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CHAPTER 1

Introduction

11 Background and Significance

In recent years, tissue-resident memory T cells have attracted a great deal of attention in the
field of vaccine development. Many globally important diseases for which new or improved vaccines
are needed, such as influenza and tuberculosis, require a robust T cell response to effectively fight off
infection.® 2 In addition, the burgeoning field of cancer inmunotherapy has benefited from technologies
that can generate tumor-infiltrating T cells.®® With regard to vaccine science, the importance of memory
T cells is well-established.® For many years, memory T cells were divided into two types: central (Tcw),
which circulate between lymphoid organs and the blood, and effector (Tem), which circulate between
the blood and peripheral tissues.” Now, a growing field of literature is showing that a separate and
distinct subset of memory T cellsd tissue-resident memory T cells, or Trud may be the ideal class of
vaccine-induced T cell memory for combating many different pathogens and cancers (Figure 1.1). And,
because Trwm often reside in the mucosal tissues that are common sites of pathogen encounterd for
example, the lungs or urogenital tractd attention has also turned to developing methods for mucosal
immunization that can promote a robust and long-lasting Trw response.® ° This is in contrast to
traditional methods of vaccination that have been used for many years: intramuscular or systemic
immunization primarily meant to elicit antibody responses. While antibody-producing vaccines remain
importantd immunization that generates neutralizing antibodies against pathogens such as influenza
and HIV has shown great promise!® 11§ it is becoming ever clearer that, for some pathogens, vaccines
that can produce memory T cells or supplement other vaccines to produce both cellular and humoral
immunity are greatly needed. In fact, Fang and Sigal showed that CD8* T cells and antibodies worked
in concert to orchestrate a complete immune response that protected mice against lethal viral infection;
the T cell response dominated the early phase of immunity, while antibodies were critical for later stages

of protection against the virus.*?
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Viruses Bacteria
Influenza, RSV, HIV, HPV Tuberculosis, chlamydia

Tissue-Resident

Memory T Cells

ho

Parasites Tumors
Malaria, leishmania Breast, lung, melanoma

Figure 1.1 | Role of Trm in infections and cancer. Tissue-resident memory T cells play a key role in
defense against a range of viral, bacterial, and parasitic pathogens, as well as in cancers in multiple
organs and mucosal tissues. Figure created with Biorender.com.

Although vaccines are often considered the single greatest contribution to public health, the field
has also, in many ways, been slow to advance. For years, vaccines were exclusively made using either
live attenuated or inactivated/killed microbes, which pose a variety of safety concerns.® In addition, until
recently there was only one adjuvant approved for use in humans, alum, which has long been ill-
definedd its precise mechanisms of action are still being studied today.'* However, there has lately
been a renaissance in vaccine development. In particular, materials science and engineering have
intersected with vaccine design by way of immunoengineering: the application of engineering principles
to study the immune system and design new and improved therapies to harness or modulate immune
responses. New technologies such as stimuli-responsive polymers, virus-like particles, peptide
nanofibers, lipid nanocapsules, and nanoparticles formed from naturally-occurring materials have
shown promise for a new generation of vaccines that afford greater control over the immune responses
they generate. In particular, they represent the potential for engineering vaccines that can specifically
generate tissue-resident memory T cells and provide greater protection against pathogen encounter
than many of the vaccines currently in use. They also offer the ability to minimize potential harmful side

effects of adjuvants via targeted, localized delivery.
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This chapter will provide an overview of tissue-resident T cell biology and commonly-used
experimental techniques for demonstrating tissue residency, as well as lessons learned from studies of
Trwm in viral infection and ways in which these lessons can be applied to vaccine design. It will also
highlight reports of current technologies in the field of Tru-targeted vaccines, focusing on viral vectors
and engineered biomaterials.

1.1.1 Tissue-Resident T Cell Biology
Tissue-resident memory T cells are a specialized subset of memory cells with a phenotype and
transcriptional signature distinct from those of central and effector memory T cells (Tecm and Tewm,
respectively). Originally, memory T cells were thought to be maintained in circulation in the blood; later,

they were divided into two distinct subsets according to their expression of CCR7, a lymph node homing

receptor.*® In this division of labor, Tem (CCR7°) pr ovi de fAprotective memoryo

peripheral ti ssues, where they exert i mmedi ate eff

mediated by Tem (CCR7™), which home to secondary lymphoid organs and rapidly proliferate and gain
effector functions in response to antigen encounter.'® This new model of T cell memory demonstrated
that migration outside the blood could play an important role in protective cellular immunity. Later, further
studies in mice uncovered both CD8* and CD4* igw0 cel |l s di stri buted
including mucosal and barrier tissues such as the lungs, skin, and gutd however, these cells remained
resident in the tissues even after infections had resolved, leading to them to be categorized as Trm, a
separate subset of T cell memory that provides localized protection in tissues. This has also led to the
hypothesis that Trw cells may in fact be derived from Tem, rather than following a separate
developmental pathway prior to memory formation.”

The portals of entry for many infectious pathogens are the mucosal and barrier tissues in which
Trm make their home; thus, Tru represent the ideal first line of defense against these pathogens,
optimally positioned to respond more quickly than circulating T cells. Trm are confined to their home
tissues due to a combination of adhesion molecules that hold them there, and a lack of homing
mechanisms for trafficking to distal lymphoid organs or circulating in the blood.® These cells have been
identified in many organs in both mice and humans, including the skin, liver, kidneys, brain, and mucosal
tissues such as the lungs, intestine, and urogenital tract.*® -8 There, they play a key role in protection
against multiple infectious diseases for which new or improved vaccines are needed, including
tuberculosis, influenza, malaria, respiratory syncytial virus, and HIV/AIDS;!®?* in addition, Trw are
important in immunity against multiple types of tumors, including melanoma and breast, lung, and head

and neck cancer.?>28
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Work is ongoing to precisely define the factors needed for generation and maintenance of Trwm
cells. They have been found to possess a unique transcriptional signature and an array of distinct
surface markers, and multiple cytokines and other molecules play a role in their formation. Trm can also
be defined by the markers that they lack: for example, they do not express sphingosine-1-phosphate
(S1P) receptor or CCR7, both of which are involved in T cell migration from tissues.>” CD69, a common
Trm Marker, also serves to downregulate expression of the S1P receptor. While Tcu cells are often
defined by a CD62L*CD44" phenotype, Trm express high levels of CD44 but lack CD62L, which is an
adhesion molecule used for lymph node entry.> Low expression of KLRG1 also seems to be
characteristic of Trm; this may be due to the fact that its ligand is E-cadherin, which also binds the Trwm
marker CD103.” CD103 is an adhesion molecule that may contribute to Trum persistence in home
tissues. While CD103 is often considered a canonical Trm marker, it is not universally expressed on Trwm
in all tissue compartments; for example, in the lungs, its expression can vary between the epithelium
and parenchyma.l” 2 Other adhesion molecules that may serve the same purpose include CD49a
(VLA-1) and LFA-1.53°

Various transcription factors have been found to be up- or downregulated in Trm populations.
Eomesodermin and transcription factor 1 (TCF1) are expressed at lower levels in Trm than in circulating
memory T cells, and Trm also lack Kruppel-like factor 2 (KLF2); both KLF2 and TCF1 activate genes for
the S1P receptor, CCR7, and CD62L.> 1" Tryw also express low levels of transcription factors T-bet and
Blimpl, while Nur77 and Hobit appear to be upregulated. T-bet can negatively regulate CD103
expression, while Hobit is multifunctional, suppressing expressing of S1P receptor, TCF1, CD62L, and
CCR7.517

Cytokines and chemokines also play a role in the generation and maintenance of Trm cells.
Studies indicate that maturation into Trm OCcurs after activated T cells have migrated back to their home
tissues from the lymph nodes, and that the presence of local inflammatory signals in the tissue drives
this process.®®3 2 per haps most i mportantly, TGFb signaling |
many tissues for CD103 expression on Tru.® In tandem with type | interferons, IL-3 3, and TNFU, T
has been found to induce CD69 and downregulate S1P, KLF2, and T-bet expression.> 7 IL-7 and IL-
15 are also important for Trm maintenance in some tissues.® 2 In the lungs and skin, CXCR3 is needed
for effector T cell localization to the epithelium and differentiation into Trm, and entry of pre-Trm cells
into tissues i s he'lTpeldsdwhichyindlicésdrodudtion @frohe@dites CXCL9 and
CXCL10 to attract CXCR3* CD8* T cells.> %’

While CD8" Trm have largely been the focus of tissue-resident T cell research in recent years,
due to their importance both in infection by viruses and other intracellular pathogens and in cancer
immunity, CD4* Trm also play a significant role in protection against certain diseases, including

chlamydia, pertussis, leishmania, tuberculosis, and influenza.?*%° CD4* Tgrw are generally less well-
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characterized than CD8" Trw; work is still being to precisely determine the mechanisms by which they
are established and maintained and how they provide protection.® Studies of influenza infection in the
lungs showed that CD4* Trw expressed increased levels of CD69, as well as CD11a;*° however, in
contrast to CD8* Trw, CD4* Trw typically do not express the adhesion molecule CD103.23 Instead, CD4*
T cells that persisted in the lungs after influenza infection were found to express VLA-1, as well as much
greater levels of CD11a relative to circulating CD4* Tew. 34! It is also possible that lung CD4" Trm do
not require TGFb for development, which could explain the lack of CD103 expression.*? Further
supporting this, CD4* Trw found in white adipose tissue expressed the mucosal homing integrin U467,
expression of which is inhibited by TGFb.*?

Pathogen-specificity and sites of tissue-residence also appear to play a role in characterizing
CD4" Trwm; for example, CD4" Tru found to be protective against Leishmania major infection produced
IFN2 and recruited circulating T cells to the skin via CXCR3.%¢ Conversely, protective CD4* Truw in a
model of Mycobacterium tuberculosis (Mtb) infection, while also CXCR3", did not exert their protective
effects via IFNad in this case, the researchers speculated the enhanced protective capacity of the
tissue-resident cells may have been due to their ability to gain access to infected cells within
granulomas.® In another study of Mtb infection after intranasal BCG immunization, CD4* Trm were
found to be PD-1" and KLRG1.*® While it has been shown that CD4" Tru can exhibit rapid recall
functions upon antigen encounter, similarto CD8" Trv, and can pr o dircyokiles; tNe
full extent to which their functional profile differs from circulating memory T cells remains to be fully
understood.®® Interestingly, while CD4* Trum have primarily been investigated for their role in infectious
disease, there is also some evidence they may play a role in the pathogenesis of certain chronic
inflammatory diseases, such as asthma, psoriasis, and inflammatory bowel disease.® This presents
CD4" Trwm as a possible target for the design of immunotherapies to control these diseases.

Several experimental techniques have been reported in the literature for unambiguously
establishing the tissue-residency of T cells (Figure 1.2). Perhaps the most robust approach is
parabiosis: joining together the circulatory systems of two mice with different hematopoietic cell markers
(typically CD45.1/CD45.2 or CD90.1/CD90.2). This allows identification of tissue-resident populations
by their expression of only one of these markersd that is, non-resident cells in the first mouse will
express either CD45.1 or CD45.2 after the two circulatory systems reach equilibrium, but CD45.2*
tissue-resident cells will not travel from the second mouse to the first, and vice versa.*® However, there
are drawbacks to this approach. The kinetics of cell migration and establishment of tissue residence
canvarybet ween ti ssues, causing a cel/l popul ati on
turnover rate.®® It is also a difficult and time-consuming technique and labs may face challenges in
gaining IACUC approval to perform it. As such, several other simpler and less invasive techniques have

come into widespread use. The first is fluorescent antibody staining for cell surface markers indicative

15

and

t o



of Trm cellsd most commonly CD69 and CD103, although others have been used, including CD49a,
CD11a, and the lack of expression of CCR7 or KLRG1.” 1" 4% These markers can be easily integrated
into existing antibody panels for flow cytometry; a drawback is that complete characterization of the
surface marker profiles of Trm cells is still ongoing, and Trm in sSome tissues have been found not to
express certain markers (e.g., lack of CD103* Trwm in the lungs). This could lead to classifying cell
popul ati oamsesasgeianhonsi mply because they ar e mét exp
disadvantage that can be countered by performing transcriptional profiling of putative Trm cells to
unambiguously distinguish them from non-resident memory T cells.®2 Another technique that has been
widely adopted is intravascular (i.v.) staining with an antibody for a marker only expressed on cells in
the circulationd most often CD45. The antibody is administered i.v. to anesthetized mice and allowed
to circulate for several minutes before sacrifice; thus, cells in the vasculature will be labeled as CD45*,
while tissue-resident cells are CD45".44+ 45 This is a simple technique that can also be easily integrated
into existing flow cytometry panels and used in conjunction with, or instead of, staining for surface
markers. Finally, treatment with FTY720, an analog of sphingosine-1-phosphate, has been used in
infection challenge models to demonstrate whether protection is mediated by Tru cells. FTY720 blocks
the egress of non-resident T cells from the lymph nodes; if resident T cell populations are established
in the mouse prior to challenge, and the level of protection observed is the same with or without FTY720
treatment, this indicates protection is dependent on Trwu cells rather than circulating memory T cells.*®
Researchers now possess an extensive toolbox for establishing the tissue-residency of T cells, and

these tools can be put to use in studying the ability of new vaccines to generate Trw.
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Figure 1.2 | Techniques for identifying Tru cells. Common techniques for identifying Trw populations
include parabiosis, which joins the circulatory systems of two mice; staining with fluorescent antibodies
for Tru-associated surface markers; transcriptional profiling of putative Trw cells; intravascular staining
to differentiate cells in tissue from cells in vasculature; and FTY720 treatment to prevent egress of non-
resident T cells from the lymph nodes. Figure created with Biorender.com.

1.1.2 Vaccine Design: Lessons from Trm Biology

Findings from studies of tissue-resident T cell biology can be used to inform design choices
when developing Tru-targeted vaccines. For instance, cross-presenting dendritic cells (DCs) were
found to be critical for priming of Trwu after infection with both vaccinia and influenza.*” Taking inspiration
from this, a vaccination approach using anti-DEC205 antibodies coupled with antigen targeted this
subset of DCs in the lungs and successfully produced CD8* Trwm that protected against lethal influenza
challenge.*® Targeted antigen delivery with anti-Clec9a antibodies has also been used to generate CD8*
Trm in the liver and protect against malaria infection.*® Delivery of antibodies using nanoparticle
platforms offers the possibility of improved targeting to key antigen-presenting cell subsets and
subsequent generation of tissue-resident T cell memory. In addition, the material properties of
particulate delivery vehicles can be designed to promote antigen cross-presentation and cytosolic
delivery, which could potentially supplement existing cross-presentation mechanisms.8 %051

There is debate in the literature regarding the need for local antigen recognition in Trm formation;

this factor appears to be tissue-dependent. In some cases, CD8* Trm have been found to persist long-
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term in the absence of cognate antigen.5?%* Conversely, generation of Tru cells in the brain, genital
mucosa, and lungs may be improved with persistent antigen presentation, and it has been proposed
that local expression of CD69 on Trm may be the result of continued encounters with antigen in the
tissues.3® 48 5557 Thus, while chronic antigen stimulation may inhibit Trm formation in some cases, in
ot her instances t he pgrses anage bt hreeitheritase vacihes ean be
developed with this in mind. Nanoparticle delivery platforms may be designed to afford precise control
over the release kinetics of cargo, promoting local antigen persistence in tissues, and perhaps could
al so feasibly be designed t o Airemoveo remaiani ng
biodegradability or other mechanisms. A polyanhydride nanopatrticle has been used for this purpose,
acting as an antigen depot and providing sustained release via surface erosion to generate CD8* and
CD4" Trwm that protected against heterosubtypic influenza challenge.®® Nanoparticles formed from a pH-
responsive polymer have also shown increased residence time of vaccine cargo in pulmonary APCs,
perhaps because of increased mucoadhesion due to the cationic nature of the polymer used.®
A multitude of cytokines and inflammatory molecules have been implicated in the generation
and maintenance of Tru. Vaccines can be used to deliver adjuvants that will stimulate a Tru-biased
cytokine profile, or they can be used to deliver the requisitec yt o ki nes t hemsel ves, su:
1682 The materials used for delivery aaédj ovaeni mag so
may offer further opportunities for generating Trw Using engineered vaccine platforms.®? The precise
relationships between adjuvant-mediated immune stimulation, cytokine production, and formation of
Trm merit further investigation.
Finally, complementary to the design of the vaccine itself, route of vaccine administration can
play an equally important role in generating Trwm cells. In attempting to create vaccines that mimic natural
viral infection, it follows that the natural portal of entry should be used for immunization as well. An ever-
growing body of studies has demonstrated that mucosal immunization (e.g., intranasal, intravaginal,
oral) is superior to systemic administration (e.g., intraperitoneal, intramuscular, subcutaneous) for
installing tissue-resident memory populations.® 34 %€ Ther e i s also promise in
method of parenteral immunization for the first dose, followed by boosting via a mucosal route.*® %3
Interestingly, there is evidence that pulmonary or oral immunization can also generate T cell responses
in distal mucosal tissues such as the urogenital tract, adding to the utility of mucosal administration for

Trm Vaccines.*6 64.69

1.1.3 Vaccines for Generating Tissue-Resident Memory T Cells
Much of what we know about tissue-resident memory T cells, we have learned from studying

models of viral infection. As a result, many of these lessons have been applied to the design of Tgru-
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targeted vaccines by utilizing viral vectors as a delivery platform. Engineering approaches have also
been used to design Trm vaccines comprised of virus-like particles or other bio-inspired materials.
Overall, while the body of knowledge on tissue-resident T cell biology has grown rapidly in recent years,
practical application of these findings to vaccine development has moved more slowly. This is especially
true in terms of studying the ways in which material properties can be engineered to promote and fine-
tune the Twrm response. In this section, we review Trym Vaccine technologies that currently exist in the

literature, with a particular focus on engineered materials for Try-targeted vaccines (Figure 1.3).

Recombinant Virus-Like Engineered
Viral Vectors Particles Biomaterials
safety no viral polymers,
concerns genome liposomes, etc.

Figure 1.3 | Vaccine platforms used to generate Trw. While viral vectors are common, they pose
safety concerns regarding reversion to virulence and use in elderly or immunocompromised individuals.
Virus-like particles address some of these safety concerns in that they mimic the structure and
conformation of native viruses without containing the viral genome. Engineered biomaterials such as
polymeric nanoparticles and liposomes have also found use as subunit vaccine delivery platforms for
generating Tru, and offer the advantages of rational design and modular loading of vaccine components
such as protein antigens and nucleic acid adjuvants. Figure created with Biorender.com.

1.1.4 Viral Vector Vaccines

Infection models of viruses such as influenza and vaccinia have provided a great deal of insight
into the biology of tissue-resident T cell memory. As a result, much of the literature on vaccines for
generating Trm has revolved around the use of viral vectors for antigen delivery.
To date, some of the vectors used include human papilloma virus (HPV), influenza A virus, adenovirus,
lentivirus, cytomegalovirus, vesicular stomatitis virus, and vaccinia virus. These experimental vaccines
have shown efficacy in models of influenza, HIV, respiratory syncytial virus (RSV), tuberculosis
and malaria.
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Several viral vectors have been used to immunize against influenza, including murine
cytomegalovirus (MCMV). Zheng et al. chose MCMV because this virus induces a highly robust CD8*
T cell response, making it an ideal candidate for a vaccine to generate long-lasting tissue-resident
cellular immunity.”® A recombinant MCMV-influenza vector was created by inserting the sequence for
an MCH-I-restricted epitope of the hemagglutinin (HA) antigen of Puerto Rico/A/8/1934 (PR8) influenza
A virus (IAV) into the C-terminus of the MCMV ie2 gene. In a previous report, this group showed that
using a single peptide epitope in this setting provided greater protection than a vector expressing the
full protein.”* While intranasal (i.n.) immunization with the MCMV-influenza vaccine induced a lower
magnitude CD8* T cell response relative to intraperitoneal (i.p.) immunization (shown by tetramer
staining), only IN immunization provided robust protection against IN challenge with PR8 IAV. Surface
staining for CD69 and CD103, as well as i.v. staining with CD45, was performed >3 months post-
immunization to identify tissue-resident CD8* T cells, and the frequency of CD69*CD103* in the lung
tissue (CD45) was significantly higher after i.n. immunization relative to i.p. administration of the
vaccine. Staining for the transcription factor Eomes also showed low levels in CD8* Trm, Which is in line
with reports that Trm downregulate this transcription factor.’

In another study, Macdonald et al. describe an immunization method that capitalizes on alveolar
macrophages as antigen-presenting cells for priming a lung-resident T cell response to protect against
influenza challenge.” This approach utilized a lentiviral vector (LV) based on HIV-1 that is replication-
defective and can transduce alveolar macrophages after i.n. delivery. The LV was engineered to
express PR8 nucleoprotein antigen along with a constitutive activator of the NFa B patH.Way,
VFLI P was included because influenza infection of
dependent secretion of chemokines that are necessary for T cell recruitment in response to influenza
infection. One drawback of generating large numbers of T cells in the lungs is that it can also cause
significant lung injury. This study explored the benefits of using a subcutaneous (s.c.) prime-i.n. boost
immunization regimen to avoid high levels of inflammatory cytokines that have been shown to promote
lung pathology during influenza infection (IFNy TNFa, IL-17, IL-4, IL-10). The LV-influenza vaccine
successfully transduced large numbers of alveolar macrophages and recruited lung-resident T cells that
conferred long-lasting protection without significant tissue injury. It is important to note that the T cell
epitopes of viral antigens such as nucleoprotein are highly conserved, and so vaccines containing such
antigens have potential for creating a universal influenza vaccine that provides heterosubtypic
protection across multiple strains.?

In addition to its use in immunization against influenza, murine cytomegalovirus has also been
utilized as a vaccine vector for RSV immunization. Morabito et al. have shown an MCMV vector
expressing the RSV matrix (M) protein can generate CD69*CD103*- CD8* Trw that protect against RSV

challenge. They tested the efficacy of different routes of administration and found that IN but not IP
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vaccination generated durable tissue-resident CD8T populations in the lungs.” Residency was
established via IV staining with anti-CD45 antibody and FTY720 treatment. Generation of these CD8"
Trm by i.n. immunization resulted in faster T cell recall responses, | FNo secr
clearance after challenge with RSV, providing further evidence that route of delivery is key to priming
cellular immunity in the tissues where pathogens are first encountered. A notable advantage of the
MCMV vector is that it persists and produces antigen for an extended period of time, which may
contribute to a more robust Trm response in the lungs due to the putative requirement for local antigen
recognition.”* > Another unique aspect of MCMV infection is its generation of two distinct waves of
memory CD8*T cel | s: Afconventional 6 cells, which expand
Ainflationaryo cell s, whi eilmtheeffectdr memorg T celccampantmént’s i ng
It is known that Try tend to wane over time in the lungs, in contrast to the more durable Trm found in
skin and other tissues, and so tloldgromiseferMGMWbasedh f | at i
vaccines that generating longer-lasting pulmonary Trm immunity.””: 78

Influenza A viruses have also been used as a vaccine platform. Using a recombinant 1AV
vaccine expressing the immunodominant CD4* T cell epitope p25 from the Mtb antigen Ag85B, Flérido
et al. investigated whether pulmonary immunization generated CD4" Trm that could protect against Mtb
challenge in the absence of circulating memory T cells.” Immunized mice were treated with FTY720
prior and during the first 17 days of Mtb challenge; while this significantly reduced the number of
circulating T cells, it did not affect the frequency of Mtb-specific CD4" Trw in the lung tissue, nor their
ability to produce cytokines and protect against infection. Similar to other studies, IN but not IP
immunization induced p25-specific CD4* T cells in the lung, which were found to be
CD69'CD11a'CD44"CD62L", consistent with a Trm phenotype. Less than 5% of these cells expressed
CD103, in agreement with findings that CD4" Trm do not express this marker. Two-photon microscopy
was used to confirm distribution of Trm cells in lung parenchyma.

Generation of CD8* Trm against Mtb has been achieved with a replication-deficient adenovirus
vector expressing the immunodominant antigen Ag85A after i.n., but not intramuscular (i.m.),
immunization.?® In this study, Haddadi et al. found lung-resident CD8* Trm to be characterized by
VLA-1 as well as CD103, with the latter being acquired after the cells entered the lungs, while the former
was acquired during priming in the lung draining lymph nodes. CD8* Tru Were identified via i.v. staining
with anti-CD45 antibody. Blocking antibody for VLA-1 was used to show that although this integrin was
not required for trafficking to the lungs and did not appear to play a major role in retaining the Trwm cells
there, it did negatively regulate them in the contraction phase. Notably, VLA-1 is made up of CD49a
and CD29, and CD49a has been used in other studies as an identifying marker for Tru cells.

Vaccines that can install CD8* Trwm in the cervicovaginal mucosa hold promise for effective

immunity against sexually-transmitted infections; as such, an influenza-based vector has also been
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used as a vaccine for HIV. Tan et al. developed recombinant influenza viruses expressing the HIV-1
Gag protein p24 using two different strains, PR8 and X31; they primed i.n. with PR8-p24 and boosted
intravaginally (ivag) with X31-p24.8° Tetramer staining showed that this combination of mucosal doses
generated durable CD103" CD8* T cells resident in the vaginal epithelial compartment rather than the
submucosa, which is desirable for a rapid response against HIV encounter. Upon secondary antigen
recognition in the vaginal mucosa, the HIV-specific CD8" Trm rapidly upregulated expression of
addressin on endothelial cells and recruited CD4* T cells, B cells, and NKT cells to the tissue.

Intravaginal immunization has also been demonstrated with HPV vectors; Cuburu et al. showed
t hat ivag prime/ boost with nonreplicating HPV16 anc
of the RSV M and M2 antigens generated significantly more cervicovaginal antigen-specific CD8* T
cells than priming alone, and these cells were durable, waning by only 50% after six months.®* The
majority of the cells produced were located in the intra- or subepithelial compartment, produced both
| FNo and TNFU, and were pr ot ewth & keeombmanhbvagtinid virusa gi n a
expressing M2 (VV-M2), reducing cervicovaginal viral titers by three orders of magnitude relative to
controls. CD103/CD69 staining and FTY720 were used to establish tissue-residency. In a follow-up
study, the same gr oupull-adrepvi e Ifoypde dv aac cii prait m®n strat eg
systemic and cervicovaginal CD8* T cells after immunization.®? It was found that i.m. prime with an
adenovirus vector and ivag boost with HPV16 could accomplish this (rather than ivag/ivag, i.m./i.m., or
ivag/i.m.). Boosting with HPV was more effective at recruiting cervicovaginal CD8" Trm than ivag
installation of CXCR3 receptor ligands (CXCL9/10) or agonists for TLR3 (polyl:C), TLR7/8 (imiquimod),
or TLR9 (CpG). It is also notable that these CD8* Trm Were induced in the absence of CD4* T cell help.
This vaccine induced effective T cell responses against both HPV16 E7 oncoprotein and recombinant
VV-M2 virus challenge, indicating its potential for use against both cancer and infectious disease.

In some instances, viral vectors have been combined with other molecules or delivery platforms
for immunization. Fernando-Ruiz et al. put forth a vaccinati-antt rsdp.,ad eign
whichanti-Cl ec 9A anti bodies were used for targeted®*i . v.
dendritic cells in the liver, and then recombinant adeno-associated virus (rAAV) containing the same
mal aria epitope was a cingellsinghe Bveré®d\ papulation oftCB6'KIRGE p 0 T
CD8* T cells was identified that expressed the gene signature of Trm cells and remained permanently
in the liver, patrolling the sinusoids. It was found that these Trm Were essential for protection against
liver-stage malaria and challenge with sporozoites. Notably, the liver Trm population identified in this
study did not express CD103. In some experiments, the adjuvants CpG or poly(l:C) were delivered with
anti-Clec9A antibody+antigen; it was found that CpG induced a greater number of Tru cells relative

to poly(l:C).
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A combination approach has also been used to develop an HIV vaccine that can simultaneously
induce both antibodies and CD8* T cells. Petitdemange et al. hypothesized a vaccine that could
generate both cellular and humoral immunity might provide enhanced protection against HIV.8 To this
end, three different experimental vaccines were tested via i.v. immunization in non-human primates: (1)
sequential immunization with heterologous viral vectors (HVVs) comprising vesicular stomatitis virus,
vaccinia virus, and adenovirus5 expressing mac239 Gag protein from simian immunodeficiency virus;
(2) immunization with HIV-1 Env gp140 protein adjuvanted with poly(lactic-co-glycolic acid) (PLGA)
nanoparticles containing 3M-052, a TLR7/8 agonist; and (3) a sequential combination of both. The HVV
vaccine induced a high magnitude of Gag antigen-specific CD8" T cells in the blood and CD8" Trw in
the vaginal mucosa, while the Env+PLGA vaccine generated persistent antibody and innate immune
responses. Vaccination with both provided enhanced protection, particularly in younger animals, and
support the hypothesis that a holistic immune response can be more effective against HIV.

While viral vectors have seen extensive use as vaccine delivery platforms for generating tissue-
resident T cell memory, and offer a convenient means of eliciting T cells via intracellular delivery of
vaccine antigens, there are also several disadvantages to note. As vaccines are prophylactic,
requirements for their approval for use in humans is stringentd they cannot harm a healthy recipient.
The possibility of a viral vector reverting to virulence is a safety concern, and live virus vaccines cannot
be given to immunocompromised individuals. Even in replication-deficient vectors, components of the
virus may cause an undesirable inflammatory response.*® Pre-existing immunity against the vector used
may diminish vaccine efficacy, and large-scale manufacturing can prove difficult if delicate and time-
consuming molecular biology or cell culture methods are needed to construct and produce the virus.8*
8 Notably, the study by Petitdemange et al. discussed above used a combination vaccine regimen
consisting of both viral vectors and synthetic polymeric nanoparticles formulated with antigen and
adjuvant. The latter is an example of a subunit vaccine, a class of vaccine the circumvents many of the
disadvantages of viral vectors. In recent years, significant progress has been made in the development
and characterization of engineered biomaterials for subunit vaccines that can promote cellular immunity.

The next section will cover these new technologies in more detail.

1.1.5 Engineered Biomaterials for Subunit Vaccines
Subunit vaccines have been widely studied as an alternative to vaccines containing live viruses,
including in the context of mucosal delivery.® This type of vaccine consists of only the minimal
components of a pathogen needed to stimulate an immune responsed for example, a single protein or
peptide antigen.'® While this allows subunit vaccines to overcome many of the safety concerns of viral

vectors, it comes at the cost of lower immunogenicity. Since subunit vaccines do not contain all of the

23



microbial molecules that contribute to eliciting an immune response, they are often supplemented with
adjuvants; however, few adjuvants are currently approved for use in humans, and many in preclinical
studies have demonstrated unfavorable safety profiles when administered mucosally.3* 8¢ 87 In addition,
this lower immunogenicity often means that more or higher doses must be given to achieve the same
level of immunity as with a more potent live vaccine.*3

Traditional subunit vaccine formulations typically consist of soluble antigen mixed with adjuvant.
Several drug delivery barriers hinder the efficacy of these formulations, including rapid antigen
clearance with poor uptake by antigen-presenting cells (APCs) and minimal accumulation in draining
lymph nodes. In addition, subunit vaccines are particularly inept at eliciting CD8* T cells.®® Generating
a robust CD8" T cell response requires antigen presentation on major histocompatibility complex
class | (MHC-I) by APCs in the context of additional molecular cues (co-stimulation, cytokines) that drive
CD8" T cell expansion and differentiation.®® To achieve presentation by MHC-I, administered antigen
must either be endocytosed by specialized cross-presenting DC subsets or delivered to the classical
cytosolic MHC-| antigen processing pathway. However, the predominant fate of soluble vaccine antigen
after uptake is lysosomal degradation, with minimal presentation on MHC-1.%° Despite this limited
capacity for CD8" T cell generation, the superior safety profile of subunit vaccines continues to motivate
strategies for improving their efficacy.®! Biomaterials-based delivery systems have been developed that
can enhance antigen uptake in APCs, promote antigen cross-presentation, or safely deliver adjuvants
to promote a CD8" T cell response. These new approaches to vaccine delivery will be reviewed in the
following section, divided into virus-like particle (VLP) and non-VLP technologies.

Virus-like particles represent an interesting middle ground between live viral vectors and fully
synthetic vaccines. Features of traditional viral vectors that contribute to their efficacy include their
particulate nature, repetitive surface geometry, and ability to replicate and to stimulate both innate and
adaptive immune responses; VLPs retain most of these advantages but do not possess a viral genome
and so cannot replicate and are safer than live viruses.®? Their particulate nature allows them to
overcome many of the delivery barriers for soluble antigens. Several vaccines currently approved for
use in humans are formulated with VLPs, including vaccines against HPV, hepatitis B virus, and malaria.
In recent years, a number of VLP vaccine platforms for generating Tru cells have been published in
the literature.

Respiratory pathogens such as influenza and RSV have been the primary target of VLP-based
Trm vVaccines thus far. Lee et al. developed an experimental universal influenza vaccine using the highly
conserved M2e antigen; termed M2e5x-VLP, the vaccine contains tandem repeats of M2e from human,
swine, and avian flu viruses.®® It was hypothesized that this strain-agnostic vaccine could provide
broader but weaker protection that would result in cross-strain T cell-mediated protection. In comparison

with the current strain-specific inactivated influenza vaccine (11V), M2e5x-VLP administered IM was
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superior in promoting heterosubtypic protection, and it generated CD103*CD69" lung-resident memory

CD8*T cell s that pr oduced 2¢-dpddific.antiboties,gptodding symportefar at ed M
platform capable of generating both cellular and humoral immunity, which may be particularly important

for viruses like influenza.

Hodgins et al. have a described a strategy for vaccination with an VLP vaccine that contains
influenza HA antigen and is produced in plants.® Various combinations of administration routes were
explored, i nN@luhdidong( | Mprprnmieme-md dNa Ibiotoysot ) ( | Mimahdi | N
simultaneously), and Atraditional glan{-derMedpacdinmauld M b o C
induce both humoral and cellular Trm responses that protected aged mice from lethal challenge. The
VLP vaccine was also compared to commercially available IIV. In general, the VLP vaccine
outperformed IIV; interestingly, these researchers found limited evidence supporting IN delivery of the
VLP vaccine over IM administration, which contradicts much of the previous evidence supporting use
of mucosal administration routes in generating Trm but is in agreement with Lee et al.,, who also
administered their influenza VLP vaccine intramuscularly.

While in many cases the VLP and vaccine antigen are the same, encapsulation of antigen within
an unrelated VLP has been shown to enhance antigen availability for generation of CD8* T cells.®®
Schwarz et al. engineered a VLP derived from the Salmonella typhimurium bacteriophage P22 that can
be genetically modified to allow for protein delivery, resulting in a ~60 nm diameter particle co-
encapsulating two well-characterized RSV antigens, M and M2.%® Delivery of multiple antigens may
prove advantageous as it can avoid concentrating pressure for immune evasion on a single
immunodominant epitope. Mice immunized IN with the P22-MM2 vaccine were found to have
CD103*CD69" lung-resident CD8* Trm that were specific for both antigens, and the vaccine also
decreased viral loads in the lung after IN RSV challenge.

Airway-resident memory T cells may also play an important role in protection against respiratory
pathogens such as coronaviruses (COV). Zhao et al. showed that IN but not SC vaccination with
alphavirus-derived Venezuelan equine encephalitis replicon particles (VRP) encoding a CD4* T cell
epitope for SARS-COV could induce antigen-specific memory CD4* T cells in the airways that protected
mi ce against | ethal chal |l en%llel0Oprodaced by thasadairtapresident | F N2
CD4* T cells was also key for optimal protection. It is important to note that there is some debate over
whether airwmay-r esi dent T <cel | s dresigent@& sed memoryi it has eeeén edtimased, u e
for example, that influenza-specific CD11a°CXCR3" airway Trm have a high turnover rate, with a half-
life of only 14 days and continual replenishment from circulating Tem cells.® °7 In agreement with this,

Zhao et al. show phenotypical and functional differences between CD4+ T cells in the airway vs. lung

parenchyma, including lower expression of the markers CD11a, CD103, and CD69.%° Nevertheless,
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memory T cells in the airway are typically the first to encounter antigen during infection and so play a
central role in protection at these sites of pathogen encounter.

Outside the realm of virus-like particles, vaccines that can effectively generate T cells have been
engineered using a variety of materials, including stimuli-responsive polymers, peptide nanofibers, lipid
nanocapsules, or nanoparticles derived from naturally-occurring materials. While many of these
materials have coincidentally been found to also generate Trwm, the rational design of materials to
explicitly promote and control the Tru response is relatively unexplored. If it can be shown that material
properties can directly affect the ways in which Trwm cells are generated, this will represent significant
potential for the application of immunoengineering principles to vaccine development.

Synthetic polymeric hanoparticles (NP) have been utilized as a platform for vaccines to generate
Trm. The use of pH-responsive nanoparticles as a Trm vaccine is presented in this dissertation;
polyanhydride and PLGA NP have also been used for this purpose. In addition to the combination of
viral vectors with adjuvanted PLGA NP by Petitdemange et al. as discussed earlier, PLGA NP have
also been used in combination with an adenovirus v
against malaria. Gola et al. evaluated the ability of the NP to promote localization of primed CD8" Tem
cells to the liver and protect against liver-stage malaria by first administering an antigen-expressing
adenovirus vector IM, followed by IV administration of antigen-loaded PLGA NP.%® FTY720 treatment
was used to demonstrate that protection was mediated by tissue-resident cells in the liver, and these
cells expressed the Trw surface markers CXCR6, CD69, and CD44. Interestingly, the addition of
adjuvants such as R848 and MPLA only minimally enhanced the number of liver-resident T cells.

While PLGA has found widespread use in a variety of biomedical applications, other polymer
materials have been intentionally engineered for use in vaccines. Polyanhydride NP synthesized from
the monomers 1,8-bis(p-carboxyphenoxy)-3,6-dioxoctane (CPTEG) and 1,6-bis-(p-carboxyphenoxy)
hexane (CPH) and encapsulating influenza antigens HA and nucleoprotein (N) and the adjuvant
CpG1668 were used to protect against heterosubtypic influenza A challenge in mice.>® Similar to VLPs,
pol ymeric particles such as thesemicmat iim, & odnee wtay s
size or ability to act as a depot providing sustained release of antigen over a long period of time. In fact,
Zacharias et al. hypothesize that this depot effect could be crucial in promoting tissue-resident memory
formation.® In this study, IN administration of the polyanhydride IAV vaccine was shown to be superior
to IV administered IM, and it induced both CD8* and CD4" Trwm responses in the lungs as well as IAV-
specific antibodies in the airways and blood. 1V staining with CD45 and surface staining for CD11a,
CD69, and CD103 were used to identify Tgrm.

Lipid-based materials have also been used in vaccines for generating Trm. In a study by
Woodworth et al., the subunit vaccine H56/CAF01 induced circulating CD4* T cells that localized to the

lung parenchyma and protected against Mtb challenge.® This vaccine consists of a fusion protein (H56)
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comprised of Mtb antigens Ag85B, ESAT-6, and Rv2660 and adjuvanted with CAFO1 liposomes. IV
staining with CD45 was used to differentiate Trm in the lung parenchyma from cells in the vasculature,
and these CD4" Trm were found to be KLRG1'CXCR3", consistent with the non-terminally differentiated
phenotype of Tru cells.t” Vaccine-specific CD4* T cells were polyfunctional, producing combinations of
| FNo2, T NF2 aswallrasliL-17(CAFO01 is a Th1/Th17-promoting adjuvant).

Similarly, an engineered lipid nanocapsule platform delivering protein or peptide antigen in
combination with the adjuvants MPLA and poly(l:C) promoted the formation of antigen-specific, tissue-
resident memory CD8" T cells after intratracheal administration.“® Li et al. incorporated poly(l:C) as an
adjuvant because it has been shown to increase DC cross-presentation.® They hypothesized that
targeting a cross-presentation-promoting particulate vaccine to the pulmonary mucosa, home to a large
population of APCs, could generate a robust cellular response in mucosal tissues. Pulmonary
immunization with this platform, termed A i layerecrrtois sl i nked mul ti |l amel |l ar
able to generate CD8* T cells in both the lungs and vaginal tissue, consistent with the observation that
intranasal immunization can elicit an immune response in distal mucosal sites.'%! 102 |ntranasal ICMV
immunization resulted in increased antigen transport to lung-draining lymph nodes relative to s.c.
administration, and it i ncreased expressinduceddf t he
cells were protective against both tumor challenge with B16.F10-OVA melanoma and respiratory virus
challenge with simian immunodeficiency virus (SIV) gag-expressing vaccinia. In the case of virus
challenge, mice were immunized with the immunodominant MHC-I epitope from SIV gag, AL11, and
the universal CD4* T cell helper epitope PADRE; interestingly, antibody depletion showed that
protection was dependent on CD8" but not CD4" T cells. FTY720 treatment showed that protection
was mediated by Trm, many of which expressed CD103 and/or CD49a.

Peptide nanofibers have also been used as a vaccine platform for generating tissue-resident
memory T cells. Previous studies of nanofibers have indicated that they can generate an immune
response without the addition of adjuvants and without significant inflammation, which may prove
advantageous in the delicate lung environment. The modularity of peptide nanofiber vaccines can also
allow precise control over the strength and phenotype of the elicited immune response. Si et al.
synthesized peptide nanofibers containing the self-assembling, beta-sheet-forming Q11 domain and
the conserved MHC-I epitope from the acid polymerase (PA) antigen of HIN1 PR8 virus.1% Notably,
this nanofiber vaccine did not contain any CD4* T cell epitopes. The PA epitope was chosen because
previous studies showed that PA-specific CD8" T cells were able to clear influenza virus infection in
mice. Peptide nanofibers were taken up by DCs in the lung-draining lymph node (dLN) after i.n.
immunization. Relative to s.c. immunization, i.n. immunization generated greater numbers of CD8* T

cells in the dLN and persistent CD8" Tgrwm in the lung that protected against infection six weeks after
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immunization. Trm were identified using intravascular staining with anti-CD45 antibody, as well as
surface expression of markers CD44 and CD69.

While viruses are frequently the target of Trw-forming vaccines, non-viral pathogens may benefit
from these technologies as well. Stary et al. developed a mucosal vaccine that protected against a
bacterial pathogen, Chlamydia trachomatis (Ct), via two distincti wa v e s 0 * nerhoryd Dells.>* After
intrauterine immunization, a first wave of CD4* T cells trafficked to the uterine mucosa and became Tgrw,
while subsequent genital infection reactivated these uterine Trum to recruit a second wave of circulating
memory T cells. Both waves were required for optimal pathogen clearance. Previous attempts to
immunize against chlamydia using UV-inactivated Ct have failed because mucosal exposure to UV-Ct
generates regulatory T cells that exacerbate infection. In contrast, exposure to live Ct infection induces
protective i mmuni t yrodlcgng €D4d € oetls. Begausd liveNvaccines are often
unsafe, the authors sought to convert UV-Ct into an immunogenic rather than tolerogenic vaccine
platform. They did so by engineering charge-switching synthetic adjuvant particles (cSAPs), which self-
assemble from a triblock copolymer of PLGA, poly(L-histidine) (PLH), and poly(ethylene glycol) (PEG).
The adjuvant R848 (a TLR7/8 agonist) was included by covalently coupling it to poly(D,L-lactic acid)
(PLA), which was incorporated into the particles. Acidification causes the cSAPs to become cationic
and complex with negatively-charged UV-Ct bacteria, allowing all components to be delivered together.
Previously, soluble mixtures of UV-Ct with adjuvant failed to provide protection against challenge,
leading to the hypothesis that physical linkage of UV-Ct with adjuvant might allow the vaccine to cross
the epithelial barrier and be taken up by mucosal DCs.

Finally, natural biomaterials have also found use as a platform for Tru-targeted vaccines. Hart
et al. used yellow carnauba wax particles (YC-NPs) coated with a fusion protein comprised of three Mtb
antigens to protect against tuberculosis.'® The fusion protein antigen consisted of Ag85b, an antigen
expressed in early infection; Acr, expressed in latent infection; and the heparin-binding domain of
HBHA, included as a means to figuided the vacci
Nano-FP1. Intranasal administration of Nano-FP1 in mice primed with the BCG vaccine demonstrated
enhanced protection against challenge with aerosolized Mtb. Control of bacterial burden in the lungs
was associated with formation of CD4* and CD8* Trwm in the lungs and increased T cell polyfunctionality,
and Trw cells were identified by a CD44"CD62L'°CD69*CD103* phenotype. The authors also
investigated the mechanisms of YC-NP immunogenicity; they hypothesized the NP could be acting as
an adjuvant to induce APC activation and maturation. To test this, APCs were treated with YC-NP alone

(no antigen), and activation markers were measured. YC-NP upregulated markers such as CCR?7,

ne

CD86, PD-L1, and PD-L2, but did not stimulate productionof IL-1 b ,-6 | Lor TNFU. Based

other experiments, the authors concluded that YC-NP induced IRF-3-dependent maturation of APCs

without the inflammation associated with NF-e B si gnal i ng, indicating
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the NP is immunologically active and enhances cellular immunity. This lends credence to the notion

that delivery vehicles themselves can be designed to control the Trm response.

1.2 Innovation

1.2.1 Nanoparticle-Mediated Dual-Delivery of Antigen and Adjuvant to Mucosal Tissue

Ample evidence exists in the literature that immunization via mucosal routes can provide an
improved immune response over traditional systemic administration, particularly with regard to
generation of Trwm cells. To our knowledge, this work represents the first use of a pH-responsive
nanoparticle vaccine for mucosal immunization. Here, we extensively characterize the innate and
adaptive pulmonary immune response to intranasal administration of a pH-responsive nanopatrticle co-
loaded with protein antigen and nucleic acid adjuvant. While dual-delivery of antigen and adjuvant on
this particle was previously shown to be effective after systemic administration, its efficacy after mucosal
immunization was not known. We demonstrate that intranasal administration of the nanoparticle vaccine
is superior to subcutaneous immunization for generating a lung tissue-resident CD8* T cell response.
In addition, the cytokine profile stimulated by the vaccine was found to be transient (no prolonged
detrimental inflammation) and localized to the lungs, and it was supportive of a CD8" Trwm-biased
response. Nanoparticle-mediated dual-delivery also increased co-localization and retention of vaccine
cargo in pulmonary antigen-presenting cells that may play a key role in priming the Tru response.
Finally, this work presents the first demonstration that immunization with this nanoparticle vaccine can
confer enhanced protection against morbidity and mortality in multiple mouse models of respiratory
infection. Most notably, this enhanced CD8" Tru response and subsequent protection is achieved after
only a single intranasal dose, whereas most comparable nanopatrticle-based vaccines in the literature
utilize at least one booster dose to achieve a productive immune response. The single-dose efficacy of
this vaccine provides importance translational advantages; for example, it could be useful for scenarios

in which a rapid immune response is needed, such as during a pandemic or for biodefense applications.

1.2.2 Relationship Between pH-Responsive Activity and Trw Formation
Precise engineering of the material properties of drug and vaccine delivery platforms, such as
size and surface charge, can be used to control and modulate the immune response.%>-1%" However,
the specific impact of material properties on formation of tissue-resident memory T cells has not been
studied. To our knowledge, the work presented in this dissertation is the first to demonstrate a direct
link between an engineered nanomaterial and Trm generation. The pH-responsive nanopatrticle delivery

platform used here leverages endosomal acidification after cellular uptake to release antigen into the
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cytosol, where is can be processed by the MHC-I presentation pathway, resulting in a CD8* T cell
response. By comparing this pH-responsive polymer with an analogous control polymer that does not
respond to a decrease in pH, we were able to isolate the effect of this material property on generation
of a tissue-resident CD8" T cell response in the lungs. Utilizing an intravascular staining technique to
di fferenti at ecelB inrthedung imtesttiund #omt those in the lung vasculature, we
demonstrated that immunization with the pH-responsive polymer generated tissue-resident CD8* T cells
in the interstitium, whereas immunization with the control polymer did not. Interestingly, the two
polymers were equally effective in the vasculature, indicating that this material property specifically
impacts generation of tissue-resident cells. Since cross-presenting dendritic cells appear to play a key
role in promoting Trw cell formation, and the pH-responsive endosomal escape mechanism of the
pol ymer f hogicalicross-presbntation mechanisms, it is possible that this may be the cause of

the enhanced Twrm response after immunization with the pH-responsive nanoparticle vaccine.

1.2.3 Delivery of Diverse Antigens and Adjuvants with a Modular Platform
A primary advantage of particulate-based delivery vehicles for subunit vaccines is the potential
modularity of these platforms. They provide opportunities for accelerated development of vaccines

against mul tiple di stinct -and-playo greanhs for destilig various e r

combinations of adjuvants and antigens to determine the best possible formulation. In this work, we
demonstrate that the pH-responsive nanoparticle vaccine can accommodate multiple protein antigens
and nucleic acid adjuvants with diverse physicochemical properties. Previously, this platform was used
to deliver ovalbumin protein, a model antigen commonly utilized for studying murine immune responses.
The net negative charge of this protein lends itself to association with the cationic polymer used to form
the nanoparticle (DMAEMA), and an abundance of lysine residues on the surface of OVA also facilitates
thiolation of the protein for covalent conjugation with pyridyl disulfide groups on the corona of the
particle. However, while OVAhas proven fideal o for this appli
characteristics that would hinder formulation of protein-NP conjugates. This work presents the first
evidence that our nanoparticle platform can be used to deliver other antigens. When conducting initial
formulation studies of the pH-responsive nanoparticle with influenza nucleoprotein, an antigen with a
net positive charge, we were concerned that this positive charge might prevent efficient conjugation to
the particle or interfere with electrostatic complexation of the particle to nucleic acid adjuvants.
Nevertheless, after minor optimization of reaction conditions, we were able to demonstrate efficient
thiolation and conjugation of nucleoprotein, a clinically relevant antigen. Furthermore, although we did
observe slight association of the positively-charged nucleoprotein with negatively-charged CpG
adjuvant when mixed together (see Figure B.1B), this had no effect on the ability to complex CpG DNA

with nucleoprotein-nanoparticle conjugates in order to formulate a dual-delivery influenza vaccine
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(Figure B.1). Moreover, immunization with the nucleoprotein-containing vaccine conferred significant
protection against lethal challenge with influenza virus, clearly demonstrating the success of particle-
mediated delivery of this antigen.

In addition, this work also provides the first demonstration that nucleic acid adjuvants other than
CpG DNA can be delivered using this nanoparticle platform. The adjuvants studied here possess
diverse physicochemical features. CpG1826 is a small, single-stranded DNA molecule, while poly(l:C)
is a large, double-stranded RNA molecule with heterogenous molecular weight, and nanolSD is a
double-stranded DNA molecular intermediate in size to the other adjuvants. These adjuvants target
distinct innate immune receptors in the endosome (TLR9, TLR3) and the cytosol (RIG-I, cGAS). Despite
the varying size and structure of these adjuvants, we demonstrate that all three can stably complex with
OVA-nanoparticle conjugates. Thus, this nanopatrticle platform provides a tool for studying the ways in
which delivery of adjuvants to targets in distinct intracellular compartments can affect the downstream
immune response. In the final aim of this work, we begin investigating the impact of these adjuvants on
the CD8" Trm response in the lungs and their effect on antigen-presenting cell activation. We study
whether the pH-responsive property of the vaccine is linked to the immunostimulatory activity of each
adjuvant by comparing it with adjuvant-loaded control nanoparticles. This lays the groundwork for
further study of the effects of single adjuvants, or adjuvant combinations, on innate immune activation,

and the ways this can be harnessed to target key APC subsets and promote protective Trm immunity.

1.3 Specific Aims

The overall goal of this to work is to develop a pH-responsive nanoparticle-based subunit
vaccine that can generate tissue-resident memory T cells in the lungs and protect against respiratory
infection. As part of this, we also seek to fully characterize the immune response to the nanoparticle
vaccine, and to uncover possible relationships between material properties of the nanoparticle and its
generation of a Tru response. Although vaccines that can promote Trw formation via a variety of
mechanisms have been studied, the rational design of materials that can precisely tune the Trwu
response is relatively unexplored.

Prior to initiation of the work described in this dissertation, work had been done on stimuli-
responsive (fismarto) materials for overcoming a v-ari et
responsive materials were developed and used for several applications, including delivery of siRNA for
gene therapy and delivery of protein antigen and nucleic acid adjuvant for systemic immunization.5 108
However, such materials had not yet been used with the purpose of applying principles of materials
engineering and drug delivery to new knowledge regarding Trm biology and vaccine design. As such,

the work presented in this dissertation aimed to address several outstanding questions in the field,
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namely: can this pH-responsive polymer nanoparticle system be used for mucosal (intranasal)
immunization and co-delivery of antigen and adjuvant to the lungs? If so, can it be used to generate
CD8" Trm cells in the lungs, and are these cells protective against challenge with respiratory viruses?
And finally, how can the material and delivery properties of the nanopatrticle carrier (i.e., pH-responsive
activity and nature of adjuvants delivered) be utilized to tune the Trm response? What is the connection
between activation of innate immunity and downstream production of Trm cells?

The work presented here leverages a pH-responsive polymer to create a hanoparticle vaccine
that can co-deliver antigen and adjuvant to a mucosal tissue, generate CD8" T cells that are resident in
the lungs, and protect against respiratory infection. It also characterizes the innate and adaptive immune
responses to the vaccine and demonstrates important links between material properties of the
nanopatrticle, cellular uptake and retention of vaccine cargo, and promotion of tissue-residency.

This nanoparticle vaccine is shown to be effective in two murine models of respiratory virus
infection, vaccinia and influenza, via delivery of two different protein antigens, ovalbumin and influenza
A nucleoprotein. Influenza is a clinically relevant pathogen that poses a serious global health threat, for
which universal vaccines that can generate cellular immunity are greatly needed. The ability to
effectively use the same nanoparticle platform to immunize against multiple pathogens demonstrates
its modular capabilities. It can be loaded with antigens derived from any number of pathogens, including
non-respiratory viruses and intracellular bacteria, and it can accommodate a variety of nucleic acid
adjuvants for activation of diverse immune pathways. In addition, this platform has potential to be

adapted for use in cancer vaccines via delivery of patient-specific tumor antigens.

Specific Aim 1: Determine whether mucosal antigen and adjuvant dual-delivery via pH-
responsive nanoparticles can generate tissue-resident T cells in the lungs. Subunit vaccines
containing protein antigens, while safer than live vectors, are also poorly immunogenic and require the
addition of adjuvants to elicit a functional immune response. However, administration of soluble antigen
and adjuvant results in poor cellular uptake and minimal generation of CD8* T cells; nanoparticle-
mediated delivery can help mitigate this issue. While previous work has shown that non-mucosal
delivery of vaccine cargo on pH-responsive nanoparticles generates a systemic CD8* T cell response,
vaccines with translational potential will ideally generate tissue-resident cellular immunity in organs such
as the lungs. This aim builds on previous work with pH-responsive nanopatrticles by utilizing intranasal
administration to determine whether a tissue-resident CD8" T cell response in the lungs can be
produced. Extensive in vivo characterization of the immune response to mucosal immunization with this
nanoparticle vaccine demonstrated that pH-responsive activity, route of administration, particulate dual-
delivery of antigen and adjuvant, and persistence of vaccine cargo in pulmonary antigen-presenting

cells all play a role in promoting a lung-resident CD8* T cell response.
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Specific Aim 2: Evaluate the capacity of the nanoparticle vaccine to provide Tru-mediated
protection against viral respiratory pathogens. After this pH-responsive nanoparticle vaccine
showed promise in generating a tissue-resident CD8* T cell response in the lungs, we further
characterized the response at long-term memory timepoints after immunization via staining for common
Trm surface markers, CD103 and CD69. In addition, the protective capacity of the nanoparticle vaccine
was tested in two models of murine respiratory virus infection. In a sublethal model, mice immunized
with ovalbumin antigen were challenged with a recombinant vaccinia virus expressing the MHC-I
epitope for OVA,; in a lethal model, mice immunized with influenza A nucleoprotein were challenged
with PR8 H1NL1 virus. In both models, immunization with the nanoparticle vaccine exhibited significant
improvement in morbidity and mortality relative to naive mice or those receiving control formulations.
Notably, this was achieved after immunization with only a single dose. The results of this aim indicate
that the nanopatrticle vaccine platform has potential for use against respiratory infections that require

Trm-mediated protection.

Specific Aim 3. Investigate the effect of material and adjuvant properties on innate
immune cell activation and its relationship to Trm generation. Evidence in the literature indicates
that a multitude of innate immune cells and molecules may play a role in generation of tissue-resident
memory T cell responses; however, much of the relationship between innate immunity and Tgrwm
production remains unclear. In particular, the ways in which vaccines can be engineered to control
innate immune activation and tailor it toward a Tru-biased response are relatively unexplored. We
previously showed that the pH-responsive activity of the nanoparticle vaccine impacted the magnitude
of the lung-resident CD8* T cell response; in addition, this nanoparticle provides a platform for delivery
of various nucleic acid adjuvants that target distinct innate immune pathways. In this aim, we
demonstrated that both the pH-responsive nanoparticle (PH) and its non-pH-responsive control
counterpart (CT) can be formulated with nucleic acid adjuvants that target receptors in either the
endosome (CpG), cytosol (nanolSD), or both (poly[l:C]). Utilizing various combinations of PH and CT
nanoparticles with each of these adjuvants, we probed the effects of the formulations on uptake and
activation in dendritic cell subsets in the lungs and mediastinal lymph nodes. We also studied their

effects on the pulmonary CD8* Trm response at both short-term and long-term timepoints.
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CHAPTER 2

Mucosal Dual-Delivery of Antigen and Adjuvant with a pH-Responsive
Nanoparticle Vaccine Generates Lung Tissue-Resident CD8* T Cells

Text for Chapter 2 taken from:
Knight FC, Gilchuk P, Kumar A, Becker KW, Sevimli S, Jacobson ME, Suryadevara N, Wang-
Bishop L, Boyd KL, Crowe JE, Jr., Joyce S, Wilson JT. Mucosal immunization with a pH-
responsive nanoparticle vaccine induces protective CD8* lung-resident memory T cells. ACS
Nano. Sep 25, 2019. PMID: 31553872.

2.1 Abstract

Tissue-resident memory T cells (Trv) patrol non-lymphoid organs and provide superior
protection against pathogens that commonly infect mucosal and barrier tissues, such as the lungs,
intestine, liver, and skin. Thus, there is a need for vaccine technologies that can induce a robust,
protective Trm response in these tissues. Nanoparticle (NP) vaccines offer important advantages over
conventional vaccines; however, there has been minimal investigation into the design of NP-based
vaccines for eliciting Trm responses. Here, we describe a pH-responsive polymeric nanoparticle vaccine
for generating antigen-specific CD8" T cells that are resident in the lungs. With a single intranasal dose,
the NP vaccine was able to elicit airway- and lung-resident CD8" T cells. In elucidating the contribution
of material properties to the resultant immune response, we found that the pH-responsive activity of the
carrier was important, as a structurally analogous non-pH-responsive control carrier elicited significantly
fewer lung-resident CD8* T cells. We also demonstrated that dual-delivery of protein antigen and nucleic
acid adjuvant on the same NP substantially enhanced the magnitude and functionality of the antigen-
specific CD8* T cell response in the lungs. Compared to administration of soluble antigen and adjuvant,
the NP also mediated retention of vaccine cargo in pulmonary antigen-presenting cells (APCs),
enhanced APC activation, and increased production of Tru-related cytokines. Overall, these data

suggest a promising vaccine platform technology for rapid generation of CD8* Trwm cells in the lungs.

2.2 Introduction
Tissue-resident memory T cells (Tru) are a specialized subset of memory cells with a distinct
phenotype that reside in non-lymphoid tissues and act as a first line of defense against many

pathogens.!® 109110 T\, cells remain localized in their home tissues due to a combination of adhesion
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molecules and a lack of homing mechanisms for trafficking to distal lymphoid organs or circulating in
the blood. As such, they are optimally positioned to respond more quickly than peripheral memory T
cells. Trm have been identified in several organs, including the skin, liver, kidneys, brain, and mucosal
tissues such as the lungs, intestine, and female reproductive tract.'* 112 These cells play a key role in
protection against multiple infectious diseases for which new or improved vaccines are needed, such
as influenza, tuberculosis, respiratory syncytial virus, and HIV/AIDS.1*3116 Tgy are also important in
immunity against tumors, including breast cancer, melanoma, and lung cancer.'*”'20 For several
diseases, antibodies or non-resident memory T cells alone are not sufficient for optimal protection;?-
124 however, very few currently approved vaccines have been shown to generate Trwm cells.%® 125
Therefore, there is a critical need to develop new vaccines that can induce protective Trm in target
tissues.

Pulmonary Trwm reside in both the lung interstitium and airways'?® 127 and are critical in mediating
protection against respiratory pathogens.®® 125 128 Mucosal vaccination has garnered attention as a
superior route of immunization over traditional intramuscular injections for several reasons, including its
ability to mimic routes of pathogen entry and generate tissue-specific immune cells optimally positioned
to fight off future infection.'?*12° Specifically, pulmonary immunization via intranasal (i.n.) administration
is advantageous for generating Trwm in the lungs.>® "¢ Additionally, there is evidence that pulmonary
immunization can generate T cell responses in distal mucosal tissues.*® Hence, the development of
vaccine formulations that can be administered by mucosal routes holds great promise for a new
generation of Tru-targeted vaccines.

Protein-based subunit vaccines have been widely studied as a next-generation vaccine platform,
including in the context of mucosal delivery.*® A major drawback of protein-based subunit vaccines,
however, is poor immunogenicity due to several drug delivery barriers, including rapid antigen clearance
with poor uptake by dendritic cells and minimal accumulation in draining lymph nodes. Subunit vaccines
are particularly inept at eliciting CD8* T cells, which are required for immunity against many pathogens
and cancers.8® 13! Eliciting a robust CD8* T cell response requires antigen presentation on major
histocompatibility complex | (MHC-I) by dendritic cells (DCs) in the context of additional molecular cues
(costimulation, cytokines) that drive CD8" T cell expansion and differentiation.®® 32 To achieve
presentation by MHC-I, administered antigen must either be endocytosed by specialized cross-
presenting DC subsets or delivered to the classical cytosolic MHC-I antigen processing pathway.
However, the predominant fate of soluble endocytosed antigen is lysosomal degradation, with minimal
presentation on MHC-|.%0: 133

Despite their limited capacity to generate CD8* T cells, the superior safety profile of subunit
vaccines has motivated strategies to improve their efficacy.®® Toward this end, a variety of nanoparticle

(NP)-based vaccine delivery systems have been developed that utilize material properties to enhance
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antigen uptake by DCs, promote antigen cross-presentation, and/or co-deliver immunostimulatory
adjuvants in order to potentiate CD8* T cell responses to immunization.5® 196 134137 Thjs includes NP
formulations that have been administered i.n. to generate pulmonary T cell responses in mouse models
of infection and cancer.*-1%° However, to date only a few reports have evaluated the ability of NP-
based subunit vaccines to specifically induce tissue-resident CD8* T cells in the lungs.*¢ 58 193 Moreover,
while NP design principles for eliciting robust systemic T cell responses have largely been established,
the ways in which properties of NP vaccines can be engineered to augment Tru responses elicited by
mucosal immunization have not been explored. This motivates the need for the design, optimization,
and evaluation of NP vaccines for installing this unique memory T cell population in the lungs and other
mucosal tissues.

While elucidation of the mechanisms underlying induction and maintenance of CD8" Trw in the
lungs remains an active area of investigation, lessons in vaccine design can be taken from studies of
respiratory viral infections like influenza, in which robust and durable Trw are often generated.?* 141
These studies motivate the design of NP vaccines that can mimic viral infection by enhancing antigen
uptake and cross-presentation in APCs, allowing for co-delivery of antigen and adjuvant, and/or
increasing local antigen persistence in tissues.’ 142144 Therefore, in this study we leveraged a virus-
mimetic polymeric NP vaccine delivery system that utilizes a pH-dependent endosomal escape
mechanism to release cargo into the cytosol, resulting in enhanced antigen delivery to the MHC-I
processing pathway.*® Additionally, the corona of the NP is designed to enable dual-delivery of antigen
and nucleic acid adjuvant from the same particle, further augmenting its ability to mimic pathogen
encounter and enhance the CD8" T cell response.

Here, we demonstrate that the pH-responsive NP vaccine dual-loaded with ovalbumin protein
antigen (OVA) and CpG DNA adjuvant enhanced the magnitude and functionality of the lung-resident
CD8* T cell response in mice after a single dose. It also improved activation of pulmonary APCs and
promoted antigen persistence in the lungs. Of significance to the design of Tru-targeted NP vaccines,
we show that the pH-responsive activity of the NP is important for induction of lung-resident CD8" T
cells, demonstrating that a material property can be harnessed to install this important cell population
in a mucosal tissue. Collectively, our results suggest a promising experimental vaccine platform for
generating lung-resident CD8* T cells and offer evidence that NP properties can be modulated to

augment tissue-resident immunity elicited by pulmonary immunization.
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2.3 Results and Discussion

Intranasal antigen delivery with a pH-responsive nanoparticle carrier enhances the lung-resident
CD8* T cell response

The nanoparticle described in this report is formulated using a pH-responsive diblock copolymer
designed to enhance cytosolic delivery of vaccine cargo and strengthen the CD8" T cell response by
promoting processing and presentation of antigen in the MHC-I pathway.*® The polymer is composed
of two functional blocks synthesized by RAFT polymerization (Figure A.1A,B). The first block is a
hydrophilic copolymer of dimethylaminoethyl methacrylate (DMAEMA) and pyridyl disulfide ethyl
methacrylate (PDSMA). PDSMA provides pyridyl disulfide groups on the surface of the particle for
conjugation to thiolated protein antigen, and DMAEMA contributes cationic charge for electrostatic
complexation with a nucleic acid adjuvant. The second block is a pH-responsive, endosomolytic
copolymer of propylacrylic acid (PAA), butyl methacrylate (BMA), and DMAEMA, which drives micellar
nanoparticle assembly due to its hydrophobic nature. After cellular uptake and in response to
endosomal acidification, the micellar structure of the NP transforms to expose the membrane-
destabilizing core (PAA-BMA-DMAEMA), which promotes endosomal escape and cytosolic antigen
delivery to the MHC-I pathway.

While this mechanism of NP-mediated antigen cross-presentation was previously utilized to
enhance the splenic CD8" T cell response via subcutaneous administration, whether pH-responsive
activity can be leveraged to generate a lung-resident CD8" T cell response after intranasal antigen
delivery is unknown. To evaluate this, both pH-responsive NP and non-responsive control NP (second
block consisting only of BMA) were synthesized and characterized (Figure A.1A-C, Table A.1, Figure
A.2), and a model protein antigen, ovalbumin (OVA), was thiolated and covalently conjugated to both
NP carriers (Figure A.3A,C). Mice were immunized i.n. with antigen-NP conjugates made using either
pH-responsive nanoparticles (OVA-NPy4) or control nanoparticles (OVA-NP¢i). On d13 after
i mmuni zation, mice were injected intravenoubkbdy
borne cells in the marginated lung vasculature (MV) from tissue-resident CD45  cells in the lung
interstitium (IST). By directly discriminating between cells residing in distinct lung compartments, this
intravascular staining technique provides an accurate and robust method for establishing tissue
residence.** 45 ¢6. 116 Broncheoalveolar lavage fluid (BAL) was also collected to differentiate CD45 cells
resident in the airways (AW) from CD45" IST-resident cells®® (Figure 2.1A).Cells obtained from lungs,
BAL, and spleens were stained with fluorescent antibody against a panel of surface markers and with
fluorescent MHC-| tetramer (Tet) containing SIINFEKL peptide (the immunodominant H-2KP epitope for
OVA). They were then analyzed by flow cytometry to quantify antigen-specific CD8* T cells
(Tet'C D 8*0D11b"CD11¢'B220°'CD4Y) in each lung compartment and the spleen (Figures 2.1B and
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A.4A-C). Fluorescence microscopy was also used to confirm that OVA-NP conjugates reached the
lower airways after i.n. administration. Conjugates formulated with Alexa Fluor 647-labeled OVA were
visible in lungs harvested 24 h after immunization (Figure 2.1C). We found that the pH-responsive
carrier elicited a significantly greater antigen-specific (Tet") CD8" T cell response than the control carrier
inthe AW (Figure 2.2A) and IST (Figure 2.2B), while there was no significant difference in the response
between carriers in the MV (Figure 2.2C) and spleen (Figure 2.2D). These data indicate that the pH-
responsive property of the NP is important for generating a tissue-resident CD8" T cell response in the

lungs, and serve to demonstrate the importance of NP properties in development of Tru-targeted

vaccines.
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Figure 2.1 | Intravascular staining is used to determine localization of CD8* T cells in the lungs
after intranasal vaccine delivery. Schematic of the experimental timeline. (B) Flow cytometry was
used to identify antigen-specific (Tet") CD8" T cells in distinct lung compartments (airway, AW,
interstitium, IST; marginated vasculature, MV) and the spleen. BAL was collected to discriminate AW
vs.| ST <cel l s, and i .v. staining wit h)vi@\DEB45acells.i body
Samples were stained with PE-labeled SIINFEKL/MHC-I tetramer to identify antigen-specific CD8* T
cells. After gating out CD11b*, CD11c*, B220*, and CD4* cells ( i d u mp 0 YCDA5TdD &\énts in
AW and | SCD45*2D8Went s i n MWVet eeentslin tieBmebn were quantified. Dot
plots are representative of the gating strategy used in at least ten experiments (see Figure A.4A-C).
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(C) In conjunction with i.v. staining, microscopy was used to visualize fluorescent OVA-NP conjugates
in the | ower airways 24 h after i mmunization.
vascular leukocytes, and tomato lectin, which binds to capillary endothelial cells and allows for
visualization of lung structure. Purple: OVA-NP; blue: vascular leukocytes; green: lung vasculature.
Scale bar = 100 um. Microscopy experiment was performed once. Immunization dose: 25 pg NP, 7.5
g OVA. Panel (A) created with Biorender.com.
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Figure 2.2 | Intranasal antigen delivery with pH-responsive nanoparticle enhances lung-resident
CD8* T cell response. Number (#) and frequency (%) of Tet" CD8* T cells in (A) AW, (B) IST, (C) MV,
and (D) spleen were enumerated on d13 after i.n. administration of OVA-NPpy or OVA-NPcy.
Representative dot plots are gated on viable CD8* T cells. Immunization dose: 25 ug NP, 7.5 ug OVA.
Data are mean = SEM and representative of two independent experiments, with n = 6 per group. Limits
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of detection: 1 cell (AW), 5 cells (IST/MV), 25 cells (spleen). *p<0.05, **p<0.01 by unpaired t-test. ns,
not significant. See also Figure A.4A-C.

Intranasal dual-delivery of antigen and adjuvant with pH-responsive nanoparticles enhances
magnitude and functionality of the lung-resident CD8* T cell response

After demonstrating the importance of pH-responsiveness in generating a robust lung-resident
CD8* T cell response, we next asked whether dual-delivery of antigen and an immunostimulatory
adjuvant on the same pH-responsive NP would further augment this response. While this pathogen-
mimetic property has previously been shown to enhance the systemic CD8" T cell response,® to our
knowledge the importance of NP dual-delivery for generating tissue-resident CD8* T cells has not been
clearly demonstrated. Therefore, NP were co-loaded with OVA protein and a nucleic acid adjuvant, CpG
ODN 1826 (a single-stranded DNA agonist for TLR9). CpG DNA has been shown to enhance the CD8*
T cell response and has precedence for use in pulmonary immunization.’® 138 14 CpG was
electrostatically complexed to OVA-NP conjugates (Figure A.3B), and this formulation is referred to
henceforthas OVA-NP/ Cp G or the fAnanoparticle vaccine. o

On dO, mice were immunized i.n. with OVA-NP/CpG, OVA-NP conjugate, a mixture of soluble
OVA+CpG, a mixture of soluble OVA+NP, or NP/CpG complex mixed with soluble OVA (NP/CpG+OVA)
(Figure 2.3A) . On d13 after i mmunization, mi ce were inje
BAL, and spleens were collected and analyzed by flow cytometry as described above (Figures 2.1A,B
and A.4A-C). Mice immunized with a single dose of OVA-NP/CpG produced significantly more Tet*
CD8* T cells relative to all other formulations (Figure 2.3B-E). This increased response was observed
in both the AW (Figure 2.3B) and IST (Figure 2.3C) lung compartments, as well as in the MV (Figure
2.3D) and spleen (Figure 2.3E). These data demonstrate that NP-mediated dual-delivery of antigen
and adjuvant to the lungs enhances the CD8" T cell response over delivery of antigen alone (OVA-NP).
This effect was particularly prominent in the IST, indicating the ability of the NP vaccine to induce lung-
resident CD8" T cells. Simple mixing of components (OVA+CpG, OVA+NP) was ineffective, and dual-
delivery on the same particle was crucial, as the formulation containing all three components without
co-loading (NP/CpG+0OVA) did not induce a robust response.

T cell functionality after immunization was assessed via intracellular cytokine staining (ICCS).
Mice were immunized on dO with OVA-NP/CpG, OVA-NP, OVA+CpG, or PBS, and lungs and spleens
were collected on d13. Lung and spleen cells were re-stimulated with SIINFEKL peptide and analyzed
by flow cytometry for pFigudelActD)iMicaimmunized with ®VAaNP/CpGT NF U (
had a greater per cent dagNF)dritigep-spécifid CD8 T ¢ells m bathithe urigsE N 9

and spleen, relative to all other formulations (Figure 2.3F). This further supports the importance of
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antigen and adjuvant dual-delivery in generating a robust and functional CD8* T cell response,
particularly in the lungs.

In addition, the CD8* T cell response in mice immunized i.n. with OVA-NP/CpG was compared
to the response to subcutaneous (s.c.) immunization with the same formulation. It has been reported
that systemic administration of antigenic protein and adjuvant via the intraperitoneal (i.p.) route
generates low numbers of lung-resident CD8* T cells relative to i.n. administration.®® We hypothesized
that s.c. immunization with the NP vaccine would also be ineffective. On day 13 post-immunization,
tetramer staining was used to analyze the antigen-specific CD8" T cell response to i.n. or s.c.
administration of the NP vaccine. Responses in the AW (Figure 2.4A) and IST (Figure 2.4B) were
significantly higher for mice immunized i.n., whereas there was no difference between administration
routes for MV (Figure 2.4C) or spleen (Figure 2.4D). Consistent with previous reports, this
demonstrates the importance of i.n. administration of the NP vaccine for generating a lung-resident
CD8" T cell response.46: 103, 140

Pulmonary toxicity is an important consideration when evaluating the translational potential of
mucosal vaccines. NP-based i.n. or intratracheal vaccine and/or CpG administration have previously
been reported to be safe in mice.*® 138 13 |n this work, mice immunized i.n. exhibited minimal weight
loss within the first two days and recovered rapidly (Figure A.5A). In addition, lung tissue harvested at
dl and di2 after immunization with either OVA-NP/CpG or OVA+CpG was evaluated for
immunopathology. Mild inflammation was induced by both formulations, with no signs of pathology or
tissue damage, and findings were consistent between animals in the same treatment group (Figure
A.5B). This mild inflammation was associated with infiltration of immune cells to the lungs (lymphocytes,
macrophages, neutrophils at d1; lymphocytes, plasma cells, macrophages at d12) and is consistent
with flow cytometry data showing recruitment of lymphoid cells in response to i.n. vaccine administration
(Figure 2.3B-E).

Taken together, these data demonstrate that i.n. administration of the NP vaccine is safe and
can significantly enhance the magnitude and functionality of the antigen-specific CD8* T cell response
within 13 days and after a single dose. In addition to local lung-resident CD8* T cells, the NP vaccine
can also induce systemic immunity via i.n. administration. Importantly, pathogen-mimetic dual-delivery
of antigen and adjuvant on the same particle is integral to the magnitude and functionality of this

response.
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Figure 2.3 | Intranasal dual-delivery of antigen and adjuvant via nanoparticle vaccine enhances
magnitude and functionality of lung-resident CD8* T cell response. (A) Mice were immunized on
do with the NP vaccine or control formulations, and lungs, spleens, and/or BAL were collected on d13
for analysis of the immune response by tetramer staining or ICCS. (B-E) Number (#) and frequency (%)
of Tet* CD8* T cells in (B) AW, (C) IST, (D) MV, and (E) spleen were enumerated on d13 after i.n.
administration of OVA-NP/CpG or control formulations. (F) ICCS was used to identify % CD8" T cells
positive for | FNexvieomastimalationNuhds$ aral spleenrwith SIINFEKL peptide.
Statistical si gni fiTN&gouwp orilysDats ar@mean +fSEM and rEpkesentative
of one to three independent experiments, with (B-E) n = 4-7 per group and (F) n = 2-4 per group.
Immunization dose: 25 pg NP, 7.5 ug OVA, 1.4 ug CpG. Limits of detection for (B-E): 1 cell (AW), 5
cells (IST/MV), 25 cells (spleen). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 by (B-E) ordinary one-
way ANOVA with Tukeyobs
multiple comparisons test. See also Figure A.4A-D.
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Nanoparticle-mediated dual-delivery enhances persistence and co-localization of cargo and
expression of activation markers in pulmonary antigen-presenting cells

We next asked what characteristics of the NP vaccine formulation could account for the
enhanced lung-resident CD8* T cell response. Previous reports have demonstrated the importance of
antigen persistence in establishing Trw populations in the lungs and other tissues.8 74 143.146 |n gddition,
cross-presenting CD103* DCs are involved in activation of precursor Trm, and alveolar macrophages
can promote formation of Trm in the lungs.*” %8 72 We hypothesized that the NP formulation would
increase vaccine residence time in the lungs, thereby promoting extended co-delivery of vaccine cargo
(OVA and CpG) to pulmonary innate immune cells. We also postulated that this NP-mediated
persistence would prolong activation of local APCs, thus leading to an improved downstream adaptive
immune response and formation of Tru in the lungs.43

To evaluate this, we labeled OVA with Alexa Fluor 647 (OVAss7) and CpG with Alexa Fluor 488
(CpGuags) and immunized mice i.n. with fluorescent formulations (OVAss7-NP/CpGuagg or OVAg47+CpGasgs)
or PBS. First, to assess organ-level local and systemic biodistribution of the formulations, lungs and
spleens were harvested at 24, 48, and 72 h post-immunization and imaged to determine whether the
NP vaccine enhanced OVA retention relative to the soluble formulation. Quantification of OVAeaz

average radiant efficiency in fluorescent images demonstrated that antigen remained in the lungs longer
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for mice immunized with the NP vaccine. At both 48 h and 72 h post-immunization, mice receiving
OVAes7-NP/CpGags had significantly more OVAes7 fluorescence in the lungs relative to OVAga7+CpGass
(Figure 2.5A). There was negligible fluorescence present in the spleen (Figure 2.5A), liver, and kidneys
(Figure A.6) at all time points, suggesting that i.n. administration leads to localized pulmonary delivery
with minimal systemic distribution.

In addition to assessment of localization and retention at the organ level, lungs were also
analyzed by flow cytometry to evaluate uptake of vaccine cargo in pulmonary APC subsets (Figure

A.7A), as well as expression of the costimulatory marker CD86 in these populations. The cell types

analyzed were: (1) al veoliart emadriapladgensac(rAMbilage 2
dendritic cells (CD103* DC), (4) CD11b* dendritic cells (CD11b* DC), (5) a population of monocyte- and
macrophage-l i ke cel |l s not encompassed by other subsets

( 7) @ Onythiegrnet indluded in previous categories).*” We expected dual-delivery of OVAg47 and

CpGass with the NP vaccine would increase their co-localization within cells, so we analyzed cells that

were double-positive for both cargoes (OVA*CpG™) (Figure A.7B). Uptake was quantified for each cell
subset as both AtCpG'leveatus) oand OWAI ative uptakeo (
(MFI) of either OVA or CpG multiplied by # OVA*CpG* events). Relative uptake was used to account

for both the number of cells containing cargo (#) and the total amount of cargo taken up (MFI1).%¢ Initially,

after 24 h, there was no difference in uptake between OVA-NP/CpG and OVA+CpG (Figures 2.5B and

A.7C, top row). Starting at 48 h and increasing by 72 h post-immunization, there was significantly more

cargo co-localization from the NP vaccine in several cell types, including CD103" DCs and CD11b* DCs

at 48 h (Figures 2.5B and A.7C, middle row), and DCs, AM( , I MQd Mono/ MG, and (
(Figures 2.5B and A.7C, bottom row). These data reflect the results obtained from fluorescent organ

imaging (Figure 2.5A) and demonstrate that NP delivery prolongs antigen and adjuvant co-localization

and retention in pulmonary APCs, suggesting that an NP-mediated increase in local antigen persistence

may contribute to the generation of lung Trwm.

In addition, CD86 expression was significantly upregulated in certain cell subsets after
immunization with OVA-NP/CpG relative to OVA+CpG, including CD103* DC s , | MG, and Mol
(Figure25C) . The increase i n expr ess'iDOspandvGran (Frgur@eA./@pl i n
This is particularly notable for CD103* DCs, since this cell subset exhibited lower levels of cargo uptake
compared to, e.g., MG giang, but the portion of CD103* DCs that did internalize the formulation
appears to have been strongly activated, as CD86 expression remained high even after 72 h.
Importantly, this cell subset has been implicated in the development of Trwm in the lungs.'*® Together,
these data demonstrate that the NP vaccine enhances persistence and co-localization of vaccine cargo

in pulmonary innate immune cells, as well as activation of APCs that can promote a Trm response.
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Figure 2.5 | Nanoparticle-mediated dual-delivery enhances co-localization and retention of cargo

in pulmonary APCs and expression of activation markers. Lungs and spleens were imaged at 24,

48, and 72 h post-immunization to quantify uptake of OVAss7. Representative images of lungs and

spleens from each treatment group at each timepoint (left) and quantification of OVAe. fluorescence in
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lungs and spleens over time (right). (B) Flow cytometry was used to quantify the # of pulmonary APCs

positive for both OVAss7 and CpGuags (OVA*CpG*Y) at each time point (Acell cc
mul tiplied by either OVA MFI or CpG MFI tcellcoumt).er mi n
Bar graphs for CD103" DC and CD11b* DC are replicated for visibility. (C) Expression of CD86 was

measured for several cell subsets in the lungs. Data are mean + SEM and representative of four
independent experiments, with n = 3-4 per group. Immunization dose: 25 ug NP, 7.5 pg OVA, 1.4 ug

CpG. *p<0.05, **p<0.01, ***p<0.001, ***p<0.0001 by (A) unpaired t-test at each timepoint comparing
OVA-NP/CpG vs. OVA+CpG, with Holm-Sidak multiple comparisons test, (B) ordinary two-way ANOVA

wi t h Sidakds mul tipl €) ccdmanptwa-wasy n ANOEAS t wi tor Tukey6
comparisons test (significance shown for OVA-NP/CpG vs. OVA+CpG). See also Figure A.7.

The acute cytokine response to the nanoparticle vaccine is localized to the lungs and supports
generation of lung-resident CD8" T cells

The innate immune response generated by a vaccine plays a critical role in shaping the
magnitude and phenotype of the resulting adaptive immune response, and this innate response can be
characterized in terms of the cytokine profile induced by the vaccine. Evidence suggests that maturation
into Trm Occurs after activated T cells have migrated back to their home tissue from the lymph nodes,
and that the presence of local inflammatory signals in the tissue drives this process.® & 3132 A number
of cytokines are important for generating CD8*T c e | | responses (I FNo, -type
12, IL-1, IL-6)**%15% and for the induction and maintenance of Trm (IL-3 3, | FNU/ B, 2 ,T NIFGF b ,I |
IL-7, IL-15).518.32.146.154 |n particular, several of these cytokines are involved in upregulating Trw surface
markers CD69 and CD103; type | IFN, IL-3 3, and TNFU induce CD69 upregu!
has been shown to induce CD103 expression on Trm precursors, and IL-12 may play a role in
differentiation of CD103'CD69" Trm. Many of these cytokines are also important for rapid activation of
pulmonary APC subsets that that have been implicated in Trw generation. % 155

We hypothesized that the NP vaccine would increase local production of key cytokines in the
lungs, supporting an improved pulmonary CD8" Tru response. To evaluate this, mice were immunized
i.n. with OVA-NP/CpG, OVA+CpG, or PBS, and multiplexed cytokine analysis was used to quantify
cytokine levels in lung homogenate, BAL, and serum at 6 h, 24 h, 48 h, and 7 d post-immunization.
Overall, i.n. administration of the NP vaccine generated 2.5- to 375-fold higher concentrations of
cytokines in the lungs and BAL relative to concentrations in the serum, indicating local cytokine
production with minimal systemic inflammation (Figure 2.6). The response peaked at either 24 h or
48 h for most cytokines before returning to baseline by d7 post-immunization. The local and acute
nature of this cytokine response corroborates histological analyses demonstrating a favorable safety
profile for the NP vaccine (Figure A.5B). At 24 h or 48 h post-immunization, OVA-NP/CpG generated
2- to 10-fold higher levels of cytokines associated with CD8* T cel | s (| F42p70, Il-IFBN,U/ b ,

IL-6) in the lungs and/or BAL, relative to OVA+CpG. Similarly, concentration of cytokines related to Trw
46



generation (IL-3 3, T NF U, -1RprQ)wetef?-to 16-fold higher in the lungs and/or BAL at 24 h or
48 h after immunization with OVA-NP/CpG, relative to OVA+CpG.

We also compared the cytokine response generated by OVA-NP vs. OVA-NP/CpG. Overall, the
OVA-NP formulation generated little to no response above baseline levels, whereas for the majority of
cytokines tested, OVA-NP/CpG stimulated significantly higher cytokine concentrations than OVA-NP at
the 48 h timepoint (Figure A.8). Thus, CpG appears to be an integral component of stimulating the
cytokine profile observed after immunization with OVA-NP/CpG. Taken together, these data
demonstrate that immunization with the NP vaccine generates a local cytokine milieu that may support
induction of CD8* T cells with a Trm phenotype.
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SEM and representative of two independent experiments, with n = 4-5 per group. Immunization dose:
25 ug NP, 7.5 pug OVA, 1.4 ug CpG. *p<0.05, **p<0.01, **p<0.001, ****p<0.0001, by ordinary two-way
ANOVA with Tukeyds multiple comparisons test.
OVA-NP/CpG vs. OVA+CpG. See also Figure A.8.

2.4 Conclusion

As the importance of tissue-resident memory T cells in defense against disease becomes
increasingly clear, efforts are turning toward developing mucosal vaccines that can induce a durable
and protective Trm response against infectious pathogens and cancers.*é 49 53, 58, 73,103, 120, 156 Harg,
using a mouse model of pulmonary immunization, we demonstrated that a single dose of a pH-
responsive nanoparticle vaccine provided extended co-delivery of antigen and adjuvant to pulmonary
APCs, produced a cytokine milieu supportive of CD8* Tru cells, and enhanced generation of
polyfunctional antigen-specific CD8* T cells that were resident in the lung tissue and airways, as shown
by a combination of intravascular staining and perfusion. Both the pH-responsive functionality of the
carrier and its capacity for dual-delivery were crucial for inducing a tissue-resident CD8* T cell response,
which highlights the significance of engineering nanomaterial properties in the design of Tru vaccines.
We also showed that the route of administration was important for generating lung-resident cells; i.n.
administration of the NP vaccine induced more antigen-specific CD8" T cells in the IST and AW than
did s.c. immunization. Notably, unlike previous reports of Trm vaccines in which multiple doses are
typically administered, these results were obtained with a single dose, which offers potential
translational advantages such as increased compliance and dose reduction.

Our findings suggest that several key properties of the NP vaccine are linked to the resulting
tissue-resident CD8* T cell response. It has been proposed that local antigen recognition and
persistence in non-lymphoid tissues, including the lungs, can promote formation of Trm cell
populations.>”: 74 146,157 Tgkamura et al. found that CD8* T cell encounter with cognate antigen in the
lung, but not in the lung-draining lymph node, was critical for conversion from circulating to resident
cells.*?® Notably, the NP we describe here increased retention of vaccine cargo in pulmonary APCs for
up to three days after immunization. This finding suggests that NP-mediated delivery can extend antigen
residence in the lungs over soluble antigen formulations and enhance the lung-resident CD8* T cell
response. This could be due to the cationic surface charge of the NP, which may confer mucoadhesive
properties that extend residence time in the lung.1%: %8 |t could also reflect the capacity of pH-responsive
NP carriers to prolong intracellular residence time by avoiding endosomal recycling and lysosomal
degradation.'® Longer-term studies that further examine the duration of antigen persistence and its
effects on the Trm response are warranted, and may motivate the use of pH-responsive materials as

particle depots to control antigen release and delivery.
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It has also been reported that certain pulmonary APC subsets, including CD103" DCs and
alveolar macrophages, can promote establishment of lung Trw*" #® 72 In our experiments, alveolar
macrophages took up large amounts of OVA and CpG over the course of 72 h and therefore may have
contributed to the tissue-resident response. More importantly, we observed uptake in CD103" dendritic
cells, the predominant cross-presenting DC subset in mucosal tissues.!*® 1% The pH-responsive nature
of the NP, which allows it to transport antigen to the cytosol, potentially facilitated cross-presentation
and priming of lung-resident CD8" T cell responses by CD103* DCs. The relative contributions that NP-
mediated cytosolic antigen delivery vs. intrinsic mechanisms of DC cross-presentation provide in the
induction of a CD8" Trm response in the lungs merit further investigation. We speculate that both
mechanisms contribute to the response. In addition, we found that CD103* DCs were the cell type most
potently activated by the NP vaccine, with CD86 expression sustained for at least three days post-
immunization. NP delivery enhanced co-localization of CpG with OVA in CD103* DCs during this time,
which likely contributed to robust CD86 expression.'®! Methods of guiding vaccine delivery specifically
to CD103* DCs (e.g., antibody targeting) may be a promising approach for increasing vaccine uptake
in this APC subset that is important for promoting Trw formation.*®

In conclusion, this report demonstrates generation of tissue-resident CD8" T cells in the lungs
and airways with a single mucosally-administered dose of a pH-responsive nanoparticle vaccine.
Intranasal dual-delivery of antigen and adjuvant with the pH-responsive NP was shown to enhance the
guantity and functionality of CD8* T cells in the lungs and increase antigen persistence and activation
in pulmonary APCs. ldentification of lung interstitium-resident cells via intravascular staining has
enabled relationships between NP material properties and the generation of tissue-resident CD8" T
cellsto be established. There are several practical advantages to this system that lend themselves to
the possibility of scale-up and translation, such as the ability to synthesize NP on a large scale and
sterilize them by filtration.2 It would also be feasible to develop this vaccine as a needle-free aerosol
formulation, to facilitate clinical translation and simple administration without the need for skilled
healthcare workers.5* Overall, this NP system represents a promising technology for the development
of Trm Vaccines against respiratory infections, other pathogens that target non-lymphoid tissues, and

mucosal cancers.
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2.5 Materials and Methods

RAFT Synthesis of (PDSMA-co-DMAEMA)-b-(PAA-co-DMAEMA-co-BMA). RAFT copolymerization
of pyridy! disulfide ethyl methacrylate (PDSMA) and dimethylaminoethyl methacrylate (DMAEMA) was
conducted under a nitrogen atmosphere in dioxane (40 wt % monomer) at 30 °C for 18 h, as previously
described.®*®* PDSMA monomer was synthesized according to a previously reported procedure.'%® The
RAFT chain transfer agent (CTA) used was 4-cyano-4-(ethylsulfanylthiocarbonyl)sulfanylpentanoic acid
(ECT) and t he i ni t-azaebis(é-methaxys2eddlimethdvalerorditriled dV-70) (Wako
Chemicals, Richmond, VA). The initial molar ratio of DMAEMA to PDSMA was 92:8, and the initial
monomer ([M]o) to CTA ([CTA]o) to initiator ([l]o) ratio was 100:1:0.05. The resultant poly(PDSMA-co-
DMAEMA) macro-chain transfer agent (mCTA) was isolated by precipitation (6 ) into pentane. A
schematic of the mCTA polymerization reaction can be found in Figure A.1A.

Purified mCTA was dried in vacuo for one week and used for block copolymerization with
DMAEMA, propylacrylic acid (PAA), and butyl methacrylate (BMA) to create a pH-responsive polymer,
as described previously.>® 164 DMAEMA (30%), PAA (30%), and BMA (40%) ([M]o/[MCTA]o = 450) were
added to the mCTA dissolved in dimethylacetamide (DMACc) (40 wt % monomer and mCTA) along with
V-70 initiator ((mCTA]o/[I]o = 2.5). Polymerization took place under a nitrogen atmosphere for 24 h at 30
°C. The resultant diblock copolymer was isolated by dialysis against acetone using a 3.5 kDa MWCO
membrane, followed by dialysis against deionized water. The purified diblock copolymer was lyophilized
for 72 h prior to use. A schematic of the pH-responsive polymerization reaction can be found in
Figure A.1B.

Polymer composition and monomer conversion of both the mCTA and diblock copolymer were
characterized by *H NMR spectroscopy (CDCIls) on a Bruker AV400 spectrometer (Figure A.2A,B). Gel
permeation chromatography (GPC, Agilent) with DMF containing 0.1 M LiBr as the mobile phase and
in-line light scattering (Wyatt) and refractive index (Agilent) detectors was used to determine molecular
weight (MW) and polydispersity indices (PDI) of both the mCTA and diblock copolymer (Figure A.2D
and Table A.1). Molecular weights were determined using dn/dc values calculated previously (0.071
for mCTA and 0.065 for diblock). Characterization was done according to previously published
methods.*® Representative NMR spectra, GPC traces, and a summary of polymer properties can be
found in Figure A.2 and Table A.1.

RAFT Synthesis of (PDSMA-co-DMAEMA)-b-(BMA). Purified mCTA used for the synthesis described
above was also used for block copolymerization with poly(butyl methacrylate) (pBMA) to create a non-
pH-responsive control polymer. Monomer was added to mCTA ([M]o/[mCTA]o = 300) and dissolved in
dioxane (40 wt % monomer and mCTA) along with V-70 initiator ([mCTA]o/[l]o = 20), then polymerized
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under a nitrogen atmosphere for 24 h at 35 °C. The resultant diblock copolymer was isolated by dialysis
as described above. The purified polymer was then lyophilized, and its composition, molecular weight,
and polydispersity index were analyzed using *H NMR (CDClIs) spectroscopy and GPC (Figure A.2C,D
and Table A.1), according to previously published methods.'%® The control polymerization reaction can
be seen in Figure A.1C.

Preparation and Characterization of Nanoparticles. Self-assembled micellar nanoparticles (NP)
were obtained by first dissolving lyophilized polymer at 50 mg/ml in 100% ethanol, then rapidly pipetting
dissolved polymer into 100 mM phosphate buffer (pH 7) to a final concentration of 10 mg/ml.
Nanoparticles were formulated in the same way for both pH-responsive (NPpx) and control (NPcui)
polymers. For in vivo studies, ethanol was removed by buffer exchange into PBS (pH 7.4) via 3 cycles
of centrifugal dialysis (Amicon, 3 kDa MWCO, Millipore), and NP solutions were then sterilized via
syringe filtration (Whatman, 0.22 um, GE Healthcare). Final polymer concentration was determined with
UV-Vis spectrometry (Synergy H1 Multi-Mode Reader, BioTek) by measuring absorbance of aromatic
PDS groups at 280 nm. Size of the NP was measured via dynamic light scattering (DLS). NP solutions
were prepared at a concentration of 0.1-0.2 mg/ml in PBS (pH 7.4) and the hydrodynamic radius was
measured using a Malvern Instruments Zetasizer Nano ZS Instrument (Malvern, USA). Representative
DLS data for both polymers at physiological pH (7.4) can be found in Figure A.2E. In addition, size
change of NPy but not NPy at pH 5.8, as measured by DLS, can be seen in Figure A.2F (left).

Erythrocyte Lysis Assay. The degree to which the pH-responsive polymer was able to induce pH-
dependent lysis of lipid bilayer membranes (thus leading to cytosolic delivery) was assessed via a red
blood cell hemolysis assay as previously described.%® Briefly, polymers (10 pg/ml) were incubated for
1 h at 37 °C in the presence of human erythrocytes in 100 mM sodium phosphate buffer. Buffers in the
pH range of the endosomal processing pathway (7.4, 7.0, 6.6, 6.2, and 5.8) were used. Extent of cell
lysis (i.e., endosomolytic activity) was determined via UV-Vis spectrometry by measuring the amount of
hemoglobin released (Abs = 541 nm) (Figure A.2F, right). Absorbances were normalized to a 100%

lysis control (1% Triton X-100). Samples were run in quadruplicate.

Preparation of Antigen-Nanoparticle Conjugates. A model antigen, ovalbumin protein (OVA), was
conjugated to pendant PDS groups on NP via thiol-disulfide exchange. For conjugate characterization,
OVA from chicken egg white (MilliporeSigma) was used; for in vivo studies, endotoxin-free (<1 EU/mg)
EndoFitE OVA (| wsed g reyperimeats, OVA was labeled with fluorescein
isothiocyanate isomer (FITC; Sigma) for evaluating conjugation efficiency via fluorescent imaging of
SDS-PAGE gels, or with Alexa Fluor 647-NHS ester (AF647; Thermo Fisher Scientific) for tracking
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conjugates afterinvivoad mi ni st rati on. Foll owing manufacturer 6s
for a degree of labeling of ~1 FITC/OVA or ~0.5 AF647/OVA.

To prepare OVA for conjugation, free amines on the protein were thiolated by incubation with
~25 molar excessof 2-imi not hi ol ane (Trauto6s Reagent, Ther mo Fi ¢
mM phosphate buffer, pH 8, supplemented with 1 mM EDTA) as previously described.%° Unreacted 2-
iminothiolane was removed by bufferexchangi ng t hi ol ated OVA into 1X P
Spin desalting columns (0.5 ml, 7 kDa MWCO, Thermo Fisher Scientific). For in vivo studies, thiolated
OVA was sterilized via syringe filtration (0.22 um, Millipore). Followingmanu f act ur er Assthei nst r |
mol ar ratio of t hiol groups to OVA protein was de
Scientific) to be ~3-5 thiols/OVA. Polymer NP solutions were reacted with thiolated OVA at various
molar ratios of pH-responsive NP:OVA (5:1, 10:1, 20:1) or control NP:OVA (3.5:1, 7:1, 14:1) to make
OVA-NPy4 and OVA-NP.y conjugates, respectively. The conjugation ratio for the control polymer was
adjusted to maintain a constant dose of antigen for both carriers. Conjugation was done overnight, in
the dark, at room temperature, and under sterile conditions (when needed), as previously described.*°
Antigen conjugation was verified via non-reducing SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) using 4-20% Mini-Protean TGX Precast Protein Gels (Bio-Rad) (Figure A.3A). Gels were run
at 130 V for 1 h and i maged -Rad)tAconugat®e fatio ¥&:t (BH)BrZ Sy s
3.5:1 (ctrl) was used for all in vivo formulations in order to maximize the amount of antigen delivered.

DLS was used to measure the size of OVA-NP conjugates, as described above (Figure A.3C, left).

Formation of Nanoparticle/Adjuvant Complexes. NP/adjuvant complexation was carried out by
combining CpG ODN 1826 (Invivogen) with NP, OVA-NP, or Flu-NP in PBS at room temperature for at
least 30 min. Theoretical charge ratios (+/-) of 4:1 and 6:1 were tested. The charge ratio was defined
as the molar ratio between protonated DMAEMA tertiary amines in the first block of the copolymer
(positive charge; assuming 50% protonation at physiological pH) and phosphate groups on the CpG
backbone (negative charge).*® The charge ratios at which complete complexation of CpG to the polymer
occurred were determined via an agarose gel retardation assay (Figure A.3B). Free CpG, NP/CpG,
and OVA-NP/CpG prepared at various charge ratios were loaded into lanes of a 4% agarose gel and
run at 90 V for 30 min. Gels were stained with GelRed® Nucleic Acid Gel Stain (Biotium, Fremont, CA)
for 20 min and visualized vRad).AchargeGatidof 6lavaskise&EfdralSy st er
in vivo studies in order to maximize the stability of the formulation. DLS was used to measure the size
of the OVA-NP/CpG formulation (Figure A.3C, right).

Animals. Male C57BL/6J mice were purchased from the Jackson Laboratory (Bar Harbor, ME),

maintained at the animal facilities of Vanderbilt University under either conventional, specific pathogen-
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free (SPF barrier facility), or animal biosafety level 2 (ABSL-2) conditions, and experimented upon in
accordance with the regulations and guidelines of Vanderbilt University Institutional Animal Care and
Use Committee (IACUC).

Immunization. Endotoxin-f r ee OVA (<1 EU/ mg, En d ofsi(lX BBS, pHF e r i | e

and sterile polymer solutions with ethanol removed were used for vaccine formulations. Experimental
groups were: (1) nanoparticles loaded with covalently-conjugated OVA and complexed with CpG DNA
(OVA-NP/CpG); (2) nanoparticles conjugated to OVA (OVA-NP); (3) a mixture of OVA (non-thiolated)
and nanoparticles (OVA+NP); (4) a mixture of CpG-complexed nanoparticles and non-thiolated OVA
(NP/CpG+OVA); (5) a mixture of non-thiolated OVA and CpG (OVA+CpG); (6) OVA conjugated to hon-
pH-responsive control polymer (OVA-NP.); and (7) PBS for sham mice. For all groups containing
NP, 6 t hi s de-responsige pdlymer. Cpniigates were prepared 1-2 days before use and
stored at 4 °C. OVA was thiolated and used immediately for conjugation to NP at a molar ratio of 5:1 or
3.5:1 (NP:OVA), as described above. On the day of use, CpG was complexed to conjugates at a 6:1
charge ratio via rapid pipetting of CpG DNA (~0.5 mg/ml) into the conjugate solution, as described
above. The formulation was allowed to react for at least 30 min at room temperature for complete
complexation of CpG before administration to mice.

Male mice (8-12 weeks old) were anesthetized with ketamine/xylazine (10 mg/ml ketamine
hydrochloride, Vedco; 1 mg/ml xylazine hydrochloride, Vanderbilt Pharmacy) by intraperitoneal (i.p.)
injection (~200 pl anesthesia/22 g mouse weight). Anesthetized mice were immunized intranasally (i.n.)
on day 0 with formulations containing 7.5 pg OVA and/or 1.4 pg CpG with or without 25 pg polymer. In
dosing pilot studies, doses of 50 ug polymer (15.1 ug OVA, 2.8 ug CpG) and 12.5 ug polymer (3.8 pg
OVA, 0.7 ng CpG) were also tested; the 25 pg polymer dose was ultimately selected for its ability to
induce a robust CD8" T cell response with minimal toxicity. Vaccine formulations in a total volume of
80 pl PBS were delivered via pipette through the nostrils into the lungs of mice; inoculation with this
volume allows formulations to reach the lower airways.'®” The dose was applied at the center of the
nose to allow inhalation into both nostrils at a rate of ~8 pl/s. In some cases, anesthetized mice were
instead immunized with a subcutaneous (s.c.) injection at the base of the tail. Animals were monitored

either daily or thrice weekly for weight loss and signs of morbidity.

Measurement of Antigen-Specific CD8" T Cell Responses. On day 13 after immunization, mice were
anesthetized and intravenously (i.v.) injected with 200 pl of anti-CD45.2-APC antibody (clone 104;
Tonbo) at 0.01 mg/ml (2 Og UCD45 ant i%Thidwas goaerto

stain marginated vascular leukocytes (MV; CD45*) and differentiate them from those resident in the

MmO U S €

lung interstitium (IST; CD45)*% To al l ow for circulation of UGD45 ar

54



min after i.v. injection and prior to CO; euthanasia. Prior to organ harvest, lungs of euthanized mice
were perfused with PBS to collect broncheoalveolar lavage fluid (BAL) from the airway compartment
(AW) while maintaining IST and MV populations in the lung parenchyma.®® Lungs and spleens were
then harvested and processed as previously described.'®® Briefly, lungs were minced with a scalpel and
incubated for 1 h at 37 °C in complete RPMI medium (cRPMI [RPMI+10% FBS]; Gibco) supplemented
with 2 mg/ml collagenase (Sigma) and 50 nM dasatinib (LC Laboratories, Woburn, MA). Lungs and
spleens were treated with ACK lysing buffer (Gibco) and passed through 70 um cell strainers to
generate single cell suspensions.

Cell suspensions from BAL, lungs, and spleens were stained for 1 h at 4 °C with anti-B220-FITC
(clone RA3-6B2; BD Biosciences), anti-CD4-FITC (clone H129.19; BD Biosciences), anti-CD11b-FITC
(clone M1/70; Tonbo), anti-CD11c-FITC (clone N418; Tonbo), anti-C D 8-Bacific Blue (clone 53-6.7; BD
Biosciences), and 1.5 pg/ml PE-labeled OVAzs7.264 (SIINFEKL)-H-2KP tetramer (Tet) prepared according
to a previously reported procedure.'®® Antibodies labeled with FITC (B220/CD4/CD11b/CD11c) were
referred to as the Adumpo c¢channel"Taellsddendrdic cells,asded t o
macrophages from gating. After staining, cells were washed with FACS buffer (PBS supplemented with
2% FBS and 50 nM dasatinib) and stained with propidium iodide (BD Biosciences) to discriminate live
vs. dead cells. AccuCheck counting beads (Thermo Fisher Scientific) were included in samples to allow
for calculation of absolute cell counts. The frequency of antigen-specific CD8* T cells was determined
using a 3-laser LSR-II flow cytometer (BD). All data were analyzed using FlowJo Software (version
10.4.2; Tree Star, Inc., Ashland, OR). Cells were gated by forward and side scatter to exclude debris
and doublets. Viable antigen-specific CD8" T cell populations were defined as follows: AW =
CD8*'0D45Tet cel |'s i n BAL s ampaDéssTet céllS h lury sdanplésMV =
CD8*'0D45'Tet'cel | s in | ung s dTetpd eelsl;s SiPL sp ICDeBJ s amp'l es .
gate were also B220CD4CD11bCD11lc( idump channel 0). Representative
can be found in Figure A.4A-C.

Intracellular Cytokine Staining of Antigen-Specific CD8" T Cells. On day 13 after immunization,
lungs and spleens were harvested and processed to obtain single-cell suspensions. Cells were plated
in 96-well V-bottom plates at 3 10° cells/well (lung) or 2 10° cells/well (spleen) in cRPMI and re-
stimulated with 10 pM of MHC class | epitope SIINFEKL peptide (OVA2s7.264; INvivogen). Instead of
treatment with peptide, positive controls were treated with PMA (50 ng/ml; Invivogen) and ionomycin (2
pg/ml; Sigma) and negative controls were treated with cRPMI. Cells were incubated at 37 °C and 5%
cCo2 for 1 h 30 min. BD Gol gi Pl uigséienges) was ¢hennaddedrt@ ns p o r
each well and cells were incubated for an additional 5 h 30 min.%° After incubation, cells were washed

with PBS and stained with eFluor® 450 fixable viability dye (eBioscience) for 30 min at 4 °C. Cells were
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next washed with FACS buffer (PBS+2% FBS) and stained with anti-C D 8-8PC/Cy7 (clone 53-6.7;
Tonbo) and anti-C D 3-BerCP/Cy5.5 (clone 145-2C11; Tonbo), as well as Fc-block (anti-CD16/CD32,
clone 2.4G2; Tonbo), for 1 h at 4 °C. Cells were washed 2 in FACS buffer, then fixed and
permeabilized by incubating for 10 min at 4 °C with BD Cytofix/Cytoperm (BD Biosciences), according
to manufacturer instructions. Cells were then washed 2 with 1X BD Perm/Wash Buffer (BD
Biosciences) and incubated for 1 h at 4 °C with antibodies against intracellular cytokines: anti-l F N 2
APC (clone XMG1.2; BD Biosciences) and anti-T N F-RE (clone MP6-XT22; BD Biosciences). Finally,
cells were washed once with 1X Perm/Wash buffer, resuspended in FACS buffer supplemented with
50 nM dasatinib, and analyzed using a 3-laser LSR-Il flow cytometer (BD) and FlowJo software
(v.210. 4. 2). Data are repoiCD&8®edd st hd agnd/eaTNEDthitBrNe o f
subtraction of background values from negative (unstimulated) controls. Representative gating for lungs

and spleens can found in Figure A.4D.

Histology. Lungs from mice immunized with OVA-NP/CpG or OVA+CpG, or from untreated mice, were
harvested on d1 and d12 post-immunization. Tissue was fixed in 10% neutral buffered formalin,
processed routinely, sectioned at 5 um, and stained with hematoxylin and eosin (H&E). Sections were
evaluated by an experienced veterinary pathologist blinded to the composition of the groups.
Representative images are provided in Figure A.5B.

Fluorescence Microscopy. Mice were immunized i.n. with antigen-NP conjugates containing OVA
labeled with Alexa Fluor 647 (OVAess7-NP). After 24 h, mice were injected i.v. with anti-CD45-Brilliant
Violet 421 antibody (clone 30-F11; BD Biosciences) and Alexa Fluor 488-labeled tomato lectin (Vector
Laboratories) to visualize intravascular lung leukocytes and the lung vasculature, respectively.

Mice were euthanized and lungs were harvested and fixed by inflation with 1 mL of 4%
paraformaldehyde followed by 15% sucrose administered through the trachea. Lungs were frozen in
OCT (Fisher Scientific). Ten-micron tissue sections were evaluated by fluorescence microscopy using
an Axioplan widefield microscope (Zeiss) equipped with a 20x objective, 405-, 488-, 532-, and 633-nm

laser lines, and a Hamamatsu ORCA-ER monochrome digital camera.

Uptake and Activation in Pulmonary Innate Immune Cells. To identify the effects of the NP vaccine
on innate immune cell uptake and activation in lungs, mice were immunized with fluorescently labeled
OVAe47-NP/CpGags or OVAe47+CpGasgs, or with PBS (control). In the fluorescent formulations, OVA was
labeled with Alexa Fluor 647 as described above (OVAs47). Alexa Fluor 488-labeled CpG (CpGuass) was
purchased from Integrated DNA Technologies (IDT; Skokie, IL). After 24, 48, or 72 h, mice were

euthanized and lungs were harvested, as well as spleens, kidneys, and livers (to assess systemic
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biodistribution). Organs were imaged using an IVIS Lumina Il Imaging System (PerkinElmer, Waltham,
MA) to visualize and quantify tissue-level OVAs47 fluorescence after immunization. IVIS image files were
analyzed using Living Image® software (version 4.5.5, PerkinElmer).

After imaging, lungs were processed as described above to obtain single-cell suspensions. Lung
samples were stained for flow cytometric analysis of pulmonary immune cells using a modified version
of the panel described by Misharin et al.1*’ This panel was used to distinguish seven different cell types:
(1) alveolar macrophages (A M (; (2) interstitial macrophages (I M)i(3) CD103* dendritic cells (CD103*
DC); (4) CD11lb* dendritic cells (CD11b* DC); (5) monocytes/macrophages (Mo n o /)Ml
(6) granulocytes (Gran); and (7) cells not included in other populations (Other). It was also used to
guantify the amount of cargo co-localization (OVA*CpG* cells) and expression of activation marker
CD86 in each cell subset and at each timepoint. The following antibodies were used: anti-CD64-PE
(BioLegend; X54-5/7.1), anti-CD24-PE/Cy7 (BioLegend; M1/69), anti-CD11b-PerCP/Cy5.5
(BioLegend; M1/70), anti-CD11c-APC/Cy7 (Tonbo; N418), anti-I-A/I-E-Brilliant Violet 605 (BD;
M5/114.15.2), anti-CD45.2-Brilliant Violet 650 (BioLegend; 104), and anti-CD86-PE/ Dazz| eE 59
(BioLegend; GL-1) . Ghost Dy gTonba)iwaslused to distrininate live vs. dead cells and
AccuCheck counting beads (Thermo Fisher Scientific) were included in samples to allow for calculation
of absolute cell counts. Samples were stained with viability dye for 30 min at 4 °C, washed with FACS
buffer (PBS+2% FBS, 50 nM dasatinib), incubated with Fc-block (anti-CD16/CD32, clone 2.4G2; Tonbo)
for 15 min at 4 °C, and then stained for 1 h at 4 °C with the antibody panel listed above. Finally, cells
were washed once, resuspended in FACS buffer, and analyzed by flow cytometry. Data were collected
using a 3-laser Fortessa (BD) and analyzed with FlowJo software (v.10.4.2). Representative gating for
OVA and CpG uptake in lung cell subsets can be found in Figure A.7.

Measurement of Cytokines. Cytokines were measured in serum, BAL, or lung homogenates using a
LEGENDpP | e x-Baset inmuhoassay (BioLegend). Mice were immunized i.n. and blood, BAL,
and lungs were harvested 6 h, 24 h, 48 h, and 7 d after immunization. Blood was obtained by cardiac
puncture and BAL was collected by lavage with 1 ml sterile PBS containing a cocktail of protease
inhibitors (Roche cfeenprotemge énfibitdv Cocktail, Bigniap The right side (4
lobes) of the lung was collected in 1 mI M\-PERE Ma mmal i a mtraddan dRéageintnThéEmo
Fisher Scientific) with protease inhibitors and ho
and M tubes (Miltenyi Biotec), according to manufacturer instructions. Lung homogenates were then
centrifuged for 10 min at 4200 rpm and supernatants were collected and frozen at -80 °C until analysis.
BAL samples were frozen at -80 °C without further processing. Blood was centrifuged for 10 min at
14,000 rpm (2 ), and sera were collected and frozen at -80 °C until analysis. Prior to use with

LEGENDpl exE kits, samples were thaweld50ammto@aae ri f uc
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debris. Lung samples were filtered through 40 um cell strainers for additional debris removal. The
following cytokines were m€E&aB$§u-6dld33, ILHEpRY and THB U, I F
LEGENDp|l exE kits were used according to manufactu
collected with a 3-laser LSR 1l (BD) and analyzed with LEGENDplex Data Analysis Software (v.8.0).

Statistical Analysis. Statistical analyses were performed as indicated in figure legends. All analyses

were done using GraphPad Prism software, version 6.07. Results are expressed as mean + SEM with
**+n < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05 being considered statistically significant.
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CHAPTER 3

Nanoparticle Vaccine Promotes Formation of CD8" Lung-Resident Memory T Cells
and Protects Against Challenge with Respiratory Pathogens

Text for Chapter 3 taken from:
Knight FC, Gilchuk P, Kumar A, Becker KW, Sevimli S, Jacobson ME, Suryadevara N, Wang-
Bishop L, Boyd KL, Crowe JE, Jr., Joyce S, Wilson JT. Mucosal immunization with a pH-
responsive nanoparticle vaccine induces protective CD8* lung-resident memory T cells. ACS
Nano. Sep 25, 2019. PMID: 31553872.

3.1 Abstract

Models of viral infection in mice have shown that that tissue-resident memory T cells (Trm) are
generated by infection and can rapidly mount an immune response to protect against subsequent
pathogen encounter after initial challenge. As such, synthetic vaccines that can safely mimic natural
infection and install protective Trm populations in mucosal tissues where pathogens are typically
encountered, such as the lungs, would represent an important advance in vaccine development. While
viral vectors have been studied extensively for this purpose, they present significant safety concerns.
Nanoparticle (NP)-based subunit vaccines can overcome many of the disadvantages of live vectors,
but have not yet seen widespread use as vaccines for eliciting Trm responses. Here, we demonstrate
that single-dose pulmonary immunization with a pH-responsive NP vaccine generated CD8* Trum in the
airways and lungs. These Tru expressed memory markers CD69 and CD103 and persisted for up to
nine weeks after immunization. The NP vaccine also protected mice against respiratory virus challenge
in both sublethal (vaccinia) and lethal (influenza) infection models. Overall, these data suggest the NP

platform has translational potential for use in mucosal vaccines to protect against viral pathogens.

3.2 Introduction
Studies of tissue-resident memory T cells in viral infection have found that Trm are often
indispensable for protection against these pathogens. This has been particularly shown for respiratory
viruses like influenza. 2> 6 75 122,124 Research has found that the existing live attenuated flu vaccine
given intranasally, FluMist, mediates cross-strain protection via virus-specific Trm cells in the lungs.® In
a model of influenza infection, another group found that repeated exposure to antigen enhanced the

durability of influenza-specific lung-resident Trm after immunization with live PR8 virus.”® Loss of
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protection over time is a major limitation of T cell immunity to influenza, and this loss has been linked
to a decrease in the size of the virus-specific Trw population in the lungs.”® 12 Based on our findings in
the previous aim, nanoparticle-mediated delivery of the vaccine to pulmonary antigen-presenting cells
appeared to extend the persistence of antigen in these cells; thus, this nanoparticle platform can
potentially capitalize on the need for persistent antigen stimulation in forming a robust CD8" Tgrm
response in the lungs. In light of this, we assessed the ability of the nanoparticle vaccine to generate
antigen-specific pulmonary CD8" T cells expressing Trm markers, and we studied its capacity to protect
against challenge in murine models of respiratory infection. Importantly, we used tools that support the
conclusion that protection is mediated by CD8* T cells: in the first challenge model, we utilized a
recombinant vaccinia virus that expresses the immunodominant MHC-I epitope of ovalbumin protein
(SIINFEKL). Thus, mice that are protected from infection after immunization with an OVA-containing
vaccine are likely protected by OVA-specific CD8" T cells. Likewise, in the second challenge model, we
utilized the influenza A HLN1 virus known as PR8, and immunized mice with PR8 nucleoprotein antigen,
which is known to contain many conserved MHC-I epitopes for influenza.

One of the major driving forces behind development of universal influenza vaccines is readiness
in the case of a global pandemic, such as occurred with HIN1 swine flu in 2009. In these situations, it
is crucial to have access to vaccine technologies that are both easy to manufacture and have dose-
sparing capabilities, in order to respond quickly and provide vaccines to all who need them.’ In this
regard, nanopatrticle vaccines present an important advantage; they can often produce a comparable
or better immune response relative to soluble subunit vaccines using less material, and in the case of
polymeric nanoparticles produced via RAFT synthesis, they also lend themselves to manufacturing
scale-up and large scale production.'®? Generation of a robust immune response with a single dose of
the vaccine is also important, both for increasing patient compliance and minimizing costs and
production time.

In these studies, we delivered either a model antigen, ovalbumin, or a clinically relevant antigen,
influenza nucleoprotein, with the nanoparticle vaccine. Immunization with both antigens generated a
CD8* Trm response in the lungs at memory timepoints (30 days or 60 days after immunization). The NP
vaccine conferred protection against sublethal respiratory challenge with recombinant vaccinia virus
and increased survival of mice in a lethal influenza A virus challenge model. Importantly, these results
were achieved after immunization with only a single intranasal dose of the vaccine. Collectively, our
results suggest a promising experimental vaccine platform for generating CD8" Trm that can protect

against respiratory infections.
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3.3 Results and Discussion

Nanoparticle vaccine generates long-lasting populations of lung-resident antigen-specific CD8"
T cells that express Trm surface markers

We previously demonstrated the ability of a pH-responsive NP vaccine to enhance the lung-
resident CD8" T cell response after 13 days (see Figure 2.3). This prompted us to determine whether
antigen-specific CD8* T cells present in murine lungs at 30 and 60 days after immunization, which are
considered memory T cells,'!® possessed a characteristic Trw phenotype. In addition to being defined
as CD45 by i.v. staining, lung Trm have been defined by surface expression of CD698 an activation
marker that limits tissue egress by inhibiting expression of sphingosine-1-phosphate receptord and
CD10306 an adhesion molecule that binds E-cadherin on epithelial cells and retains Trwm in their home
tissues.® Both CD103".CD69" and CD103*CD69" Trm subsets in the lungs have been reported.®® 122 To
characterize the memory phenotype of Tet* CD8* T cells in the IST and AW, we immunized mice i.n.
with a single dose of OVA-NP/CpG, OVA-NP, or OVA+CpG, and on d30 or d60 post-immunization,
harvested lungs and spleens and quantified Tet" CD8* Tru. Here, CXCR3 was used as a marker of
airway residence, as previously reported.?® 27171 St ai ni ng Wi tamdUQETD®B®9 anti bo.
used in conjunction with igrw. abd@DATXERBI mody bbdy i
discriminate AW-resident cells (CXCR3") from those resident in the IST (CXCR3") (Figure 3.1A).

At both d30 (Figure 3.1B-E) and d60 (Figure 3.1F-I) post-immunization, there were significantly
more Tet" CD8" T cells in the lungs of mice immunized with OVA-NP/CpG relative to those receiving
OVA+CpG. There were also generally more cells in the OVA-NP/CpG group relative to mice receiving
OVA-NP, although in certain instances this difference was not statistically significant, consistent with
the intrinsic capacity of the NP to enhance the CD8" T cell response (see Figure 2.3). At d30, OVA-
NP/CpG generated a significantly higher response than OVA+CpG in the AW and IST (Figure 3.1B,C),
but not in the MV or spleen (Figure 3.1D,E). The number of cells present in the lungs of mice immunized
with OVA-NP/CpG were significantly higher in the IST relative to OVA-NP (Figure 3.1C), but in the AW
they were not significantly different (Figure 3.1B). While there was no significant difference between
any group in the MV (Figure 3.1D), OVA-NP/CpG generated a significantly higher response than OVA-
NP in the spleen (Figure 3.1E). At d60, there were significantly more cells in the IST for the OVA-
NP/CpG group relative to both OVA-NP and OVA+CpG (Figure 3.1G), while the difference between
groups in the AW was less pronounced (Figure 3.1F). Again, there was no significant difference
between any group in the MV (Figure 3.1H), while OVA-NP/CpG continued to produce a significantly
higher response in the spleen relative to OVA-NP (Figure 3.1l). While in many cases the OVA-NP
formulation also produced a greater response than OVA+CpG, at d60 it remained inferior to OVA-
NP/CpG in the IST, where the majority of CD8* Trm are located. Overall, these data show that the NP
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vaccine is able to enhance generation of lung-resident CD8" T cells that are maintained for at least 60
days after immunization.

We next asked whether these long-lasting antigen-specific CD8" T cells in the lungs expressed
characteristic Trm surface markers. At these same time points, AW (CXCR3") and IST (CXCR3") cells
were analyzed for CD103 and CD69 expression (Figure 3.2A). At d30, i.n. administration of OVA-
NP/CpG elicited significantly more AW and IST Tet* CD8" Trm with both CD103CD69* and
CD103*CD69" phenotypes when compared to immunization with OVA+CpG (Figure 3.2B,D). There
were also significantly more AW and IST CD8" Try of the CD103*CD69* phenotype in the OVA-NP/CpG
group relative to the OVA-NP group (green bars); for the CD103"*CD69* phenotype (blue bars), this
difference was not significant, although the number of cells was still higher. At d60, in the IST, OVA-
NP/CpG induced significantly more CD8" Trm of both phenotypes than either control group (OVA-NP
and OVA+CpG) (Figure 3.2E). In the AW, this difference was only significant for OVA-NP/CpG vs.
OVA+CpG in the CD103'CD69" phenotype, although OVA-NP/CpG still produced the highest number
of cells in all cases (Figure 3.2C). These data indicate that the NP vaccine is superior to control
formulations for generating antigen-specific CD8* Trm in the lungs, particularly at 60 days after
immunization. Notably, OVA-NP/CpG also appears to be more likely to produce Trm cells with the
CD103*CD69" phenotype than does OVA-NP.
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Figure 3.1 | OVA-specific CD8* T cells are maintained at memory timepoints after immunization.
(A) Mice were immunized i.n. with OVA-containing formulations on dO and lungs and spleens were
analyzed on d30 or d60 via tetramer and surface marker staining. CXCR3 was used as a marker of AW
residence; CD45 was used to differentiate cells in IST vs. MV. (B-E) Number (#) and frequency (%) of
Tet* CD8" T cells in (B) AW, (C) IST, (D) MV, and (E) spleen were enumerated on d30 after i.n.
administration of OVA-NP/CpG, OVA-NP, or OVA+CpG. (F-1) Number (#) and frequency (%) of Tet*
CD8* T cellsin (F) AW, (G) IST, (H) MV, and (1) spleen were enumerated on d60 after i.n. administration
of OVA-NP/CpG, OVA-NP, or OVA+CpG. Data are mean + SEM and representative of four independent
experiments, with n = 5-6 per group. Immunization dose: 25 pug NP, 7.5 pg OVA, 1.4 ug. CpG Limit of
detection: 1 cell (AW), 5 cells (IST/MV), 25 cells (spleen).
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Figure 3.2 | OVA-specific CD8" memory T cells express Trw markers CD69 and CD103. Mice were
immunized i.n. with OVA-containing formulations and lungs were analyzed on d30 or d60 via tetramer
and surface marker staining. CD103 and CD69 were used as markers of tissue residency. (A) Flow
cytometry was used to quantify Tet* CD8* T cells expressing Trm markers (CD103, CD69) in the airway
(CXCR3") and lung interstitium (CXCR3"). (B,C) Number (#) of Tet* CD8" T cells expressing
CD69+CD103 in AW was enumerated on (B) d30 or (C) d60 after immunization. (D,E) Number (#) of
Tet* CD8* T cells expressing CD69+CD103 in IST was enumerated on (D) d30 or (E) d60 after
immunization. Data are mean = SEM and representative of four independent experiments, with n = 5-6
per group. Immunization dose: 25 pug NP, 7.5 ug OVA, 1.4 ug CpG. Limit of detection: 1 cell (AW), 5
cells (IST/MV), 25 cells (spleen). *p<0.05, **p<0.01, **p<0.001, by ordinary two-way ANOVA with
Tukeyods multiple compar itsSiatisticaltcanpdrisons mre showm dot OVA-i gni f i
NP/CpG only.

Single-dose pulmonary immunization with nanoparticle vaccine protects against sublethal
respiratory virus challenge

Ultimately, an effective vaccine must generate T cells that protect against subsequent infectious
challenge. Given the ability of a single i.n. dose of the NP vaccine to generate antigen-specific CD8*
Trm and retain them in the lungs for up to 60 days post-immunization, we next determined whether
these Trm Were protective against infection with a respiratory virus. To do this, we immunized mice i.n.
with OVA-NP/CpG, OVA-NP, OVA+CpG, or PBS. On d30 or d60 post-immunization, mice were
challenged i.n. with a recombinant vaccinia virus expressing influenza virus nucleoprotein, SIINFEKL
peptide, and enhanced green fluorescent protein (VV.NP-S-EGFP). Since this virus expresses
SIINFEKL, the immunodominant MHC-1 epitope of OVA, it provides a tool for evaluating the ability of

NP vaccine-induced CD8" T cells to protect against i.n. challenge. Mice were inoculated with a sublethal
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dose (1 107 pfu) of the virus and weighed daily through d6 post-inoculation (p.i.) (Figure 3.3A). On d6
p.i., lungs were harvested for quantification of viral load.

At both d30 and d60, mice immunized with the NP vaccine were significantly protected from
challenge-induced weight loss relative to all other formulations. Mice immunized with OVA-NP/CpG lost
~5-7% of body weight by d6 p.i. vs. a loss of ~13-26% in other groups (Figure 3.3B,C). Additionally,
the OVA-NP/CpG group in the 30-day cohort began regaining weight by d5 p.i. (Figure 3.3B).

To further validate these findings, viral load was quantified in lungs harvested from infected mice
at d6 p.i. There was a 1-2 log reduction in viral burden in the lungs of mice immunized with OVA-
NP/CpG, relative to the other formulations, at both d30 and d60 post-immunization (Figure 3.3D,E).
Overall, these results demonstrate that a single dose of the NP vaccine provides significant CD8* Trw-
mediated protection against respiratory virus challenge in an antigen-specific manner.
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Figure 3.3 | Mice immunized with nanoparticle vaccine exhibit less weight loss and lower viral
burden after intranasal challenge with recombinant vaccinia virus. (A) Mice immunized on dO were
challenged i.n. with recombinant SIINFEKL-expressing vaccinia virus (sublethal dose of 1x10’
pfu/mouse) either 30 or 60 d post-immunization. Mice were weighed daily and lungs were harvested on
d6 post-inoculation (p.i.). (B,C) Percent (%) weight loss in mice challenged on (B) d30 or (C) d60 after
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i.n. administration. Left: weight loss over time. Right: weight at d6 p.i. expressed as % initial body weight.

(D,E) Lungs of mice challenged on (D) d30 or (E) d60 post-immunization were harvested on d6 p.i. for
guantification of viral load. Dots show titers for individual animals. Data are mean = SEM, with (B) n =

12-23 per group, (C) n = 5-6 per group, and (D,E) n = 5 per group. Immunization dose: 25 ug NP, 7.5

g OVA, 1.4 ug CpG. Data are pooled from one to four independent experiments. Limit of detection for

plague assay = 6 pfu. *p<0.05, **p<0.01, **p<0.001, ****p<0.0001, by (B,C left) repeated measures
two-way ANOVA with Tukeyods muB,Qrigpt]DeE) ardinarpame-viag ANOEA t e st
with Tukeyds multiple comparisons test.

Nanoparticle vaccine containing influenza virus antigen generates antigen-specific
CD8* Trmin the lungs

After demonstrating the ability of the NP vaccine to generate CD8* Trwm in the lungs and protect
against respiratory virus challenge using a model antigen (OVA), we next asked whether these findings
could be applied to a more clinically relevant antigen and infection model. To this end, we shifted our
focus to influenza, a respiratory infection of global importance and a significant public health
challenge.'? It is well-established that CD8* Tru cells are important for generating heterosubtypic
immunity against influenza A viruses in both mice and humans.*8 5% €3.122 Tg evaluate the ability of the
NP vaccine to protect against this pathogen, we selected nucleoprotein, a structural protein from
influenza A H1N1 virus (strain A/Puerto Rico/8/1934, or PR8), as the antigen, since there is precedent
for using the PR8 strain in murine influenza challenge models. While surface proteins like hemagglutinin
and neuraminidase are commonly used in experimental flu vaccines to generate a humoral response,
internal viral antigens like nucleoprotein are known to contain the majority of influenza CD8* T cell
epitopes.1”*17> Thus, using nucleoprotein as a vaccine antigen lends itself to specifically studying the
protective effect of an immunization-induced CD8* T cell response. In addition, because CD8* T cell
epitopes of influenza A virus are largely conserved across strains and subtypes, they may be particularly
well-suited for providing broad protection, and while CD8* T cells typically do not generate sterilizing
immunity, they are useful for reducing disease severity and pathogen transmission.5® 173 176, 177

We will henceforth refer to the nucleoproteinanti gen as AFl ud to avoid cor
abbreviation for nanoparticle. Thus, formulations will be indicated as Flu-NP/CpG (nucleoprotein
conjugated to nanoparticle and complexed with CpG), Flu-NP (nucleoprotein conjugated to
nanopatrticle), and Flu+CpG (soluble nucleoprotein mixed with CpG). We first validated that the Flu
antigen could be covalently conjugated to NP via the same chemistry used to load OVA protein. Flu
protein was thiolated and reacted with pH-responsive NP to generate Flu-NP conjugates (Figure B.1A).
Flu-NP conjugates were then electrostatically complexed with CpG to create Flu-NP/CpG
(Figure B.1B). Both Flu-NP/CpG and Flu-NP were characterized by DLS (Figure B.1C).
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We next assessed the ability of Flu-NP/CpG and related control formulations to generate
antigen-specific CD8" T cells expressing lung Trv markers at memory timepoints (CD103'CD69* and
CD103"CD69* CD8" Trwm). To do this, we prepared a fluorescent MHC-| tetramer (Tet) containing
ASNENMETM peptide, a known immunodominant H-2DP epitope for nucleoprotein from PR8 virus.1’®
We then immunized mice i.n. with a single dose of Flu-NP/CpG, Flu-NP, or Flu+CpG, and on d30 or
d60 post-immunization, harvested lungs and spleens and quantified Tet" CD8" T cells in the same
manner as described for OVA (Figure 3.4A). Similarly, we also assessed expression of Trm markers
CD69 and CD103 on the antigen-specific CD8" T cell populations in the AW and IST lung
compartments.

At d30, mice immunized with Flu-NP/CpG had significantly more Tet* CD8* T cells in the AW,
IST, and MV compartments than mice immunized with Flu+CpG (Figure 3.4B-E). The difference
between Flu-NP/CpG and Flu-NP groups was less pronounced, with significance only in the MV;
however, a general trend of greater numbers of Tet" CD8" T cells produced by Flu-NP/CpG in the lungs
was observed. There was no significant difference between treatment groups in the spleen. At d60, the
number of cells generated by the Flu-NP/CpG, Flu-NP, and Flu+CpG groups were not significantly
different in any lung compartment or in the spleen (Figure 3.4F-1), though in the IST both Flu-NP/CpG
and Flu-NP exhibited higher cell counts than Flu+CpG (Figure 3.4G). These data show that, similarly
to the NP vaccine containing OVA, the NP vaccine with Flu antigen is able to generate higher numbers
of lung-resident CD8* T cells that are maintained for at least 30 days after immunization. However, by
60 days they have waned to similar levels as those seen in control groups. Regardless of the presence
of adjuvant, NP-mediated delivery of Flu antigen generates more lung-resident CD8* T cells in the IST
than soluble Flu+CpG at both timepoints, again demonstratingthei mpor t ance of th
ability to enhance the CD8" T cell response.

We next examined whether these long-lasting antigen-specific CD8* T cells in the lungs
expressed Trw surface markers. At 30d and 60d post-immunization, AW (CXCR3") and IST (CXCR3')
cells were analyzed for CD103 and CD69 expression, as previously shown in Figure 3.2A. At d30, Flu-
NP/CpG immunization generated more Trm Of both phenotypes (CD103"-CD69* and CD103*CD69) in
both the AW and IST (Figure 3.5A,C). Again, at d60, the differences between treatment groups were
less pronounced, with the Flu-NP group in some instances producing equivalent or greater numbers of
Trm relative to the Flu-NP/CpG (Figure 3.5B,D). Both Flu-NP/CpG and Flu-NP were superior to
Flu+CpG in the IST (Figure 3.5C,D). Overall, these data indicate that immunization with a nanoparticle-
containing formulation is superior to a soluble formulation for generating Flu-specific CD8* Trw in the
lungs, and that addition of CpG adjuvant increases efficacy similarly to what was observed with model
antigen (OVA).
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Figure 3.4 | Flu-specific CD8" T cells are maintained at memory timepoints after immunization.
(A) Mice were immunized i.n. with Flu-containing formulations on dO and lungs and spleens were
analyzed on d30 or d60 via tetramer and surface marker staining. CXCR3 was used as a marker of AW
residence; CD45 was used to differentiate cells in IST vs. MV. (B-E) Number (#) and frequency (%) of
Tet* CD8" T cells in (B) AW, (C) IST, (D) MV, and (E) spleen were enumerated on d30 after i.n.
administration of Flu-NP/CpG, Flu-NP, or Flu+CpG. (F-1) Number (#) and frequency (%) of Tet" CD8* T
cellsin (F) AW, (G) IST, (H) MV, and (1) spleen were enumerated on d60 after i.n. administration of Flu-
NP/CpG, Flu-NP, or Flu+CpG. Data are mean + SEM, with n = 3-6 per group, and representative of two
independent experiments. Immunization dose: 25 ug NP, 9.5 ug Flu, 1.4 ug CpG. Limit of detection: 1
cell (AW), 5 cells (IST/MV), 25 cells (spleen). *p<0.05, *p<0.01 by ordinary one-way ANOVA with
Tukeybs multiple comparisons test. ns, not S i
NP/CpG only.
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Figure 3.5 | Flu-specific CD8" memory T cells express Tru markers CD69 and CD103. Mice were
immunized i.n. with Flu-containing formulations and lungs were analyzed on d30 or d60 via tetramer
and surface marker staining. CD103 and CD69 were used as markers of tissue residency. (A,B)
Number (#) of Tet” CD8" T cells expressing CD69+CD103 in AW were enumerated on (A) d30 or (B)
d60 after immunization. (C,D) Number (#) of Tet" CD8" T cells expressing CD69+CD103 in IST were
enumerated on (C) d30 or (D) d60 after immunization. Data are mean + SEM, with n = 3-6 per group,
and representative of two independent experiments. Immunization dose: 25 ug NP, 9.5 ug Flu, 1.4 ug
CpG. Limit of detection: 1 cell (AW), 5 cells (IST/MV), 25 cells (spleen). *p<0.05, **p<0.01, ***p<0.001,

by ordinary two-way ANOVA wi t h Tukeyds multiple comparisons

comparisons are shown for FIu-NP/CpG only.

Single-dose pulmonary immunization with nanoparticle vaccine protects against lethal
challenge with influenza A H1N1 virus

As with previous experiments using OVA protein antigen, the ultimate test of efficacy for a
vaccine is its ability to protect against infection. Thus, we sought to determine whether a single-dose of
NP vaccine with Flu antigen could similarly protect against respiratory challenge. To this end, we
immunized mice i.n. with Flu-NP/CpG, Flu-NP, Flu+CpG, or PBS, and on d30 or d60 post-immunization,
challenged i.n. with PR8 virus. In this lethal challenge model, mice were inoculated with 200 FFU of
PRS8, a dose at which untreated animals experience severe weight loss and disease symptoms (Figure
B.2). Mice were monitored daily through d21 p.i. for weight loss, morbidity, and mortality (Figure 3.6A).

At d30, mice immunized with either Flu-NP/CpG or Flu-NP were protected from challenge-
induced weight loss relative to Flu+CpG and naive (PBS-treated) mice (Figure 3.6B). Mice in the Flu-
NP/CpG and Flu-NP groups lost less weight overall, and around d7-8 p.i., began to recover instead of
continuing to lose weight. In addition, 83% of Flu-NP/CpG mice and 67% of Flu-NP mice survived
challenge, while 100% of Flu+CpG mice and PBS mice succumbed to infection (>30% weight loss) by
d7 or d8 p.i., respectively (Figure 3.6D).

At d60, the protective effect of the Flu-NP/CpG formulation was maintained (Figure 3.6C),

consistent with results seen in the vaccinia challenge model described earlier. In addition, the survival
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rate for the Flu-NP/CpG group remained the same (83%), but for the Flu-NP group it dropped to 33%
(Figure 3.6E). Mice in the Flu-NP/CpG again began recovering on d7 p.i., whereas the surviving mice
in the Flu-NP group did not show signs of recovery until d9-10. As before, 100% of mice in the Flu+CpG
and PBS groups perished by d9 p.i. Body condition scoring of the 60-day cohort reflected the results
seen in weight loss and survival, with mice in the Flu-NP/CpG group experiencing less severe symptoms
and recovering more quickly relative to control groups (Figure B.3). Overall, these results demonstrate
that a single dose of the NP vaccine formulated with a clinically relevant antigen (influenza A
nucleoprotein) offers protection against lethal respiratory virus challenge. Nucleoprotein is an internal
viral protein, and so it is a target for protective T cell responses. Given that Trm specific for the
immunodominant CD8* T cell epitope of nucleoprotein are detected at the highest frequency in lungs

of mice immunized with Flu-NP/CpG, our data suggest these CD8" Trm cells contribute to protection.
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Figure 3.6 | Mice immunized with nanoparticle vaccine exhibit improved survival after intranasal
challenge with influenza A H1IN1 virus. (A) Mice immunized on dO were challenged i.n. with influenza
A HIN1 PRS8 virus (lethal dose of 200 FFU/mouse) either 30 d or 60 d post-immunization. Mice were
weighed daily and evaluated for morbidity/mortality. (B,C) Percent (%) weight loss in mice challenged
on (B) d30 or (C) d60 after i.n. administration. (D,E) Survival of mice challenged on (D) d30 or (E) d60
post-immunization. Mice that exceeded 30% weight loss were considered deceased. Data are mean +

70



SEM, with n = 4-6 per group, from two independent experiments. Immunization dose: 25 ug NP, 9.5 ug
Flu, 1.4 pug CpG. Statistical significance in survival curves was determined with a Mantel-Cox log-rank
test (**p<0.01; ns, not significant).

3.4 Conclusion

Respiratory infections such as influenza are a major threat to public health, and effective
vaccines to prevent them are greatly needed. In particular, seasonal influenza and the threat of rapidly
spreading pandemic strains place a significant burden on healthcare systems worldwide. While
traditional seasonal influenza vaccines typically focus on producing humoral immunity, it is clear that T
cells, particularly of those the tissue-resident variety, play a vital role in protection against this virus.?*
83,124 The development of universal flu vaccines that utilize conserved antigenic epitopes, particularly
those that can stimulate a CD8* T cell response and provide heterosubtypic immunity against multiple
virus strainsd such as the nucleoprotein antigen used hered hold great promise for the future of this
field.1” It will be critical to evaluate these next-generation vaccines for their ability to generate tissue-
resident memory.

In this aim, using mouse models of pulmonary immunization and respiratory virus challenge, we
demonstrated that a single dose of pH-responsive nanoparticle vaccine induced a CD8* Tru response
that persisted for up to 60 days after immunization and was protective against both lethal and sublethal
challenge with respiratory viruses (influenza and vaccinia, respectively). Antigen-specific CD8" T cells
displayed surface markers characteristic of Trw (CD103, CD69), and intravascular staining showed
them to be resident in the lung interstitium (CD45"CXCR3") and airways (CD45 CXCR3"). In contrast
to other experimental Trm vVaccines described in the literature, for which multiple booster doses are often
needed to generate an effective response, these results were obtained after a single immunization. This
offers potential translational advantages, including increased compliance and the ability to more quickly
manufacture and distribute a vaccine under pandemic conditions.

Several surface markers have been used to describe Trw cells in various non-lymphoid tissuesd
in particular, CD103 and CD69.%* > 28 However, these markers are not found on all Tru; many Tru
populations located outside epithelia do not express CD103.1¥° CD69 is more universally expressed
and has been suggested to influence accumulation and retention of CD8" T cells in the lungs during the
early stages of infection.'?® Both CD103"CD69" and CD103*CD69* Trw subsets have been shown in
the lungs.” 6181182 |n our experiments, we found the CD103-CD69* phenotype to be somewhat more
prevalent than CD103*CD69" in the IST and AW. It has been suggested that infiltration of tumors with
CD8* Trm expressing CD103 correlates to longer survival of patients with a variety of cancers, including
breast, lung, ovarian, cervical, and bladder.®> Several reports have found T GFb i s nee

expression of CD103 on Trm, and we were unable to detect this cytokine at the timepoints tested after
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immunization.32 %183 |n |ight of this, methods to tailor the NP vaccineto stimulat e TGFb product
otherwise generate more CD103-expressing CD8" Trw cells may warrant further study. It is important

to note that the requirements for Trm formation in different tissues, and indeed, even in different regions

of the same tissue, can vary. For example, differentiation of CD8* Trwm in the upper respiratory tract does

not seem to depend on | ocal antigen recognition or
these both appear to be required.®® Further study of the tissue-specific requirements for Trw formation

in the lungs will help inform improved design of vaccines for generating functional Trm cells.

Laidlaw et al. reported that CD4* T cell help was critical for formation of CD103* Trwm in the lungs.
They found that, without CD4* T cell help, CD8" Trm had reduced expression of CD103 and were unable
to recruit immune cells to the lungs upon challenge with influenza virus.?2 Conversely, Si et al. reported
that their peptide nanofiber vaccine elicited functional pulmonary CD8* Trw without a CD4* T cell helper
epitope.® In the work described here, the CD4* T cell response to the NP vaccine was not studied. If
the functionality of CD8" Trm in the lungs is indeed dependent on CD4* T cell help, it is possible the Trm
phenotype generated by this NP vaccine was affected by a lack of CD4* T cells. However, since whole
protein antigens containing both MHC-I and MHC-II epitopes were used, it is likely that CD4* T cells
were generated.®® In fact, it has been shown that the nucleoprotein antigen used here is an
immunodominant target of CD4* T cell responses.’®* Characterization of the CD4* T cell response
generated by the NP vaccine, and its effect on the phenotype of vaccine-induced CD8* Trwm in the lungs,
merits further investigation. Nevertheless, the NP vaccine provided significant protection against
challenge with multiple respiratory viruses, demonstrating its translational promise.

In conclusion, this report demonstrates generation of protective CD8* Trw in the lungs with a
single pulmonary dose of pH-responsive nanoparticle vaccine. Efficacy of the NP vaccine was
demonstrated with both a model antigen (ovalbumin) and a clinically relevant antigen (influenza A
nucleoprotein). Antigen-specific CD8" T cells in the lungs displayed characteristic Trm markers at
memory timepoints, and mice were protected against respiratory virus infection in both sublethal and
lethal challenge models. The use of intravascular staining to identify lung-resident cells, in conjunction
with staining for markers of tissue-resident memory, has enabled relationships between NP vaccine
properties and the generation of protective Truto be established. In addition, successful delivery of
multiple distinct antigens indicates the NP vaccine is a modular platform technology that can be used
with any number of clinically-relevant protein or peptide antigens, as well as other nucleic acid
adjuvants. Overall, this nanoparticle delivery system represents a promising technology for the
development of Trm vaccines against respiratory infections and contributes to the body of work on

universal influenza vaccines.
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3.5 Materials and Methods

Preparation and Characterization of Nanoparticles. Self-assembled micellar NP were formulated by
first dissolving lyophilized polymer at 50 mg/ml in 100% ethanol, then rapidly pipetting dissolved polymer
into 100 mM phosphate buffer (pH 7) to a final concentration of 10 mg/ml. For in vivo use, ethanol was
removed by buffer exchange into PBS (pH 7.4) via 3 cycles of centrifugal dialysis (Amicon, 3 kDa
MWCO, Millipore), and NP solutions were then sterilized via syringe filtration (Whatman, 0.22 um, GE
Healthcare). Final polymer concentration was determined with UV-Vis spectrometry (Synergy H1 Multi-
Mode Reader, BioTek) by measuring absorbance of aromatic PDS groups at 280 nm. NP size was
measured via dynamic light scattering (DLS). NP solutions were prepared at a concentration of 0.1-0.2
mg/ml in PBS (pH 7.4) and the hydrodynamic radius was measured using a Malvern Instruments

Zetasizer Nano ZS Instrument (Malvern, USA).

Preparation of Antigen-Nanoparticle Conjugates. Either a model antigen, ovalbumin protein (OVA),
or the influenza nucleoprotein antigen from H1IN1 A/Puerto Rico/8/1934 was conjugated to pendant
PDS groups on NP via thiol-disulfide exchange. To prepare OVA for conjugation, free amines on the

protein were thiolated by incubation with ~25 molar excessof2-i mi not hi ol ane ( Traut 6s

Fisher Scientific) in reaction buffer (100 mM phosphate buffer, pH 8, supplemented with 1 mM EDTA)
as previously described.>° Unreacted 2-iminothiolane was removed by buffer exchanging thiolated OVA
into sterile 1X PBS (pH 7.4) wusing Zeb aEhe®pFisher
Scientific). Prior to in vivo use, thiolated OVA was sterilized via syringe filtration (0.22 pm, Millipore).
Foll owi ng manuf ans, tha maar rate of ithiolggtoupsi to OVA protein was determined
with EIIl manoés righardgeentific) to Deh~8-6 thiols/GVA. Polymer NP solutions were
reacted with thiolated OVA at a 5:1 molar ratio of pH-responsive polymer:OVA to make OVA-NP
conjugates. Conjugation was done overnight, in the dark, at room temperature, and under sterile
conditions, as previously described.®® Antigen conjugation using FITC-labeled OVA was verified via
non-reducing SDS-polyacrylamide gel electrophoresis (SDS-PAGE) using 4-20% Mini-Protean TGX
Precast Protein Gels (Bio-Rad) (Figure A.3A). Gels were run at 130 V for 1 h and imaged with a Gel
DocE EZ Sy sRad. DLS(wasiused to measure the size of OVA-NP conjugates, as described
above (Figure A.3C, top and bottom left).

Influenza A H1N1 nucleoprotein (Flu) formulated in sterile phosphate buffer was obtained from
Sino Biological (Beijing, China). To prepare Flu antigen for conjugation, free amines were thiolated by
incubation with ~250 molar excess of 2-iminothiolane in reaction buffer. Unreacted 2-iminothiolane was

removed by bufferexchange into sterile 1X PBS. Foll owi ng

desal

manu

of thiol groups to Flu protein was determined with a Measure-i TE Thi ol Assay Kit (°
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Scientific). The concentration of Flu protein after thiolation and purification was measured using the
PierceE Rapid Gold BCA Protein Assay Kit (Ther mo Fi
with Alexa Fluor 647-NHS ester (Thermo Fisher Scientific) prior to thiolation for evaluating conjugation

efficiency via fluorescent imaging of SDS-PAGE gels. Polymer NP solutions were reacted with thiolated

Flu at a molar ratio of 5:1 pH-responsive polymer:Flu to make Flu-NP conjugates. Antigen conjugation

was verified via SDS-PAGE (Figure B.1A) and gels were imaged with an VIS Lumina lll Imaging

System (PerkinElmer, Waltham, MA). DLS was also used to measure the size of Flu-NP conjugates

(Figure B.1C, top).

Formation of Nanoparticle/Adjuvant Complexes. NP/adjuvant complexation was carried out by
combining CpG ODN 1826 (Invivogen) with OVA-NP or Flu-NP in PBS at room temperature for at least
30 min. Theoretical charge ratios (+/-) of 4:1 and 6:1 were tested. The charge ratio was defined as the
molar ratio between protonated DMAEMA tertiary amines in the first block of the copolymer (positive
charge; assuming 50% protonation at physiological pH) and phosphate groups on the CpG backbone
(negative charge).®® The charge ratios at which complete complexation of CpG to the polymer occurred
were determined via an agarose gel retardation assay (Figure A.3B for OVA and Figure B.1B for Flu).
Free CpG, OVA+CpG, Flu+CpG, and NP/CpG, OVA-NP/CpG, and Flu-NP/CpG complexes prepared
at various charge ratios were loaded into lanes of a 4% agarose gel and run at 90 V for 30 min. Gels
were stained with GelRed® Nucleic Acid Gel Stain (Biotium, Fremont, CA) for 20 min and visualized
with a Gel Do ¢ E-R&Y A chgrgetratiarof §: 1BsMasoused for all in vivo experiments in
order to maximize the stability of the formulations. DLS was used to measure the size of the OVA-
NP/CpG formulation (Figure A.3C, top right) and Flu-NP/CpG formulation (Figure B.1C, bottom), as
described above.

Animals. Male or female C57BL/6J mice were purchased from the Jackson Laboratory (Bar Harbor,
ME), maintained at the animal facilities of Vanderbilt University under either conventional or animal
biosafety level 2 (ABSL-2) conditions, and experimented upon in accordance with the regulations and

guidelines of Vanderbilt University Institutional Animal Care and Use Committee (IACUC).

Intranasal Immunization. Endotoxin-f r ee OVA (<1 EU/ mg, EndoFitE), S |
Biological), sterile buffer solutions (1X PBS, pH 7.4), and sterile polymer solutions with ethanol removed
were used for vaccine formulations. Experimental groups for OVA immunization were: (1) nanopatrticles
loaded with covalently-conjugated OVA and complexed with CpG DNA (OVA-NP/CpG); (2)
nanoparticles conjugated to OVA (OVA-NP); (3) a mixture of non-thiolated OVA and CpG (OVA+CpG);

and (4) PBS for sham mice. Analogous experimental groups for Flu immunization were:
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(1) Flu-NP/CpG; (2) Flu-NP; (3) Flu+CpG; and (4) PBS. For all groups containingMP, 6 t hi s denot
pH-responsive polymer. Conjugates were prepared 1-2 days before use and stored at 4 °C. OVA or Flu

was thiolated and used immediately for conjugation to NP at a molar ratio of 5:1 (NP:antigen), as

described above. On the day of use, CpG was complexed to conjugates at a 6:1 charge ratio via rapid

pipetting of CpG DNA (~0.5 mg/ml) into the conjugate solution, as described above. The formulation

was allowed to react for at least 30 min at room temperature for complete complexation of CpG before
administration to mice.

In experiments using OVA antigen, male mice (8-12 weeks old) were anesthetized with
ketamine/xylazine (10 mg/ml ketamine hydrochloride, Vedco; 1 mg/ml xylazine hydrochloride,
Vanderbilt Pharmacy) by intraperitoneal (i.p.) injection (~200 pl anesthesia/22 g mouse weight).
Anesthetized mice were immunized intranasally (i.n.) on day 0 with formulations containing 7.5 ug OVA
and/or 1.4 pug CpG with or without 25 pg polymer. Vaccine formulations in a total volume of 80 ul PBS
were delivered via pipette through the nostrils into the lungs of mice; inoculation with this volume allows
formulations to reach the lower airways.*®” The dose was applied at the center of the nose to allow
inhalation into both nostrils at a rate of ~8 pl/s. Animals were monitored either daily or thrice weekly for
weight loss and signs of morbidity.

In experiments using Flu antigen, female mice (10 weeks old) were anesthetized as described
and immunized i.n. on day 0 with formulations containing 9.5 ug Flu and/or 1.4 pg CpG with or without
25 pg polymer. Vaccine formulations in a total volume of 80 pl PBS were delivered through the nostrils

as described.

Measurement of Antigen-Specific CD8" T Cell Response and Tissue-Resident Memory Markers.
On day 30 or 60 after immunization, mice were anesthetized and intravenously (i.v.) injected with 200
pl of anti-CD45.2-APC anti body (clone 104; Tonbo) at 0.01 mg.
as previously described.®® This was done to stain marginated vascular leukocytes (MV; CD45") and
differentiate them from those resident in the lung interstitium (IST; CD45°).4* To allow for circulation of
UCD45 antibody, mi & enin afterri.e injectton and prior todCO, eBthanasia. Lungs
and spleens were then collected from each mouse. Organs were harvested and processed as
previously described.'%® Briefly, lungs were minced with a scalpel and incubated for 1 h at 37 °C in
complete RPMI medium (cRPMI [RPMI+10% FBS]; Gibco) supplemented with 2 mg/ml collagenase
(Sigma) and 50 nM dasatinib (LC Laboratories, Woburn, MA). Lungs and spleens were treated with
ACK lysing buffer (Gibco) and passed through 70 pum cell strainers to generate single cell suspensions.
Cell suspensions from lungs and spleens were stained for 1 h at 4 °C with anti-B220-FITC (clone
RA3-6B2; BD Biosciences), anti-CD4-FITC (clone H129.19; BD Biosciences), anti-CD11b-FITC (clone
M1/70; Tonbo), anti-CD11c-FITC (clone N418; Tonbo), anti-C D 8-Bacific Blue (clone 53-6.7; BD
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Biosciences), and 1.5 pug/ml PE-labeled OVAzs7-264 (SINFEKL)-H-2KP tetramer (Tet) prepared according
to a previously reported procedure.®® In experiments utilizing mice immunized with Flu antigen, cells
were instead stained with PE-labeled Flusgssza (ASNENMETM)-H-2DP Tet prepared using the same
met hod. Anti bodies | abeled with FITC (B220/CD4/ CD:
channel and were used to exclude B cells, CD4" T cells, dendritic cells, and macrophages from gating.
Staining with anti-CXCR3-PerCP/Cy5.5 (clone CXCR3-173; BioLegend) was used to define CD8* T
cells resident in the airways (CXCR3") vs. interstitium (CXCR3'9).5¢ In experiments evaluating tissue-
resident memory markers, cells from lungs and spleens were also stained with anti-CD69-PE/Cy7
(clone H1.2F3; Tonbo) and anti-CD103-Brilliant Violet 510 (clone 2E7; BioLegend).

After staining, cells were washed with FACS buffer (PBS supplemented with 2% FBS and 50
nM dasatinib) and stained with Ghost Dy, ded cRlls.d 7 80
AccuCheck counting beads (Thermo Fisher Scientific) were included in samples to allow for calculation
of absolute cell counts. The frequency of antigen-specific CD8" T cells was determined by flow
cytometry on a 3-laser LSR-Il flow cytometer (BD). All data were analyzed using FlowJo Software
(version 10.4.2; Tree Star, Inc., Ashland, OR). Cells were gated by forward and side scatter to exclude
debris and doublets. Antigen-specific CD8* T cell populations were defined as follows: AW =
CXCR3"C D 8*0D45Tet* cells in lung samples; IST = CXCR3°C D 8*0D45 Tet* cells in lung samples;
MV = cap8Tettcel | s in | ung s aTepdelsd sple@Ramples. ATt €Bsh the
C D 8*(gjate were also B220CD4'CD11bCD11c ( i d u mp ¢ h aureellewere )defined as either
CD103*CD69" or CD103CD69*CD8*T cells in IST or AW. Representative gating for each sample type
can be found in Figures A.4B,C and 3.2A.

Vaccinia Virus Propagation, Intranasal Virus Challenge, and Lung Burden. Recombinant vaccinia
virus expressing influenza virus nucleoprotein, ovalbumin SIINFEKL peptide, and enhanced green
fluorescent protein (VV.NP-S-EGFP) was obtained through the NIH Biodefense and Emerging
Infections Research Resources Repository, NIAID, NIH (NR-624; BEI Resources, Manassas, VA). The
virus was grown in HelLa cells and titrated using BSC-40 cells. For titration, crystal violet stain (Eng
Scientific, Clifton, NJ) was used to visualize plaques 48 h after applying serial 10-fold dilutions of the
virus in HBSS+0.5% (w/v) BSA to confluent monolayers of BSC-40 cells.

For respiratory challenge, 10- to 16-week-old immunized male mice were anesthetized i.v. with
ketamine/xylazine as described above and inoculated i.n. with a sublethal dose (1 107 pfu) of virus in
80 pl sterile PBS. Mice were monitored daily for morbidity and weight loss. On day 6 post-infection,
lungs from individual mice were harvested into 2 ml HBSS (supplemented with 0.5% (w/v) BSA and 1X

pen/strep, sterilized by vacuum filtration) and frozen at -80 °C.
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To determine viral burden using a plaque assay, previously frozen lungs were thawed,
homogenized in HBSS using a Tissue Tearor (BioSpec Products, Bartlesville, OK), and subjected to
one additional freeze-thaw cycle. Serial 10-fold dilutions of lung homogenates were plated on confluent
monolayers of BSC-40 cells. After 48 h, plagues were visualized by crystal violet staining.

Influenza A Virus Challenge. Influenza virus (strain A/Puerto Rico/8/1934, subtype H1N1; also known

as PR8) was obtained through BEI Resources, NIAID, NIH (NR-348; Manassas, VA). For respiratory

challenge, 14- to 18-week-old immunized female mice were anesthetized i.v. with ketamine/xylazine as

described above and inoculated i.n. with a lethal dose (200 FFU) of virus in 80 pl sterile PBS. Mice were

monitored daily through day 21 post-infection for morbidity, weight loss, and survival. After infection,

mice were euthanized when weight loss exceeded 30% of initial body weight, in accordance with IACUC

guidelines. In the 60-day cohort, mice were also scored daily onascale from1-4, wi th A106 i ndi
outward signs of illness, 20 indicating dateredi st en-
gait, and fA40 indi cat i nsgmulug ldboredebkbathimg, laridlethargy./ r eact i on

Statistical Analysis. Statistical analyses were performed as indicated in figure legends. All analyses

were done using GraphPad Prism software, version 6.07. Results are expressed as mean + SEM with
**%p < 0.0001, **p < 0.001, **p < 0.01, *p < 0.05 being considered statistically significant.
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CHAPTER 4

Nanoparticle-Mediated Delivery of Nucleic Acid Adjuvants to Antigen-Presenting Cells
and Effects on the Lung-Resident CD8* T Cell Response

4.1 Abstract

Rational design of nanoparticle delivery platforms holds great promise for a new generation of
vaccines that can efficiently generate durable and protective tissue-resident memory T cell (Trwm)
responses. As the requirements for formation of Tgrm cells become clearer, the engineering toolbox for
Trm vVaccine design has also expanded. However, limited work has been done to probe the ways in
which the material properties of synthetic nanoparticles can affect the resulting Trm response. In
addition, multiple adjuvants have shown promise as inducers of Trm cells, and nanoparticle carriers
offer unprecedented opportunities for localized, targeted, or dose-sparing delivery of adjuvant
molecules that might otherwise be unsafe for use in humans. This work builds upon previous studies
demonstrating the efficacy of a pH-responsive nanoparticle vaccine in delivering a nucleic acid adjuvant
(CpG) to pulmonary antigen-presenting cells (APCs) and enhancing the downstream CD8" Trw
response. Here, we show that multiple nucleic acid adjuvants for distinct intracellular targets (CpG,
poly(I:C), and nanolSD) can be loaded onto either the pH-responsive NP vaccine or a non-pH-
responsive control particle, and that both the polymer and adjuvant used can affect the CD8" T cell
response produced in the lung interstitium or vasculature. In addition, the impact of these various
polymer/adjuvant formulations on antigen uptake and APC activation in the lungs and mediastinal lymph
node was examined. Results of this aim indicate that polymer and adjuvant properties can have a
unique effect on the immune response after immunization, and the ways in which these effects can be

leveraged merits further investigation.

4.2 Introduction
Great strides have been made in recent years to understand the conditions necessary for
generation and maintenance of tissue-resident memory T cells. Various innate immune cells,
transcriptional factors, cytokines, and other features of the tissue environment dictate the migration and
retention of Trm to their home tissues, differentiation toward a Trm phenotype, and long-term
maintenance and/or replenishment. As our understanding of tissue-resident T cell biology grows, it
presents an important opportunity to rationally design vaccines with this cell type in mind. Our previous

work has shown that the pH-responsive activity of a polymeric nanoparticle could influence formation
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of Trm by enhancing the magnitude of the tissue-resident CD8* T cell response in lung parenchyma and
airways. In addition, co-delivery of a nucleic acid adjuvant alongside protein antigen further enhanced
this by increasing the magnitude, functionality, and protective capacity of the CD8" Trwm cell response.
This presented the question of whether different adjuvants with distinct intracellular targets might have
varying effects on the Trw response in the lungs, and whether the material properties of the nanoparticle
carrier could be altered to change that response.

Multiple innate immune cell subsets, including monocytes, alveolar macrophages, and cross-
presenting dendritic cells (DCs), have been shown to play a role in priming tissue-resident T cell
responses.> 47 49, 61, 72, 185188 |n particular, CD103" DCs survey non-lymphoid tissues and migrate to
lymph nodes, where they are efficient cross-presenters of cell-associated antigens; since cross-
presentation is critical for induction of CD8" T cell responses, this makes CD103* DCs an attractive
target for vaccines against intracellular pathogens, such as influenza virus or Mycobacterium
tuberculosis.'® In addition, CD103* DCs have been implicated in the generation of precursor Trw in
lymph nodes.®> %’ Thus, effective activation and maturation of this DC subset would be a desirable
feature of a potential Trm vaccine. Previous in vivo work with our pH-responsive nanoparticle vaccine
showed uptake of vaccine cargo (OVA protein and CpG adjuvant) in CD103* DCs in the lungs, as well
as enhanced activation via CD86 expression. However, it is not yet known how cytosolic antigen
delivery mediated by the pH-responsive activity of the nanoparticle might interact with the intrinsic cross-
presenting mechanisms of CD103* DCs, or whether other adjuvants might differently impact uptake and
activation in this DC subset. In addition, it is unknown what role other DC subsets (i.e., hon-cross-
presenting DCs, plasmacytoid DCs) might play in the vaccine-induced immune response.

A variety of adjuvants have also been used in studies to generate Trm responses, including
U-galactosylceramide, IL-1 b , -likeorécéptor agonists such as poly(1:C) (TLR3), MPLA (TLR4), CpG
(TLR9), R848 (TLR7/8), Zymosan (TLR2/6), or combinations like poly(l:C)+anti-CD40 antibody.8 34 46.
59-61, 190, 191 Because these adjuvants have unique intracellular targets that activate distinct signaling
pathways, they offer an interesting opportunity to probe the ways in which innate immune activation can
be leveraged to control the downstream Trm response. In addition, though many experimental adjuvants
have been used in pre-clinical studies, few are approved for use in humans because they are often too
toxic.®” Particulate delivery offers a potential solution to the issue of toxicity by allowing for targeted
delivery of smaller doses that can be effective without causing overwhelming inflammation.®

The pH-responsive nanoparticle vaccine described here presents a unigque opportunity to deliver
adjuvants to multiple intracellular targets and examine the effect of their activation on the CD8* Trm
response. Although the pH-responsive activity of the material was designed for the purpose of cytosolic
delivery of antigen, it is feasible that it could also deliver adjuvant to cytosolic targets, such as the

RIG-I/MAVS or cGAS/STING pathways. These targets have gained much attention in recent years for
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their role in both infectious diseases and cancer. For example, RIG-I signaling is important in interferon
gene expression during influenza infection, and cGAS has been implicated in detection of Mtb DNA and
subsequent induction of type | IFN.192 19 Thus, targeting these pathways may prove effective in
replicating the effects of infection to produce a protective vaccine. Although the exact percentage of
vaccine cargo delivered to the cytosol by the pH-responsive nanoparticle vaccine has not been
guantified, we expect that there is some delivery to both the endosome and the cytosol, due to the fact
that CpG, which targets TLR9 in the endosome, is an effective adjuvant when delivered with this
system.® %0 Thus, for this aim, we chose to focus on three adjuvants with targets in either of these
intracellular compartments: CpG-ODN1826 (CpG), a single-stranded DNA agonist for TLR9 in the
endosome; nanolSD (ISD), a 95 base pair double-stranded immunostimulatory DNA developed in our
lab that targets cGAS in the cytosol; and low molecular weight poly(l:C) (PIC), which is unique in that it
can target both TLR3 in the endosome and RIG-I/MAVS in the cytosol. Previous reports have shown
that both poly(l:C) and CpG can promote cross-presentation in dendritic cells.09 1941% |n addition,
activation of the cGAS/STING pathway in DCs and subsequent production of type | IFN plays important
role in cross-presentation of antigen for priming of tumor-specific CD8" T cells.’®” The NP platform
employed here is useful in that it theoretically allows simple electrostatic complexation of any nucleic
acid adjuvant to the cationic corona of the particle.

Here, we demonstrate that CpG, ISD, and PIC adjuvants can be stably formulated with antigen-
nanoparticle conjugates and delivered intranasally to DCs in the lungs and lung-draining lymph node.
Tetramer staining for antigen-specific CD8* T cells at short-term (13-day) and memory (30-day)
timepoints after immunization showed these adjuvants were able to stimulate varying degrees of tissue-
resident responses in the lungs. Interestingly, in some cases, immunization with these adjuvants on the
non-pH-responsive control polymer seemed to have the opposite effect, boosting the response in the
lung vasculature while minimizing the response in the interstitium. Antigen-specific CD8+ T cells
generated in the interstitium expressed TRM markers (CD103/CD69) at both timepoints, while those in
the vasculature did not. Finally, immunization resulted in enhanced expression of activation markers
(CD86/CCR7) on DCs in the lungs and LN. This work lays the foundation for further studies of the

effects of polymer and adjuvant properties on generation of Trm immunity.
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4.3 Results and Discussion

Multiple adjuvants with distinct physicochemical characteristics can be electrostatically
complexed with nanoparticle carriers

Our first step in studying the effect of different adjuvants on the Trm response was to determine
whether immunostimulatory molecules with diverse molecular weights and structures could be
electrostatically complexed with either pH-responsive (PH) or control (CT) nanoparticles. We previously
demonstrated delivery of CpG1826, a class B oligodinucleotide (ODN), using this platform. CpG 1826
is a single-stranded DNA molecule and an agonist for endosomal TLR9. It has shown clinical promise,
and arelated class B ODN, CpG 1018, is a component of the hepatitis B vaccine Heplisav-B.'% Poly(I:C)
has shown potential in many experimental vaccines, and two derivatives, poly-IC12U (Ampligen) and
poly-ICLC (Hiltonol), have been used an clinical vaccine adjuvants.'®® Since it can target both TLR3 in
the endosome and RIG-I/MAVS in the cytosol, it presents a unique opportunity to study whether delivery
to the endosome (CT) vs. cytosol (PH) can differentially affect the immune response. The final adjuvant
we chose, nanolSD, is a 95-base pair double-stranded immunostimulatory DNA molecule and an
agonist for cGAS in the cytosol; thus, it presents an opportunity to determine whether the pH-responsive
polymer can deliver adjuvant to a cytosolic target. While CpG is a relatively small molecule (6364 g/mol),
ISD and PIC are much larger (58,760 g/mol and ~306,866 g/mol, respectively). It is difficult to precisely
determine the molecular weight of poly(l:C); the commercial adjuvant is provided as a 0.2-1 kilobase
pair molecule. Thus, we estimated the average molecular weight to be that of 600 base pairs.
Considering the relatively small size of the nanopatrticles formed with our polymers, it was unclear
whether these larger adjuvants would efficiently complex with the particles.

Polymers were synthesized and characterized by *H NMR and DLS according to previously
reported procedures (Figure C.1).% % Both pH-responsive and CT polymers formed small NP (~20-30
diameter) (Figure C.1C-E) and could be covalently conjugated to thiolated OVA protein (Figure C.2A).
Addition of OVA did not affect the size of the patrticles (Figure C.2B,C). To evaluate this the ability of
OVA-loaded polymers to formulate with different adjuvants, we complexed ISD and PIC at various
charge ratios (+/-) to OVA-conjugates made at either a 5:1 or 10:1 molar ratio of NP:OVA (3.6:1 or 7.2:1,
respectively, for the CT polymer in order to maintain a constant dose of antigen). The charge ratios
tested for both adjuvants were 6:1, 8:1, and 12:1 for PH conjugates and 5:1, 7:1, and 10:1 for CT
conjugates. A gel retardation assay and dynamic light scattering was used to assess efficacy of
complexation and the stability of the formulations, respectively. Both ISD (Figure 4.1A) and PIC (Figure
4.1B) completely complexed with both polymers under all reaction conditions, as indicated by a lack of
nucleic acid migration from the wells of an agarose gel. Select formulations were analyzed by DLS for

size and stability. Complexation of either ISD or PIC at a 6:1 charge ratio with PH conjugate (5:1 molar
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ratio) resulted in negligible size change from that of conjugate without adjuvant, indicating a stable
formulation (Figure 4.1C,D). Complexation of ISD and PIC at a 5:1 charge ratio with CT conjugate (5:1)
molar ratio resulted in some size change; more so for ISD, whose size distribution increased toward a
mean diameter of ~60 nm (vs. ~30 nm for PH formulations). Conversely, the size of OVA-CT/PIC
seemed to decrease slightly toward a mean diameter of ~20-25 nm. Nevertheless, these formulation
parameters were used moving forward in order to maximize the doses of adjuvant that could be
delivered in vivo. It is possible that the slight larger size of the CT polymer, or its different chemical

structure relative to the PH polymer, could have caused these differences in formulation with ISD and

PIC adjuvants.
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Figure 4.1 | Polymer carriers can be stably complexed with multiple nucleic acid adjuvants.

(A) NanolSD was complexed with either PH or CT nanoparticles (with or without conjugated OVA) at

various charge ratios of polymer:ISD (+/-). Gel electrophoresis and SYBR Safe staining were used to

confirm adjuvant complexation. Lane (1) OVA-PH [5:1]; (2) PH/ISD [6:1]; (3) CT/ISD [5:1]; (4) OVA-

PH/ISD [5:1,6:1]; (5) OVA-PH/ISD [10:1,6:1]; (6) OVA-PH/ISD [5:1,8:1]; (7) OVA-PH/ISD [10:1,8:1];

(8) OVA-PH/ISD [5:1,12:1]; (9) OVA-PH/ISD [10:1,12:1]; (10) OVA-CT/ISD [5:1,5:1]; (11) OVA-CT/ISD
[10:1,5:1]; (12) OVA-CT/ISD [5:1,7:1]; (13) OVA-CT/ISD [10:1,7:1]; (14) OVA-CT/ISD [5:1,10:1];

(15) OVA-CT/ISD [10:1,10:1]; (16) free ISD. Material loadedintoeach | ane was nor mal i
ISD. In all formulations, lack of migration of ISD as compared to lane (16) indicates complete
complexation. Conjugate without adjuvant did not show background staining (Lane 1). (B) Low
molecular weight poly(l:C) was complexed with either PH or CT nanoparticles (with or without
conjugated OVA) at various charge ratios of polymer:PIC (+/-). Gel electrophoresis and SYBR Safe

staining were used to confirm adjuvant complexation. Lane (1) OVA-PH [5:1]; (2) PH/PIC [8:1];

(3) CT/PIC [7:1]; (4) OVA-PH/PIC [5:1,6:1]; (5) OVA-PH/PIC [10:1,6:1]; (6) OVA-PH/PIC [5:1,8:1];

(7) OVA-PH/PIC [10:1,8:1]; (8) OVA-PH/PIC [5:1,12:1]; (9) OVA-PH/PIC [10:1,12:1]; (10) OVA-CT/PIC
[5:1,5:1]; (11) OVA-CT/PIC [10:1,5:1]; (12) OVA-CT/PIC [5:1,7:1]; (13) OVA-CT/PIC [10:1,7:1];

(14) OVA-CT/PIC [5:1,10:1]; (15) OVA-CT/PIC [10:1,10:1]; (16) free PIC. Material loaded into each lane

was normalized to 0.7 g PIC. For alll formul ations
indicates complete complexation. Conjugate without adjuvant did not show background staining

(Lane 1). (C) Representative size distribution (number average) at pH 7.4 for pH-responsive NP (PH)
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and control NP (CT) formulated with OVA antigen (5:1 molar ratio) and ISD adjuvant (PH, 6:1 charge
ratio; CT, 5:1 charge ratio), as measured by DLS. (D) Representative size distribution (humber average)
at pH 7.4 for pH-responsive NP (PH) and control NP (CT) formulated with OVA antigen (5:1 molar ratio)
and PIC adjuvant (PH, 6:1 charge ratio; CT, 5:1 charge ratio), as measured by DLS. Experiments were
performed once.

Effect of adjuvant and nanoparticle carrier on the lung-resident CD8" T cell response

We next wished to study the effects of immunization with different adjuvant/polymer
combinations on the CD8" T cell response in the lungs. For this purpose, we immunized two different
cohorts of mice: the first with PIC-containing formulations delivered with either PH or CT polymers, in
order to determine the effects of polymer properties on delivery of a single adjuvant; and the second
with PH nanoparticles complexed with CpG, ISD, or PIC adjuvants to determine whether different ISD
or PIC could generate comparable lung-resident to those seen with CpG in Aim 1. All formulations were
well-tolerated in mice, with minimal weight loss and full recovery after immunization (Figure C.3).

In the first cohort, mice were immunized i.n. on dO with OVA-PH/PIC, OVA-CT/PIC, OVA+PIC,
OVA-PH, or PBS. We speculated that since PIC has an endosomal receptor (TLR3), soluble delivery
might exhibit some efficacy. We also hypothesized that the PH and CT polymers might allow differential
delivery to RIG-I in the cytosol or TLR3, respectively. On d13 after immunization, lungs, BAL, and
spleens were collected and processed for staining with tetramer and surface marker antibodies, as
described previously (Figure 4.2A). Although 13 days after after immunization would not typically be
considered a Aimemoryo ti mepoi nttyrethahTevwfoem ais soona®twoe e vi
weeks after immunization.®® Thus, in addition to intravascular staining for tissue residence, we also
stained for CD103 and CD69 in these experiments. At d13 after immunization, CD8* T cells expressing
Trm Markers were abundant in the IST but not the MV (Figure C.5), supporting the notion these are
indeew @EI I s e wtermtingepointaln teehAd/'yr &VA-CT/PIC surprisingly appeared to give
the highest response (Figure 4.2B); however, very few cells were obtained via broncheoalvolar lavage
and so these numbers might not be reflective of the actual response in the airways (Figure C.4). In the
IST, all nanoparticle-containing formulations were significantly better than the mixture of OVA+PIC.
OVA-PH/PIC appeared to offer some advantage over both OVA-CT/PIC and OVA-PH, although the
difference was not significant (Figure 4.2C). Most notably, the OVA-CT/PIC group showed a
significantly higher response than other formulations in the MV (Figure 4.2D) and spleen (Figure 4.2E),
indicating that the CT polymer might offer some means of enhancing systemic immunity via PIC
delivery. In the AW, expression of CD69 was significantly higher on Trm generated by particulate groups
relative to OVA+PIC, and few CD103*CD69* Trm were generated (Figure 4.2F). This may again reflect
overall low numbers of cells collected in the BAL. Most importantly, in the IST, OVA-PH/PIC generated
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significantly more CD69"CD103" antigen-specific CD8" Tru than all other groups, supporting the
importance of pH-responsive activity and dual-delivery in generating a lung-resident response. For the
CD103*CD69" Trm phenotype in the IST, particulate formulations were superior to soluble OVA+PIC,
but only OVA-PH/PIC was significantly better (Figure 4.2G).

In the second cohort, mice were immunized i.n. on dO with OVA-PH/CpG, OVA-PH/ISD, OVA-
PH/PIC, OVA-PH, or PBS. This experiment was done to compare pH-responsive delivery of ISD and
PIC adjuvants with delivery of CpG, which has previously been proven effective (Aims 1 and 2). On d13
after immunization, lungs, BAL, and spleens were collected and processed for staining with tetramer
and surface marker antibodies, as described previously (Figure 4.3A). In the AW, ISD was the only
adjuvant to give a significantly higher response than unadjuvanted OVA-NP (Figure 4.3B). In the IST,
both CpG and ISD generated signficantly higher responses than OVA-NP alone (Figure 4.3C).
Interestingly, in the MV (Figure 4.3D), and to a lesser degree in the spleen (Figure 4.3E), delivery of
ISD appeared to significantly enhance the response there relative to other adjuvants. It is unclear why
ISD would promote a systemic response when delivered i.n. via pH-responsive polymer, and further
studies to determine the mechanism behind this are warranted. The OVA-PH/ISD formulation also
produced the most CD103"CD69* Trwm in both the AW (Figure 4.3F) and IST (Figure 4.3G), with OVA-
PH/CpG also producing a significantly higher response than OVA-PH in the IST. Numbers of
CD103*CD69+ Trm Were signficantly higher for any group in the AW or IST, although OVA-NP/CpG did
produce the highest response for this phenotype in the IST.
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Figure 4.2 Antigen-specific CD8* T cells expressing Tru markers are generated after
immunization with poly(l:C) adjuvant. (A) Mice were immunized i.n. with OVA-containing
formulations on dO and BAL, lungs, and spleens were analyzed on d13 via tetramer and surface marker
staining. CD45 was used to differentiate cells in IST vs. MV, and CD103/CD69 were used as markers
of Trwm cells. (B-E) Number (#) and frequency (%) of Tet* CD8" T cells in (B) AW, (C) IST, (D) MV, and
(E) spleen were enumerated on d13 after i.n. administration of OVA-PH/PIC, OVA-CT/PIC, OVA-PH,
or OVA+PIC. (F,G) Number (#) of Tet" CD8* T cells expressing CD69+CD103 in (F) AW or (G) IST
were enumerated on d13 after immunization. Data are mean = SEM with n = 5 per group. Experiment
was performed once. Immunization dose: 25 ug NP, 7 pg OVA, 0.8 pg poly(l:C). *p<0.05, **p<0.01,
***n<0.001, ****p<0.0001 by (B-E) ordinary one-way ANOVA or (F,G) ordinary two-way ANOVA with
Tukeyob6s multiple comparisons test
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Figure 4.3 | Antigen-specific CD8" T cells expressing Trw markers are generated after
immunization with agonists for distinct intracellular targets. (A) Mice were immunized i.n. with
OVA-containing formulations on dO and BAL, lungs, and spleens were analyzed on d13 via tetramer
and surface marker staining. CD45 was used to differentiate cells in IST vs. MV, and CD103/CD69 were
used as markers of Trm cells. (B-E) Number (#) and frequency (%) of Tet” CD8* T cells in (B) AW, (C)
IST, (D) MV, and (E) spleen were enumerated on d13 after i.n. administration of OVA-PH/CpG, OVA-
PH/ISD, OVA-PH/PIC, or OVA-PH. (F,G) Number (#) of Tet* CD8"* T cells expressing CD69+CD103 in
(F) AW or (G) IST were enumerated on d13 after immunization. Data are mean + SEM with n = 5 per
group. Experiment was performed once. Immunization dose: 25 pug NP, 7 ug OVA, and 1.07 pug CpG or
1.04 pg I1SD or 0.8 pug poly(l:C). *p<0.05, **p<0.01, **p<0.001, ***p<0.0001 by (B-E) ordinary one-way
ANOVA or (F,G) ordinary two-way ANOVA with Tukey 6 s mul t i pl e compari sons te
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