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Summary

Heterogeneity is the hallmark feature of CD4 T cells with the ability to differentiate into effector
cells of various phenotypes and perform distinct function. This diversification that is essential
for optimal response has not been described in the tissue. Using influenza as an infection
model, we investigated long-lived antigen-specific CD4 T cells in the tissue. We identified a
heterogeneous population of T resident memory cells (TRM) in the tissue, specifically, a T
follicular helper-like subset we called T resident helper (TRH) that was previously not reported.
Further characterization by single cell RNA sequencing analysis revealed that TRH possess
a unique tissue-specific transcriptional signature distinct from lymphoid TFH and that they can
be generated independently of lymphoid replenishment. Histological analysis showed that
TRH cluster closely with B cells in inducible bronchus-associated lymphoid tissue (iBALT) and
require continued BCL6 signaling for their localization. Interestingly, at very late time points,
signals through cognate antigen presentation were dispensable for TRH maintenance and
iBALT integrity. Upon heterologous challenge, TRH cells support local antibody production

highlighting a previously unexplored function of TRM.



1. Introduction

1.1 Immunology and Vaccines

Vaccines prime the immune system to elicit a protective response against the invading
pathogen. The practice of vaccination began in ancient times with the crust of smallpox virus
being introduced into open wounds. This resulted in mild symptoms that soon passed, and the
individual was subsequently protected from reinfection with smallpox. Knowledge of the
method spread to Europe in the 18" century and the practice of vaccination acquired scientific
status after Edward Jenner’s first vaccination of a child with cowpox, a milder virus than
smallpox. With vaccination, the deadly smallpox was eradicated although the mechanism by
which protection was conferred was still unknown. Empirically developed undefined vaccine
preparations pose a major safety concern. The need to elicit a predictable immune response

necessitated a shift from empirical to rational vaccine design "2

Modern vaccination utilizes whole-killed or live-attenuated pathogens that are killed or weaker
versions of the pathogen to elicit an immune response without causing a full disease. Subunit
or recombinant vaccines prime the immune system with specific pieces of the pathogen or
DNA. Antigen-adjuvant combinations were explored to engage the innate immune system
that in turn triggers an adaptive immune response. Although the primary line of defense after
pathogen entry is a rapid, non-specific response by the innate immune system, adaptive

immune responses shape long-lasting immunity against future infections.

In the modern era, pathogens like Mycobacterium tuberculosis (M.tb), HIV-1, influenza and
malaria still pose a threat to humankind with their ability to mutate or otherwise evade the
immune system.’ A deeper understanding of various pathogens and the variability in

infectivity made clear that a one-size-fits-all vaccine is not sufficient.



Current vaccines primarily aim to promote neutralizing antibody production by B cells, but a
robust antibody response alone is insufficient to provide long-lasting protection. Increasing
knowledge about cells that aid antibody generation or promote secondary B cell responses
highlight the possibility of harnessing T cell immunity as a vaccine target. T cells are found at
mucosal surfaces which is the entry site of pathogens. T cells generated at one site with a
priming immunization can be recruited to another by a challenge dose through the prime-and-
pull strategy." T follicular helper cells (TFH) support B cell growth, proliferation, differentiation
and support germinal center (GC) reactions required for formation of antibodies.®* TFH cells
are used as a readout of successful vaccination*>®. However, the reported correlates are from
TFH cells in circulation whose phenotypes don’t mirror those in germinal centers’®°.

Moreover, the contribution of TFH to mucosal immunity has not been widely explored.

1.2 CD4 T cell memory: friend or foe?

1.2.1 CD4 T cell differentiation

Naive T cells survey the body through blood and lymphatics. When a micro-organism invades
the host, antigen-presenting cells (APC) process foreign antigens and present them as
peptides loaded on Major histocompatibility complex (MHC)-1l complexes to the T cell receptor
(TCR). Signals received through TCR, co-stimulatory receptors and extrinsic cytokines trigger
CD4 T cell activation and differentiation into heterogeneous effectors of unique phenotype and
function. CD4 T cells undergo rapid proliferation at the peak of infection response. Once the
infection is resolved, many of the effector cells die and some CD4 T cells persist as memory
cells in circulation, secondary lymphoid organs and tissue. Memory cells possess the capacity

to rapidly respond upon re-infection.



1.2.2 CD4 T cell response

T helper 1 (Th1) and TFH cells are generated upon viral infections. Th1 cells migrate to tissues
and through IFN-y signals, activate innate cells and CD8 T cells for heightened response and
accelerated clearance of infected cells." TFH cells express chemokine receptor CXCR5 and
respond to CXCL13 chemokine cues to navigate into GCs present in secondary lymphoid
organs (SLO). Germinal centers are complex structures formed in SLO in response to T cell
dependent antigen. Supported by a network of follicular dendritic cells, the GC is characterized
by B cell follicles separated by a T cell rich area'?. Here, TFH cells provide survival signals to
some of the B cells that are undergoing somatic hypermutation and class-switching to
differentiate into high affinity antibody secreting cells (ASC) with specialized effector function.

These antibodies are essential for viral control and protection against future infection.™

1.2.3 Signals for Th1/TFH generation, function and memory

The signals through the TCR, co-stimulatory molecules and cytokines determine the
differentiation of naive CD4 T cells to Th1 or TFH fate, function and maintenance at memory

phase.

TCR

Several contrasting studies outline the delicate balance of antigen affinity, dose and dwell-
time that determine T cell fate decision "%, The effect of TCR on GC-TFH is unique in that
the APC-T-cell interaction is further supported by ICOS-ICOSL interactions."”” The nature of
these interactions is one of the factors that influences the longevity of T cells in their niche and

their phenotype and function upon re-challenge.

Co-stimulation

ICOS-ICOSL interactions are indispensable for differentiation into TFH cells. Some models

18,19

outline a B cell independent promotion of TFH fate while others implicate B cells in the



initial priming for TFH fate decision.?>?' The Crotty group describe a possible transition of
antigen presentation from DC to B cells during TFH formation. During early priming, pre-TFH
can be generated without B cell help but later TFH differentiation is impaired by B cell
deficiency?, as also demonstrated by the Jenkins group®. Throughout the TFH differentiation
process, ICOS-ICOSL interactions are crucial, first provided by DC, then by B cells. B cells

are dispensable, however, for differentiation into Th1.

Cytokines

The timing, amount and ratio of inflammatory cytokines drive specific T cell fates. IL-6 and IL-
21 are associated with TFH differentiation while IL-12 supports an eventual Th1 fate.?* Early
IL-2 producers were shown to differentiate into TFH while the IL-2 consumers followed a path
to Th1 differentiation'®. The existing cytokine milieu might be a key determinant in predicting

cell fate outcome.

Transcription factors

T-BET and BCL6 are the key transcription factors implicated in regulating Th1 and TFH cell
fates respectively although they are not mutually exclusive. Their relative expression can
promote or inhibit genes responsible for cell fate decision. In recent studies, BCL6 was
highlighted to be a “repressor of repressors” in TFH including repression of itself, highlighting
delicate autoregulation. Functional complexes of T-BET-BCL6 are also described in TFH cells.
Key Th1 factors are regulated by T-BET in TFH cells. The permissive state of Bcl6 and T-bet

loci point to a state receptive to environmental cues from changing infection settings.?

CD4 T cell memory

Long-lived CD4 memory have been classified into 3 subsets: PSGL-1" LY6C" Th1 memory,
PSGL-1" LY6C® T central memory (Tem) and more recently PSGL-1° LY6C" TFH memory
each with their distinct phenotype, migration and recall properties.?® CXCR5'PD-1" TFH

effector cells were earlier thought to be absent among T cells surviving long term after the



effector phase.? A recent discovery highlighted that TFH cells are susceptible to NAD-induced
cell death during cellular processing®. This phenomenon has long biased the conclusions
about the longevity of TFH cells. Additionally, Folate receptor 4 (FR4) was described as a
phenotypic marker that better discriminates TFH memory cells from Tcm. TFH memory cells
can be detected up to 400 days after viral infection, support long-term maintenance of plasma

cells in the spleen and display phenotypic plasticity upon recall.?®

CD4 T cell memory has been shown to correlate with protection upon secondary challenge
infections.?” But specifically eliciting a CD4 T cell memory response as a vaccination strategy
has been an interesting research topic. Work by Penaloza-MacMaster et al. showed that
specifically re-activating CD4 memory T cells in a chronic LCMV model resulted in excessive
weight loss, cytokine storm and multi-organ failure. Microarray analysis revealed a lack of
exhaustion markers and a cytokine signature indicative of a bias toward a Th1 phenotype.?®
Similarly, dysregulated TFH cells were implicated in pathogenesis of autoimmune diseases
and allergy.?=° In contrast, a study of antigen specific T cells against SARS showed that re-
activated memory CD4 T cells producing IFN-y upon recall correlated with protection. Although
the focus of the publication was on the Th1-like subset, other parenchymal CD27" IFN-y*° T
cell subsets were not absent in the recall response.®' These studies highlight an important role

for the heterogeneity of CD4 T cell response in balancing host protection and pathology.
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2. Immunological memory in barrier tissues

The understanding of immunological memory has changed over time. Earlier thought to be
maintained in blood and secondary lymphoid organs, a new wave of studies has shown that
memory T cells can be maintained in barrier tissues. These cells called T resident memory
(TRM) are phenotypically and transcriptionally distinct from their circulating memory
counterparts. Their presence in mucosal niches makes them the first responders to tissue-

specific infection. This feature makes TRM a promising potential vaccine target.323%3

21 TRM

2.1.1 Identification

TRM were first identified in tissue isolates after infection that retained their function ex-

38,39,40

vivo.>*%:37 Parabiosis experiments , confocal microscopy*', intravital imaging* and

intravascular staining*® confirmed their tissue-resident property. The generation of antigen-

|.** These cells were

specific CD4 and CD8 TRM were identified in an influenza infection mode
enriched in the mucosal tissue, exhibited tissue tropism on transfer to naive hosts and
displayed unique surface marker expression patterns compared to their circulating
counterparts®®. Over the years, TRM were identified in lung, liver, kidney, FRT, intestine and
skin in various infection models with CD4 TRM outnumbering CD8 TRM in barrier tissues*.

In humans, endogenous TRM were also identified in tissue transplants up to one year in lung*®

and after longer durations in intestinal grafts.*’

2.1.2 Circulation ability

The circulatory capacity of TRM has long been under scrutiny. Early experiments confirmed
that TRM are not re-circulating effector memory cells.*3 Although parabiosis experiments
confirmed the non-circulating nature of TRM, time-course studies after influenza showed

attrition of CD8 TRM.*® Integrated stress responses and amino acid starvation promoted the

11



apoptosis of CD8 TRM, preventing their long-term retention.*® This phenomenon occurred in
the lung but not in other barrier tissues. At late time points after influenza infection, retrograde
migration of TRM to lung draining LN was also observed. These cells retained a TRM

phenotype but were found in the LN-associated lymphatics.>°

2.1.3 Phenotype

Bulk sequencing analysis of antigen-specific memory CD8 T cells across tissues confirmed
that TRM are transcriptionally distinct from Tem and Tem.>' TRM show downregulation of Kif2
and S17pr1 genes and upregulation of Cd69 which are important for cell retention in tissue.
TRM express chemokine and integrin molecules essential for homing to and binding tissue
surfaces. TRM share a core transcriptional signature that is conserved between mice and
humans.>> Some TRM markers are also shared between CD4 and CD8 TRM: PD-1, CD69,
CXCRG6. Genes associated with TCR signaling and cytokine production are also enriched in
TRM indicating a state of heightened activation poised for rapid response.** P2X7R is
enriched on CD8 TRM and TFH memory cells possibly mirroring the metabolic status of cells

“resident” in their respective niches.%?

2.1.4 Factors responsible for TRM generation and maintenance

Antigen is required for the generation of T cells in the tissue with ‘classical’ TRM phenotype.?
Cognate antigen recognition by CD4 T cells at the effector phase is required for TRM
formation.>* CD8 and CD4 TRM can survive in naive hosts in an antigen and inflammation-
independent manner®®3%% although their long-term maintenance is negatively impacted and

accompanied by phenotype changes.*®

Cytokines IL-2, IL-15 and IL-7 are implicated in TRM generation.®?3* IL2 is required for Th1
and Th2 TRM accumulation.®®%”*8 |L-7 is required for the generation of both CD4 and CD8

TRM?3233 although IL-15 is dispensable for CD4 TRM.*°

12



Among CD4 TRM, until recently, only Th1 associated cytokine production has been

reported.5%°

Many transcription factors are described to define tissue residency, but most have been
associated with CD8 TRM.*®* HOBIT and BLIMP1 in CD8 TRM were shown to bind S71pr1,
Ccr7 and Tcf7 genes associated with tissue egress.®' In CD4 TRM, Hobit and Blimp1 knockout
(KO) show decreased TRM accumulation.®” Bhlhe40, which was previously implicated in
maintenance of mitochondrial fitness in CD8 TRM,®? has been shown to be essential for CD4

TRM sustenance in the tissue.®®

Intercellular interactions are crucial for TRM maintenance. Infection with influenza has been
shown to generate inducible bronchus associated lymphoid tissue (iBALT). These structures
closely resemble germinal centers in secondary lymphoid organs.®* iBALT can be formed
independently of secondary lymphoid organs and can sustain TRM responses without the
need for lymphoid replenishment.®® Cytokine and chemokine signals provided by cells within
iBALT or cell clusters in the tissue can recruit immune cells and sustain these structures. The
presence of iBALT also correlate with reduced pathology in allergy models.®® iBALT
destruction by DC depletion in the lung is associated with significant decrease in local and
systemic antibody production upon re-challenge.®” These studies highlight the importance of

iBALT in preserving immune homeostasis.

2.1.5 TRM function: protective and pathogenic roles

Upon activation, TRM proliferate locally, produce cytokines, recruit innate cells and dominate
the local secondary response.®®%%7°. Secondary effectors of CD4 TRM display a multi cytokine
production profile compared to primary effectors. Here TFH effectors were identified although
their tissue residency status was not clearly defined.*® CD4 TRM have been associated with

protection in infection models like influenza™, M.tb*°, Herpes Simplex Virus (HSV)"', and

13



Severe Airway Respiratory Syndrome coronavirus (SARS-CoV)*!, but were shown to be
pathogenic in the context of asthma’®, psoriasis’®, CNS autoimmunity’* and IBD"®. When

focusing on eliciting TRM response as a vaccine target, the immune context needs to be

\

considered.

Antigen
Gene signature
G T Cytokines
PD-1 T Hobit T
smt CD4 e
CXCR6 $
KLF2 i
p2x7R 4 T R M IL-2
IL-15
S1PR1
l IL-7
IL-21
Diversification?
Function?
Location?
Recall capacity? Protection

Influenza
Asthma A SARS
.. M.tb
Psoriasis
IBD

Pathogenicity '

Fig2: CD4 TRM: knowns and unknowns
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2.2 Influenza and CD4 TRM

2.2.1 Influenza virus

Influenza is a member of the Orthomyxoviridae family. It contains a segmented, negative
sense, single stranded RNA genome. Influenza falls into 4 genera A, B, C, D and can infect a
wide spectrum of species. Influenza A virus (IAV) is classified on the molecular structure and
genetic characteristics of Hemagluttinin (HA) and Neuraminidase (NA)™®. IAV infects airway
cells causing alveolar epithelial injury and failure of gas exchange. Extreme consequences
are acute respiratory distress syndrome (ARDS) and death. IAV is also the causative agent
for the pandemic and circulating seasonal epidemic’’. Annual epidemics result in worldwide

deaths ranging between 290,000-650,000.7®

2.2.2 IAV proteins as immune targets

Nucleoprotein (NP) of the influenza virus is the key component of the ribonucleoprotein
(RNP) complex and is required for viral transcription and replication. NP is a conserved CD4
and CD8 T cell epitope. Mouse adapted strains PR8 (H1N1) and H3N2 (X31) are the most
commonly used strains administered in succession for the study of heterologous infection
models. Here, the NP-epitope overlaps between infections and NP-specific memory cells are
re-activated to launch the secondary response "®’°. Focus on generating T cell memory

against conserved epitopes may be a good strategy for the design of a universal vaccine.

Hemagluttinin is the surface glycoprotein of the flu virus that is important for attachment to
host, cell fusion and viral entry. HA contains epitopes that trigger neutralizing antibody
production and is the key target for the seasonal influenza vaccine. HA is the dominant
determinant that triggers viral mutation and recombination. Mutations in HA lead to rapid viral
escape that renders neutralizing antibodies to previous infection ineffective, necessitating new

vaccine formulations annually. 767

15



Neuraminidase (NA), Non-structural protein 1 (NS1), Matrix proteins 1 and 2 (M1, M2) and
Polymerase A (PA) are other epitopes being considered as vaccine candidates. These
epitopes cannot independently elicit a strong immune response or generate long-lived

memory.”®7®

2.2.3 Open questions and goals of thesis

Previous reports of CD4 TRM generated in response to IAV describe a Th1 phenotype 38718059

Previously, eliciting a Th1-biased memory response as a vaccine strategy has been shown to
be detrimental to the host.?® In an asthma model, decreased accumulation of CXCR5-negative
T cells correlated with less-severe host pathology, highlighting that an inflammatory cytokine-
mediated response is not the only form of protection.” Bulk sequencing of T cells in tissues
to define a residency signature creates a bias towards cytotoxic or IFN-y-producing cells due
to their predominance during immune response, thus obscuring T cell heterogeneity.”
Transgenic mouse models have also been shown to display impaired generation of
heterogeneity unlike their polyclonal models, leading to misinterpretation of the immune
setting.?® The classical polyclonal CD4 T cell diversification upon infection described earlier

has not been reported in the resident compartment.

3.Aim

To examine the hallmark heterogeneity of CD4 T cells in the tissue resident compartment and

refine T cell residency signature to account for heterogeneity.
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4. Results
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Influenza is a deadly and costly infectious disease, even during flu seasons when an effective vaccine has been
developed. To improve vaccines against respiratory viruses, a better understanding of the immune response at
the site of infection is crucial. After influenza infection, clonally expanded T cells take up permanent residence in
the lung, poised to rapidly respond to subsequent infection. Here, we characterized the dynamics and transcrip-
tional regulation of lung-resident CD4" T cells during influenza infection and identified a long-lived, Bc/6-dependent
population that we have termed T resident helper (Tgy) cells. Tgy cells arise in the lung independently of lymph
node T follicular helper cells but are dependent on B cells, with which they tightly colocalize in inducible
bronchus-associated lymphoid tissue (iBALT). Deletion of Bcl6 in CD4" T cells before heterotypic challenge infec-
tion resulted in redistribution of CD4* T cells outside of iBALT areas and impaired local antibody production. These
results highlight iBALT as a homeostatic niche for Tgy cells and advocate for vaccination strategies that induce Tgn

cells in the lung.

INTRODUCTION

Seasonal influenza epidemics are a major cause of global morbidity
and mortality. Although annually administered influenza vaccines
are among the most widely used in the world, vaccine-elicited neutral-
izing antibodies offer poor protection against different influenza strains
(1). In contrast, there is evidence that prior influenza infection can
accelerate viral clearance after heterotypic infection in both mice and
humans (2-6). Emerging data suggest that the targeted generation
of CD4" memory T cells recognizing conserved epitopes from inter-
nal viral proteins may form the basis of a universal influenza virus
vaccine (7, 8). CD4" memory T cells are induced after immuniza-
tion or infection and can be recalled to generate secondary effectors
during a challenge infection. Several subsets of CD4" memory cells
have been described, including central memory and effector memory
cells, which circulate through secondary lymphoid tissues (LTs) and
nonlymphoid tissues (NLTs) (9). More recently, T resident memory
(Tra) cells that persist in barrier tissues such as lung and skin have
been described (10). Although CD4" T cells actually outnumber
CD8" T cells in barrier tissues, most of the studies have focused on
the requirements for CD8" Try cell differentiation. In addition,
although CD4" T cells are renowned for their substantial plasticity
during immune responses, less is known about diversification within
the CD4" Try; cell compartment (11-16).

Influenza infection induces the differentiation of CD4" Ty cells in
the lung, where they are maintained in an antigen and inflammation-
independent manner (17). After a lethal rechallenge, influenza-specific
CD4" Ty cells rapidly produce effector cytokines and promote both
viral clearance and host survival (7). Lung CD4" Tpy cells can also
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be induced by mucosal vaccination and were shown to mediate
superior protection after heterologous infection, highlighting their
potential as a universal vaccine target (18). Influenza-specific CD4"
Tru cells are generally characterized as T helper 1 (Ty1)-like, with
the capacity to produce both interferon-y (IFN-y) and interleukin-2
(IL-2) (7, 19). However, IL-2-deficient memory CD4" T cells were
recently shown to provide superior protection compared with wild-
type memory cells, an outcome that correlated with decreased in-
flammation and host pathology during rechallenge (20). These data
suggest that protection mediated by CD4" Try cells is not strictly
dependent on their ability to produce effector cytokines and that a
balanced secondary response is likely to involve the recruitment and
coordination of distinct and specialized CD4" Try cell subsets (21).

Heterogeneity within the non-antigen-specific CD4" Ty cell
compartment was recently examined in a study that reported enrich-
ment of genes associated with the tumor necrosis factor (TNF)
receptor superfamily and nuclear factor kB pathways in barrier T cells
compared with T cells isolated from their respective draining lym-
phoid compartments (11). The residency signature derived from this
dataset, however, does not take into consideration differences be-
tween distinct T cell subsets. Accordingly, this approach tends to
overrepresent genes associated with type 1 helper T cells such as
Kilrgl, Itgae, Id2, and Cxcr6, which may incorrectly define residency
for other Ty cell subsets. Consistent with this idea, the authors
reported the presence of a stronger Trym phenotype in lymphoid
Tul memory cells compared with lymphoid T follicular helper (Tgx)
cells, which they attributed to the relative ability of these cells to adapt
to barrier tissues. Similarly, another study addressing the relation-
ship between Try cells present in secondary lymphoid organs and
Ty memory cells reported distinct transcriptional profiles of these
subsets (12). However, in this case, the authors analyzed T cell re-
ceptor (TCR) transgenic cells that have impaired Ty memory cell
generation relative to polyclonal antigen-specific cells (22), likely
enhancing a bias in Ty toward genes expressed by cytotoxic and
type 1 cytokine-producing cells. On the other hand, it is well appreciated
that Tpy cells share many surface markers and molecular dependencies
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with Try cells, including high expression of programmed cell death
protein 1 (PD1), P2X7R, CD69, and inducible T-cell costimulator (ICOS),
and a requirement for SIPR1 and KLF2 down-regulation to develop
(10, 23-26). In support of this idea, Try memory cells isolated from
the spleen after lymphocytic choriomeningitis virus (LCMV) infec-
tion display a partially overlapping transcriptional signature with
Tru cells, consistent with the noncirculating nature of both subsets
(22). However, whether different tissue-resident Ty cell subsets
express conserved or distinct residency signatures compared with
their lymphoid counterparts remains unresolved.

In this study, we characterized the dynamics and diversification
of polyclonal CD4" T cells present in the lung and draining lymph
node (dLN) after influenza, using the resolution provided by
single-cell RNA sequencing (scRNA-seq) to decouple residency and
functional signatures between these two tissue compartments. Our
analyses of influenza-specific CD4" T cells reveal notable hetero-
geneity within the lung compartment, composed of two broad subsets
that we designate T resident helper (Try) and Trym1 cells. Try cells
persist stably and depend on expression of the transcription factor
(TF) BCL6 for their differentiation. Try cells are tightly colocalized
with B cells in the lung and require ongoing antigen presentation
for their maintenance. CD4" T cell-intrinsic deletion of Bcl6 at late
time points after primary infection impairs the local humoral re-
sponse upon reinfection. These data identify a Try subset that may
be a rational target to drive potent and protective immunity in the
lung mucosa.

RESULTS

Transcriptional residency signature in CD4* T cells is biased
toward a Ty1 phenotype

To examine influenza-specific CD4* memory T cell populations, we
performed scRNA-seq on memory CD4" T cells from the lung and
lung-draining mediastinal LN of mice 30 days after infection with
the PR8 strain of influenza. Virus-specific T cells were detected by
tetramer staining for TA®:NP*''*% and were largely protected from
intravascular antibody staining for CD45 (Fig. 1A and fig. S1A), a
method confirmed to identify tissue-resident cells by parabiosis
experiments (27). Treatment of mice with fingolimod (FTY720) to
block the egress of memory cells from lymphoid organs did not
alter the total number of NP* CD4" T cells isolated from the lung,
indicating that this population can be sustained without input from
the circulation at this time point (fig. S1, B and C). After quality
control, normalization, and dimensionality reduction, the tran-
scriptomes of lung and LN T cells were clearly distinct, and an ex-
pected small population of putative circulating cells identified by
elevated expression of S1pr1, Il7r, and Bcl2 was also detected in the
lung (Fig. 1, B and C, and table S3). Differential expression analysis
between lung and LN cells confirmed enrichment of previously
reported CD4" residency genes (e.g., Crem, Vps37b, Rora, Ramp3,
and Tnfrsf18) in the lung (Fig. 1C) (11, 12). To determine whether
this residency signature was conserved in another viral infection
model, we analyzed GP66-specific memory T cells from the liver and
spleen of LCMV-infected mice at 37 days after infection (Fig. 1D).
Lung-specific genes from influenza were broadly enriched in liver
cells from LCMV and vice versa (fig. SID). To better define a con-
served residency signature, we examined the intersection of genes
enriched in LTs and NLTs from both viral infections (Fig. 1E). This
tissue-level comparison demonstrated an apparent bias in NLT to-
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ward a Tyl phenotype, with Ccl5, Cripl, Vim, Nkg7, Id2, and Cxcr6
among the top shared genes (Fig. 1, E and F). Consistent with tran-
scriptional similarities between the type I cytokine-producing CD4"
and CD8" cells, lung and liver cells also showed enrichment for a
multitissue signature for CD8" Try (Fig. 1G). Conversely, Try sig-
natures including genes such as Tcf7, Izumolr, Dennd2d, Shisa5,
Rgs10, and Cxcr5 were enriched in LT, in line with the conception
of Tru as a resident population of secondary lymphoid organs
(Fig. 1, E and F) (23). The presence of Ty subset-specific genes in
both NLT and LT cells reported here and elsewhere calls for a resi-
dency signature that separates function from niche (11, 12).

Transcriptional heterogeneity in the lung reveals a tissue
signature distinct from T helper function
We next investigated heterogeneity within the NP-specific CD4"
T cell compartment at day 30 in the lung. Unsupervised hierarchical
clustering classified the cells into four populations (Fig. 2A). We
found clear evidence of a Tgy-like phenotype in the lung: cluster 3
showed increased expression of Sostdcl, Sh2dla, PppIr14b, Rgs10,
Id3, and Tcf7 (Fig. 2B and table S3). Although this Tgy-like cluster
was lower in many of the genes characterizing residency compared
with the other lung clusters, expression was still clearly higher com-
pared with cells in the LN (fig. S2A). Cells in cluster 2 had a Tyl
phenotype including enrichment for Selplg, Nkg7, Ccl5, 1d2, and
Cxcr6. The similarity of these clusters to known T helper subsets
was further confirmed by scoring each cell according to published
Try and Tyl memory gene sets (Fig. 2C). Elevated transcription of
Slprl, Il7r, and Bcl2 suggested that cluster 4, distinct in principal
component 2 and further distinguished by high ribosomal protein
content, contained circulating cells recovered during lung process-
ing. While cluster 1 was most similar to the Tgy-like cluster, it had a
distinct profile characterized by enrichment for Hifla, Areg, Tnfrsf4,
and Tnfsf8 and also expressed more Nr4a3, suggesting ongoing major
histocompatibility complex IT (MHC-II) engagement and activation
of the calcineurin/nuclear factor of activated T cell pathway (Fig. 2,
A to C, and fig. S2B) (28). Cells in cluster 1 were also enriched for
Rora, which is reportedly induced by extrinsic signals in the micro-
environment and plays a role in negatively regulating lung inflam-
mation during infection (29). Further examination of the differences
between these two Try-like clusters was reserved for future investigation.
We next focused our analysis on NP-specific CD4" T cells from
the dLN at day 30, cutting the resulting hierarchical clustering tree
to four clusters (Fig. 2D). These clusters were classified similarly to
those found in the lung, with a small Ty1 cluster 4 expressing Nkg7,
Ccl5, Id2, and Cxcr6 and tracking with ribosomal protein-rich
cluster 1 along principal component 1 (PC 1); strongly Try cluster 3
with high expression of Pdcd1, Sh2d1a, and Sostdcl; and Tgy-like
cluster 2 enriched for Izumolr, Tox, and Hifla (fig. S2C and table
S3). As with the lung data, we scored LN cells using Try and Tyl
gene sets to further verify this classification (fig. S2D). To generate
a more representative signature for lung residency, we performed dif-
ferential expression analysis on each of the most phenotypically sim-
ilar cluster pairs between lung and LN, for example, comparing LN
Tpy with Tey-like lung cells and LN Tyl with Tyl-like lung cells.
The final conserved residency signature consisted only of genes that
were differentially enriched in all of the noncirculating lung clusters
compared with their LN counterparts (Fig. 2E). This enrichment
was confirmed in our LCMV dataset and other recently published
Tru data (fig. S2, E to G). Subsequent removal of these conserved
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Fig. 2. Controlling for T helper function im-
proves tissue residency signature. Analysis of
scRNA-seq of NP-specific CD4" T cells at day 30 after
influenza infection. (A) Unsupervised hierarchical
clustering of lung cells using Ward'’s method, visual-
ized using PCA and t-distributed stochastic neigh-
bor embedding (tSNE). (B) Heatmap showing
centered single-cell expression of top 20 cluster-
defining genes sorted according to lung clus-
ter average log,FC. (C) Log-normalized average
expression of Ty and Ty 1 memory signatures (22).
(D) Unsupervised hierarchical clustering of LN cells
using Ward'’s method: PCA and tSNE. (E) Heatmap
of centered scaled single-cell expression from
both lung and LN showing conserved genes for
NLT and LT. Genes included are differentially ex-
pressed in the tissue in all three of the noncircu-
lating cluster pairs. (F) Genes discriminating LN
Ty1 cells from lung Ty1-like cells with reference to
conserved tissue-specific signature. (G) Genes
discriminating LN Tgy cells from lung Tey-like cells
with reference to conserved tissue-specific sig-
nature. (H) Genes discriminating lung Tey-like
cluster 3 from lung Tey-like cluster 1 with refer-
ence to conserved tissue-specific signature. For
(B) and (E) to (H), adjusted P < 0.05. Sequenced
cells were pooled from n =12 mice.

cell sorting (FACS) in the antigen-specific
compartment (fig. S2, ] and K). In sum-
mary, the scRNA-seq data gathered here
constitute a comprehensive picture of
CD4" T cell memory to influenza and
disentangle residency from helper func-
tion to highlight not only conserved dif-
ferences between NLT and LT but also
intratissue heterogeneity and functional
diversification of lung-resident T cells.

Resident CD4* T cells include

Th1-like and Try-like subsets

To determine whether the heterogeneity
detected by scRNA-seq was also mirrored
at the protein level, we examined the
phenotype of NP-specific CD4" T cells
using flow cytometry. At day 30 after
influenza infection, NP-specific CD4"*
T cells in the lung could be divided into
two major subsets with reciprocal expres-
sion of folate receptor 4 (FR4) and P-
selectin glycoprotein ligand-1 (PSGL1),
markers shown to discriminate virus-
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specific Tyl and Ty memory cells. (Fig. 3A) (22). After viral clear-  (hereafter Try) cells expressed many markers associated with Tpy
ance and T cell contraction, the number of cells falling within these  effector cells including PD1, CXCR5, P2X7R, CD73, CXCR4, and
two T resident cell subsets remained stable to at least 120 days  ICOS (Fig. 3, C and D). FR41°PSGL1hl (hereafter Try1) cells expressed
after infection (Fig. 3B). Treatment with FTY720 at day 30 after  lower levels of Try-associated markers but higher levels of markers
infection did not change the number of cells in either subset, indicating ~ associated with Tyl cells including CXCR6, T-bet, and CD11a
that both populations are lung resident (fig. S3A). FR41“PSGL1low (Fig. 3, E and F). To examine cytokine production by NP-specific
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Fig. 3. Protein expression confirms Ty1 and Tgy phenotypes in the lung.
(A) Representative flow cytometry gating for identification of Tgm1 (red) and Tgy
(blue) subsets in NP-specific lung-resident CD4" T cells. (B) Total numbers of FR4*
and FR4™ NP-specific T cells over time after influenza infection. (C to F) Histograms
(C and E) and geometric mean fluorescence intensity (MFI) (D and F) of indicated
phenotypic markers in Tgy (blue), Trm1 (red), and naive CD4" T cells (gray). Data
are presented as the mean + SEM (n =5, representing two experiments) in (B).
Thin lines represent mean in (D) and (F) (n=4 to 5, representing two experi-
ments). Significance was determined by unpaired Student’s t test. P values are as
follows: **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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Try, we used IL-21 reporter mice and also performed intracellular
cytokine staining for IFN-vy, IL-17, IL-4, and IL-2 (fig. S3, B and C).
Consistent with findings in CD44+ Tgy at memory time points,
NP-specific Try cells produce significantly more IL-21 than Tyl
cells, whereas IFN-y, IL-17, and IL-4 production was increased in
Trul cells (27). Adoptively transferred OT-II TCR transgenic cells
activated by infection with PR8-OVA2 generated mostly Trn1 cells
(fig. S3, D and E). These data are consistent with earlier reports using
TCR transgenic strains that primarily identified Ty1-like memory
CD4" T cells in the lung after influenza infection. Together, scRNA-seq
and flow cytometry confirm the presence of Trym1 (Tyl-like) and
Try (Tru-like) cells in the lung and underscore the importance of
studying polyclonal CD4" T cell responses to understand T cell-
dependent immunity.

Resident CD4" T cell subsets arise asynchronously

To further investigate the kinetics of Trm1 and Try cell differentiation
in the lung, we next characterized the phenotype of NP-specific
CD4" T cells at multiple time points after influenza infection. At
day 9, most of the CD4" T cells in the lung had high expression of
PSGL1 and bimodal expression of FR4 and were negative for Try
markers CXCR5 and PD1 (Fig. 4, A and B). By day 14 after infection,
a small proportion of Try cells emerged in the lung, followed by a
clear separation of Try1 and Ty cell subsets by day 30 (Fig. 4A). In
contrast to the lung, fully differentiated NP-specific Try effector cells
(CXCR5'PD1") were clearly detected in the mediastinal LN at day 9
(Fig. 4B). To understand whether LN Tgy effectors give rise to lung
Tru cells, we began continuously treating mice with FTY720 between
days 9 and 30 to prevent the migration of LN-primed Tpy cells
into the lung. At day 30 after infection, the number of Try cells in
FTY720-treated mice was equivalent to the number of Tgy cells in
phosphate-buffered saline (PBS)-treated mice, indicating that full
differentiation of lung Try cells can be independently completed in
the lung (Fig. 4C).

To investigate the transcriptional regulation of resident T cell
generation, we expanded the scRNA-seq analysis to include NP-
specific CD4" T cells from days 9 and 14 after infection. Cells were
clearly discriminated by time point and tissue in reduced dimen-
sions, with day 9 cells appearing more distinct compared with days
14 and 30 (Fig. 3D and fig. S4A). Day 9 lung cells exhibited the lowest
per-cell gene counts of any sample, which may reflect their suscep-
tibility to apoptosis under inflammatory conditions. Nevertheless,
hierarchical clustering revealed a group of cells (cluster 1) enriched
for Stat4, 17r, Icos, S1prl, and Selplg, which may represent recent
immigrants from the lymph node (LN) (Fig. 4E). Consistent with
the FACS analysis, we observed an enrichment of Ty1-like charac-
teristics at day 9, whereas Try cells were more prominent at day 30
(Fig. 4F). To investigate the expression of Izumolr and Selpg, en-
coding the proteins FR4 and PSGLI, respectively, we used imputed
values, replacing zeros with values estimated from similar cells. In
parallel with FACS expression of these markers, day 9 lung cells
were Selplg™ and Izumo17°, whereas Selplg® and Izumolr™ T cells
emerged at day 14 and were increased by day 30 (fig. S4B). In con-
trast, most of the cells in the LN were Izumo1r™ at all time points.
TF activity according to SCENIC analysis tracked the trend from
Tyl-like at day 9 (Runx2, Runx3, and Prdm1) to Tgy-like at day 30
(Lefl and Pou2afl) (Fig. 4G) (33, 34). In addition, a consistent
subset of genes associated with lung residency (Tnfrsf4, Vps370b,
Fthl, and Crem) was detected by differential expression analysis
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Fig. 4. Progressive differentiation of resident CD4" T cell subsets. (A and B) Representative flow cytometry plots
of FR4 and PSGL1 expression on lung NP-specific tissue-resident CD4" T cells (A), and CXCR5 and PD1 expression on
NP-specific CD4" T cells in lung and mLN at indicated time points after PR8 infection (B). (C) NP-specific total CD4* T cells,
Trm1, and Tgy cell numbers in control and FTY720-treated mice. ns, not significant. Data in (C) represent two experi-
ments with n=4 to 6 mice. Statistical significance was determined by unpaired Student’s t test. Thin lines represent
mean. P < 0.05 is considered significant. (D to G) scRNA-seq of pooled cells from n=3 (day 9), n=4 (day 14),and n=12
(day 30) mice. (D) PCA showing time point by tissue. (E) Centered scaled average expression of select genes in lung
at day 9. (F) Log-normalized average expression of published Tey and Ty1 signatures by time point and tissue (22). (G)
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(regulons) in lung by time point. Adjusted P < 0.01.
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between lung and LN at each separate
time point (fig. S4C). Other genes asso-
ciated with residency at day 30 (Gchl,
Hifla, Selenok, and Prkca) appeared
more gradually, potentially reflecting
the dynamics of signal access in the tis-
sue microenvironment and the relative-
ly late development of Try compared
with Truml cells (fig. S4D). A signature
for T cell memory was enriched at days
14 and 30, whereas an effector signa-
ture dominated at day 9 (fig. S4E). In
summary, high expression of PSGL1 by
most of the CD4" T cells at day 9 likely
reflects their recent migration into the
inflammatory lung environment; this
time point is dominated by Trym1 cells,
whereas Try cells emerge gradually at
later time points.

Tru cell generation requires B cells
and T cell-intrinsic Bcl6

Given the phenotypic and transcription-
al similarities between lung Try cells
and lymphoid homing Tgy cells, we hy-
pothesized that Try cells may depend
on B cells and intrinsic Bcl6 expression
for their differentiation (24, 35). To test
a requirement for B cells, we injected
mice with anti-CD20 1 week before in-
fluenza infection. Thirty days after in-
fluenza infection, both the proportion
and number of Try cells were decreased
in the lungs of B cell-depleted mice, cor-
relating with a strong reduction in resi-
dent and circulating B cell numbers in
the lung (Fig. 5, A to C, and fig. S5A).
To assess the contribution of T cell-
intrinsic Bcl6 expression, we generated
irradiated bone marrow chimeras trans-
planted with a mixture of congenically
marked wild type (CD45.1%) and Bel6™71°x
x CD4%"® (Bcl6A“P* and CD45.2%) bone
marrow. Thirty days after influenza in-
fection, Bcl6-deficient CD4™ T cells were
incapable of differentiating into lung Ty
cells, demonstrating their dependence on
intrinsic Bcl6 expression (Fig. 5, D and E).
In the absence of Bcl6, the proportions
of Trm1 cells in the lung and non-Tgy
cells in the dLN were also significantly
reduced compared with wild-type cells,
suggesting that Bcl6 also plays a role in
the expansion of these cells (Fig. 5E and
fig. S5, B and C) (36). Together, these
data indicate that similar to lymphoid
Try cells, Try cells in the lung require
B cells and T cell-intrinsic Bcl6 expression
for their generation.
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Fig. 5. Tgy cell generation requires B cells and T cell-intrinsic Bcl6. (A to C) Mice were treated with PBS or anti-CD20
starting 1 week before PR8 infection and euthanized 30 days later. Representative flow cytometry plot of NP-specific

T cells (A) frequency of Tgy (B) and total number of NP-specific Tgu1 and Tgy cells (C).

reconstituted with Bcl6"“®* (CD45.2) and WT (CD45.1) bone marrow cells. Mice were infected with PR8 and eutha-
nized 30 days later. (D) NP-specific T cells in control and Bcl6-deficient subsets. (E) BcléAcm:wild-type ratio in CD4" T cells
after reconstitution from blood (before infection), Tam1, and Tgy. Thin lines represent mean in (B) and (C) (n= 10, pooled
from two experiments) and (E) (n =15, pooled from three experiments). Significance was determined by unpaired

Student's t test. P values are as follows: **P < 0.01 and ****P < 0.0001.

CD4"* Tgy cells localize with B cells in lymphoid clusters

in the lung

Influenza infection leads to the development of ectopic clusters of B cells
and T cells in the lung, known as inducible bronchus-associated
lymphoid tissue (iBALT), that can persist to at least 100 days after
infection (37, 38). The formation of iBALT supports primary T and
B cell proliferation and local antibody production and is thought
to provide a specialized niche for the reactivation of lung immu-
nity during challenge infection. Given their dependence on B cells,
we hypothesized that Try cells may localize together with B cells
in iBALT. To examine this, we assessed the spatial distribution of
Trul and Try cells in the lungs of influenza-infected Tbx21 (encod-
ing T-bet) and Bcl6 reporter mice, respectively. Using flow cy-
tometry, we initially confirmed that infection-induced polyclonal
CD4" T cells in the lung largely phenocopy NP-specific Tpy1 and
Try cells (fig. S6A). Gating on the minimal markers CD4 and Tbx21

Swarnalekha et al., Sci. Inmunol. 6, eabb6808 (2021) 8 January 2021

or CD4 and Bcl6, revealed that more
than 85% of these cells fall within the
Truml or Tryy compartments, respectively
(fig. S6, B and C). We next stained lung
sections from Tbx21 or Bcl6 reporter mice
with CD4 and B220 to identify iBALT
regions by spinning disk confocal micros-
copy (Fig. 6A). T cell localization was
quantified using two separate pipelines:
one manually guided and one leverag-
ing machine learning (Fig. 6, B to D).
The number of T-bet™ or Bcl6™ CD4*
cell objects inside and outside of the B
cell clusters was calculated after nor-
malization bX' iBALT and tissue slice
volumes. Bcl6 ™ CD4" cells were enriched
inside of iBALT areas compared with
Tbet™ CD4" cells, whereas Tbet™ CD4*
cells were more prevalent outside of
iBALT (Fig. 6, C and D). The preferential
colocalization of Ty cells and B cells in
the lung indicates that iBALT may provide
a homeostatic niche for Try cell survival.

e

PBS  Anti-CD20

Maintenance of Tgy cells requires
antigen presentation

Influenza infection has been shown to
induce a depot of viral antigen in the
lung, which can be transported to and
presented in the dLN to support CD4*
memory T cell accumulation (39). High
expression of Nur77 by Try cells (Fig. 3,
C and D) suggested that they might be
responding to ongoing antigen present-
ation in the lung. To determine whether
Tru cells are actively proliferating at
late time points, we administered bromo-
2-deoxyuridine (BrdU) in the drinking
water of influenza-infected mice starting
at day 50 after influenza infection and
analyzed 2 weeks later. Given the low
number of NP-specific T cells that can
be recovered from the lung after intra-
nuclear staining for BrdU, we analyzed both NP* and CD4*CD44"
T cells that were negative for intravascular staining with CD45. After
BrdU treatment, CD4" Try cells took up significantly less BrdU com-
pared with “circulating” lung CD4" T cells that stained positively
for intravenous anti-CD45 (Fig. 7, A and B). Comparison of BrdU
uptake by Try and Trm1 cells, however, revealed similar levels of
proliferation between these two subsets, despite higher expression of
Nur77 by lung Try cells (Fig. 7C). To further determine whether
antigen presentation is required to sustain resident CD4" T cells, we
generated MHC-IT"1* x UBC*FRT2 mjce (MHC-TTAVBCERT2) to
induce the widespread deletion of MHC-II at late time points after
infection. MHC-ITAYB¢ERT2 and MHC-TI" control mice were
infected with influenza followed by tamoxifen administration be-
ginning at least 40 days after infection (Fig. 7D). Seven days after
the last tamoxifen treatment, both resident and circulating B cells
isolated from the lungs of MHC-TIAY*“RT? mice expressed about

(D and E) Irradiated mice were
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Fig. 6. CD4"* Tgy cells localize in lung B cell
clusters. (A) Representative X40 immunofluores-
cence confocal images from T-bet-ZsGreen and
Bcl6-RFP reporter mice, 30 to 60 days after infec-
tion, stained with the indicated markers. Scale bars,
200 pum. (B) Quantified representations of seg-
mented CD4* objects, showing iBALT location,
log mean TF intensity per object, and location of
Thet" (above) or Bcle" (below) objects. (C) Count
of Tbet" and Bcl6™ CD4* T cell objects inside
B220" iBALT clusters, normalized by iBALT volume,
analyzed by Mann-Whitney-Wilcoxon test. Seg-
mentation performed in Imaris (left) or with
machine learning algorithm (right). Each dot rep-
resents one iBALT. n =2 mice per condition.
(D) Count of Tbet" and Bcl6" CD4* T cell objects
outside B220" iBALT clusters, normalized by tissue
volume less iBALT volume, analyzed by Mann-
Whitney-Wilcoxon test. Segmentation performed
in Imaris. Each dot represents one tissue slice.
n =2 mice per condition. P values are as follows:
***p < 0.001 and ****P < 0.0001.

10-fold lower levels of MHC-II compared
with control antigen-presenting cells
(fig. S7, A and B). Although the number
of B cells in the lung was not affected by
MHC-II deletion, the proportion and
number of Try but not Tru1 cells were
significantly decreased (Fig. 7, E to G,
and fig. S7, C and D). To determine
whether dependency on MHC-II decreases
at later time points, we repeated these
experiments, deleting MHC-II ~100 days
after primary infection. We observed that
deletion at this very late time point does
not have an impact on either Ty or Try1
cell numbers (Fig. 7H). These data in-
dicate that some of the Try cells present
at earlier time points (up to at least 40 to
50 days after infection) are most likely
responding to ongoing antigen presen-
tation, despite their low rate of turn-
over (Fig. 7C). In contrast, Try cells no
longer depend on MHC-II expression
at day 100+ after infection despite their
clear presence in iBALT in control mice
at this late time point (fig. S7E).

Tgru cells are multipotent

and support local antibody
production during rechallenge

Try memory cells express high levels of
Tcf7, a TF associated with self-renewal
and stem-like properties, and were re-
cently shown to generate multiple cell
fates after recall infection (22). The sim-
ilarities between Try cells and Ty cells

Swarnalekha et al., Sci. Immunol. 6, eabb6808 (2021)
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Fig. 7. Maintenance of Tgy cells requires antigen presentation. (A and B) Histograms
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inducible deletion. (E and F) Flow cytometry plots (E) and Tgy frequency (F) in
MHC-I"" and MHC-II*VBSERT2 mice, (G and H) Total number of NP-specific Tgu1 and
Try from infected MHC-I"™ and MHC-IIPYBSERT2 mice that were treated with tamoxifen
starting at days 40 to 50 (G) or day 100 (H) after infection and analyzed 1 week later.
Data in (A) to (C) were analyzed by paired t tests (n =5, representing three experi-
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*P<0.05, **P <0.01, and ****P < 0.0001.
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prompted us to investigate our scRNA-seq data for potential develop-
mental trajectories among lung-resident T cells. For this purpose,
we chose Potential of Heat-diffusion for Affinity-based Transition
Embedding (PHATE) for dimensionality reduction, as it is designed
to retain global structure and condense information into two di-
mensions, and slingshot for trajectory inference and pseudotime
calculation through the clusters (40, 41). We chose Try cluster 3 as
the least differentiated starting point for the trajectories because it
most closely resembles stem-like, ch7h‘1d3 hi Try cells. We observed
a bifurcating trajectory starting with cluster 3, branching at the
Hifla" cluster 1 and terminating in the circulating cluster 4 and the Tgy1
cluster 2 (Fig. 8A). Imputed expression of genes emblematic for each
terminal cluster could then be followed along developmental
pseudotime (Fig. 8B). While we cannot exclude the possibility of
circulating cells entering the lung as a starting point for a trajectory,
enrichment of S1prI and Ccr7 in cluster 4 could also mark a “drain-
ing” population of cells that are poised to exit to the LN. These data
raise the possibility that Try, like Try, may be multipotent after re-
call infection.

To test this experimentally, we adoptively transferred Try and
Trum1 cells from influenza-infected mice into congenic recipients
followed by recall infection with PR8 influenza. Here, we observed
a higher proportion of transferred Try1 cells in the lung compared
with Try cells, whereas Try cells were more highly represented in
the spleen; only a very small proportion of either subset migrated
into the LNs (fig. S8A). At days 9 and 20 after challenge infection,
both transferred Trp1 and Try cells maintained high expression of
PSGLI, similar to endogenous NP-specific cells at this time point
(Fig. 8, C and D). Although most of the transferred Try1 cells re-
mained negative for FR4 expression, transferred Try cells gave rise
to both FR4" and FR4!° secondary effectors in the lung as well as
both CXCR5"PD1* Ty and non-Try cells in the dLN (sufficient cell
numbers in dLN only at day 20) (Fig. 8, C to F, and fig. S8, B and C).
These data demonstrate that similar to Tpy memory cells (22),
Try cells retain the capacity to generate multiple effector subsets,
whereas Trul cells appear to be more terminally differentiated at
these time points.

Try memory cells are reported to provide accelerated help to
memory B cells during a challenge infection, in a T cell-intrinsic,
Bcl6-dependent manner (42, 43). As influenza infection can induce
the differentiation of resident memory B cells in the lung, we next
assessed the contribution of Try cells to secondary humoral immuni%y
in the tissue (44). To do this, we generated Bcl6 ox/flox y Cp4CreERT2
(Bel6ACPHERT2Y mice that allow for tamoxifen-inducible deletion of
Bcl6 in CD4" T cells. Bl6A“P**R1? and Bcl6™¥° control mice were
infected with influenza and treated with tamoxifen starting at 21 days.
Before secondary infection, late deletion of Bcl6 in CD4" T cells led
to a mild decrease in the number of NP-specific Try cells, whereas
Tru1 cell numbers were not affected (Fig. 8G). To understand whether
Bcl6 deletion had an impact on CD4" resident T cell maintenance
within iBALT, we examined the lungs of Bcl6APHERT2 3nd control
mice by histology. While CD4" cells were abundant in dense areas
of strong B220 signal in control mice, Bcl6 deletion led to significantly
reduced colocalization of these cell types, despite the maintenance
of large clusters of B220" cells (Fig. 8H and fig. S8D). In contrast,
normalized CD4" cell counts outside of iBALT areas were higher
with Bcl6 deletion (Fig. 8I).

As iBALT can act as a site for the local priming of pulmonary
immune responses, we next examined whether Bcl6 deletion in
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Fig. 8. Tgy cells are plastic and promote local antibody
production during re-infection with the X31 influenza
strain. (A and B) scRNA-seq analysis from lung day 30. (A)
PHATE dimensionality reduction used as input to slingshot
trajectory inference. PHATE colored by cluster (left) and
pseudotime (right). (B) Imputed expression of selected genes
across pseudotime and two trajectories. (C to F) Represent-
ative plots of FR4™ cells in rechallenged Trm1 and Try recip-
ients in lung at day 9 (C), frequencies in (D), at day 20 (E),
and frequencies in (F). (G) Total numbers of NP-specific
Trm1 and Tgu. (H) Count of CD4" T cell objects inside B220*
iBALT clusters, normalized by iBALT volume, and analyzed
by Mann-Whitney-Wilcoxon test. Imaris segmentation. Each
dot represents one iBALT. (I) Count of iBALT-external CD4*
T cell objects across all images, normalized by total tissue
volume less iBALT volume. n =2 mice. (J) PR8-infected,
tamoxifen-treated Bcl6™/1°% and Bcl6ACP+ERT? memory
mice were treated with FTY720 and o-CD8 before X31 re-
challenge and analyzed 4 days later. (K) Number of NP-specific
1gG antibody-secreting cells (ASC) per mouse lung. Data in
(D) (n=6, pooled from two experiments), (F) (1=6 to 8,
pooled from two experiments), (G) (n=11to 12, pooled from
three experiments), and (K) (n =4 to 7, representing two
experiments) were analyzed by unpaired Student’s t test.
Thin lines represent mean. P values are as follows: *P < 0.05,
**P<0.01, ***P<0.001, and ****P < 0.0001.

CD4" T cells would lead to less efficient secondary
B cell responses. To test this, we further treated
Bel6A“P*ERT2 and control mice with FTY720 and
a CD8 depleting antibody followed by challenge
infection with heterotypic X31 influenza (X31)
(Fig. 8J). This approach allowed us to examine
the impact of Bcl6 deletion in lung CD4" T cells
independently from circulating lymphoid T and
B cells, as well as memory CD8 T cells, which
might otherwise lead to early viral clearance. An-
tibodies generated after PR8 influenza infection
do not neutralize X31 infection, whereas CD4"
T cells responding to the conserved viral epitopes
can support the production of nonneutralizing an-
tibodies that contribute to viral clearance upon
heterotypic challenge (45-47). Before recall in-
fection, no differences in NP antibody produc-
tion were observed between Bcl6A“P*ERT2 and
control mice (fig. S8E). Four daéls after recall with
X31 influenza, however, BAl6A“®* X1 mice had
a fourfold decrease in NP-specific antibody-
secreting cells in the lung (Fig. 8K and fig. S8F).
While we did not detect a significant difference in
viral load between the groups (fig. S8G), our de-
pletion of CD8 T cells may have disrupted the
synergy between CD8 memory T cells and non-
neutralizing antibodies, previously described to
contribute to lowered viremia during heterotypic
challenge (47). Together, these data indicate that
Tru cells support mucosal antibody production
during heterologous challenge.

Swarnalekha et al., Sci. Immunol. 6, eabb6808 (2021)
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DISCUSSION

In this study, we used scRNA-seq to characterize the dynamics, het-
erogeneity, and transcriptional regulation of lung-resident CD4"
T cells after influenza infection. In contrast to previous studies that
mainly identified Tyl memory cells with transcriptional resem-
blance to CD8 Ty cells, our data reveal the presence of long-lived
Try cells with phenotypic and functional similarities to lymphoid
Ty cells. In agreement with these earlier studies, many of which
tracked monoclonal T cell responses with specificity to a single anti-
gen, we did not observe Tyy differentiation by OT-II T cells re-
sponding to PR8-OVA, indicating that not all TCR lines recapitulate
the heterogeneity of polyclonal T cell populations. Our study identifies
phenotypically similar cell clusters in both LN and lung alongside a
consistent signature of residency in the lung. The predominance of
type 1 responses to viral infection in barrier tissues, the averaging
effect of bulk studies, and the paucity of antigen-specific polyclonal
models to date likely contributed to previously obscuring a general
residency signature.

The Try population we identified in the lung was itself heteroge-
neous, with FR4"PSGL1"" cells clustering into two groups tran-
scriptionally. Regulation of these two subsets by Bcl6 and HIF-10,
respectively, is consistent with a previous study showing that Bcl6
can repress gene programs activated by HIF-1a in effector CD4" T cells
(48). While HIF-1a has been alternately reported to repress or pro-
mote Ty effector cell differentiation (49, 50), our data reveal a
gradual up-regulation of HIF-1a in CD4" Ty cells, coincident with
Try cell differentiation, localization in iBALT, and resolution of the
inflammatory/hypoxic phase of infection. HIF-1a expression might
therefore reflect differences in Ty cell localization and the dynamics
of access to environmental signals. In addition, expression of
Areg, encoding the cytokine amphiregulin that promotes epitheli-
al cell proliferation, may also point to a role in tissue homeostasis
(51). Amphiregulin produced by regulatory T cells was previously
shown to prevent excessive inflammation in the lung at very early
time points after primary infection (52). Of interest will be
determining whether amphiregulin produced by resident CD4"
T cells plays a similar role during recall infection, as a means to
balance antipathogen immunity with tissue integrity and niche
preservation.

Our data highlight the importance of B cell interactions for the
generation of the Try compartment. B cells have been previously
implicated in the differentiation of Tyl Try cells after intranasal
LCMYV infection, where they initially restrained Ty1 cell residency
but later promoted their long-term persistence (53). Although these
results are consistent with our observation that Try1 cells differen-
tiate earlier compared with Try cells, we did not observe any impact
on Trym!1 cell numbers in B cell-depleted mice. We additionally deter-
mined that Tgy cells require intrinsic Bcl6 expression. The absence
of Bcl6 at the start of infection led to complete ablation of the Try
compartment as well as a significant decrease in Try1 cells. These
data are consistent with a previous study looking at CD4" T cell
differentiation in the lung during tuberculosis infection (54). Here,
the authors reported that both Bcl6 and ICOS signaling are required
for the development of lung-resident T cells with memory-like prop-
erties that mediate superior protection compared with more terminally
differentiated lung Ty1 cells. Taken together with our observations,
these findings suggest that Tgy cells maintain the plasticity to dif-
ferentiate into Ty1 effectors after challenge infection, an idea that is
supported by our trajectory analysis and adoptive transfer experi-
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ments. A clear limitation of our approach, however, is that we cannot
exclude the possibility that transferred Try cells are further primed
in the dLN or spleen before their recruitment to the lung. Never-
theless, the apparent ability of Try cells to differentiate into multi-
potent effectors is similar to stem-like Ty memory cells, which
were recently reported to generate diverse effectors after secondary
infection (22).

Influenza infection results in the development of iBALT, a tertiary
lymphoid structure in the lung that can act as an immunological hub,
promoting rapid and localized immune responses after secondary
infection (55). Compared with Try1 cells, we detected close local-
ization of Try cells and B cells within iBALT. The importance of
T-B cell interactions in tertiary lymphoid structures has been high-
lighted in many immune contexts, including tuberculosis infection,
where the presence of iBALT correlates with bacterial control, as
well as within the tumor microenvironment, where the presence of
such structures predicts improved patient outcome (56-60). Our data
provide additional insight into these studies, demonstrating Try cell
dependency on Bcl6 expression for their maintenance within iBALT.
The decreased number of iBALT-localized CD4" T cells observed
after late Bcl6 deletion may be due to lower expression of ICOS,
which normally promotes T cell interactions with inducible T-cell
costimulator ligand (ICOSL)-expressing B cells (61). Further exper-
iments will help clarify whether Bcl6 is also required for the long-
term maintenance of CD4" memory cells or their localization
with B cells in other niches such as the tumor microenvironment
or in autoimmune diseases such as rheumatoid arthritis, where
Tgy cells are implicated in health and pathology, respectively.

The traditional requirement that a memory cell must be able to
exist independently of antigen has come under increasing scrutiny,
in part due to the persistence of antigen depots, for example, by
follicular dendritic cells or lymphatic endothelial cells in secondary
or tertiary lymphoid structures (62-64). Reduction of Tgy but not
Trm1 numbers at day 50 after infection after MHC-II deletion sug-
gests a partial dependence on antigen persistence at this time point.
However, MHC-II deletion at day 100+ after infection had no effect
on Ty numbers, despite the persistence of iBALT in control ani-
mals at this late time point. We use the term memory for these cells
because of (i) their persistence to very late time points after infec-
tion, (ii) their relative quiescence, and (iii) their enrichment for
memory T cell transcriptional signatures.

Last, our data demonstrate an important role for resident CD4"
T cells in orchestrating local humoral responses during recall infec-
tion. This is reciprocal to the relationship between memory Tgy cells
and memory B cells present in secondary lymphoid organs, where
antigen-specific memory B cells induce Bcl6 expression in cognate
Ten cells, leading to more efficient T cell help and acceleration of
humoral immune responses (42, 43). Our experiments suggest that
Tru cells are poised to provide help due to their tight localization
with B resident (memory) cells. Thus, the targeted induction of lung
Try cells may serve as the basis for rational design of a universal
influenza vaccine. Alternatively, it is possible that by promoting the
recall of memory B cells to prior influenza infections, Try cells may
contribute to original antigenic sin and the subsequent impairment
of host immunity. In any event, taken together with the observation
that Try cells maintain the capacity to generate Ty1 effectors, these
findings have implications for reinvigorating or dampening T cell
responses in other contexts where tertiary lymphoid structures
are found.
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MATERIALS AND METHODS

Study design

The aim of this study was to characterize the underlying attributes
and transcriptional features of CD4" lung-resident T cells generated
upon influenza infection. We used the murine influenza infection
model and MHC-II tetramers, intravascular staining, and FTY720
to identify antigen-specific resident CD4" T cells. Details of the
mouse models and individual experiment types are listed below or
in figure legends. Infected mice were randomly assigned to treatment
versus control groups. Analysis of the experimental data was con-
ducted in an unblinded manner.

Mice

Male and female mice C57BL/6] (CD45.2), B6,S]L—PtprcaPepcb/Boy]
(CD45.1), C57BL/6-Tg(Nr4al-EGFP/cre)820Khog (Nur77 GFP),
Bcle'™L1Cdon (B 6 red fluorescent protein (RFP)], Tg(Tbx21-
ZsGreen)E3Z]fz (T-bet-ZsGreen), B6.129X1-H2-Ab1'™m!Keni;
] B6.Cg-Ndor] T8VBC-Cre/ERILED 11 (\HCIAVBCERT?) (UBC-ERT2 mice
were provided by T. Derfuss, University of Basel), B6.Bclg™ T
(Cd4-C1’€)1CWi (BCIGACD4), B6,Bc16tm1'1M“° Cd4tm1(cre/ERT2)Thbu
(BclﬁACD4'ERT2, Bcl6 fl/fl mice were provided by T. Takemori, RIKEN,
The Institute of Physical and Chemical Research), B6.Cg-Tg(TcraTcrb)
425Cbn/J (OT-II), and IL-21 GEP (IL21™™"%) (provided by S. Nutt,
Walter and Eliza Hall Institute of Medical Research) were used.
Mice in each experiment were same-sex littermates, 6 to 12 weeks
old at the start of experiment, maintained and bred in the specific
pathogen—free animal facility at the University of Basel. All animal
experiments were performed in accordance with local and Swiss
federal guidelines. Nonblinded experimental groups were formed
with random assignment of mice and no specific methods were ap-
plied to determine sample size.

Infections

Influenza A/PR8/34 OVAII (hereafter PR8) and X31 starter material
were provided by P. G. Thomas, St. Jude Children’s Research Hospital,
and produced at VIRAPUR. PR8 was intranasally administered at
500 to 2000 TCIDsg (50% tissue culture infective dose) for all primary
infections. Influenza X31 was used at 10° TCIDs, for secondary infections.
Mice were anesthetized with vaporized isoflurane and infected in-
tranasally with virus diluted in 30- to 40-ul volume of PBS. LCMV infec-
tions were carried out as a part of and as detailed in a prior study (22).

Mixed bone marrow chimera

Bone marrow cells from wild-type (CD45.1) and Bcl6*“P* (CD45.2)
mice were collected, mixed in 60:40 (CD45.1:CD45.2) ratio to compen-
sate for reconstitution defects of Ly5.1 line, and adoptively trans-
ferred into lethally irradiated [2x 500 centrigray (cGy)] CD45.1 hosts
(65). Reconstitution in blood was checked 6 weeks after irradiation.

Adoptive transfer

Inguinal, brachial, and axillary LNs from naive OT-II mice were
harvested and mashed through a 100-pum nylon cell strainer (Corning).
Negative selection for CD8a, CD19, B220, I-A®, and NK-1.1 using
LS columns (Miltenyi Biotec) was performed to enrich CD4" T cells.
Cells were enumerated as previously described and 30,000 OT-II cells
were transferred into congenic hosts 1 day before infection with
PR8-OV A2 (66). For the cell transfer experiment in Fig. 8C, noncir-
culating CD4" T cells from each subset were sorted and transferred
into naive congenic hosts that were infected with PR8 the following day.
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In vivo treatments

Tamoxifen (Sigma-Aldrich) was dissolved in corn oil (25 mg/ml)
and stored at 4°C during the duration of treatment. Mice were ad-
ministered tamoxifen (3.75 mg in 150-pl volume) for 5 to 7 days by
oral gavage. Mice were administered BrdU (Roche) in the drinking wa-
ter (1 mg/ml with 1% glucose) for 13 days and euthanized on the
14th day. ARTC2.2-blocking nanobody s"16 [12.5 ug; NAD-induced
cell death (NICD) protector] made in-house was intravenously in-
jected into mice at least 15 min before sacrifice. Mice were injected
intravenously with 3 ug of fluorochrome-conjugated anti-CD45 AF700
(clone A20; BioLegend, #110724) 3 min before sacrifice to label
circulating cells and discriminate them from the noncirculating
compartment. B cell depletion was performed by weekly intraperi-
toneal administrations of 250 ug of murine B cell depletion antibody
(anti-mouse CD20, 18B12 obtained from Biogen MA Inc.) starting
from 1 week before infection until sacrifice. CD8 depletion was per-
formed by administering InVivoMAb anti-mouse CD8a (clone
2.43, Bio X Cell), 400 ug intraperitoneally and 100 ug intranasally
(i.n.) for two consecutive days before secondary infection. The
S1PIR agonist FTY720 (AdipoGen Life Sciences) was dissolved in
DMSO at a concentration of 20 mg/ml; 1 mg/kg was administered
intraperitoneally for three consecutive days before harvest for mem-
ory time point experiments (fig. S1), every 2 days starting day 9 for
migration experiment (Fig. 4) and every day starting 3 days before
secondary infection for recall experiments. For intracellular cyto-
kine experiments, each mouse was administered Influenza NP pep-
tide 311-325 (Eurogentec) 100 pg intravenously (i.v.), 25 ugin. and
lipopolysaccharide (Sigma-Aldrich, L4391) 66 pg i.v., 33 ug in., all
dissolved in PBS, 5 hours before sacrifice.

Tissue preparation

Lungs were harvested and diced into gentleMACS C Tubes (Miltenyi
Biotec) and washed down with 3 ml of media [RPMI, 10 mM amino-
guanidine hydrochloride (Sigma-Aldrich), 10 mM Hepes, penicillin-
streptomycin-glutamine (100x, Gibco), 2-mercaptoethanol (50 uM,
Gibco)] devoid of fetal calf serum (FCS) and EDTA prewarmed in a
37°C water bath. Digestion mix containing liberase (33.3 ug/ml;
Roche, #05401020001) and deoxyribonuclease I (68 ug/ml; Applichem)
was added. Lungs were dissociated on a gentleMACS Dissociator
(Miltenyi Biotec) and placed in a shaking incubator at 37°C for
30 min. Lungs were dissociated again and mashed through 70-um
MACS SmartStrainers (Miltenyi Biotec). Red blood cells were lysed
with 139.5 mM NH,Cl and 17 mM tris-HCI (Erylysis buffer). For
further processing, media containing 2% FCS and 1 mM EDTA were
used. Mouse mediastinal LNs were harvested and mashed through
a 100-pum Corning nylon cell strainer.

For LCMV-infected liver, perfusion with PBS was done till blood
was removed. Organs were harvested and mashed through a 100-um
cell strainer in RPMI 1640 containing 10% FCS. Lymphocytes were
purified on a 70%/40% Percoll gradient (Fisher Scientific). Purified
lymphocytes were further processed for scRNA-seq as described
previously (22).

Tetramer, antibody staining, and flow cytometry

1-A® NP311-325 (QVYSLIRPNENPAHK) allophycocyanin was ob-
tained from the National Institutes of Health (NIH) tetramer core
facility. Single-cell suspensions were tetramer-stained, enriched, and
counted as previously described (66). Dasatinib (50 nM) was added
to the tetramer mix to reduce peptide-major histocompatibility complex
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(pMHC) tetramer binding affinity threshold and activation-induced
cell death (67). To analyze B cells, we used the flowthrough collected
after tetramer enrichment to enumerate and stain for B cell markers.
For all fluorochrome-conjugated antibody dilutions, FACS buf-
fer (PBS, 2% FCS, and 0.1% sodium azide) containing Fc block
(InVivoMADb anti-mouse CD16/CD32, Clone 2.4G2, Bio X Cell)
was used (table S2). Live-dead stain (Zombie Red Fixable Viability
kit; BioLegend, #423109) was added to the antibody mix and stained
at 4°C for 30 min. FoxP3 Transcription Factor Staining Buffer Set
(eBioscience, #00-5523-00) was used for intracellular staining at
room temperature (RT) for 1 hour. For intracellular cytokine ex-
periments, Fixation Buffer (BioLegend, #420801) was used in-
stead of the reagent from the above kit. For BrdU staining, the BD
Pharmingen BrdU Flow Kit (#51-2354AK) was used. Flow cyto-
metric analysis was performed on BD LSR Fortessa. Data were an-
alyzed using Flow]Jo X software (TreeStar).

Gating strategy used in flow cytometric analysis

To gate on resident CD4" T cells, lung cells were gated on Zombie
Red™ (live), dump™ (CD11b, CD11c, B220, and F4/80) lymphocytes,
and then on CD4", i.v.” T cells (noncirculating). For antigen-specific
T cells, CD44"NP" cells were gated on. Non-antigen-specific are
considered as CD44"NP". The same gating strategy was used for
CD4" T cells from dLN.

For B cell staining in the lung, cells were gated on Zombie Red™
(live), dump™ (CD3g, Gr-1, F4/80, and CD11c) lymphocytes, and then
on B220". Further gating on iv* or iv” was done to discriminate
between circulating and noncirculating B cells.

Single-cell RNA sequencing

Total NP-specific CD4" T cells (0.5 x 10* to 3 x 10*) were sorted
from mLN and lung of PR8-OV A2-infected mice at indicated time
points and were provided for library preparation using the 10x
Chromium platform. Each sample is pooled from 4 to 12 C57BL/6] mice.
Sorting was performed using BD FACSAria IIT and BDSortAria III.
Single-cell capture and cDNA library preparation were performed
with the Single Cell 3’ v2 Reagent Kit (10x Genomics) according to
the manufacturer’s instructions. Sequencing was performed on one
flow cell of an Illumina NexSeq 500 at the Genomics Facility Basel
of the ETH Zurich. Paired-end reads were obtained, and their qual-
ity was assessed with the FastQC tool (version 0.11.5). The length of
the first read was 26 nucleotides (nt), composed of individual cell
barcodes of 16 nt, and unique molecular identifiers (UMIs) of 10 nt.
The length of the second read, composed of the transcript sequence,
was 58 nt. The samples in the different wells were identified using
sample barcodes of 8 nt.

scRNA-seq analysis

Sequencing data were processed using 10x Genomics Cell Ranger
software version 2.1.0, modified to report only one alignment
(randomly) for multimapped reads (keep only those mapping up to
10 genomic locations). Raw molecule info from Cell Ranger was
initially filtered leniently, discarding cells with fewer than 100 UMI
counts, as well as the highest 99.99% to account for likely doublets.
The resulting UMI matrix was further filtered to keep only cells
with log library size >2.9, log number of features >2.6, percent
mitochondrial reads <6, and percent ribosomal protein reads >20.
Genes with average counts <0.007 were removed. Normalization was
done using the R package scran’s deconvolution method. Technical
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noise within gene expression was modeled using scran, and biolog-
ically relevant highly variable genes were calculated after separating the
technical from biological variance, using false discovery rate <0.05
and biological variance >0.1. Principal components analysis (PCA)
was run on the normalized data using the top 500 most variable
genes by biological variance, and the PCA was denoised to account
for the modeled technical variation. Cells were clustered hierarchi-
cally using Ward’s method on the distance matrix of the PCA.
Default dendrogram cut height using the R package dynamicTreeCut
resulted in clusterings that also mapped to the highest average
silhouette width. Data subsets, e.g., lung d30 cells only, were subjected
to the same pipeline after subsetting. The sex-linked gene Xist was
removed from the signature residency gene list. Subsequent visual-
ization and analysis were performed using version 3.1.1 of the Seurat
R package; dropout imputation was performed using Seurat version
2.3.4. SCENIC was performed using version 0.9.7 and the published
workflow on the pySCENIC github repository (30). Pseudotime
analysis was performed with slingshot version 1.5.0 and PHATE
dimensionality reduction (40, 41). Secondary analysis of published
datasets was taken directly from published supplemental material
or downloaded from Gene Expression Omnibus (GEO) and ana-
lyzed for differential expression between samples by the limma
package (68).

Histology
Lungs were inflated with 3% low melting agarose (LMA) (Sigma-
Aldrich, #A9414), fixed in 1% formaldehyde (Thermo Fisher Scien-
tific, #28908) for 24 hours at 4°C, washed with PBS, and kept at 4°C
in PBS + 0.01%NaN3. Lung tissues were embedded in 3% LMA, and
100-pum-thick sections were cut at the vibratome (Leica VT 1200S).
Sections were placed on microscope slides, circumscribed with
ImmEdge pen (Vector), and blocked in TBST (100 ml of tris-HCI,
150 mM NaCl, and 0.05% Tween 20) containing 5% donkey serum
(Jackson ImmunoResearch, #017-000-121) for 2 hours at RT. For
lung staining from T-bet-ZsGreen mice, sections were incubated
with anti-CD4 (1:50 in blocking buffer) overnight at 4°C, then washed
(four times for 15 min with TBST) and incubated with anti-rat-AF647
(1:160) for 4 hours at RT, followed by washes and subsequent incu-
bation with anti-B220-BV421 (1:50) overnight at 4°C. For Bcl6-RFP
mice, sections were processed similarly by incubating sections with
anti-CD4 (1:50) and anti-RFP (1:100) overnight at 4°C, then with
anti-rat-AF647 (1:160) and anti-rabbit-AF488 (1:200) for 4 hours at
RT, and lastly with anti-B220-BV421 (1:50) overnight at 4°C. For
Bcl6™! and Bcl6A“P+ERT2 mice, sections were incubated with anti-
CD4 (1:50) overnight at 4°C and then washed and incubated with
anti-rat-AF647 (1:160) for 4 hours at RT. Then, sections were washed
and incubated for 45 min with 5% rat serum in blocking buffer,
washed and incubated for 45 min with Fab anti-rat (100 ug/ml), and
washed and incubated with anti-B220 (1:50) overnight at 4°C. Sec-
tions were then washed and incubated with anti-rat-AF488 (1:300)
for 4 hours at RT. After the last wash, sections were mounted using
ProLong Glass Antifade Mountant (Invitrogen, P36984).
Microscopy images (16 bts, 1000 x 1000 pixel images) were ac-
quired using x20 or x40 magnification objectives at the spinning disc
confocal microscope (Nikon CSU-W1) with a photometrics 95B camera.

Image quantification
Confocal images were processed in Bitplane Imaris v9.5. Surfaces

were created to segment different features of interest: dense B cell
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areas (B220") (automatic threshold; surface detail, 8 um; seed point
diameter, >40; artifacts removed and final areas unified manually),
individual CD4" T cells (automatic threshold; surface detail, 0.8 um;
seed point diameter, 4 um), and the total possible volume in which
aCD4" T cell could be found (threshold, ~150; surface detail, 8 um).
Where necessary, surfaces for obvious noncell artifacts were created
and used to mask the channels of interest before creating target sur-
faces. The statistics including shortest distance between surfaces was
exported to comma-separated values (CSV) files. To confirm these
results, we also processed images using custom computer vision and
machine learning algorithms mainly written in python. Two separate
image-based classifiers were trained at voxel- and object-level de-
tection and identification for 3D clusters (B220) and 3D single cells
(CD4). Features such as intensity, morphology, etc., were then mea-
sured per object at cluster and cellular level and colocalized using a
parent (cluster) and child (cell) relationship within clusters of B cells.
The distances between surfaces were calculated using centroids of
cells and clusters. Data from both segmentation pipelines were load-
ed into R and processed using custom code to quantify and test dis-
tributions of CD4" T cells with respect to B cell areas. CD4 objects
less than 2.5 um in radius were discarded as probable artifacts of sur-
face creation. B cell clusters smaller than 20,000 um® were also discard-
ed. Double-positive CD4"Tbet* or CD4"Bcl6" cells were positively
gated as if for FACS on the basis of a log distribution of mean inten-
sity scores per CD4 object—by eye with the manual pipeline and at
a threshold of the top 10% of per image data for the machine learning
pipeline. Normalization: T cell counts within B cell areas were divid-
ed by that B cell area’s volume, and counts outside B cell areas were
divided by the total available T cell volume minus all B cell areas.

Enzyme-linked immunospot (ELISpot)

Multiscreen IP HTS filter plates (EMD Millipore, #MAIPS4W10)
were coated with NP (2 ug/ml; Sino Biological, #11675-V08B) and
incubated overnight at 4°C. Plates were blocked with cell culture
medium. Cells were plated and incubated at 37°C for 5 hours. Plates
were washed in PBS + 0.01% Tween 20 before goat anti-mouse
immunoglobulin G (IgG) horseradish peroxidase (Fcy fragment;
Jackson ImmunoResearch, #115-035-008) was added and incubated
overnight at 4°C. Plates were washed and developed using AEC
Substrate Set (BDBiosciences, #551951). Spots were recorded with
AutoImmun Diagnostika GMBH (AID) EliSpot Reader and enumer-
ated manually.

Viral titer assay

Virus titers from lungs were determined on Madin-Darby canine
kidney (MDCK) cells (American Type Culture Collection, CCL-34)
and expressed as TCIDso/ml using the Reed and Muench method.
Mice lungs (about 200 mg each) frozen in dry ice after collection
were mixed with 800 pl of ice-cold PBS and homogenized using the
TissueLyser LT (Qiagen, 50 Hz for 10 min), and the supernatant
was collected after centrifugation for 5 min at 1000 rpm. MDCK
cells were infected with serial 10-fold dilutions of the supernatant in
Dulbecco’s modified Eagle’s medium, 0.2% bovine serum albumin
(BSA), 2 mM 1-glutamine, and L-(tosylamido-2-phenyl) ethyl chloro-
methyl ketone (TPCK)-treated trypsin (1 pg/ml). Infected cells were
visualized 72 hours after infection using a primary anti-NP antibody
(Thermo Fisher Scientific, PA5-32242) diluted 1:2000 in 1% BSA and a
secondary fluorescent antibody (Thermo Fisher Scientific, A-11034)
diluted 1:3000 in 1% BSA.

Swarnalekha et al., Sci. Immunol. 6, eabb6808 (2021) 8 January 2021

Statistical analyses

Statistical analyses were performed with Prism Graphpad Software
(version 8.0). Unpaired or paired ¢ tests (two-tailed) or Mann-Whitney-
Wilcoxon tests were used according to the type of experiments.
P <0.05 was considered significant.
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Fig. S1. Inflammatory T cells at site of infection confound a tissue-residency signature.
Fig. S2. Controlling for T helper function improves tissue-residency signature.

Fig. S3. Protein expression confirms Ty1 and Ty phenotypes in the lung.

Fig. S4. Progressive differentiation of resident CD4* T cell subsets.

Fig. S5. Tgy cell generation requires B cells and T cell-intrinsic Bcl6.

Fig. S6. CD4" Tgy cells localize in lung B cell clusters.

Fig. S7. Maintenance of Tgy cells requires antigen presentation.

Fig. S8. Ty cells are plastic and promote local antibody production during rechallenge.
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Fig. S1. Inflammatory T cells at site of infection confound a tissue-residency
signature

(A) Identification and frequency of NP-specific resident T cells. (B, C) Total numbers
of NP-specific T cells (B) and total CD4"* T cell frequencies in blood (C) of control
and FTY720-treated mice. (D) Tissue specific signatures derived from one infection
model plotted on data set from the other infection model. Heatmaps show cluster-
averaged, scaled centered expression. Thin lines represent mean in B and C.
Significance was determined using unpaired Student’s t-test. P values are as

follows: *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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Supplementary Figure 2.

A
Day 30

Vo U

it i .

Day 30

ffffff

W‘o N M‘ ‘wé“ Fé“ ‘A»éu M%u
w.

nnn

‘M‘é“ | U L‘A I ‘MM& “% W % ‘ ‘;Lpé“

%WW%%M%EW&@MM@

LLLLLL

“““““

LLLLLL

36



LN day 30

Fpm r14b [ \ L I\H
Tu bb2 | LT

m‘ 2 | bkt b
£ li i q \r

|\n bl \hu | i}
Lg”'."k \‘I’ FIM T w | \m\u‘f\ H dill
|

|
N 2\ \’”HIHHI 1NN

gs16 ‘ ‘ \‘ IHIW \HHHHIM\ |

P |
&“M ‘I\ “t W\I N‘I’“Hw 4MI ‘H\ \J ‘ ‘\I ‘W II M I’I HIM\ |‘\”"”F f “\ | HJ\“ W

SmM

Flg 5
ol

Awnzum oy ﬁu\,um iy nmuu}ll\l‘\ \III‘JIIH\III\IHHIHHHHH\MIH\I‘II\‘IH M
Gimagy il Il

Epsn I I“ IF\ I"H‘\II\ IIH\H‘IHHI\WII"\‘\ “ HJ W\ H‘I il ]H\’HI H’IHHIHHI 11 HHH‘ i \f‘
Serpina 3g | \ HH 1 H ([ AR \\IH ([l P (il

2 WA o il

F Mackay et. al. 2013

Lung
Spleen Naive
Spleen TCM

Spleen TEM

10564809 Eif1
10597573 Eif1
10607865 Tmsb4x
10457205 Vps37b 0
10533729 Crem
10461402 Sh3bgrl3
10517169 Fth1

]
N

1

LN day 30

TFH memory Th1 memory

4
4
3 3
2 2
1 1
075 100 125 150 175 200 05 10 15 20 25

Gene set average normalized expression

Miragaia et. al. 2019

Crem Eif1 Fth1

H3f3b Sh3brgl3 Sub1

[l skin
B Colon Tmem
[ Colon Treg

:
L[ | .- i
0 =n " B LT Tmem

1 [ LT Treg

log,FC

Tnfrsf4 Ubb Vps37b

2
| I 1
o l -II I II

o_}t{‘ Q Q@ﬁ@ggf QQ@%JQ@QCO\:&@ QQ@Q
o°o 08 St \°\§ > % \0\/ \’
O 5 S5

Lung residency genes on LCMV data

Crem Eif1 Fth1
Speen i — i —
Liver
02 0d4 006 008 22 24 256 21 24 27 30
H3f3b Sh3bgrl3 Sub1
e
Liver
18 21 24 27 ' 10 15 20 25 30 10 15 2.0
Tmsb4x Tnfrsf4 Ubb
soun) — AP e -
Liver
45 50 55 ‘00 02 04 06 08 26 28 30 32

Vps37b

Spleen
Liver

ol
o

02 04

Imputed expression

37



H . Regulons - day 30Ln ! Regulons - day 30

SR
MR )

I lllll-lllll WipiigneenE T

|
SOOI U R I

J
I . a
zumotr ) Salpig . Foxpd Jﬂfjf\'ﬁ £ &
¢ k > 29
(] : :
1 ‘(J 1 L1 J
o M AAR|AE A BN AB A A A
Larg N Lung N Lung N
K
NP+
10° 06 \0’1
8 ] s
o 1 o 3
1w 106*4
R e RS
Foxp3 »

Fig. S2. Controlling for T helper function improves tissue-residency signature

(A) Imputed expression of residency genes. Dropout imputed using
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Seurat::AddimputedScore. (B) Imputed expression of genes typifying similar
clusters in lung and LN: blues = Tm-like, yellows = Tim-like, oranges = TCM-like, red =
Th1-like. (C) Heatmap showing scaled, centered single cell expression of top 20
genes sorted according to LN cluster average log-FC, adjusted P value < 0.05. (D)
Log-normalized average expression of Tm and Th1 memory signatures(26). (E)
Conserved tissue residency signature genes on published single cell data set
analyzing Treg adaptation to tissue(77). (F) Conserved tissue residency signature
genes on published data set investigating CD8 TRM(62). (G) Imputed expression of
conserved tissue residency signature genes on LCMV data. (H) Scaled, centered
area under curve (AUC) calculated with SCENIC showing top 20 differentially active
transcription factors by tissue at day 30. Adjusted P-value < 0.01. (l) Scaled,
centered, cluster average SCENIC AUC showing top 20 differentially active TFs by
tissue and cluster. Adjusted P value < 0.01. (J) Log-normalized expression by
cluster. (K) Foxp3+ cells in the lung. Data in A (n=6, representing 3 experiments), B
(n=8, pooled from 2 experiments) and C (n=6, pooled from 2 experiments) were
analyzed by unpaired Student’s t-test. Thin lines represent mean + s.e.min A and
mean in B and C. Data in | represents 2 experiments, n=5. P values are as follows:

*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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Supplementary Figure 3.
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Fig. S3. Protein expression confirms Th1 and T phenotypes in the lung

(A) Total numbers of NP-specific non-circulating TRM1 and TRH from PBS and

FTY720-treated mice. (B) Representative flow cytometry plot of proportion of

cytokine producing NP-specific TRM1 and TRH. (C) Frequencies from B. D)

Representative plot of TRM1 (red) and TRH (blue) among transferred OT2. E)

Frequency of TRH in OT2 and endogenous NP-specific CD4* T cells. Datain A

(n=4-5, representing 2 experiments), C (n=7, pooled from 2 experiments for %IL-21

and n=4, representing 2 experiments for others) and E (n=5, representing 2

experiments) were analyzed using unpaired Student’s t-test. Thin lines represent

40



mean = s.e.m in A and mean in C and E. Significance was determined using
unpaired Student’s t-test. P values are as follows: *P<0.05, **P<0.01, ***P<0.001,

****P<0.0001.
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Supplementary Figure 4.
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Fig. S4. Progressive differentiation of resident CD4* T cell subsets

(A) tSNE of scRNA-seq data by tissue and time point. (B) Imputed expression of
Izumo1r and Selplg by tissue and time point. (C) Differentially expressed genes
discriminating lung (+) from LN (-) across time points. (D) Imputed expression of

selected genes in the lung across time points. (E) Scaled centered expression of
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gene set average scores across time points. Gene sets derived from differential
expression analysis between effector and memory cells in published data’, adjusted

P Value < 0.05.
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Supplementary Figure 5.
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Fig. S5. TRH cell generation requires B cells and T cell intrinsic Bcl6

(A) Total numbers of iv* and iv- B cells in control and B cell depleted mice. (B) NP-
specific Tm and non-Tw cells of mLN from control and Bcl6-deficient subsets. (C)
Bcl6ACP4:control ratio of CD4* T cells after reconstitution from blood (pre-infection),
NP-specific non-Tm and Tm. Thin lines represent mean in (A) (n=6, representing 2

experiments) and (C) (n=15, pooled from 3 experiments). Significance was

determined by unpaired Student’s t-test. P values are as follows: *P<0.05, **P<0.01,

***P<0.001, ****P<0.0001.
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Supplementary Figure 6.
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Fig. S6. CD4* TRH cells localize in lung B cell clusters

(A) Representative gating strategy for identification of non-antigen specific resident

CD4* T cells (left) and phenotypic marker expression on gated TRM1 and TRH cells

(right). (B, C) Flow cytometry plot representation of CD4*T-bet ZsGreen* cells within

TRM1 gate (B) and CD4'Bcl6 RFP* cells within TRH gate (C). NP-specific TRM1

and TRH are shown on the left for comparison (n=4, representing 2 experiments).
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Supplementary Figure 7.
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Fig. S7. Maintenance of TRH cells requires antigen presentation

(A, B) Histograms (left) and quantification (right) of MHC-II expression on iv- (A) and
ivt B cells (B) upon inducible deletion of MHC-II. (C, D) Total numbers of iv- (C) and
ivt (D) lung B cells. (E) Representative X40 immunofluorescence confocal images
with staining for indicated markers from MHC-II"" and MHC-IIAUBC-ERT2 mjce

inducibly-deleted 100 days post-infection. Scale bars: 200um. Thin lines represent
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mean in A, B, C and D (n=5-6, representing 2 experiments). Significance was
determined using unpaired Student’s t-test. P values are as follows: *P<0.05,

**P<0.01, ***P<0.001, ****P<0.0001.

47



Supplementary Figure 8.
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(A) Percentage distribution of transferred TRM1 and TRH from tissues of TRM1 and
TRH recipients at ~16 hours after transfer. (B) Flow cytometry plots representing
proportion of resident CD4* T cells in donor vs host in TRM1 and TRH recipients at
days 9 and 20 post challenge in lung and mLN. (C) Representative flow cytometry
plot and frequencies of CXCR5" PD1* T cells in re-challenged TRM1 and TRH
recipients in mLN at day 20. (D) Spatial distribution of CD4* cell objects (top)
quantified from immunofluorescence confocal images (bottom) from lungs of
Bcl6foXflox and BelBACP4+ERT2 mice, 30 days post-infection. Each dot represents a
CD4" T cell object, located in a B220+ area (white), or outside B220+ areas (grey).
(E) Number of NP-specific IgG ASCs from lung and bone marrow of Bcl6"°¥flox and
BcIBACP4ERT2 mice, 35 days after primary infection (tamoxifen treatment to delete
Bcl6 between day 21-26). (F,G) Analysis of lungs of Bcl6"™ and Bcl62CP4ERT2 mice 4
days after X31 re-challenge. (F) Representative pictures of ELISpot for NP-specific
IgG ASCs. (G) Viral titers obtained from lungs of Bcl6"" and Bcl6ACP+ERT2 mice. X31
primary infected mice are shown as controls. Thin lines represent mean in A (n=5-6,
pooled from 2 experiments), C (n = 6-8, pooled from 2 experiments), F (h=8, pooled
from 2 experiments) and G (n=3-8, 2 experiments). Significance was determined
using unpaired Student’s t-test. P values are as follows: *P<0.05, **P<0.01,

***P<0.001, ****P<0.0001.
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5. Discussion

5.1 Heterogeneity and tissue-specific genes

Our study utilizes single cell RNA sequencing analysis of tissue resident NP-specific CD4
TRM that overcomes the biases occurring due to bulk sequencing analyses. Considering
polyclonal antigen-specific cells over monoclonal TCR transgenic models helps identify
cellular heterogeneity in the TRM compartment. We identified circulating T cells, Th1-like
TRM1 cells and two types of TFH-like TRH cells in the lung, generated after influenza infection.
We were able to find phenotypically similar populations in the draining LN. By comparing Th1-
like or TFH-like cells in both organs, we were able to pinpoint genes commonly enriched in

tissue that were independent of cell phenotype such as Fth1, Tnfsf4 and Eif1. TRH cells exhibit
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greater heterogeneity than what could be resolved by flow cytometry. One cluster displayed a
classical lymphoid signature with enrichment of Tcf7, implicated in T cell plasticity and /d3,
associated with memory populations?®. The other TRH cluster was enriched in HIF-1a among

other genes.

5.2 HIF-1a and possible role in TRM regulation

HIF-1a is a transcription factor that controls cell responses to low oxygen. HIF-1a is commonly
stabilized in hypoxic conditions. HIF-1a dimerizes with HIF-1 prior to nuclear translocation
where the complex binds to targets that promote cellular adaptation to hypoxia. HIF-1a
activation promotes a glycolytic metabolism in T cells, supplying energy essential for
expansion, differentiation and function. T cell metabolism changes occurring during cellular
processes or pathology can impact HIF stability and activity®'. Extrinsic factors like TCR and
co-stimulatory signaling that initiates downstream mTOR activity, pro- and anti-inflammatory
cytokines can promote HIF-1a protein stability regardless of oxygen availability®?. Extended
hypoxic signaling can also provide a negative feedback to HIF activity in T cells through
microRNAs®*#_ Extensive cross-talk between metabolic pathways adds additional complexity

to HIF-1a regulation and activity®®.

HIF-1a regulation of T cell differentiation is multifaceted and depends on the immune context.
Contrasting studies on the role of HIF-1a in TFH cells have been reported. One study reports
a TFH induction block by HIF-1a over-expression in mice lacking VHL®, an enzyme that
ubiquitinates HIF for proteasomal degradation®’. Here HIF-1a stabilization promoted
increased glycolysis and GAPDH activation, eventually repressing ICOS expression essential
for TFH differentiation and maintenance. Another study reports the decrease in TFH, GC B
cells and antibody production with HIF-1a deletion®. In addition to confirming the latter
observations, one other study also associates HIF-1a deficiency with decreased glycolysis®.

The caveats of these studies are that they have been performed with full knockout models or
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gene deletions prior to T cell activation which fail to provide an insight into the temporal role

of HIF-1a in T cell differentiation and function.

We observe a gradual upregulation of Hif1a over time in CD4 antigen-specific NP cells in the
lung, compared to the lymphoid NP cells. HIF-1a upregulation coincides with the emergence
of TRH in the tissue and iBALT formation. A HIF-stabilizing hypoxic environment is a feature
of immunological niches that support immune activity. At day 30 after infection, the genes
regulated by HIF-1a were enriched in TRM indicating regulatory activity of the protein. The
role of HIF-1a in regulating long-lived TRH maintenance and function in the tissue is an open
question. Preliminary experiments with inducible deletion of HIF-1a in CD4 T cells after
infection resolution did not significantly impact TRM numbers, suggesting that the transcription
factor is dispensable for survival. With a deletion reporter, we were able to observe a decrease
in CD27 among HIF-deleted TRH. CD27 is a TRAF-linked tumor necrosis factor receptor
family member implicated in TCR induced expansion, B cell activation, T cell memory
maintenance and optimal response kinetics®. This leads to the hypothesis that HIF-deficient
TRH would sub-optimally support a recall response. The downstream impact on local antibody

production upon TRH re-activation would be an interesting follow-up study.

Although single cell RNA sequencing analysis shows that the two TRH clusters are regulated
by Bcl6 and Hif1a, the gene expressions in the respective subsets are not mutually exclusive.
This opens up another question about the link between BCL6 and HIF-1a in regulating TRH
cells. BCL6 has been shown to repress glycolytic pathway genes controlled by HIF-1a in CD4
T cells®'. This suggests that a block in Bcl6 should rescue HIF-1a and associated target gene
expression. In our data, Bcl6 deletion results in the re-localization of TRH to outside the iBALT.
Do cells that lose Bcl6 expression upregulate Hif1a or do these cells also downregulate Hif1a
as a result of exiting their immunological niche? How does TRH identity change? These
questions can be answered by inducible deletion models with a simultaneous fluorescence

reporter readout of the proteins being investigated. A deletion reporter in these mouse models
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would ensure that the cells that lose protein expression are correctly identified in flow

cytometric or histological analysis.

Amphiregulin (AREG), encoded by Areg, is among the top cluster-defining genes of the HIF-
1a+ TRH subset. AREG is an Epidermal Growth Factor (EGF)-like molecule that promotes
host tolerance by sustaining lung tissue integrity and homeostasis following infection-induced
tissue damage®. Early amphiregulin production by Tregs in influenza infected mice prevented
excessive tissue damage®, highlighting a potential role of TRM- derived AREG in tissue
repair, possibly regulated by HIF-1a. In preliminary experiments conducted by us, no change
in TRM-derived AREG protein was observed with late phase deletion of HIF-1ain CD4 T cells,
but re-challenge of those mice resulted in decreased AREG expression. In a recall
environment, HIF stabilization and downstream activity could be promoted by more TCR
signaling and inflammatory environment associated hypoxia. The absence of HIF at this time
point could significantly impact the quality of T cell-mediated immune response. More work
needs to be done in this direction to assess the exact role of the HIF-1a+ TRH subset in the
tissue, particularly during a recall response. Complicating this effort, tissue processing and
cell isolation can significantly alter the metabolic state of the cells and falsely report HIF-1a
expression. To reliably assess the role of this protein in vivo, histology and spatial sequencing

studies® can be employed that allow tissue environment examination without niche disruption.

5.3 Dynamics of long-term T-B interactions in the tissue

In our study we observed that B cell depletion negatively impacted the generation of TRH cells
but the role of resident B cells in the maintenance of TRH is yet to be determined.

T-B signaling constitutes pMHC-II-TCR, ICOS-ICOSL and CD40-CD40L interactions among
others®. Our data shows that MHC-II deletion at late time points did not impact TRH numbers
or iBALT structure. This suggests that non-cognate T-B interactions are sufficient to support

maintenance of long-lived TRH. Mozdzanowska et al., showed that transfer of MHC-II
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knockout cells into CD8-depleted uMT recipients followed by influenza infections led to mice
surviving the disease but non-clearance of infection that correlated with lower antigen-specific
antibody production®. This showed that non-cognate T-B interaction can provide some level
of immune protection. ICOS-ICOSL interactions were shown to be essential for the
maintenance of long-lived TFH and local antibody production®. In another study, iBALT
disruption correlated with decrease in local and systemic antibody levels®’. Taken together,
these observations indicate that ICOS-ICOSL interactions between TRM and resident B cells

could be crucial for maintenance of iBALT structure and TRH survival.

An interesting question is how long are these iBALT structures maintained? Is the ‘quality’ of
iBALT changing with time and what are the implications on the recall response? Time course
analysis of iBALT structures showed a gradual waning of iBALT size by day 100+ after IAV
infection®. A study looking at lymphoid GC long after LCMV infection clearance observed a
‘return’ to naive-like structure with no apparent GC structures present. However, long-lived
TFH cells continued to persist and maintain their glycolytic signature®®. What is the fate of
memory B cells upon iBALT shrinkage? Do these cells persist in other locales in the tissue,
egress out or undergo apoptosis? It is important to carry out long term studies to assess iBALT

longevity and subsequent impact on resident T and B cell maintenance and recall response.

In our study, CD4 T cell-specific Bcl6 deletion after infection clearance altered iBALT
structures but had no significant impact on the resident B cell numbers. Local antibody
production was decreased only upon recall infection. These results suggest that BCLG-
deficient TRM may still be able to provide sufficient help to B cells in the tissue for survival but
not enough to promote differentiation into plasma cells that produce antibodies. Work by
Adachi et al., showed that persistent lung GCs preferentially support cross-reactive resident
memory B cell derived antibody production that can protect from heterologous flu strains®’.
The authors also report that B cells with HA cross-reactivity preferentially accumulate in the

tissue vs lymphoid organs. Tan et al., observed higher proportions of NP-specific vs HA-
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specific GC B cells in the lung®. With respect to influenza infections, both long-lived resident
B cells with specificity to conserved epitopes and cross-reactive memory B cells possess the
potential to protect against heterologous strains. The role of TRH in balancing the response

from the two compartments is an interesting avenue for further investigation.

There are contrasting studies on how B cells of varying specificities expand, populate the
secondary response and shape long lasting immunity %1% One study describes a cyclical
program undergone by switched memory B cells to remodel antibody specificities upon
vaccine-boosts®. A contrasting study shows that memory B cells rarely undergo secondary
GC reactions, and that prime-boost reactions restrict the diversity of antibody-producing

cells'®

. Pape et al., propose a temporally changing memory B cell scenario with a decline in
switched Ig B cells and long-lived GC-inexperienced IgM+ cells®®. Flavivirus heterologous
infections have been shown to select for low avidity cross-reactive memory B cells that bypass
secondary GC-mediated affinity maturation resulting in selection of cross-reactive clones'"’, a
mechanism that has proven to be detrimental to rechallenged individuals'®?,'%. Preliminary
data generated in our lab showed a trending increase in cross-reactive HA serum antibody
titers upon late CD4-specific Bcl6 deletion. Is this trend also recapitulated in the tissue? Is
there a proportional decrease of strain-specific HA-antibodies? Is this phenomenon occurring
due to altered help provided by re-localized TRH? These observations warrant a closer look

into localization of resident B cells of various specificities and highlight the potential of

transcriptionally altering TRH to modulate the immune repertoire.

5.4 Caveats and Outlook

5.4.1 Caveats of TRM study design

Although the TRM field is gaining momentum especially with the current pandemic situation,
some caveats are to be considered when interpreting the data. Lymphocyte isolation by tissue

digestion and processing can introduce biases in cell subsets and underestimate cell numbers
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present in the tissue'®. The technique of perfusion to remove circulating cells from the tissue
in order to consider only “resident” cells for analysis does not result in complete elimination of
cells present in the vasculature®>. The method of intravenous antibody injection to label
circulating cells can also positively stain TRM localized close to blood vessels depending on
the wait period before organ harvest. Microscopic techniques that are essential for obtaining
tissue location information of TRM prove challenging for the identification of antigen-specific
cells with tetramers. Tissue removal, processing and re-introduction into circulation can alter

the surface phenotype and metabolic state of TRM cells®* 32,

5.4.2 CD8 T cell depletion to study CD4 TRM in influenza models

To individually assess the role of CD4 TRM-mediated protective responses, we depleted CD8
T cells before re-challenge. Re-challenge of CD8 T cell depleted mice interferes with the
cooperation between the CD8 T cells, non-neutralizing antibodies and alveolar macrophages
that are essential for viral control'®. Better settings to investigate CD4 TRM, especially TFH-
like TRH cells are M.tb infection models® and tumors'®. In these models, granulomas'®” and

tertiary lymphoid structures™® 109 110

resembling iBALT structures have been defined that
correlate with latent infection or positive prognosis respectively. B cells residing in these

structures have been used as correlates of protection, possibly helped by TFH-like cells.

5.4.3 Contribution of CD4 TRM to OAS

Original antigenic sin (OAS) or antigenic priming refers to the immune system’s ability to
preferentially utilize immunological memory based on prior infection when a slightly different
secondary infection occurs. One school of thought associated with the generation and
preservation of memory to primary infection as a means of protection from future challenge
infections is the contribution to OAS™". In our setup, the possibility that preservation and
recalling of NP-specific memory cells might hinder HA-specific responses to drifted influenza

strains cannot be overlooked.
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5.4.4 Relevance of TRM study in the fight against pandemics

For vaccine development studies, the age and sex of the individual should be taken into
consideration as younger individuals and females contribute to statistically higher recovery
cases''""3, Sex hormones have been shown to affect B cell positioning in germinal centers''*
and older individuals harbor phenotypically altered splenic TFH''® or fibrosis-associated lung
CD8 TRM''®. Although there might be an age or sex-specific role for CD4 TRM in modulating

localization and phenotype of proximal immune cells, it is beyond the scope of this thesis.

Knowledge of CD4 TRM and their function have highlighted their possible role in protection
against the COVID pandemic. CD4 TRM have been shown to be protective in the SARS

|31

mouse model®'. Presence of SARS-CoV2 specific CD4 T cells has been associated with less-

severe disease''""8

. In severe COVID cases that resulted in death, loss of Bcl6 expressing
TFH correlating with diminished GCs was reported'”®. Lungs from SARS-CoV2 infected
macaques show iBALT formation and antigen-specific TFH cells and GC in the mediastinal
lymph node supporting antigen-specific IgG responses'?°. These studies further highlight the
possible role of TFH-like TRM in supporting iBALT and local GC responses for antibody-

mediated protection, increasing the interest in considering TRM as an attractive vaccine

candidate.
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