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Abstract

Defining mRNA vaccine-generated T cell memory in respiratory viral infection

Kurt B. Pruner

Chair of the Supervisory Committee:
Marion Pepper

Department of Immunology

T cell immune memory provides protective effector mechanisms to restrict pathogen
growth upon secondary infection, although the ability of T cells generated by novel mRNA-LNP
vaccines to restrict viral infection in currently unknown. To address this, we studied antigen-
specific T cell memory generated by mRNA-LNP vaccines in both humans and mice. We report
that functional and durable T cell memory is induced by mRNA vaccines in humans, and we
define functional T cell correlates of so-called ‘hybrid immunity’ through the study of T cell
cytokine production in human blood. Further, we report that mMRNA-LNP immunization of mice
provides incomplete benefits when compared to previous infection and unexposed naive mice
challenged with influenza virus in the absence of neutralizing antibodies. This intermediate state
of protection was associated with a lack of resident memory cells following initial vaccination but
expeditated T cell recruitment and adaptation to the lung when compared to unexposed mice.
Together, our data imply that mMRNA-LNP vaccine-generated memory T cells can provide limited
protective capacity in the absence of neutralizing antibodies, but this protective benefit could be

substantially improved by adapting aspects of previous infection in future vaccine regimens.
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1 Introduction
1.1 The generation of antigen-restricted T cell memory

T cells and B cells of the adaptive immune system have evolved to recognize foreign
antigens in a highly specific manner, allowing for a tightly regulated immune response to
previously encountered pathogens. To do this, each T cell undergoes stochastic recombination
of its antigen-reactive T cell receptor (TCR) in the thymus, thereby creating an immensely diverse
pool of recirculating naive T cells. Therefore, as a population, the T cell repertoire has the potential

to react to effectively every foreign protein introduced to the organism. TCR sequencing

approaches have estimated that the naive repertoire of a mouse consists of 2 x 108 clones, each
expressing a unique TCR [1]. Although such a diverse repertoire is necessary to recognize and
protect against the vast array of pathogens an organism may encounter, it also presents the
immune system with a challenge: Very small populations of T cells must expand, functionally
differentiate, and disperse throughout the body to effectively clear a pathogen.

T cell activation is initiated when a TCR recognizes a specific peptide presented on class
Il major histocompatibility complexes (MHC-II) expressed by antigen-presenting cells (APCs) [2].
Inputs integrated from TCR binding, signaling downstream of costimulatory molecules, and innate
cell-derived cytokines are incorporated into transcriptional networks that direct the expansion,
gain of effector function, and migration of a responding naive cell. For example, in an T helper
type 1 (Th1) response to an invading virus, a virus-specific T cell population can expand from
several hundred to several hundred thousand cells, gain the ability to express a variety of antiviral
cytokines (e.g., IFN-y, IL-2, TNF, and IL-10) or killing programs, and migrate to various tissues to
activate downstream target cells and effectively clear virus.

Upon the clearance of pathogen and during the resolution of inflammation, approximately
90% activated effector T cells undergo apoptosis in a process referred to as T cell contraction [3].

The cells which remain are memory T cells and persist through perception of the pro-survival



KB Pruner, 2024

cytokines IL-7 and IL-15 for the remainder of life. At least three distinct subsets of memory T cells
have been described: CD62L* central memory T (Tcm) cells, CD62L~ effector memory T (Tem)

cells, and CD62L~CD69? tissue-resident memory T (Trm) cells [4]. Tcm and Tem cells patrol the
spleen/lymph nodes and recirculate in the peripheral blood, respectively, whereas Trm cells
undergo contraction while localized in nonlymphoid barrier tissues and continuously patrol
extravascular niches in organs such as the skin, lung, intestine, or reproductive tract. Together,
this antigen-specific T cell compartment can survey all pertinent sites of pathogen invasion and
act in concert to rapidly clear secondary infection in a highly specific and regulated manner.

The divergent localization of memory T cell subsets is reflected in their distinct reactivation
dynamics. Tcm cells, located in secondary lymphoid organs (SLO), undergo extensive levels of
proliferation, and support the expansion of an abundant antigen-specific T cell compartment upon
reactivation. Tem cells have less proliferative potential but can quickly enter sites of infection
and/or barrier tissues due to their maintenance in the circulation [4]. Trm cells are often the first
to detect an instance of secondary reinfection, due to their proximity to pathogen entry, and can
rapidly secrete cytokines and effector molecules that activate the tissue site and, in some cases,
directly clear pathogen to provide protection [5-8]. Because of their activity within major organs,
their proven effectiveness at clearing pathogens, and their relatively recent discovery,
understanding the generation, maintenance, and effector programs of Trm cells represents an

important area of investigation for the inception of next-generation vaccines and therapeutics.

1.2 Virus-specific T cell memory in the respiratory tract

Virus-specific memory T cells can behave as sentinels against reinfection due to their
localization. Memory T cells persist in various anatomical compartments following respiratory viral
infection, including the blood, lymphatic organs, and lungs [9-10]. Multiple studies have focused

on the ability of Trm to facilitate an optimally efficient response to viral reinfection, and they have



KB Pruner, 2024

therefore become an important focus of investigation. Using parabiosis experiments in mice,
virus-specific CD4 and CD8 Trm cells have been observed to be retained in tissues across the
body following systemic and mucosal viral infections [11-12]. Following in vivo antigen
restimulation, both CD4 and CD8 Trm cells can rapidly secrete cytokines, including IFN-y, which
facilitates the recruitment of circulating immune cells and the activation of other resident cells
critical for protection against disease [12-13]. For example, in two separate animal models, the
activation of viral-specific CD8 and CD4 Trm cells was required to control viral burden during
reinfection in the skin and female reproductive tract through the production of IFN-y [13-14]. In
studies focused on respiratory infection, the transfer of CD4 lung Trm cells from mice that had
previously cleared influenza virus protected unexposed mice from infection, while the transfer of
spleen-derived memory T cells provided no better protection than naive T cells [15]. This inability
of circulating T cell memory to recapitulate the protection afforded by aspects of resident memory
has been reported frequently [16-18] and highlights the importance of understanding Trm cell
biology for protection against viral infections.

Trm cells act as sentinels that prevent respiratory disease through their ability to localize
to tissues, reactivate in response to reinfection, and rapidly express effector molecules to limit
viral replication. Although naive and resting memory T cells share the expression of ~95% of their
transcriptome, memory T cells selectively possess an epigenetic landscape that retains open
accessibility to genes that were expressed during their effector phase [19-20]. Demethylated
chromatin at sites of effector genes, such as CXCR3, CXCR5, CCR5, IL-2Raq, IL-18Ra, IFN-y,
granzyme B, and perforin, have been detected in memory T cells, allowing for rapid transcription
and accelerated effector protein production in response to TCR stimulation [19, 21]. Using in vitro
ovalbumin peptide simulations, ovalbumin-specific CD4 memory T cells have been shown to
display an open chromatin landscape at the IFNG locus, allowing for rapid production of IFN-y
within 2 h [22]. In stark contrast, a naive ovalbumin-specific CD4 T cell migrating through lymphoid

organs must find an APC expressing its pMHCII in the context of costimulation and cytokines,
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which would lead to the upregulation of T-bet, bearing a delay of up to 24 h before it gained the
ability to open the IFNG locus [22]. Additionally, in response to ex vivo restimulation, CD4 Trm
cells isolated from human airways produced the effector cytokines IFN-y and TNF-a faster and in
larger quantities compared with circulating CD4 memory cells from the blood, suggesting that Trm
cells represent the memory T cell compartment that is the most epigenetically poised to respond
rapidly to viral reinfection [23].

Cytokines produced rapidly by memory CD4 Trm cells are essential for the accelerated
recruitment, localization, and activation of innate immune cells only hours after reinfection, a
process that takes up to 1 d in mice without CD4 Trm cells [24]. In a model of secondary influenza
infection, upregulation of the secondary effector molecules IL-1a, IL-1B, TNF-qa, IL-6, and the

chemokines CXCL9, CXCL10, and CCL2 by tissue-residing innate cells depended on the
presence of CD4 Trm cells and their interactions with CD11c™ cells presenting viral antigen on

pMHCII [24-25]. In these settings, innate cells also facilitated the recruitment of Ly6C* monocytes
from the bloodstream to further amplify rapid antiviral activity [24]. Importantly, through their
immediate production of IFN-y, CD4 Trm cells can modulate the localization of key effector cells
to sites of active viral replication in the respiratory tract. Since most respiratory viruses propagate
by infecting cells within the airways and not the parenchyma, many viral-specific CD4 Trm cells
constitutively express the chemokine receptor CXCR3 and integrin CD49a (VLA-1) and can
rapidly migrate to subepithelial or bronchoalveolar spaces in response to the CXCR3 ligands
CXCL9 and CXCL10 produced by infected airway epithelial cells [26-28]. Unlike what is seen in
certain bacterial infections like Mycobacterium tuberculosis [29], viral-specific CD4 T cells
localized to the airways produce the largest amount of cytokines, including IFN-y, IL-10, and IL-
2. In a model of SARS-CoV-1 vaccination, the blockade of IFN-y either by administration of IFN-
y—blocking antibody or depletion of CD4 Trm cells in the airway led to a loss in protection from

viral challenge [30]. In this study, it was determined that IFN-y from CD4 Trm cells was needed

10
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to activate resident dendritic cells (DCs) and recruit CXCR3* memory CD8 Trm cells to the airway
through the IFN-y—dependent upregulation of CXCL9 and CXCL10. Notably, only the blockade of
IFN-y during a secondary, but not a primary, infection with influenza restricted viral clearance [18],
underscoring its select role in secondary responses.

In addition to IFN-y, CD4 Trm cells can also rapidly produce the cytokines TNF-a and IL-
10, although these cytokines have been shown to be either beneficial or detrimental to the host
depending on the model of infection studied. In a model of respiratory syncytial virus (RSV)
infection, mice that received TNF-a—blocking antibodies developed reduced tissue pathology and
clinical disease. In this study, mice treated with anti—-TNF-a also produced lower levels of IFN-y
from their CD4 T cell compartment, suggesting that TNF-a production may cause T cell-
dependent pathology in the lung [31]. Conversely, TNF-a KO mice during primary influenza
infection displayed reduced viral burden and weight loss and heightened levels of both IFN-y—
producing virus-specific CD8 T cells in the lungs and hemagglutinin (HA)-specific antibody in the
serum, suggesting that TNF-a production was suppressing a productive adaptive immune
response [32]. Additionally, in coronavirus infection, the i.n. administration of recombinant TNF-a
to naive mice 12 h before challenge with SARS-CoV led to decreased survival [30]. These
conflicting reports and the relatively small body of detailed research on the mechanism of TNF-a
during viral infection highlights the need to study this important cytokine, especially as it is often
used as a proxy of productive antiviral immunity, and its blockade is a common therapy for
diseases such as rheumatoid arthritis and inflammatory bowel disease.

IL-10, a key regulatory cytokine in the lung, has been shown to be produced by T-bet*
FOXP3 effector [33] and memory [30] CD4 T cells in the lung. To prevent lethal immunopathology
during the late stages of influenza infection, CD4 T cells are required to orchestrate a contraction
of the inflammatory immune response through the upregulation of IL-10 in activated effector T

cells [34-35]. Although necessary for restraining lethal inflammation, IL-10 has also been shown
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to diminish the antibody response to influenza virus [34], and its deletion led to survival in a model
of lethal influenza infection [36]. Therefore, as is likely the case for TNFa, the role of IL-10 and
the relative production of IL-10 by CD4 Trm may vary depending on the timing, nature, and
severity of the infection. For example, compared to a primary response, lower levels of IL-10 are
produced during the secondary response to influenza infection [37]. This phenomenon is likely
explained by the accelerated antiviral response to secondary infection when local T cell memory
is present. Since viral burden is kept in check, the immune system does not employ a highly
inflammatory response to clear infection and perhaps does not need large quantities of anti-
inflammatory mediators such as IL-10 to dampen inflammation.

In addition to cytokine production, some CD4 T cells have been shown to engage in
pMHCII-restricted lysis of virus-infected cells, a mechanism of viral control previously thought to
be restricted to CD8 cytotoxic lymphocytes (CTLs) [38]. CD4 CTLs have been described clustered
around infected cells in the airways and produce the effector molecules granzyme-B and perforin
[39]. CD4 CTLs are dependent on IL-2, Blimp-1, and Eomes for their generation [40], as well as
type-I interferon [41], which is produced by infected airway epithelial cells [42]. Intriguingly, CD4
T cell differentiation to a CD8 CTL-like fate is mediated by repression of the transcription factor
ThPOK [43], which alternatively is needed to repress CD8-associated molecules in thymic and
peripheral differentiation of CD4 T cells [44-45]. More research is needed to determine the fate of
these cells following viral clearance as Trm are not detected in the airways at memory timepoints
[46], and ThPOK is necessary for the generation of functional central memory CD4 T cells and
their production of IL-2 [47].

Although many virus-specific CD4 Trm migrate to the airways to combat active viral
replication [30], there is also a functionally distinct population of CD4 Trm which remain in the
parenchymal lung tissue and provide important helper functions to other virus-specific immune
cells. Following contraction of a primary immune response, two distinct populations of CD4 Trm

form in the lung that can be detected by their reciprocal expression of folate receptor 4 (FR4) and
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P-selectin glycoprotein ligand 1 (PSGL1) [48-49]. PSGL1*FR4  CD4 Trm express higher levels of
T-bet and CXCRG6, resembling a sentinel CD4 Trm subset that rapidly migrates to areas of
infection and engages in direct viral clearance. In contrast, FR4'PSGL1" CD4 Trm selectively
express PD-1, CXCR5, CXCR4, and ICOS, depend on BCL-6, MHC-II, and B cells for their
development, and co-localize with B cells within the parenchymal lung tissue [48-49]. During
influenza reinfection, mice that did not develop CD4 Trm with the capability to cluster with B cells
had an inability to produce large amounts of HA- or NP-specific B cells or antibodies and displayed
reduced survival [49].

The clustering of CD4 Trm with other immune cells, including B cells, CD21" follicular DCs,
and CD8 T cells, in peri-bronchial areas of the lung was previously described and is sometimes
referred to as inducible bronchus-associated lymphoid tissue (iBALT) [50]. iBALT has been shown
to have direct access to inhaled antigen through specialized M cells [51], and provides a niche for
adaptive immune cells to interact and proliferate in response to infection, suggesting an
advantageous role as a local lymphatic compartment that can provide the functions of a traditional
lymphoid organ while being located at the site of infection. Although iBALT can form
independently of lymphoid tissue inducer cells necessary for development of lymphoid organs,
iBALT formation does require the upregulation of CXCL13 and CCL19, which are important
mediators of lymphoid architecture, by stromal cells and DCs [52]. In a model of influenza
infection, the release of type-1 interferon drove the production of CXCL13 by lung fibroblasts and
facilitated recruitment of CXCR5" B cells to the lung parenchyma, which were necessary for iBALT
formation [53]. Indeed, B cells are active mediators of iBALT functionality, as the depletion of B
cells led to a decrease in BCL-6, CXCR5, and ICOS-expressing CD4 Trm and a concomitant
decrease in CD8 Trm maintenance and the production of antibody from lung-residing B cells
(BRM) during reinfection events [48-49]. Further, respiratory viral infection in pMT mice, which
lack B cells, drove more virus-specific T cells to the lung parenchyma during effector phases of

the infection but led to reduced numbers of long-lived memory CD4 Trm compared to WT mice,
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suggesting that B cells are essential for the survival and maintenance of CD4 Trm in the lung in
the memory phase [54]. Therefore, iBALT represents an important niche for the maintenance of
virus specific CD4 Trm populations in the lung, as has been shown in ectopic memory lymphocyte
clusters in other tissues [14], and in an allergic airway model of pulmonary inflammation [55].
Upon reactivation in iBALT, CD4 Trm have been shown to co-localize with Brm, providing a rapid
burst of virus-specific antibodies from local plasmablasts [48, 56], while also leading to further
affinity maturation of lung Brm toward broadly-neutralizing, cross-reactive epitopes that are highly
protective in heterologous infections [49, 57-58]. Indeed, CD4 Trm aid in local production of
antibodies by Brm in other models of inflammation [59].

In addition to B cells, CD4 Trm have been shown to co-localize with CD8 T cells and
conventional DCs in peri-follicular areas of iBALT and to augment CD8 T cell homing and fitness
through their production of IFNy and/or IL-21 during late stages of influenza infection [49, 60-62].
Further, in a model of CD8 Trm reactivation by latent herpes simplex virus infection, signals from
CDA4 T cells in the tissue were shown to be essential for the expansion of virus-specific CD8 Trm
through a ftripartite interaction involving recruited monocyte-derived dendritic cells [63]. These
data further support seminal work which showed impaired virus specific CD8 T cell recall
responses in the lymphoid tissue in the absence of CD4 T cells [64]. Interestingly, CD4 T cells
are not required for the resurgence of CD8 effector mechanisms such as specific lysis or IFNy
production on a per-cell basis, suggesting that signals from CD4 T cells may selectively modulate
the expansion of CD8 T cells, perhaps representing a mechanism to amplify the CD8 secondary
effector response depending on viral load or inflammatory cues during reinfection.

As a note, iBALT with organized follicles containing germinal center B cells, CXCR5" Tfh
cells, and CD21* follicular DCs are not detected in all instances of respiratory virus infection [65].
However, even when iBALT is not present, loose clusters of PD-1* CD4 T cells and B cells are
still detected in the lung parenchymal tissue and these T cells are able to provide help to BRM to

induce activation and class-switching to IgA [66]. Further, CD4 Trm in the female reproductive
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tract, which does not feature densely organized iBALT-like structures, have been shown to induce
an expansion of CD8 CTLs, B cells, and activated CCR2* and CCR7*CD86" DCs in response to
secondary stimulation with sterile antigen in vivo [12]. Therefore, even in the absence of distinct
iBALT structures, helper functions of CD4 T cells persist, although more research is needed to

determine the importance of these structures in secondary viral infection.

1.3 Understanding immune memory during the COVID-19 pandemic
Respiratory virus outbreaks have deleteriously impacted global health and
prosperity throughout human history. A lack of immunity to emergent respiratory viral infections
is the underlying cause of several global pandemics that have occurred over the past century,
including influenza A pandemics [67] and novel coronavirus pandemics, such as the current
SARS-CoV-2 pandemic responsible for ~ 2.5 million deaths [68]. Although neutralizing antibodies
produced by B cells in the bone marrow, called long-lived plasma cells (LLPCs), offer excellent
protection to previously circulated strains of respiratory viruses [69], the occasional zoonotic
emergence or recombination event results in viral clades with novel surface proteins that are not
well-recognized by circulating antibodies or memory lymphocytes, introducing the potential for
unrestrained infection or pandemic [70-71]. Even when partial immunity in many communities
exists, as seen in the seasonal influenza epidemics, significant mortality and loss of productivity
remains [72]. Understanding how to elicit immunity to respiratory viruses through vaccination to
prevent the emergence of disease is therefore a significant focus of ongoing research.
The immune system is rapidly called into action if a respiratory virus can productively infect
a host. While it takes days to mount a primary adaptive immune response to a previously
unperceived virus, memory lymphocytes can become activated in response to a prior or closely
related viral infection within hours. Layers of adaptive immune memory have evolved to respond
to homologous or heterologous viral antigens through a variety of mechanisms. LLPCs provide

the first line of defense by constitutively secreting antibodies. While these antibodies may provide
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sterilizing immunity to homologous infection, they also exert immune pressure on viral surface
antigens, evolutionarily driving the outgrowth of mutated virions. Cross-reactive memory T and B
lymphocytes are therefore an important next layer of protection from viruses that may express
closely related surface proteins but have mutated to evade the circulating LLPC-derived antibody
repertoire. While some memory B cells can rapidly respond to heterologous reinfection by making
antibody secreting cells (ASCs) [73], others can re-enter a germinal center response for further
diversification [74-76]. Memory T cells retain the ability to respond to homologous or heterologous
viral antigens both through their ability to bind peptide:MHC (pMHC) complexes with a broad
range of receptor affinities, as well as through their capacity to respond to intracellular proteins
that may have avoided antibody-mediated immune pressure. This is important, as many of the
intracellular antigens are critical, highly conserved housekeeping proteins necessary for viral
replication and function. For example, memory CD4 and CD8 T cells elicited by seasonal
influenza A infection can be rapidly activated ex vivo in response to elements of pandemic strains
of influenza, including H5N1, H3N2, and H1N1 [77-78], and their presence correlates inversely
with disease severity, even in the absence of neutralizing antibodies [79-80]. When analyzed in
more detail, T cell cross-reactivity to pandemic strains was heavily enriched for clones specific to
the internal proteins NP and M1 [81], supporting the notion that internal proteins are more highly
conserved between seasonal and pandemic strains of virus [82].

The rapid spread of the SARS-CoV-2 betacoronavirus has infected and killed millions of
people worldwide since 2020. Infection causes the disease COVID-19, which ranges in
presentation from asymptomatic to fatal. Community-level immunity, acquired through infection
or vaccination, is necessary to control the pandemic as the virus continues to circulate. At the
start of the COVID-19 pandemic, it was unclear whether infection with the SARS-CoV-2 virus
induced durable and functional immune memory, which would be necessary for protection against
bouts of future COVID-19 disease in convalescents. Additionally, due to the rapid implementation

of novel SARS-CoV-2 RBD mRNA vaccines, limited data was available on the quantity, durability,
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and quality of mRNA-generated immune memory. As the pandemic evolved, SARS-CoV-2
variants of concern (VOC) emerged due to selective pressure against neutralizing antibody
epitopes of the SARS-CoV-2 receptor binding domain (RBD). Immune memory-mediated
protection against VOC strains differed based on exposure history and relative escape from
parent-strain neutralizing antibody epitopes but overall, previous infection or immunization
provided superior protection vs. the lack of immune memory. Additionally, so-called “hybrid
immunity” induced by a combination of prior SARS-CoV-2 infection and subsequent COVID-19
vaccination provided greater protection against re-infection and severe COVID-19 disease than
either infection or vaccination alone [83-87].

Together, the SARS-CoV-2 pandemic necessitated highly efficient and accurate
measurement of the SARS-CoV-2-specifc immune compartment to understand the evolving
pandemic and inform the implementation of effective interventional strategies, such as vaccines.
In addition, the SARS-CoV-2 pandemic created a situation in which nascent memory could be
tracked through additional antigen exposures. The site of antigen encounter, specific
inflammatory signals, and the number, timing, and frequency of antigen exposures all influence
the resulting memory pool, yet the specific rules governing memory formation remain undefined.
Understanding how the confluence of these parameters influences immune memory function and
maintenance is critical for optimizing protective vaccines.

In summary, much is still to be learned concerning the dynamics and diverse functions of
T cell memory during natural viral infection of the respiratory tract. Future research into facets of
T cell-mediated protection in natural respiratory infection and the mechanisms in which Trm are
generated and involved in viral clearance will provide invaluable information for vaccines designed

to elicit local immunity in tissue niches, enabling optimal protection from future global pandemics.
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2 Functionally imprinted SARS-CoV-2-specific memory T cells define

protective correlates of exposure history in vaccinated and infected humans

21 Introduction

The generation of immune memory is influenced by signals that B and T lymphocytes of
the adaptive immune system perceive during a primary immune response. This system has
evolved such that key cues from an invading pathogen or vaccine are relayed to lymphocytes so
that they can provide specific functional outputs to combat infection and protect from re-infection.
The site of antigen encounter, specific inflammatory signals, and the number, timing, and
frequency of antigen exposures all influence the resulting memory pool, yet the specific rules
governing memory formation remain undefined. Understanding how the confluence of these
parameters influences immune memory function and maintenance is critical for optimizing
protective vaccines.

In the context of the SARS-CoV-2 pandemic, the so-called “hybrid immunity” induced by
a combination of prior SARS-CoV-2 infection and subsequent COVID-19 vaccination provides
greater protection against re-infection and severe COVID-19 disease than either infection or
vaccination alone [83-87]. Studies investigating immune correlates of hybrid immunity have
revealed improved breadth and neutralizing ability of circulating antibodies from previously
infected (PI) individuals [88-91], but the specific changes in the cellular immune compartment
associated with this immune state remain undefined. Additionally, it is not understood whether
further activation of immune memory in vaccinated-only individuals could achieve similar qualities,
as Pl individuals have had an additional antigen exposure.

To answer these questions, we tracked circulating SARS- CoV-2-specific memory

lymphocytes in a cohort of naive (N) or SARS-CoV-2-PI| subjects over the course of three

vaccinations. We focused on visualizing spike (S)-specific CD4™ T cells, as they are critical
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mediators of protection in infected individuals over a 2-year period and induced by SARS-CoV-2-
directed vaccines [92-95].

We find that the immune memory landscape elicited by vaccination of Pl subjects is distinct
from the immune memory of SARS-CoV-2-naive individuals. Examination of the T cell
compartment revealed that although N and PI individuals generated equivalent numbers of S-
specific CD4 T cells after vaccination, there was a profound functional skewing toward a Th1
phenotype in Pl subjects. CD4 T cell functional differences between N and Pl subjects persisted
following the administration of a vaccine booster. Further we observed no increase in memory T
cells, indicating that the immune memory compartment is likely maximized after the two-dose
regimen. Thus, our data support a model in which the priming environment induced by SARS-
CoV-2 infection imprints immune memory with multiple features of enhanced type-1 antiviral
immunity. These likely contribute to the increased protection associated with hybrid immunity and

are not fully recapitulated by repeat vaccination.

2.2 Results

CD4 T cell responses to vaccination were assessed in N and PI individuals using an
activation induced marker (AIM) assay based on expression of CD69 and CD154 to detect SARS-
CoV-2 specificity [96] (Figures 1B and 1C). PBMCs from N or Pl donors isolated before and after
vaccination were re-stimulated in the presence of peptide pools optimized for the induction of
MHC class ll-dependent CD4 T cell responses (15-mers) and containing predicted T cell epitopes
across a range of common HLA haplotypes against the viral membrane and nucleocapsid (M/N)

or spike (S) proteins.
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Figure 1: Robust and durable CD4 T cell responses to SARS-CoV-2 in both previously naive and
previously infected individuals. (A) Mean fluorescent intensity (MFI) of CD127 on AIM CD4* T cells in
previously infected (red) participants. (B) AIM gating strategy depicting removal of naive
CD45RA™CD127* T cells and CD25*CD127" T regulatory cells. (C) Validation of CD69*CD154* AIM cells
depicting absence from T regulatory and naive compartments (left) and inclusion of all cytokine-producing
cells (right). (D) Representative flow cytometry gating of non-naive (nn) AIM CD4*CD69"CD154" T cells in
DMSO-, M/N-, and S-stimulated memory T cells from SARS-CoV-2 naive (left, blue) and SARS-CoV-2
previously infected (right, red) participants before and 1 week after two doses of MRNA vaccine.

(E and F) Summary graphs of MN- (E) and S-specific (F) nnCD4* T cells. Data in (E) and (F) are

represented both longitudinally (left) and by cross-group comparisons (middle, right). (Cont. pg 22)
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Pre-vaccination, CD4 T cells from Pl donors displayed responses to both M/N and S,
consistent with prior SARS-CoV-2 infection and the presence of memory cells (Figures 1D-F),
whereas responses in N donors were undetectable above individual donor background (Figures
1D-F). Throughout the course of vaccination, responses to M/N remained negative in N donors,
but endured, undiminished in PI donors at all time points, indicating that SARS-CoV-2-specific
CD4 T cells primed during infection, persist at least 18 months following initial antigen exposure
(Figures 1D and 1E). Following initial two-dose vaccination, S-reactive AIM+ CD4 T cells were
significantly elevated above pre-vaccination levels in both N and Pl individuals, with no significant
differences in peak CD4 T cell response between groups (Figures 1D and 1F). Therefore COVID-
19 vaccination induces numerically equivalent populations of S-specific cells in all subjects,
regardless of prior SARS-CoV-2 exposure status, that persist for at least three months.

During T cell priming, the context of the initial antigen exposure directs CD4 T cells
towards different helper and memory fates with distinct functional capacities. To determine how
a primary infection versus vaccination or total number of antigen exposures differentially impacted
functional outcomes, we directly interrogated cytokine production from SARS-CoV-2-specific CD4
T cells following stimulation with M/N or S peptide pools in N and Pl individuals. As demonstrated
previously, CD154 and CD69 can be used to identify activated, antigen-reactive T cells that
represent the primary cytokine producers in response to stimulation (Figures 1B and 1C). In PI
subjects, we measured a strong cytokine response to infection in M/N- (Figure 2A-2E) and S-

reactive T cells (Figures 3C-3F, 4A, and 4B) that was dominated by the production of

(cont. from Fig 1): Lines connecting data points indicate paired samples from the same donor. Significance
was determined by Wilcoxon matched-paired signed rank test for longitudinal analyses and multiple
unpaired Mann-Whitney test for group analyses: not significant (ns), *p < 0.05, **p < 0.01, *=+p < 0.001.
Error bars represent mean and SD. Dashed lines indicate average donor background level. Pre-vaccination
(Pre), 1 week post two-dose COVID-19 mRNA vaccination (1w PV2), 3 months post two-dose vaccination

(83m PV2), 2 weeks post third vaccination dose (2w PV3).
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Figure 2: Cytokine production by M/N-specific AIM* CD4 T cells. (A—E) Summary graphs of the

indicated cytokines for M/N-specific CD4*CD69"CD154" T cells (AIM*CD4*) in SARS-CoV-2 naive (blue)

and previously infected (red) participants. Data are represented both longitudinally (left) and by cross-

group comparisons (middle, right). Significance was determined by Wilcoxon matched-paired signed rank

test for longitudinal analyses and multiple unpaired Mann-Whitney test for group analyses: not significant

(ns), *p < 0.05, **p < 0.01, =+p < 0.001. Error bars represent mean and SD. Dashed lines indicate average

donor background level. Pre-vaccination (Pre), 1 week post two-dose COVID-19 mRNA vaccination (1w

PV2), 3 months post two-dose vaccination (3m PV2), 2 weeks post third vaccination dose (2w PV3).
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Figure 3: CD4 T cell responses to SARS-CoV-2 demonstrate qualitative effector cell differences
between previously naive and previously infected individuals. Analysis of spike-reactive CD4 T cells
in SARS-CoV-2 naive (blue) and previously infected (red) individuals. (C—H) Representative flow
cytometry plots and summary graphs for the indicated cytokines, gated on total

CD4*CD69*CD154* T cells. Data in (D), (F), and (H) are represented both longitudinally (left) and by
cross-group comparisons (middle, right). Significance was determined by Wilcoxon matched-paired
signed rank test for longitudinal analyses and multiple unpaired Mann-Whitney test for group analyses:
not significant (ns), *p < 0.05, **p < 0.01, =+p < 0.001, and ***+p < 0.0001. Error bars represent mean and
SD. Dashed lines indicate average donor background level. Pre-vaccination (Pre), 1 week post two-dose
COVID-19 mRNA vaccination (1w PV2), 3 months post two-dose vaccination (3m PV2), 2 weeks post

third vaccination dose (2w PV3).
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Figure 4: Additional cytokine production by S-specific AIM+ CD4 T cells. (A—H) Representative flow

cytometry plots and summary graphs for non-naive CD4*CD69*CD154* T cells (AIM* CD4s) for the

indicated cytokines. Data in (B) and (D) are represented both longitudinally (left) and by cross-group

comparisons (middle, right). Validation of cytokine staining for cases of very low cytokine producers

indicated in (E) through (H) are provided using phorbol 12-myristate 13-acetate (PMA) and ionomycin

positive control (yellow). Significance was determined by Wilcoxon matched-paired signed rank test for

longitudinal analyses and multiple unpaired (cont. pg. 26)
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IFN-g and IL-2 but also included modest levels of IL-10. Cytokine production in response to M/N
peptides in Pl individuals was not enhanced by vaccination (Figure 2A-2E). Neither N nor PI
donor S-reactive T cells produced any detectable IL-4 (Figures 3G and 3H), IL-21, IL-13, IL-17,
CD107a, or IL-22 (Figure 4C—H) prior to vaccination. The response in N individuals to two doses
of vaccination generated a functionally diverse CD4 T cell response, exhibiting strong induction
of IFN-g, IL-10, IL-4 (Figure 3C-3H), IL-2, and IL-21 (Figure 4A—4D), whereas we observed no
increased expression of IL-17A, CD107a, or IL-22 over pre-vaccination levels (Figure 4F-H). IL-
4 production, a hallmark of both Th2 and Tth CD4 T cell responses [97], was enriched specifically
at 1-week post-vaccination in N individuals (Figures 3G and 3H). However, few spike-reactive T
cells co-produced IL-4 and IL-13 (Figure 4E), suggesting the absence of bona fide Th2
polarization. Strikingly, Pl individuals not only exhibited a strong induction of IFNg-producing S-
reactive CD4 T cells following vaccination, but this response remained significantly elevated
compared with the N group following both second and third vaccine doses (Figures 3C and 3D).
Pl donor CD4 T cells also produced higher levels of IL-10 after two-dose vaccination compared
with N participants, which also trended higher after a third vaccine dose despite failing to reach
statistical significance (Figures 3E and 3F). Production of IL-21, although not detected following
infection, was observed at comparable levels in both N and Pl individuals following two- and three-

dose vaccination (Figures 4C and 4D).

(cont. from Fig 4):

Mann-Whitney test for group analyses: not significant (ns), *p < 0.05, *p < 0.01, *=+p < 0.001. Error bars
represent mean and SD. Dashed lines indicate average donor background level. Pre-vaccination (Pre),
1 week post two-dose COVID-19 mRNA vaccination (1w PV2), 3 months post two-dose vaccination (3m

PV2), 2 weeks post third vaccination dose (2w PV3).
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The S-reactive CD4 T cell compartment was further distilled into subpopulations using a

dimensionality reduction analysis on pooled CD154*CD69* cells from all participants. We applied
uniform manifold approximation and projection (UMAP) followed by FlowSOM analysis and
identified 15 distinct clusters of which 13 were expanded following infection or vaccination, and
six included cells that produced cytokine(s) (Figure 5A-5P). Two of these clusters, CL4 and CL13,
were specifically enriched in Pl donor T cells following vaccination. CL4 was defined largely by
the production of IFN-g and low CD127 expression, indicative of terminally differentiated Th1 cells
(Figure 5E). CL13 was defined by co-production of IFN-g and IL-10, while also display- ing low
CD127 expression, resembling FOXP3 type-1 regulatory (Tr1) cells (Figure 5N). In contrast,
increased vaccine-induced T cells producing IL-4 were specifically enriched in CL15 only in N
participants. These cells additionally co-produced IL-2, IFN-g, and small amounts of IL- 21 (Figure
5P), suggesting a Tth-like phenotype. Collectively, this unbiased analysis of the S-reactive CD4
T cell compartment identifies the emergence of functionally distinct subsets, which differ following
vaccination in Pl and N participants according to prior SARS-CoV-2 infection history.

To determine how the number of antigen exposures may alter distinct cytokine production
profiles seen in N and Pl individuals, we compared S-reactive T cells from N individuals after three
doses of vaccination (three antigen exposures) with those from Pl individuals after two doses of
vaccination (three antigen exposures). When cytokine production was assessed between triple-
vaccinated N participants and double-vaccinated PI participants, the Pl group maintained a
dramatically elevated frequency of IFN-g- and IL-10-producing S-specific CD4 T cells compared
with the N group (Figures 2C and 2D). These data indicate that T cell priming by infection or
vaccination promotes distinct effector states in which functional differences persist through

multiple vaccine doses.
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Figure 5: Dimensionality reduction and clustering analysis of SARS-CoV-2 S-specific CD4

AIM* T cells (A) Dimensionality reduction and phenograph-derived clustering (k = 40) overlaid for total

CD4*AIM*(CD1547CD69") T cells pooled from all participants (left). Heatmap expression of the indicated

parameters over UMAP space (right). (B—P) All cells from the indicated clusters (CL) are (cont. pg. 29)
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23 Discussion

Protective immunity generated in response to infection or vaccination is characterized by
an expanded population of antigen-specific memory cells that rapidly expresses effector
molecules upon antigen re-exposure. To prevent or control re-infection, memory cells are
functionally tailored by the initial priming event; however, it is unclear how subsequent antigen
exposures alter the quantity and quality of the response. The emergence of a
novel coronavirus and expeditious generation of vaccines provided an unprecedented
opportunity to examine the formation of a nascent antigen-specific memory pool in human
volunteers and the impact of previous infection on the quantity, quality, and durability of vaccine-
induced immune memory. This is particularly important, as SARS-CoV-2 infection prior to
vaccination, referred to as “hybrid immunity,” provides a protective advantage over vaccination
alone [83-86]. Herein, we examined the distinguishing features of hybrid immunity to SARS-
CoV-2 in comparison with vaccination alone over time and with subsequent antigen exposures.
We found that the spike-specific CD4 T cells induced in Pl and then vaccinated individuals
exhibited a unique IFN-y and IL-10 cytokine-producing profile not recapitulated in N individuals
by repeat vaccination. This represents the first immune correlate of hybrid immunity that is
stably imprinted on responding cells during initial infection and could contribute to protection

from symptomatic infection by providing an antiviral program.

(cont. from Figure 5): represented in corresponding color from UMAP plot in (A) overlayed on all CD4
AIM* T cells and showing expression of select parameters (IL-2, IFN-y, IL-10, CXCRS5, CD127, CD25, IL-
4, and IL-21). Enumeration of each cluster is per 1 x 108 non-naive (nn) CD4* T cells in SARS-CoV-2
naive (blue) and SARS-CoV-2 previously infected (red) participants. Pre-vaccination (Pre), 1 week post
two-dose COVID-19 mRNA vaccination (1w PV2), 3 months post two-dose vaccination (3m PV2).
Significance was determined by multiple unpaired Mann-Whitney test for group analyses and by Wilcoxon

matched-paired signed rank test for longitudinal analyses: not significant (ns), *p < 0.05, **p < 0.01.
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Differences in route or inflammation associated with antigen exposure between N and PI
individuals are likely key factors contributing to the differences in T cell phenotype and
functionality associated with hybrid immunity. Pulmonary infection with SARS-CoV-2 virus and
intramuscular immunization with full-length spike mRNA involve distinct inflammatory
environments for immune activation to spike protein. Prolonged viral replication in pulmonary
tissue has been associated with production of various inflammatory cytokines in COVID-19
patients [98-99]. Specifically, the inflammatory cytokines IL-12, IFN-a, and IFN-y, produced by
innate lymphocytes in response to viral PAMPs, directly drive T cells to upregulate the
transcription factor T-bet, the master transcription factor for Th1 cells [100-101], and may induce
the CD4 memory T cell IFN-y and IL-10 signature we describe in Pl individuals that is
maintained through vaccination. Further, the cytokines IL-6, IL-12, or IL-27 drive the expression
of IL-10 in FOXP3™ CD4 helper T cells through the adapter c-maf [102-104]. Functional
differences, including the production of IL-10, have previously been described in SARS-CoV-2-
specific CD4 T cells from individuals that experienced different levels of COVID-19 severity,
raising questions about how these cytokines may be involved in immune protection [105].

Additionally, infection with SARS-CoV-2 recruits effector T cells to the lung tissue,
generating tissue-resident memory cells in the human lung [106]. T cells that enter the lung
tissue or interact with lung-derived innate cells in the lung-draining lymph node, may encounter
a distinct inflammatory environment absent during intramuscular mRNA vaccination. Indeed,
tissue-experienced CD4 Trm cells produce the highest levels of IFN-y and IL-10 in a mouse-
adapted SARS-CoV infection [30]. Therefore, it may be the case that the increase in cytokine
production we see in Pl participants is due to the presence of circulating S-reactive T cells,
which previously received tissue-specific cues. Although primarily studied in the mouse, Trm
cells have been shown to be able to re-enter the circulating memory T cell compartment from
the intestine in a phenomenon termed “retrograde migration” following systemic lymphocytic

choriomeningitis virus (LCMV) or vesicular stomatitis virus (VSV) infections, as well as from the
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lung following influenza infection [107-109]. A similar phenomenon has also been described in
humans, as skin resident CD4 Trm cells can re-enter the blood [110]. This raises the possibility
that lung-transiting CoV-2-specific T cells may be captured in AIM assays of PBMCs and
contribute to the increased cytokine production we observe in Pl donors.

The distinct CD4 T cell cytokine signature we describe likely contributes to the increased
protection observed in Pl individuals with hybrid immunity. IFN-y is produced rapidly by memory
T cells in vivo, driving an antiviral response program, which is characterized by the upregulation
of interferon-stimulated genes. Our data showing elevated frequencies of IFN-y-producing
memory CD4 T cells in Pl individuals and the observed localization of CD4 Trm in the lung [106]
together support a model in which early antiviral programs are bolstered rapidly by the inclusion
of memory T cells locally at the site of infection. Indeed, pre-treatment of naive mice with
recombinant IFN-y completely inhibits SARS-CoV infection of the lung [30]. This study also
reported that concomitant treatment with recombinant TNF-a exacerbates SARS-CoV-mediated
disease in mice. IL-10 can inhibit TNF-a and other pro-inflammatory cytokines to regulate
inflammatory responses to infection [35, 111-113]. Therefore, increased production of IL-10 by
S-specific Th1 cells potentiated through viral infection could be a critical element of hybrid
immunity that limits future symptomatic SARS-CoV-2 infection. Additional work is needed to
explore this crucial role of memory T cell-derived IL-10 in secondary challenge.

The protective advantage of hybrid immunity likely stems from a combination of higher
numbers of SARS-CoV-2-specific MBCs, higher neutralizing antibody titers, and the infection-
imprinted IFN-y and IL-10 cytokine profile in CD4 T cells. These features were not as highly
induced in solely vaccinated individuals even with a third antigen exposure via vaccination.
Future work is needed to determine how the relative timing of infection versus vaccination
quantitatively and qualitatively impacts functional SARS-CoV-2 immune memory. The reduced
immune response to the third vaccination in both groups as compared with the first two

suggests that further homologous vaccinations are unlikely to bolster SARS-CoV-2 cellular
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immune memory. Therefore, as additional viral variants evolve to further evade immune
memory, future vaccination strategies should focus on expanding the pool of SARS-CoV-2-
specific memory cells and increasing the titers of viral variant-neutralizing antibodies. To do this,
additional vaccine doses likely need to include variant spike proteins to engage a broader
repertoire of immune cells and induce further cross-reactive memory responses. We find that
immunization of mice with mRNA-LNP vaccines provides incomplete benefits compared to
unexposed naive and previously infected mice. We observe that the dynamics of viral clearance
mirrors the kinetics of local recruitment of NP-specific T cells to the lung mucosa and their

differentiation into bonified tissue-adapted T cells.
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3 Delayed mucosal localization and differentiation dynamics of the memory T
cell compartment defines suboptimal protection from viral rechallenge in

MmRNA-LNP-vaccinated mice.

3.1 Introduction

The generation and mass implementation of pseudouridine-modified mMRNA vaccines
encoding the SARS-CoV-2 Spike RBD protein saved millions of lives during the COVID-19
pandemic due to its ability to generate long-lived antibody secreting plasma cells (LLPCs) and
memory B and T lymphocytes able to reactivate rapidly into secondary effector cells in response
to SARS-CoV-2 infection. Indeed, circulating antibodies produced by LLPCs have been shown to
neutralize SARS-CoV-2 virus by binding to key viral determinants of the RBD protein, and much
attention and praise was given to their role in restricting viral entry and SARS-CoV-2 infection.
Unfortunately, over time, mutations in the SARS-CoV-2 spike RBD protein developed, which were
driven by evolutionary pressures in population-wide immunity or isolated cases of
immunosuppressed individuals receiving monoclonal antibody therapy. Mutated variants of
concern (VOCs) emerged during the second and third phases of the COVID-19 pandemic,
causing infection rates to dramatically increase due to the mutation of neutralizing epitopes on
the SARS-CoV-2 RBD protein. Even so, infections in previously infected or vaccinated individuals
displayed mild symptomology, and rates of death in immunized/infected cohorts remained
significantly lower compared to unexposed individuals. This phenomenon implicated that there
existed other arms of the immune system that could facilitate viral clearance and symptom
recovery in the absence of neutralizing antibodies in individuals previously infected with SARS-
CoV-2 or vaccinated with mRNA-LNP constructs.

T cell memory was implicated as one feature of mMRNA-LNP vaccination that could

facilitate viral clearance upon infection. Memory T cells retain the ability to respond to homologous
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or heterologous viral antigens both through their ability to bind peptide:MHCs (pMHCs) with a
broad range of receptor affinities and through their capacity to respond to intracellular proteins
that may have avoided antibody-mediated immune pressure. This is important because many of
the intracellular antigens are critical, highly conserved housekeeping proteins necessary for viral
replication and function. For example, memory CD4 and CD8 T cells elicited by seasonal
influenza A infection can be rapidly activated ex vivo in response to elements of pandemic strains
of influenza, including H5N1, H3N2, and H1N1, and their presence correlates inversely with
disease severity, even in the absence of neutralizing antibodies. When analyzed in more detail,
T cell cross-reactivity to pandemic strains was heavily enriched for clones specific to the internal
proteins nucleoprotein (NP) and M1, supporting the notion that internal proteins are more highly
conserved between seasonal and pandemic strains of virus. It is currently unknown whether
MRNA-LNP vaccination generates a memory T cell compartment capable of facilitating viral
clearance upon a productive infection. Further, little is known concerning the dynamics of T cell
localization, function, and phenotype of MRNA-LNP vaccine-generated T cell responses.
Therefore, we aimed to define the mMRNA-LNP vaccine-generated T cell compartment in mice,
and test memory T cell-mediated clearance of respiratory viral challenge.

To determine if MRNA-LNP vaccination could generate a protective memory T cell
response in the absence of neutralizing antibodies, we developed a murine system of mMRNA-LNP
immunization and challenge. To do this, we received pseudouridine-modified mMRNA-LNP vaccine
constructs which encoded the nucleoprotein from influenza A virus PR8 and X31 strains. To test
the dynamics of T cell-mediated protection in the absence of neutralizing antibodies, we
intranasally administered a sub-lethal challenge of X31-strain influenza virus to mMRNA-LNP
vaccinated mice. To further define the mRNA-LNP vaccine-generated T cell landscape, we
developed MHC tetramer reagents to track the NP-specific T cell compartment in mRNA-LNP
immunized mice in various anatomical compartments and across three timepoints during viral

challenge.
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3.2 Results

Memory T cells in a diverse range of model systems can engage in both direct and indirect
antiviral effector functions in tissues to facilitate viral clearance. To interrogate the quality of LNP-
MRNA vaccine generated memory T cell responses and test their ability to clear respiratory viral
rechallenge, mice were immunized twice- 3 weeks apart- ipsilaterally in the quadricep muscle with
2ug of pseudouridine-modified MRNA-LNP encoding the nucleoprotein (NP) of influenza A virus
(IAV) strain PR8 and X31 (Figure 6A). We compared the dynamics of heterologous viral challenge
with 1000 pfu X31 influenza virus in mRNA-vaccinated mice to both unexposed naive mice, and
to mice infected intranasally with 10 plaque-forming units (pfu) of IAV PR8 administered 40 days
before X31 challenge. Viral challenge with influenza X31 specifically interrogates the ability of
memory lymphocytes to clear virus, as all neutralizing antibody epitopes are disparate between
PR8 and X31. Internal viral determinates such as the NP protein are conserved, allowing for
activation of NP-specific memory T cells.

MRNA-LNP immunization generated both CD4 and CD8 T cell memory specific to
influenza NP, visualized by MHC-tetramer staining and enrichment utilizing NP3+ MHC-II I-A®
and NP3 MHC-I H2-D® reagents, respectively (Figure 6B). Upon X31 challenge, mice containing
NP-specific memory T cells generated from a previous influenza infection with PR8 (IAV)
displayed minor losses in weight (Figure 6C) and were able to rapidly clear virus from the lung
within 8 days (Figure 6D), as previously described. In comparison, mice containing memory T
cells generated from mRNA-LNP-vaccination lost considerable weight during the first week of
challenge, resembling dynamics observed in unexposed naive mice (Figure 6C). Additionally,
MRNA-LNP mice failed to match PR8 IAV mice in the rate of viral clearance from the lung tissue
(Figure 6D), suggesting incomplete immune protection by the memory T cell compartment
following mMRNA-LNP vaccination. Importantly, pulmonary viral burdens in mice with mRNA-LNP

vaccine-generated memory T cells were significantly reduced compared to unexposed naive mice
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Figure 6: mMRNA-LNP vaccine-generated memory T cells provide an incomplete benefit compared
to naive and previously infected mice. Mice were infected with PR8 IAV, immunized twice with 2ug NP
MRNA-LNP, or unmanipulated before challenging with X31 influenza strain >30 days after last antigen
exposure (A). (B) Representative MHC-II (above) and MHC-I (below) tetramer staining in lymphoid
compartment of IAV-infected (left) or mMRNA-LNP immunized (right) mice at day 35. (C) Kinetics of weight
loss following X31 challenge (X31 IAV; grey line). Data pooled and displayed together from 4 separate
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at days 5 and 12 post-X31 challenge, with viral burdens approaching significance at day 8 post-
X31 (Figure 6D). Therefore, the immune memory compartment generated by intramuscular
MRNA-LNP vaccination provides a significant advantage over unexposed naive mice but could
benefit from aspects of immune memory engendered by previous IAV infection.

As local T cell functions in the respiratory tract have been demonstrated to provide
superior protection during viral challenge [18], we were next interested in visualizing the NP-
specific CD4 and CD8 T cell compartments in the lungs of challenged mice. To visualize
extravascular lung-localized antigen-specific T cells we utilized our MHC tetramer binding and
enrichment strategy (Figure 6B) in combination with intravascular antibody labelling (Figures 7A
and 7G). Using this technique, we observe NP-specific CD4 and CD8 T cells in the extravascular
lung regions of IAV mice before X31 challenge (Figures 7A and 7G), confirming a decade of
studies describing the generation of tissue-localized T cell resident memory in mucosa following
infection. In stark contrast, the NP-specific CD4 and CD8 T cells enriched from lungs of mRNA-
LNP mice before X31 challenge were bound by the intravascular label (Figures 7A and 7G),
indicating their localization in blood vessels and not lung tissue. Both 1AV and mRNA-LNP mice
displayed comparable levels of NP-specific CD4 T cells in the circulation and lymphoid
compartments (Figures 7E and 7F) whereas |IAV mice displayed modestly increased numbers of
NP-specific CD8 T cells compared to mRNA-LNP mice before X31 challenge (Figures 7K and
7L). Therefore, although mRNA-LNP vaccination generated a relatively comparable memory T
cell compartment in the circulation and lymphoid compartment, it generated incomplete T cell
memory in extravascular lung regions, suggesting the absence of a bonified lung-resident
memory T cell pool.

Since mRNA-LNP mice benefited from improved viral clearance compared to unexposed
naive mice, we were interested to determine whether NP-specific T cells enter the lung following

X31 challenge and how the kinetics of entry compared to the de novo immune response in naive
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Figure 7: mRNA-LNP vaccination does not induce mucosal T cell memory but does provide
expedited recruitment to lung niches. (A,G) Representative MHC-tetramer and intravascular labelling
flow cytometry plots depicting extravascular NP-specific T cells following X31 challenge. (B-D; H-J)
Enumeration of extravascular NP-specific T cells depicted longitudinally (left), compared between groups

(right), and on an XY plot (below, left). (E-F; K-L) NP-specific T cell numbers in the lymphoid (cont. pg. 39)
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mice. To do this, we visualized NP tetramer bound CD4 and CD8 T cells in extravascular regions
of the lung at days 5 and 8 following influenza X31 challenge (Figures 7A and 7G) in all three
groups of mice. IAV mice displayed no increase in the extravascular NP-specific CD4 T cell
compartment over pre challenge numbers (Figure 7B), suggesting that the quantity of CD4
resident memory T cells seeded by PR8 infection is sufficient to facilitate antiviral mechanisms at
challenge. In unexposed naive mice undergoing a de novo primary T cell response, we did not
observe NP-specific CD4 T cells in the circulation, lymphoid, or lung compartments until day 8
post-X31 in line with previous data from our lab tracking the primary response to influenza
infection. In contrast, we could successfully visualize extravascular NP-specific CD4 T cells in the
lungs of MRNA-LNP mice by day 5 post-X31 challenge, which were further increased when
analyzed at day 8 post-X31 (Figure 7A-7D). When compared over time, although lungs of IAV
mice harbor CD4 T cells in the tissues before challenge, both mRNA-LNP and unexposed naive
mice generate extravascular localized CD4 T cells by day 8 post-X31 (Figure 7A-7D). Although
not at similar numbers to IAV mice (Figure 7C), mRNA-LNP mice display a considerable
extravascular NP-specific CD4 T cell compartment at day 5, indicating an expedited recruitment
of NP-specific CD4 T cells to the lungs in mMRNA-LNP vaccination compared to unexposed naive
mice (Figure 7B-D).

In contrast to the extravascular NP-specific CD4 T cell compartment, CD8 T cells
displayed a dramatic numerical increase in the lungs of IAV mice post-X31 challenge, increasing
by almost 100-fold over pre-challenge levels in the lungs (Figure 7H). Similar to the CD4 T cells,

MRNA-LNP mice displayed expedited recruitment of NP-specific CD8 T cells into extravascular

(cont. from Fig 7): and circulating compartments depicted as XY plots before and after X31 challenge.
Significance was determined by multiple unpaired Mann-Whitney test for group analyses and by Wilcoxon
matched-paired signed rank test for longitudinal analyses: not significant

(ns), *p < 0.05, **p < 0.01, =+p < 0.001. Error bars represent mean and SD.
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lung regions by day 5, whereas these cells were not observed until day 8 in unexposed naive
mice (Figure 7G-7J). We believe the recruitment and expansion of extravascular NP-specific CD8
T cells in mMRNA-LNP mice most likely occurs between days 5 and 8, as we observed limited
numbers of these cells at day 5 post-X31 compared to IAV mice (Figure 71), and we detected a
massive 100-fold increase in extravascular NP-specific CD8 T cell numbers between days 5 and
8 post-challenge (Figure 7H). By day 8 post-X31 challenge all mice contained extravascular NP-
specific CD8 T cells, although mRNA-LNP mice harbored significantly more of these cells at this
time (Figure 71), a phenomenon we do not have an explanation for yet. Together, the visualization
of extravascular NP-specific CD4 and CD8 T cell compartments before and early after X31
challenge indicated that mMRNA-LNP vaccination does not provide resting T cell memory in the
lung but does provide expedited recruitment of NP-specific CD4 and CD8 T cells to the
extravascular regions of the lung by day 5 post-challenge, an occurrence not seen until day 8 in
unexposed naive mice.

We, and others, have developed a keen interest in defining the diversification of effector
functions in the resident memory CD4 T cell compartment within the lungs. It has been
demonstrated that there exists a T follicular-helper-like population in the extravascular regions of
IAV-infected lungs which are highly important for orchestrating the tissue-immune niche by
signaling to B cells, dendritic cells, and CD8 T cells [48-49]. Because of the differences in viral
burden we observe between mMRNA-LNP and IAV mice, but the numerically similar compartment
of NP-specific CD4 T cells at days 5 and 8, we were interested to see if there were differences in
phenotypic differentiation states within the tissue microenvironment early post-challenge that may
contribute to reduced viral clearance. To do this, we analyzed the extravascular NP-specific CD4
T cells for the expression of CXCR6 and FR4, which are established markers we use in the lab
to stratify three distinct CD4 T cell populations in the lung mucosa (Figure 8A). Folate receptor 4
(FR4), is a marker described previously [48-49] and marks cells in iBALT displaying features of T

follicular helper (Tw) cells. Conversely, CXCRG6 is a marker for cells which migrate away from
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iBALT niches and toward the airways, which directly express the CXCR6-ligand CXCL16. Using
these two markers, we can visualize FR4"CXCR6 cells, FR4°CXCR6" cells, and FR4™CXCR6*
cells which we believe each occupy distinct locations and provide unique antiviral functions
(Figure 8A). As previously described, many NP-specific CD4 T cells in the lungs are FR4" at
memory timepoints after PR8 infection, representing the iBALT-localized Tm-like cells [48-49]. The
remaining cells fall in one of the CXCR6" quadrants, likely residing near or within airways (Figure
8A). Upon X31-challenge, NP-specific CD4 T cells in IAV mice display a rapid increase in the
FR4"°CXCRG6" population which is apparent at days 5 and 8 post-challenge. The FR4"CXCR6
population seen in abundance pre-challenge remained constant in all timepoints analyzed. In
stark contrast to what is seen in IAV mice, the NP-specific CD4 T cells in mRNA-LNP mice are
almost exclusively found in the FR4™CXCRG6" quadrant at day 5, with little generation of cells in
the FR4"CXCR6™ or FR4°CXCR6" quadrants (Figure 8A). We observed a similar pattern of
expression on NP-specific CD4 T cells from naive mice at day 8 post-X31 (Figure 8A). We believe
that cells recently recruited from the circulation fall into the FR4™CXCRG6" quadrant upon entering
the lung tissue. This hypothesis is supported by the kinetics of T cell entry we observe and report
in Figure 7, in which the mRNA-LNP mice recruit cells to the lung by day 5, whereas the
unexposed naive mice require an additional 3 days to drive cells to the lung. Most interestingly,
we observe that by day 8, the NP-specific CD4 T cell compartment in the mRNA-LNP mice begin
to diversify and populate the FR4°CXCR6" and FR4"CXCRG6™ quadrants (Figure 8A). By day 8,
the NP-specific CD4 T cell compartment in mRNA-LNP mice contains similar frequencies of
FR4°CXCR6" and FR4"CXCRG6 cells in comparison to IAV mice (Figures 8B and 8C). These
data suggest that between days 5 and 8, the NP-specific CD4 T cells in mMRNA-LNP mice further
differentiate in response to currently unknown tissue-localized factors to resemble the population

of T cells in IAV mice at all timepoints during challenge.
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Figure 8: mMRNA-LNP vaccine-generated CD4 T cells display delayed acquisition of tissue-adapted
phenotypes. (A) Representative flow cytometry staining of extravascular NP-specific CD4 T cells in the

lungs of MRNA-LNP (red), IAV (blue), and unexposed naive (black) mice (cont. pg. 42)
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In conclusion, we observe incomplete protection from viral challenge in mRNA-LNP-
vaccinated mice compared to IAV mice, but improved protection compared to unexposed naive
mice. Predictive of weight loss and viral burdens, IAV mice generated memory T cells at the
earliest possible timepoint, with CD4 and CD8 T cells being localized in tissues before challenge
was administered. Additionally, memory CD4 T cells in IAV mice had time to perceive unique
tissue factors and were engendered with a tissue-specific phenotype before challenge was
administered. In contrast, T cells from MRNA-LNP mice were not observed until day 5 after
challenge and did not display tissue phenotypes paralleling those which are observed in IAV mice
until day 8 post-X31. Even so, T cells from mRNA-LNP mice entered the lungs and differentiated
in a more expedited fashion compared to unexposed naive mice, signifying a beneficial advantage
of the generation of circulating memory T cells in comparison to the absence of a virus-specific T
cell compartment. The analysis of the kinetics and phenotypes of memory T cells in the lungs was
predictive of viral burden dynamics, where mRNA-LNP mice displayed intermediate phenotypes
for both metrics. Together, these data suggest that intramuscular mMRNA-LNP vaccination
provides significant, but limited, memory T cell-facilitated protection over unexposed mice which
is defined by the ability of T cells to quickly localize to mucosal sites of infection while also
undergoing tissue-specific differentiation to most efficiently clear virus. Additionally, these data
highlight the need to adopt aspects of infection-generated T cell memory into mRNA-LNP
vaccination strategies to improve T cell vaccination regimens and ultimately protect against

pandemic-strain heterologous viral infection.

(cont. from Fig. 8): at days -1 (Pre), 5, and 8 post-X31 challenge. (B, C) Frequencies of FR4hi (C) and
FR4lo (B) tissue-adapted CD4 T lymphocyte populations represented longitudinally (left) and compared
between groups (right); n.d. indicates too low parent (NP-specific) cell numbers to calculate frequencies
accurately. Significance was determined by multiple unpaired Mann-Whitney test for group analyses and
by Wilcoxon matched-paired signed rank test for longitudinal analyses: not significant

(ns), *p < 0.05, **p < 0.01, =+p < 0.001. Error bars represent mean and SD.
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3.3 Discussion

We report that mMRNA-LNP vaccination generates a robust population of CD4 and CD8
memory T cells in the circulating and lymphoid compartments but failed to elicit significant cellular
memory in the lung mucosa. This phenomenon has been previously described in mice, although
no study had determined the capacity of the circulating memory T cell compartment to clear
respiratory virus in the absence of neutralizing antibodies. This question is of particular
importance because the ability to vaccinate against novel coronavirus VOCs and/or pandemic
strains of influenza, which evade community levels of neutralizing antibodies, would provide a
significant second arm of immunity against mortality following pandemic emergence. We observe
that circulating T cell memory provides incomplete benefits, wherein |IAV-primed mice perform
significantly better and unexposed naive mice significantly worse than mRNA-LNP mice at
clearing virus from the infected lung mucosa.

We see that the presence of circulating memory T cells in mMRNA-LNP mice expedites the
recruitment of antigen-specific antiviral T cells to the lungs compared to naive unexposed mice,
which need to endure a primary immune response involving antigen trafficking and T cell
priming/expansion in the lymphoid organs. This expedited recruitment is reflected in the ability of
lung-localized T cells to more quickly adapt phenotypes associated with tissue-localized cells, as
observed in the IAV mice. We believe the acquisition of the tissue phenotypes we describe are
beneficial to efficiently clear virus from the lung mucosa and is reflected in the reduced viral
burdens observed in mMRNA-LNP mice compared to unexposed naive mice. We believe IAV mice
benefitted from the generation of local tissue resident memory before X31 challenge, allowing for
rapid reactivation within tissues and the fastest clearance of viral burdens. Importantly, CD4 T
cells from IAV mice displayed tissue-adapted phenotypes even before challenge, again signifying
a benefit in having preformed mucosal immunity before viral challenge. Together, our data imply

that MRNA-LNP vaccine-generated memory T cells can provide limited protective capacity in the
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absence of neutralizing antibodies, but this protective benefit could be substantially improved by

adapting aspects of previous infection in future vaccine regimens.

4 Concluding Remarks

Although virus-specific memory cells provide numerous benefits during a reinfection event,
current vaccination strategies instead often target the development of circulating neutralizing
antibodies. Studies are beginning to address the added benefits of T cells in vaccination. In a
mouse model of influenza vaccination, Zens et al. [114] compared the ability of dead inactivated

virus or live, attenuated influenza virus (LAIV) administered either i.m. or as an aerosol i.n. to elicit

Trm cells. They found that only LAIV administered i.n. drove the development of CD69* CD8 and
CD4 Trm cells that resembled canonical resident memory cells in the lung, suggesting that yearly
human tri- or quadrivalent influenza vaccinations, which are administered i.m., do not drive Trm
cell formation. Further, although i.m. inactivated virus drove a more potent anti-HA antibody
response in the serum, only i.n. LAIV vaccination protected mice from disease after infection with
a heterologous influenza strain. Studies such as these highlight the urgency for approved
vaccination strategies that can drive tissue-resident memory. From studies in natural infections,
we know that the generation of potent Trm cells in vivo requires numerous cellular signals
occurring in both the lymphatic organs and the tissues. Although the developmental pathway
driving CD4 and CD8 Trm cells are not likely identical, studies have revealed overarching tissue
residency modules in lymphocytes [115], and CD4 and CD8 T cells share many similar molecular
axes that can be harnessed through creative vaccination strategies to develop universal vaccines
and prevent future pandemics.

Evenif T cells obtain all the necessary signals in the lymphoid organs, they cannot become

Trm cells without local signals in the tissue to elicit their infiltration and mediate their retention. As
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mentioned above, the administration of LAIV i.n., where the antigen and inflammation were
localized to the lung tissue, resulted in both CD4 and CD8 Trm cells in the tissue [114]. The
necessity for local antigen was also apparent in a study that used an adenovirus vaccine platform
to prolong antigen presentation in the lung for up to 80 d. As opposed to natural infection, where
CD8 Trm cells seem to wane after prolonged periods of senescence [116], this platform elicited
high numbers of CD8 Trm cells that were detected out to 1 year, the farthest time point analyzed
[117]. In addition to antigen, T cells require help from other resident lymphocytes to facilitate their
survival. In models of respiratory viral infection, CD4 Trm cells required B cells and MHCII for their
long-term persistence in the lung tissue [48, 54]. Similarly, during influenza infection, CD8 Trm
cells require help from the CD4-derived cytokines IFN-y and IL-21 to localize to the airways and
develop into Trm cells [49, 61]. Further, multiple studies have reported attrition of T cells in the
lung [16, 116, 118] and further research into whether this attrition results in reduced protection
over time or, alternatively, is the result of continuous retrograde migration of Trm cells to the lung
draining LN [107-109]. Therefore, understanding how to induce parenchymal lymphatic niches
through vaccination is a promising strategy to promote immune memory niches more efficiently
in the tissues.

In this light, we are currently in collaboration to test a novel intranasal adjuvant strategy to
recruit antigen-specific cells to the lungs during the primary vaccination schedule. This strategy,
termed LION-PAMP, utilizes a RIG-I agonist to activate the lung mucosa and theoretically recruit
effector T cells to the tissue to establish residence. If successful, we will hope to recapitulate the
protective benefit seen in IAV mice by administering mRNA-LNP vaccines intramuscularly in

combination with LION-PAMP administered intranasally.
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5 Materials and Methods

Human study participants and clinical data

Participants were enrolled in one of three prospective cohort studies for longitudinal tracking of
immune responses to COVID-19 vaccination in WA, USA. Previously SARS-CoV-2 infected (PI)
individuals reported a positive SARS-CoV-2 PCR nasal swab or in one case a positive antibody
test within 3 months of symptom onset in 2/2020- 10/2020. PI individuals reported mildly
symptomatic disease not requiring hospitalization. Participants were considered SARS-CoV-2
naive (N) prior to vaccination based on no prior positive SARS-CoV-2 PCR nasal swab and no
detectable SARS-CoV-2 RBD IgG by ELISA (below a threshold of mean + 3 standard deviations
of historical negative plasma samples drawn prior to 2020). All participants completed surveys
regarding symptom and demographic information. Blood draws were collected pre-vaccination (N:
21, PI: 23), 1 week post-vaccination 2 (N: 18, PI: 22), 3 months post-vaccination 2 (N: 15, PI: 23),

6 months post-vaccination 2 (N: 8, PI: 9) and 2 weeks post-vaccination 3 (N: 8, PI: 10).

Sample processing and plasma collection

Venous blood from study volunteers was collected in EDTA tubes and spun at 700 x g for

10 min. Plasma was collected, heat-inactivated at 56°C for 30 min and stored at -80°C. Cellular
fraction was resuspended in phosphate buffered saline (PBS) and PBMCs were separated from
red blood cells using Sepmate PBMC Isolation Tubes (STEMCELL Technologies) according to
manufacturer’s instruction or cells were resuspended in HBSS, washed, overlaid with ficoll,
spun at 400 x g for 30 min with no brake and PBMCs collected. Cells were washed twice in

HBSS and frozen at -80°C before being stored in liquid nitrogen.
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Peptide mesopools

SARS-CoV-2 15-mer peptides, 1mg each (BEI Resources), were provided lyophilized and
stored at -80C. Peptides were selected for reactivity against a broad range of class | and class |l
HLA sub-types for targeted coverage of CD4" and CD8" T cell epitopes identified previously.
Before use, peptides were warmed to room temperature for 1 hour then reconstituted in DMSO
to a concentration of 10 mg/mL. Individual peptides were combined in equal ratios to create
Membrane/Nucleocapsid (182 ug/mL each, 55 peptides) or Spike (200ug/mL each, 49 peptides)

megapools, maintaining a total concentration of 10mg/mL.

Activation induced marker assay

Approximately 20x10° PBMC from SARS-CoV-2 naive or previously infected individuals were
divided in two for full phenotypic or cytokine analysis. For broad surface phenotyping

10x10° PBMC per sample were further divided into four 5mL polystyrene tubes and cells were
pelleted at 250 x g for 5 minutes. Pellets were resuspended at 5x10°%mL in one of the following
treatment conditions: DMSO (Sigma-Aldrich, >99.5% cell culture grade), 1ug/mL CEFX Ultra
SuperStim Pool (JPT, PM-CEFX-2), or 5ug/mL SARS-CoV-2 Membrane and Nucleocapsid or
Spike peptide megapools. Stimulation was performed for 18 hours in ImmunoCult-XF T cell
Expansion Medium (StemCell Technologies). For intracellular cytokine assessment 2x10°%/mL
PBMC were stimulated using 6.6ug/mL SARS-CoV-2 peptide megapools, or an equivalent
volume of DMSO (Sigma-Aldrich, >99.5% cell culture grade) for 12 hours in RPMI complete

T cell medium containing anti-human CD40 antagonist mAb (Miltenyi, clone HB10), 5uL LAMP-
1/CD107a BV510 mAb (BioLegend, clone H4A3), 2uM CaCl2, and 1.8uL Monensin (Becton

Dickinson) - for the final 8 hours of culture.
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Fluorescence flow cytometry

Data were acquired on a five-laser Cytek Aurora (T cell surface phenotyping and T cell
intracellular cytokine analysis) or BD FACS Symphony A3 or A5 (B cell surface phenotyping).
Control PBMCs or UltraComp eBeads (ThermoFisher) were used for compensation. Up to

107 live PBMC were acquired per sample for T cells and all enriched PBMCs were acquired for
B cells. Data were analyzed using SpectroFlow (Cytek Biosciences) and FlowJo10 (Becton

Dickinson) software.

High-dimensional analysis of cytometry data

AlM-positive (CD154"CD69") cells from all data files were concatenated with keywords and
subjected to Phenograph clustering algorithm using k=40 nearest neighbors (Levine et al.,
2015) and UMAP dimensionality reduction plugins using parameters IL-2, IFN-y, IL-10, IL-4, IL-
21, CD127, CD25, and CXCRS5 in FlowJo 10 (Becton Dickinson). Clusters were then
enumerated per 10° non-naive T cells for each sample by multiplying the percentage “cluster X

parameter” by percentage “AIM*” and then by 1 million.

Mice

C57BL/6J mice were purchased from The Jackson Laboratory and maintained under specific
pathogen free conditions at the University of Washington. Mice that were infected with influenza
A virus Puerto Rico/8/34 H1N1 (PR8) or influenza A virus HKx31 H3N2 (X31) were housed in
Animal Biosafety Level-2 conditions. Experiments were performed in accordance with the

University of Washington Institutional Animal Care and Use Committee guidelines.
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Viral infections and mRNA-LNP Immunizations
For influenza infections, mice were anaesthetized with ketamine/xylazine and intranasally
instilled with 10 plaque forming units (pfu) of influenza A virus PR8 or 1000 pfu of influenza A

virus X31 diluted in sterile PBS in a final volume of 40 pL.

For mMRNA-LNP immunizations, mice were anesthetized with gaseous isoflurane and injected in
the right quadriceps muscle with 2ug of pseudouridine-modified MRNA-LNPs encoding the
nucleoprotein from PR8/X31 influenza virus in 50uL of sterile PBS. A second dose of 2ug
MRNA-LNP was administered ipsilaterally to mice 19-22 days following the primary
immunization. mMRNA-LNPs were engineered, formulated, and distributed by the lab of Drew

Weissman, University of Pennsylvania.

Isolation of cells from the lung

Approximately 3 minutes prior to sacrifice, mice were injected intravenously with 1 ug anti-
CD45 BUV395 (BD Biosciences) to label T cells in the vasculature. Mice were then euthanized
via CO2 asphyxiation and lungs were harvested into PBS with 2% fetal calf serum. The lung
tissue was placed into gentleMACS C Tubes (Miltenyi Biotec) with RPMI 1640 Medium with
HEPES (Gibco, #22400089) containing 70 ug/mL Liberase TM (Roche #05401127001) and 10
mM aminoguanidine (Sigma-Aldrich). The tissue was dissociated on the gentleMACS
Dissociator (Miltenyi Biotec) and then incubated at 37°C for 30 minutes followed by a final
dissociation step. The single cell suspensions from the lung were then filtered over 70 um mesh
and washed with Dulbecco’s Modified Eagle’s Medium [Corning, Inc.; Ref: 10-017-CV] with 10%

fetal calf serum to inhibit liberase activity.

Viral RNA quantification
For viral RNA quantification, the right lower lung lobe was harvested from C57BL/6J mice and

placed in RNAlater Stabilization Solution (Invitrogen) at -20°C. 15 mg of lung tissue was lysed
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using the RNeasy Plus Mini Kit RLT buffer with b-mercaptoethanol (Qiagen) and a 5mm
stainless steel bead (Qiagen) on the TissueLyser Il (Qiagen) twice for 2.3 mins at 30 Hz. RNA
was isolated from the lysate using the RNeasy Plus Mini Kit (Qiagen) according to manufacturer
instructions. Isolated RNA was then synthesized and amplified into cDNA using the High-
Capacity cDNA Reverse Transcription Kit (Thermofisher). For IAV M1/M2 measurement, this
cDNA was used as a template for quantitative PCR using PrimeTime qPCR Probe Assays
(Integrated DNA Technologies, Inc.) and PrimeTime Gene Expression Master Mix (Integrated
DNA Technologies, Inc.) with the following primer and probe design: Probe: (6-FAM/ZEN/IBFQ)
5-CCTCTGCTGCTTGCTCACTCGATC-3’; Forward Primer: 5’-
CAGCACTACAGCTAAGGCTATG-3’; Reverse Primer: 5-CTCATCGCTTGCACCATTTG-3'.
Transcripts were normalized to Rps17 (40S ribosomal protein S17) which was quantified using
PowerUP SYBR Green Master Mix (Applied Biosystems) with the primers: Rps717 Fwd: 5'-

CGCCATTATCCCCAGCAAG-3’; Rps17 Rev: 5- TGTCGGGATCCACCTCAATG-3'.

Cell enrichment and flow cytometry

Following acquisition of single cell suspensions, cells were stained with NP311.325
(QVYSLIRPNENPAHK) I-A° tetramer and NP36s.374 (ASNENMETM) H2-D® conjugated to APC
and incubated at room temperature in the dark for 1 hour. Cells were then washed and
incubated with 25 uL anti-APC microbeads (Miltenyi Biotec) on ice for 30 minutes. After
incubation, cells were washed and tetramer-positive cells were enriched over magnetic LS
columns (Miltenyi Biotec). The enriched fraction and “flow-through” non-enriched fraction were
then surfaced stained with antibody master mixes on ice for 30 minutes for downstream analysis
of tetramer- specific cells and bulk lymphocyte populations. When applicable, cells were then
fixed and permeabilized with eBioscience Foxp3/Transcription Factor Staining Buffer Set
(Invitrogen) according to manufacturer instructions. Intracellular transcription factor staining was

performed in 1X Permeabilization Buffer (Invitrogen) at room temperature for 1 hour before data
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acquisition by flow cytometry. All cells were acquired on the LSR Il or FACSymphony (BD) and

analyzed using FlowJo 10.8.1 software (Treestar).

Statistical analysis
Statistical analysis was performed by unpaired t test, Mann-Whitney test, or Spearman’s rank
correlation as indicated in the figure legends using Prism 9.4.0 (GraphPad Software, San Diego,

CA). Graphs show mean = SD.
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