vaccine molecules binds to
endogenous albumin in the interstitial fluid, and albumin then serves as an efficient
chaperone delivering the antigen or adjuvant to draining lymph nodes. In lymph nodes, the
lipid tail of the amph-vaccine transfers from albumin to insert in cell membranes, resulting
in potent antigen-specific effector CD8" T-cell responses (21, 22).

Albumin is the most abundant serum protein and like IgG, binds to the neonatal Fc receptor
(FcRn), which delays its catabolism and increases its half-life (23). FcRn receptors
expressed by pulmonary epithelial cells in the lungs, bi-directionally transport albumin and
antibodies across the airway epithelium (23, 24). We hypothesized that amph-vaccines
administered to the pulmonary mucosa could be transported from the airway to the lung
parenchyma by albumin, and thereafter trafficked to lung-draining lymph nodes to prime
tissue-resident T cells.

Here we show that vaccines comprised of peptide antigens and the Toll-like receptor-9
(TLR-9) agonist CpG DNA as a molecular adjuvant, show greatly enhanced uptake in lung
tissue when administered as albumin-binding amphiphile conjugates, leading to potent T-cell
priming in lung-draining MLNs. Pulmonary immunization with amph-vaccines elicited a
long-lived Trp population in the lungs that protected against viral challenge and tumor lung
metastasis. Mechanistically, amph-vaccines elicited sustained antigen presentation in MLNSs.
Mimicking sustained vaccine exposure by repeated administration of unmodified
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peptide/CpG revealed that optimal establishment of Trys required prolonged availability of
both antigen and adjuvant over ~2 weeks in MLNs and local lung tissue. This leads to
efficient T-cell priming in MLNSs during a primary immunization and expansion of cells
locally in the lung following boosting. These findings provide insights into vaccine
characteristics that can be optimized to amplify Ty induction for mucosal immunity.

Albumin-binding vaccines accumulate in the lung parenchyma and draining MLNs

In agreement with previous reports (25), we measured ~200 pg/mL of albumin present in the
bronchoalveolar lavage (BAL) fluid of naive mice, which rapidly increased to a few mg/mL
following pulmonary administration of the TLR9 agonist CpG (Fig. 1A). Fluorescently-
labeled albumin administered intratracheally (i.t.) was retained in the tissue after 24 hr at
higher levels in wild type mice than Fc/Rn™~ mice, suggesting uptake in the tissue is
promoted by FcRn receptors (Fig. 1B-C).

To test whether an albumin-binding moiety would alter tissue distribution of peptide
antigens or adjuvants in the lungs, we synthesized amphiphile-conjugate (amph-conjugate)
vaccines comprised of a melanoma peptide antigen gp100,g_3g linked to a DSPE
phospholipid tail through a poly(ethylene glycol) spacer, and CpG DNA linked to a similar
C18 lipid tail (fig. S1). We previously demonstrated that these amph-conjugate molecules
bind to albumin and efficiently traffic to skin-draining lymph nodes following subcutaneous
(s.c.) injection (20, 21). We first compared the tissue distribution of fluorescently-labeled
free or amph-conjugate gp100,g_39 and CpG following pulmonary administration in the
lungs and lung-draining MLNs, using i.t. instillation as a surrogate for aerosol delivery in
humans.

Twenty-four hours after i.t. administration, amph-gp100 conjugates were present in the
tissue parenchyma at ~10-fold greater levels than the free peptide, and were still readily
detectable 48 hours post immunization (Fig. 1D-E). Amph-gp100 further accumulated in
MLNSs, with significantly higher levels detected at 48 hours compared to soluble gp100 (Fig.
1D, F). Similarly, amph-CpG showed substantially greater accumulation in the lung tissue
and MLNs compared to free CpG (Fig. 1G-I). Together, these results suggest that
modification with an albumin-binding lipid tail enhanced the uptake and persistence of
peptide antigens and CpG adjuvant in lung tissues.

Pulmonary vaccination with amph-vaccines elicits high levels of antigen-specific lung

TrMs

We next evaluated the immunogenicity of amph-vaccines and their ability to prime lung
parenchyma-homing T cells compared to the same vaccines administered parenterally. We
tested both the gp100 antigen and a viral gag peptide termed AL11 (26), in anticipation of
testing for protection against viral challenge. Groups of mice were vaccinated i.t. or s.c. on
days 0 and 14 with either free AL11/CpG or amph-AL11/amph-CpG. One week later,
tissues were collected and intravascular staining was used to differentiate T cells localized in
the vasculature vs. the lung parenchyma (27). In accordance with our previous results (20),
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amph-conjugate vaccination elicited much greater AL11-specific T-cell expansion in the
peripheral blood compared to soluble peptide/CpG immunization whether administered s.c.
or i.t., but s.c. amph-vaccination elicited higher levels of circulating T cells than i.t.
administration (Fig. 2A, B). By contrast, i.t. amph-vaccines elicited a large population of
antigen-specific T cells in the lungs, 25-fold greater than soluble peptide/CpG given by the
same route and 100-fold greater than amph-vaccines administered subcutaneously (Fig. 2A,
C). We carried out similar experiments with soluble vs. amph-conjugate gp100/CpG
vaccines, and evaluated the functionality of the resulting T-cell responses 1-week post boost
via intracellular cytokine staining. As shown in fig. S2A-C, s.c.-delivered amph-vaccination
elicited a strong IFN-y/TNF-a.-producing gp100-specific T-cell response in the lung
vasculature, but essentially no cytokine-competent T cells were detected in the lung
parenchyma. By contrast, pulmonary vaccination elicited a prominent population of
cytokine-producing T cells in the lung tissue, with amph-conjugate immunization eliciting a
24-fold larger cytokine™ T-cell response compared to soluble vaccines (fig. S2C).

CDS8™ T cells in the lung parenchyma following amph-conjugate vaccination expressed
substantially higher levels of the collagen-binding mucosal a1p; integrin CD49a compared
to cells in the peripheral blood or lung vasculature (Fig. 2D) (28). The majority of lung
antigen-specific CD8* T cells following i.t. immunization also expressed the tissue-resident
markers CD69, CD103, or both, while T cells primed by the parenteral immunizations
expressed these markers at a much lower frequency (Fig. 2E-F) (29-31).

Similar to our previous findings with parenteral amph-peptide vaccination (21), T-cell
priming by i.t. amph-vaccine immunization was mediated by Batf3-dependent dendritic cells
(DCs), as indicated by the loss of responses in Batf37~ animals (Fig. 2G). Additionally,
antigen-specific T-cell responses trended lower in the lungs of £c/Rn™~ mice (Fig. 2H) and
the generation of CD69*CD103™ cells was significantly reduced (fig. S3).

Since intranasal (i.n.) immunization is more easily implemented clinically than aerosol
immunization, we also compared i.n. and i.t. vaccine delivery. We found that i.t.
immunization elicited 4-fold higher T-cell responses in the lungs compared to i.n.
immunization (fig. S4). Based on these data, we focused on i.t. administration to mimic
aerosol immunization in humans. Collectively, these data suggest that i.t-delivered amph-
conjugates greatly enhance the potency of lung mucosal peptide vaccination and that
pulmonary amph-vaccines promote establishment of T gpss in the lung parenchyma.

Pulmonary vaccination with amph-conjugate vaccines is protective against viral and tumor

challenge

To evaluate the persistence of lung Trms, We primed and boosted mice with soluble or
amphiphile-conjugate AL11 gag peptide vaccines, and analyzed lung tissues 4 months post
boost (Fig. 3A). A significant population of antigen-specific lung T cells was only detectable
in mice that received i.t. amph-vaccination (Fig. 3B-C), and ~25% of these T cells were
CD103™" (Fig. 3D). To test the protective capacity of this Try population, we challenged
AL11-vaccinated mice i.t. with a lethal dose of vaccinia virus expressing the gag epitope five
months after immunization. Animals that received the amph-vaccine delivered i.t. all
survived viral challenge, while mice in all other groups continuously lost body weight and
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succumbed by day 7 (Fig. 3E, F). To determine whether protection was mediated by cells
pre-positioned in the lungs versus recruited from the blood, we repeated this experiment but
treated animals with FTY720 starting 5 days before challenge to block egress of T cells from
lymph nodes (32) (fig. SSA-B). Protection from viral challenge in mice receiving the i.t.
amph-vaccine was not significantly different in cohorts that received FTY720 or the vehicle
alone control (Fig. 3G; p> 0.999), suggesting that de novo T-cell recruitment into the lung
was not necessary for protection. Only i.t amph-vaccination significantly reduced viral
burden in the lungs compared to non-vaccinated mice (Fig. 3H). FTY720 treated i.t.-
vaccinated mice showed a trend toward higher viral loads in the lungs but this did not reach
statistical significance, suggesting that protection was predominantly mediated by Trps.

To test the protective capacity of mucosal amph-conjugate vaccination against tumors, we
prophylactically vaccinated mice with amph-conjugates of three melanoma peptides
(Trplass_463, Trp2180-188 and gpl00,0_39) and challenged animals 30 days later with an
intravenous injection of B16F10 melanoma cells. A majority of animals were protected in
the pulmonary-vaccinated group while only 40% were protected by s.c. vaccination,
although these data did not reach statistical significance (Fig. 31). To evaluate the potential
of amph-vaccines to be useful in a therapeutic context, we performed a study treating
B16F10 lung metastases with amph-vaccination in the presence of clinically-relevant
checkpoint blockade. While anti-PD1 alone had no efficacy in this setting, 60% of mice
treated with amph —vaccine + anti-PD1 showed complete tumor regression (fig. S6). Thus,
amph-conjugate vaccination primed a long-lived pool of antigen-specific T cells in the lungs
that was protective against viral or tumor challenge.

Sustained exposure to antigen and adjuvant in MLNs enhances Try generation in lungs

We next sought to understand why amph-conjugate vaccination was so much more effective
in generating Trp cells compared to soluble peptide immunization. We hypothesized that
the duration of antigen presentation elicited by amph-conjugate vaccines might be an
important factor contributing to the formation of Trps. To define the kinetics of antigen
presentation resulting from soluble vs. amph-conjugate vaccination, we immunized mice i.t.
with either soluble or amph-conjugate gp100 vaccines, followed by adoptive transfer of
CFSE-labeled Pmel-1 TCR-transgenic CD8* T cells that recognize the gp100 epitope (33)
as reporters of antigen presentation. Pmel-1 T cells transferred 5 days post vaccination
proliferated to a greater extent in the MLNs following amph-vaccination compared to
soluble peptide immunization (Fig. 4A, B). More strikingly, Pmel-1 T cells transferred as
late as two weeks after amph-gp100 immunization were still induced to undergo several
rounds of cell division, while no reporter cell proliferation was detected in the MLNs of
soluble peptide/CpG-immunized mice (Fig. 4C).

These data showed that amph-conjugates prolong antigen presentation in the MLN, but it
was unclear if this was the dominant factor in responses to the conjugate vaccination, or if
other potential effects (e.g., changes in which cells acquire antigen/adjuvant) could be
important. To isolate the role of vaccine Kinetics, we tested the impact of mimicking
sustained antigen/adjuvant uptake in the amph-conjugate immunization by administering a
simple soluble gag peptide/CpG vaccine as a bolus inoculation i.t. versus breaking up the
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dose into 5 injections administered every other day (“split” dosing, Fig. 4D). To differentiate
the roles of peptide vs. adjuvant, we compared cohorts that received split peptide + bolus
adjuvant or bolus peptide + split adjuvant dosing; the total dose of antigen and adjuvant
received by each group was kept constant. As previously observed, bolus pulmonary
peptide/CpG immunization elicited very low T-cell accumulation in the lungs (Fig. 4E, F).
Split dosing of peptide combined with bolus CpG, or bolus peptide combined with split-dose
CpG, were also ineffective. By contrast, split dosing of both antigen and adjuvant elicited a
substantial antigen-specific T-cell population in lungs following a priming immunization,
70-fold greater than the split/bolus combinations (Fig. 4E, F).

To evaluate the impact of vaccine kinetics on the response to the booster immunization, we
repeated these studies administering split or bolus dosing of vaccines at both prime and
boost, and quantified Ty formation in the lungs 30 days after the last dose (day 70, Fig.
4D). Bolus amph-conjugate vaccination was included as a comparator group. Similar to the
post prime experiments, split-dosing of both peptide and adjuvant was the most effective
regimen, eliciting 17-fold greater T-cell responses than split-dosed antigen + bolus adjuvant
and 28-fold greater than bolus antigen + split-dosed adjuvant (Fig. 4G, H). Notably, the
sustained antigen presentation achieved by bolus immunization with amph-conjugates led to
similar levels of antigen-specific Trps as achieved by the optimal split-dosed vaccination.
Similar to bolus amph-conjugate immunization, a majority of the lung-resident CD8" T cells
elicited by split-dosed vaccination expressed CD69 and ~25% were CD69*CD103™ (fig.
S7). Thus, Trm establishment following mucosal vaccination is sensitive to both antigen and
adjuvant kinetics, with prolonged exposure to both antigen and inflammatory cues
promoting maximal resident memory establishment.

Amph-conjugates enhance T cell priming in MLNs at prime and directly in lung tissue at

boost

Since amph-conjugates showed enhanced accumulation in both the lung parenchyma and
MLNs relative to soluble vaccines, we next assessed whether i.t. vaccination primed T cells
in the draining MLN, or alternatively, if T cells were expanded directly in the lung
parenchyma. When mice were dosed with FTY720 daily starting 2 days before i.t. amph-
conjugate vaccination, very few antigen-specific CD8* T cells were detected in the lung
parenchyma at day 7 (Fig. 5A, B). Administration of amph-CpG alone did not recruit
antigen-specific T cells to the lung regardless of FTY720 treatment. This suggested that
initial T-cell priming occurs in the MLN, as observed in prior studies (34). To assess the
location of T-cell activation at boosting, we primed groups of mice, then boosted the animals
in the presence of FTY720 two weeks later. In this case, FTY720 treatment had no impact
on the numbers of CD8* T cells accumulated in the lung parenchyma 7 days post boost (Fig.
5C, D), suggesting that the vaccine boost results in local antigen presentation and
proliferation of CD8* T cells within the lung parenchyma, without a significant contribution
of T cells trafficking from the circulation. This result was not due to a lack of antigen
presentation in draining MLNs during the boost, because antigen-specific T cells were
expanded in the MLNs (Fig. 5E). Similar to the post prime results, local inflammation
induced by amph-CpG alone had no impact on lung T-cell accumulation (Fig. 5D). Thus,
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amph-vaccines can expand T cells directly in the lung tissue following booster
immunization.

Amph-conjugate vaccines promote Try generation during booster immunization by
recruitment and activation of cross-presenting DCs

Given the finding that trafficking of T cells from MLNs was not necessary for the expansion
of Trms during boosting, we finally examined the effects of amph-conjugate and soluble
peptide immunization on the key antigen presenting DC populations in the lungs. CD103*
DCs and CD11b*DCs were gated as previously described (fig. S8) (35). We found no
appreciable increase in either the number of CD11b* or Batf3-dependent CD103* DCs in
the lung parenchyma 6 days following primary immunization with soluble or amph-
conjugates (Fig. 6A, B). Phenotyping lung Batf3-dependent CD103* DCs for surface
expression of CD86 and MHC-11 showed equivalent expression of activation markers in both
soluble and amph-conjugate vaccinated mice (Fig. 6C, D). By contrast, at 6 days following
administration of a booster immunization, we found that while soluble peptide vaccination
again had no effect on DC populations in the lung tissue, amph-conjugate vaccination
elicited a 3-fold increase in Batf3-dependent CD103* DCs (Fig. 6E). Interestingly, the
number of lung CD11b* DCs in soluble- or amph-conjugate-vaccinated mice was
significantly reduced compared to naive mice at this time point (Fig. 6F). Approximately
30% of cross-presenting CD103* DCs in the lung expressed high levels of MHC-I1 and
CD86 (Fig. 6G,H). These data suggest that boosting of Try expansion by pulmonary
immunization with amph-conjugates is promoted by DC recruitment to the lung
parenchyma.

Discussion

Trwms Play an important role in protection from pathogens and tumors at barrier tissues both
in pre-clinical animal models (10, 36) and in humans (11, 37). Thus, strategies to promote
Trm generation at mucosal surfaces are of great interest for both cancer and infectious
disease. Since vaccine efficacy is influenced by the anatomic location where immune
responses are primed, one of the most effective strategies is to directly administer vaccines
to mucosal surfaces (2, 9, 34). However, the natural barrier function of these tissues is an
impediment to vaccination, e.g., in the lungs, where material is rapidly cleared to protect the
airways. Here we exploited a natural transport pathway — bidirectional trafficking of albumin
across the airway epithelium (23, 24) — as a strategy to enhance vaccination and induction of
Trws in the lung parenchyma. Albumin further serves to promote subsequent trafficking to
MLNSs, following its natural trafficking pathway (20). Peptide antigens and CpG adjuvant
modified with a phospholipid tail to promote binding to albumin exhibited increased
accumulation and persistence in the lung parenchyma. These changes in vaccine
pharmacokinetics correlated with 25-fold greater lung antigen-specific T-cell populations,
which expressed markers of tissue residence. Consistent with the expectations for Trps in
protective immunity, these responses correlated with enhanced protection from both
pulmonary virus and tumor challenge.
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Vaccines targeting respiratory immunity often employ intranasal (i.n.) or aerosol
immunization routes (the latter typically modeled by i.t. administration in rodents).
Although intranasal administration is easily implemented clinically, i.n. immunization
preferentially primes upper respiratory tract immunity and is less effective for lower
respiratory tract antibody and T responses (38). We confirmed these findings following
rigorous i.n. vs. i.t. immunization with amph-vaccines. Small studies in human volunteers
have also suggested that aerosol immunization reaching the lower respiratory tract is more
immunogenic than i.n. immunization (39). Hence aerosol immunization may be desirable for
more complete lung protection.

We previously showed that amph-conjugate peptide vaccines administered parenterally lead
to much longer-lived antigen presentation compared to soluble peptide vaccines in draining
lymph nodes (21). Similarly, here we found that amph-conjugate pulmonary immunization
leads to antigen presentation persisting at least 13 days. Using simplified “split” dosing
protocols with soluble peptide/adjuvant, we found that prolonged availability of both antigen
and adjuvant is important for maximal Ty induction in the lungs, and that sustained
peptide/adjuvant availability in the MLNs and/or lung tissue appears to be the major factor
governing the potency of amph-conjugate immunization. These data are consistent with
prior reports suggesting that inflammatory stimuli must be coupled with pulmonary antigen
to induce Ty formation (40, 41). Additionally, several groups have demonstrated that
continued viral antigen presentation influences the longevity and magnitude of both
CD4%(42) and CD8* (43) Trys in the context of pulmonary infection. Recently, Braeckel-
Brudimir et al. showed that repeated antigen encounter through multiple rounds of infection
increases the magnitude and durability of lung CD8* Trys, through increased seeding and
improved survival of T cells within the lung (13).

Analysis of the impact of FTY720 treatment on amph-conjugate vaccine responses revealed
that the vaccine mechanisms of action differ during prime vs. booster immunizations. Post
prime, T cell activation in MLNs and homing to the lung tissue was required for
establishment of lung-resident responses. This finding is consistent with studies showing
that DCs in the MLN can imprint responding T cells with lung homing receptor expression
(44). By contrast, during boosting, T-cell expansion was not impacted by blocking T-cell
egress from lymphoid organs. This is in accordance with data from other groups who have
observed that proliferation of antigen-primed CD8" T cells can occur in non-lymphoid
tissues (34, 45).

Both soluble and amph-vaccination led to a reduction in CD11b* DCs post boost (Figure
6F). Although it is unclear why CD11b* DCs were reduced, the phenotype of myeloid cells
in the lung is known to change with exposure to inflammatory stimuli (46, 47). Furthermore,
the finding that amph-peptide immunization is entirely dependent on Batf3* dendritic cells
(Fig. 2H) suggests that these cells do not play a significant role in antigen presentation after
pulmonary amphiphile vaccination. Interestingly, amph-conjugate immunization both
substantially expanded Batf3-dependent CD103* DCs in the lungs during boosting and
induced greater DC activation. Thus, amph-conjugate immunization is able to enhance T-cell
activation in draining lymph nodes and directly in the lung tissue, bolstering antigen
presentation at both sites for effective responses during both the prime and boost.
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In conclusion, we have shown that mucosal immunization with amph-vaccines efficiently
generates functional Trpys in the lung, mediated by efficient uptake across the lung
epithelium and prolonged antigen and adjuvant stimulation. Using amphiphile vaccines to
generate robust mucosal immunity mediated by Trms could be beneficial in the context of
prophylaxis for infectious diseases, the need for which has been underscored by the recent
global coronavirus pandemic for which peptide vaccine platforms are actively being
explored (48).

Materials and Methods

Study Design

Materials

Animals

The aims of this study were to characterize the immune response to amph-vaccines delivered
into the lungs, to assess whether this form of vaccination could protect from virus or tumor
challenges, and define mechanisms of action for this vaccine. T cells in the lung were
enumerated by flow cytometry following standard protocols. To study the functional efficacy
of T cells generated in the lung, mice were infected intra-tracheally with lethal doses of
vaccinia virus expressing a defined antigen. For tumor studies, melanoma cells were
introduced into the lung by intravenous injection. All animal experiments were repeated at
least twice with 7= 2-10 animals/group being studied. No outliers were excluded from the
data analyses and studies were not blinded.

Peptides with an N-terminal cysteine (AL11: CAAVKNWMTQTL, gp100:
CAVGALEGPRNQDWLGVPRQL, Trpl: CTAPDNLGYM, Trp2: CSVYDFFVWL) (26,
49) were ordered from Genscript, NJ and conjugation to maleimide-PEG-DSPE amphiphiles
was performed as previously described (20, 21). Amphiphile-conjugated CpG (Amph-CpG)
was produced by solid-phase synthesis of Class B CpG 1826 oligonucleotide with a G,
spacer conjugated to an 18-carbon diacyl tail via the 5’ end as previously described (20).

All mice were purchased from The Jackson Laboratory. Vaccination experiments were
performed in 6-8 week old WT C57BL/6 mice (Strain number: 000664), FcRn™~ (Strain
number: 003982) and Batf3”~ mice (Strain number: 013755). Tumor studies were
performed in albino C57BL/6 mice (Strain number: 000058). For T cell adoptive transfer
experiments gp100-specific T cells were isolated from B6.Cg- 7Ay4/Cy
Tg(TcraTcrb)8Rest/J Pmel-1 transgenic mice (Strain number: 005023). All experiments
were performed in accordance with NIH ethical guidelines following an Institutional Animal
Care and Use Committee-approved protocol.

Vaccinations

Mice were immunized with peptide and CpG either in their soluble or amph-conjugate forms
at indicated doses. Intratracheal administration was performed using a platform and light
source to visualize the tracheal opening of an anesthetized mouse and instill up to 50 pl of
vaccine solution or 108 pfu of vaccinia virus as described (50). Subcutaneous vaccination
was performed at the base of the tail.
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Vaccinia Challenge

Four months after vaccine boosting, mice were infected intratracheally with vaccinia virus
expressing the AL11 epitope from SIV gag (10° pfu per mouse) (50). Animal weights were
recorded daily post challenge and animals were euthanized when their weight decreased by
> 20%. To quantify viral titers, lung tissue homogenates were used to infect CV-1 cells in
culture and resulting plaques were quantified (51). Mice were also treated with 1 mg/kg
FTY720 (or vehicle control) delivered daily by intraperitoneal injection beginning 5 days
prior to vaccinia infection.

Tumor Studies

100,000 or 400,000 B16F10 cells that were transduced with GFP and luciferase were
injected intravenously to seed melanoma tumors in the lungs. When used, anti-PD1 was
administered intra-peritoneally at 200 mg/kg every 3 days. Tumor growth was monitored by
bioluminescence imaging using an IVIS Spectrum imager and mice were sacrificed when
the average radiance or ROIs over the lungs of animals exceeded 5X10° photons/s/cm?/sr.

Adoptive Transfer

CD8* T cells were isolated from spleens of Pmel-1 transgenic mice by negative selection
using an EasySep mouse CD8* T cell isolation kit (Stemcell Technologies, MA). T cells
were labeled with CFSE and 500,000 cells were injected retro-orbitally followed by sacrifice
2 days later and recovery of mediastinal lymph nodes for analysis of CFSE dilution in
Pmel-1 T cells by flow cytometry.

Flow Cytometry

Lungs, mediastinal lymph nodes and peripheral blood were collected from immunized and
control animals. Lung lobes were separated and cut into small pieces in PBS containing
0.5% FBS and 0.05M HEPES buffer with 120U/ml Collagenase 1V (Worthington Bio, NJ)
and 40 U/m DNase | (bioWorld, OH). Single cell suspensions were made using the
gentleMACS lung dissociation protocol (52). Mediastinal lymph nodes were passed through
a 70 um cell strainer to obtain a single cell suspension of lymphocytes. Red blood cells were
lysed using ACK lysis buffer (Gibco, MD). Single cell suspensions were washed with PBS
and re-suspended in flow cytometry staining buffer (PBS+2% FBS+0.1% sodium azide).
Cells were stained with fluorescently labeled antibodies and tetramers and samples were
analyzed on LSR Fortessa or Canto (Becton Dickinson, NJ) flow cytometry instruments.
Data were analyzed using FlowJo (TreeStar). Antibodies used were the following: anti-
CD8a (53-6.7), anti-CD69 (H1.2F3), anti-CD103 (2E7), anti-TNFa (MPX-XT22), anti-
IFNy (XMGL1.2), anti-CD11a (H155-78), anti-CD49a (Ha.31/8), anti-CD11c (N418), anti-
CD11b (M1/70), anti-CD24 (M1/69), anti-CD64 (X54-5/7.1), anti-SiglecF (LIRNM44N) and
anti-CD45 (30-F11). CD103* DCs and CD11b* DCs in the lung were identified by using a
previously established gating scheme (fig. S8) (53).

Immunofluorescence

Lungs from immunized or control mice were isolated, fixed in periodate-lysine-
paraformaldehyde (PLP) buffer and inflated with 2 ml of a mixture of equal parts PBS and
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optimum cutting temperature (OCT) compound as described (52). Inflated lungs were
embedded in OCT and frozen. Cryosections were cut and stained with DAPI. Images were
acquired using a 30X objective on an Olympus FV1200 laser scanning confocal microscope.
Image analysis was performed using ImageJ (NIH).

Statistical Analysis

Sample sizes were chosen based on known effect sizes of amph-conjugate immunization in
prior work (20, 21) and pilot experiments. Statistical analyses were performed using
GraphPad Prism version 8. Analysis of multiple groups was performed using one-way or
two-way ANOVA using the Tukey post hoc test for multiple comparison within groups.
Graphs indicate the mean and standard error of the mean (SEM) for the various groups.
p<0.05 was considered to be statistically significant.
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Refer to Web version on PubMed Central for supplementary material.
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representative immunofluorescence images of lungs (upper panel, scale bar = 100 pm in D
and 200 um in G) and MLNs (lower panel, scale bar = 100 pm) harvested from mice at 48
hours post immunization (D, G; DAPI (blue) was used to stain nuclei). Quantification of
peptide or CpG signals from the lungs at 24 and 48 hours are shown in (E, H) and MLNs (F,
). Data shown are mean + SEM, *p<0.05, **p<0.001, ****p<0.0001 as determined by one-
way ANOVA. Data are representative of at least two independent experiments.

Sci Immunol. Author manuscript; available in PMC 2021 September 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Rakhra et al. Page 17

A s.C. i.t
Soluble Amphiphile Soluble Amphiphile No vaccine
Peripheral aud
blood
5 | . Nk <
1S 4 1.4+0.9% 13 0.6+0.4% . ' 0.4+0%
g T O T T T T ; S
] ;
= 1
— i
i) i
< 1
Lung ]
parenchyma i &5 | .
21 1.142.9% ) i3 45.247.1% w1 3.9+4% ' 0.4+1.3%
CD8
B Peripheral Blood ¢ Lung Parenchyma D
© 5 sk sk ok S
2 £ Ak ok
38 25 parenchyma b
5 60 =5 108 = *
horend i) L]
) <D Aot Lung ‘ ;'
<= 40 o @ v / ™
o o o o 10 1 vasculature % ~
a8 Sw A
».L_) @ 20 5 ] 10 v . ) ]1
5 50 100 |§'| Peripheral
ép o £ blood : - s — T
¥ Qe R ?-,\q?' =} © " © e e 00 0 10 10 10 8 8 & 8
3 G o (o = & 90§ @ - >
IR LA CD49a e
A & o G
sk sk ok
E » 60000 mm IFNy*TNFo*
Peripheral Blood Lung Vasculature Lung Parenchyma $ E B IFNyTNFo*
=5 P .
1 03% 00% -]108% 9.2% |+ 146.9% 21.9% &S 40000 W FNy"TNFa
k| k| 3 oS
i i ) i oo
2 i O £ 20000
Q e
(&) o=
. £c
4% ' 168.8% L 11:3% 0" i21.9% L 93% z WT BATF3* WT BATE3*
CcD103 i.t. Amphiphile PBS
F H
2 5100- ki [@] s.c. Soluble ns p =0.06
;‘f g IE s.c. Amphiphile g >
25 80 Bt Soluble c5
@ sk sk ) . o
e g’ seokok ok [0 i.t. Amphiphile % g
22 60 0 g g
g @ >
5 88
=] o6
og 404 5 S 500
<o g =
@ 5 o 9
8 k=1 ES 0
=5 204 32
ez wT FoRn*
o 0
a0 ol
CD69 CD69* CD69 CD69*
CD103 CD103* CD103* CD103

Figure 2: Mucosal amph-vaccines dlicit robust expansion of antigen-specific CD8" Trpsin the
lungs.
C57BL/6 mice were immunized either s.c. or i.t. with 5 pg of free AL11 peptide and 8 pg

CpG or equimolar doses of amph-AL11 combined with amph-CpG on days 0 and 14. (A)
Representative flow cytometry plots of CD8*AL11-tetramer* T cells in the blood (upper
panel) and lung parenchyma (lower panel) at day 20. (B, C) Quantification of CD8*AL11-
tetramer™ cells in the blood (B) and lung parenchyma (C). (D) Representative histograms of
CD49a expression on CD8* T cells and quantification of CD49a mean fluorescence intensity
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(MFI) following i.t. amph-vaccination. (E) Representative flow cytometry plots of CD69 and
CD103 expression on CD8*AL11-tetramer* T cells in the blood (left panel), lung
vasculature (center panel) and lung parenchyma (right panel) following i.t. amph-
vaccination. (F) Quantification of the percentage of lung CD8*AL11-tetramer* T cells
expressing CD69, CD103 or both. (G) WT and Batf3™/~ mice were vaccinated with amph-
gp100 and amph-CpG i.t. following the schedule in (A). Quantification of cytokine™ CD8*
lung T cells. (H) WT and FcRn™~ mice were vaccinated with amph-gp100 and amph-CpG
i.t. following the schedule in (A) and lung antigen-specific CD8* T cells were quantified.
Data are shown are mean + SEM, **p<0.01, ***p<0.001, ****p<0.0001 as determined by
one-way ANOVA. Data are representative of at least three independent experiments (n =3 -
5 animals/group).
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Figure 3: Antigen-specific CD8" T cells dicited by i.t. amph-vaccination are long-lived and
protect from viral challenge.

(A) C57BL/6 mice (n=5/group) were vaccinated with 5 ug AL11 peptide combined with 8
ug CpG or equimolar doses of amph-AL11 and amph-CpG administered i.t. or s.c. on days 0
and 28, and then challenged with a lethal dose of SIV-Gag vaccinia virus (108 pfu) i.t. or
sacrificed to characterize the immune response in the lungs on day 150. (B) Representative
flow cytometry plots of CD8*AL11-tetramer™ T cells in the lung parenchyma. (C)
Enumeration of lung CD8*AL11-tetramer™ T cells at day 150. (D) Enumeration of
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CD44*CD103*CD8*AL11-tetramer* T cells at day 150. (E, F) Animal weights over time
(E) and survival (F) post vaccinia virus challenge. (G, H) C57BL/6 mice (/#=5/group) were
left naive or vaccinated as in (A), then challenged with vaccinia virus at day 150 in the
presence or absence of FTY720. Shown is overall survival (G) and number of viral plaques
in the lungs at day 6 post challenge (H). (1) C57BL/6 mice (r=10/group) were left naive or
vaccinated with 10 pg gp100, 10 pg Trpl, and 10 ug Trp2 peptide antigens combined with 8
ug CpG, or vaccinated with equimolar doses of amph-peptides and amph-CpG on days 0 and
14. Thirty days post boost mice were challenged with 4x10° B16F10 melanoma cells i.v.
and survival over time is plotted. In each cohort the number of mice surviving at 80 days is
indicated. Data are represented as mean + SEM, from three independent experiments (A-H)
and two independent experiments (1), *p<0.01, **p < 0.001, ***p<0.0001; ****p<0.00001;
ns, not significant. Survival data were analyzed using a log rank test and comparisons
between multiple groups were performed using one-way ANOVA.
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Figure 4: Extended exposureto both antigen and adjuvant promotes Ty, development.
(A-C) C57BL/6 mice were vaccinated on day 0 with 10 pg gp100 and 8 pug CpG or

equimolar doses of amph-gp100 and amph-CpG. At 5 or 13 days later, 5x10° CFSE-labeled
Pmel-1 CD8* T cells were adoptively transferred, and tissues were harvested 48 hours later
for flow cytometry analysis. Shown are the experiment timeline (A), and representative
histograms of CFSE dilution and percent of divided Pmel-1 T cells derived from MLNSs (n =
4/group) of mice that received adoptive transfer on day 5 (B) or day 13 (C). (D-H) C57BL/6
mice (7= 5-7/group) were immunized with soluble AL11 peptide and CpG following the
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dosing patterns indicated. The total dose for each regimen was fixed at 10 ug AL11 and 8 ug
CpG. Tissues were harvested on day 14 post prime or 35 days post boost on day 70. Shown
are the dosing schedules (D), representative flow cytometry plots of lung CD8*AL11-
tetramer® T cells on day 14 post prime (E) or day 70 post boost (G), and enumeration of
tetramer* T cells on day 14 (F) and day 70 (H). Data are shown are mean + SEM,
***p<0.001, ****p<0.0001 as determined by one-way ANOVA. Data are representative of
three independent experiments.
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Figure 5: Amph-conjugates elicit T-cell activation directly in lung tissue at boost.
C57BL/6 mice were immunized with amph-conjugated AL11 peptide and CpG in the

presence or absence of FTY720 treatment. (A, C) Schedule of amph-vaccine delivery in the
presence of FTY720 during prime (A) and boost (C) immunizations. (B) Quantification of
CD8*AL11-tetramer* T cells in the lung parenchyma post prime. (D, E) Quantification of
CD8*AL11-tetramer* T cells in lungs (D) and MLN (E) 6 days post boost in the presence or
absence of FTY720. Data are represented as mean + SEM, *p<0.05, as determined by one-
way ANOVA, data are representative of two independent experiments (n = 5 animals/group).
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Figure 6: Activated CD103" DCs are expanded in the lung tissue following booster immunization

with amph-vaccines.

C57BL/6 mice were vaccinated on day 0 with 5 ug AL11 and 8 pg CpG or equimolar doses
of amph-AL11 and amph-CpG. Tissues were harvested 6 days post prime immunization. (A,
B) Enumeration of CD103* (A) and CD11b* (B) DCs in the lung. (C) Representative flow
cytometry plots of CD86 and MHC-I1 expression on lung CD103* DCs. (D) Quantification
of lung MHC-11*CD86*CD103*DCs. (E-H) C57BL/6 mice were vaccinated on days 0 and
14 with 10 pg gp100 and 8 ug CpG or equimolar doses of amph-gp100 and amph-CpG.
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Tissues were harvested 6 days post boost immunization. (E, F) Quantification of lung
CD103* (E) and CD11b* (F) DCs. (G) Representative flow cytometry plots of CD86 and
MHC-II expression on lung CD103* DCs. (H) Quantification of lung MHC-II
*CD86*CD103*DCs. Data are represented as mean + SEM, *p<0.05, ****p<0.0001, ns: not
significant, as determined by one-way ANOVA, data are representative of at least 2
independent experiments (/7= 5 animals/ group).
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