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Abstract

Cytokine production by memory T cells is very important for T cell mediated
protection. Particularly multifunctional memory T cells that produce multiple
cytokines have been associated with protection. However, we currently have a
limited understanding of how and when these multifunctional memory T cells
are generated, and of their persistence during memory cell maintenance and
secondary responses. We investigated Influenza A virus-specific CD4 and CD8 T
cells using a mouse model. We found that, CD4 T cells detected using MHCII
tetramers declined in lymphoid and non-lymphoid organs, but we found similar
numbers of cytokine producing CD4 T cells at days 9 and 30 in the lymphoid
organs. In comparison to primary responding T cells, an increased proportion of
memory T cells tended to produce multiple cytokines simultaneously. Analysis of
the timing of release of cytokine by influenza virus-specific T cells demonstrated
that primary responding CD4 T cells from lymphoid organs were unable to
produce a sustained cytokine response. In contrast CD8 T cells, memory CD4 T
cells, and primary responding CD4 T cells from the lung produced a sustained
cytokine response throughout the restimulation period. We found an enhanced
survival signature in T cells capable of producing multiple cytokines. Following
re-infection, multifunctional T cells expressed low levels of the proliferation
marker, Ki67, while cells that only produce the anti-viral cytokine, interferon vy,
were more likely to be Ki6é7+. Despite this, multifunctional memory T cells
formed a substantial fraction of the secondary memory pool. Together, these
data suggest that memory CD4 T cells display superior cytokine responses
compared to primary responding cells, and indicate that survival rather than

proliferation may dictate which populations persist within the memory pool.
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Preface

| have chosen to write this thesis in the alternative format mainly due to the
impact of the Covid-19 pandemic and my ongoing health issues. The final months
of my PhD were disrupted, halting all labwork. During the UK lockdowns in 2020,
| was unable to progress with my PhD. | took a suspension of studies and | moved
back home to the Netherlands to set up a covid mega lab. | planned to start
writing my thesis again in the course of 2021, however, | experienced a covid
infection in April 2021. | was severely ill and my recovery was very slow. Then in
July 2022 | was re-infected with covid which caused a huge setback in my long-
covid recovery and worsened my symptoms, leaving me unable to work or
complete my PhD. The graduate school convenor, Ruaidhri Carmody, pointed out
to Megan and | that the alternative thesis format might help me finish my PhD.
The main body of my PhD work has been published in Westerhof et al. 2019 and
Westerhof et al. 2023, and therefore | decided to complete an alternative
format PhD thesis. The decreased writing load that this format provides has

helped me to finish the thesis in the past months.

The results chapters (Chapter 3 and Chapter 4) are from my two first author
papers and these are presented as a whole, as these studies are clearly linked in
both research question and experimental approach. These papers are published
as open access papers under CC-BY license and therefore can be reproduced

here.

The following tables (Table 1 and Table 2) describe my leadership in the project

and which figures are my research and which are the work of others.

Table 1 - Contribution to manuscript "Westerhof et al, EJI 2019"

Figurein Figurein Type of contribution

paper Thesis

Main Figure 1 | Figure 9 Led study, performed wet lab experiments, led
analysis

Main Figure 2 | Figure 10 Led study, performed wet lab experiments, led
analysis

Main Figure 3 | Figure 12 Led study, performed wet lab experiments, led
analysis

Main Figure 4 | Figure 16 Not involved These were preliminary data for
GLAZgo studentship

Main Figure 5 | Figure 17 Not involved These were preliminary data for
GLAZgo studentship
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SF1 Figure 6 Supervised undergraduate student who did these
studies

SF2 Figure 7 From my experiments

SF3 Figure 8 From my experiments

SF4 Figure 11 From my experiments

SF5 Figure 13 From my experiments

SF6 Figure 14 From my experiments

SF7 Figure 15 Not involved These were preliminary data for my
GLAZgo studentship

Table 2 - Contribution to manuscript "Westerhof et al, EJI 2023"

Figure in paper | Figurein | Type of contribution
Thesis
Main Figure 1 Figure 18 | Led study, performed wet lab experiments, led
analysis
Main Figure 2A-B | Figure Led study, performed wet lab experiments, led
20A-B analysis
Main Figure 2C-H | Figure My data led to the hypothesis for this
20C-H experiment, not directly involved
Main Figure 3 Figure 25 | Led study, performed wet lab experiments, led
analysis
Main Figure 4 Figure 27 | | performed a preliminary transcriptomic
analysis that was not consistent enough for
publication but helped with the development of
protocols for this experiment
Main Figure 5 Figure 31 || performed a preliminary transcriptomic
analysis that was not consistent enough for
publication but helped with the development of
protocols for this experiment
Main Figure 6 Figure 33 | Led study, performed wet lab experiments, led
analysis
SF1 Figure 19 | From my experiments
SF2 Figure 21 | From my experiments
SF3 Figure 22 | Not directly involved
SF4 Figure 23 | Not directly involved
SF5 Figure 24 | From my experiments
SF6 Figure 26 | Not directly involved
SF7 Figure 28 | Not directly involved
SF8 Figure 29 | Data analysed by a Masters student, |
generated the data
SF9 Figure 30 | Not directly involved
SF10 Figure 32 | Led study, performed wet lab experiments, led

analysis
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Chapter 1  Introduction

1.1 T lymphocytes

1.1.1 T cell development
1.1.1.1 T cell progenitors

T lymphocytes (T cells) need to develop to ensure a diverse repertoire to
respond to various pathogens, but they need to be tolerant to self-tissue to

prevent autoimmunity.

T cell development starts with hematopoietic stem cells, these can be found in
the bone marrow. Some lymphoid progenitor cells will migrate to the thymus to
develop into T cells. Once these developing cells reach the thymus they
proliferate and T cell specific genes, such as CD3, begin to be expressed. Then
these cells differentiate through three stages; TCR generation, positive

selection, and negative selection’.

1.1.1.2 TCR development

The first stage is TCR generation. TCRs consist of an a-chain (TCR-a) and a B-
chain TCR-B). Both chains are randomly generated to ensure that a wide range

of pathogens can be recognised.

First, TCR-B chains are rearranged through VDJ recombination?. Proliferation of
cells expressing TCR-B and pre-TCR-a occurs. This is followed by TCR-a
undergoing VJ recombination. This process, combined with random nucleotide
additions, leads to a highly diverse repertoire of T cells. This process is very
important as it will result in many unique TCRs that each can target a unique

peptide, so these should be able to fight off a wide range of pathogens.

1.1.1.3 Positive selection

The next step is positive selection to check if the generated TCR can bind to a
class | or class Il MHC molecule' 3. This is to ensure reactivity to foreign-peptides

presented on self-MHC in the periphery.
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Around 90% of newly generated Double Positive (CD4+, CD8+) T cells will fail this
test. TCR-a receptor editing can be attempted, if it is successful the cell can be
rescued, otherwise death by apoptosis will occur. Apoptotic cells are then

cleared by macrophages.

Thymocytes that recognise pMHC Il will lose CD8 to become CD4 helper T cells*.
CD4 T cells can activate B lymphocytes and assist CD8 T cell responses (see
chapter 1.3).

Thymocytes that recognise pMHC | will lose CD4 and continue to the next step as
CD8 cytotoxic T cells. Once primed in the periphery, these cells can directly Kkill

infected cells and play an important role in cytokine signalling (see chapter 1.3).

The now single positive T cells that successfully recognised the body’s MHC will

continue on to the last step in this process; negative selection.

1.1.1.4 Negative selection

This step represents a checkpoint to remove autoreactive CD4 and CD8 T cells"

3. If T cells recognise self peptides, it can lead to autoimmunity.

Dendritic cells and medullary thymic epithelial cells (mTec) in the medulla
present self-antigens to the single positive T cells. The DCs present antigens that
were transported by migratory DCs or the blood. mTecs can transfer Ag to the

DCs by gap junctions or when DCs take up dead mTec.

If the T cell can interact with the presented self-antigen, it will receive an
apoptotic signal to induce cell death. Some of these cells will become regulatory
T cells instead of undergoing apoptosis. T cells with an extremely high affinity

for MHC will also be eliminated.

The T cells that did not interact with self-antigen, and did not interact too
strongly with MHC, migrate from the thymus via the medullary junction as
mature naive single positive T cells. Most of the T cells will not be able to pass

the entire process of positive and negative selection.
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1.2 T cell activation

To activate T cells, stimulation by innate immune cells is needed. The cytokines

received by the T cell during activation determine T cell differentiation.

T cell activation occurs in secondary lymphoid organs such as the lymph nodes
and spleen> . This process requires three signals ( Figure 1). Signal 1 is TCR
engagement with the peptide-MHC Il (for CD4) or MHC | (for CD8) on the surface
of an APC. At the same time, the Ag non specific signal 2 should be present.
There are different molecules that can provide signal 2, also known as co-
stimulation. If there is no co-stimulation this will result in anergy, or non-

responsiveness of the T cell.

The most studied costimulatory molecules are CD28, that can interact with CD80
or CD86, and CD40L which binds to CD40. There are however many more
possibilities for signal 2. The CD28-family of molecules includes ICOS (ICOS-L),
whereas the TNF-family of signal 2 molecules, important for e.g. memory
formation, contains OX40 (OX40-L), and CD27 (CD70). The different co-
stimulation molecules are important at different stages of the immune response

and can induce different signals in the T cells.

The CD28 molecule is widely known for its role in CD4 and CD8 T cell activation,
including expansion and survival of activated cells’. ICOS is also important in T
cell responses and memory generation. It has been shown to play an essential
role in CD4 Tcm cells® and CD8 Trm cells®. In the skin, ICOS appears specifically

important for the survival of IL-17 producing CD8 Trm cells.

TNFa family molecules are involved in promoting survival of activated cells and
thus promote memory formation. For example, activated T cells need 0X40 and
CD30 to survive as memory cells'" 2, 0X-40 promotes survival of CD4 T cells by
increased Bcl2 and Bcl-xL expression'3. 0X40 and 4-1BB signalling is important in
secondary expansion of CD8 T cells'. 4-1BB and CD27 have also been reported to
promote survival via upregulation of anti-apoptotic molecules in CD8 T cells' 16,
The molecule LIGHT can also promote survival of effector T cells to Tmem, it

particularly promotes survival of CD8 Tmem in non-lymphoid tissues'’.
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Figure 1 - Dendritic cell activating a naive T cell by providing 3 signals.

These signals are Ag specific signal 1 through the TCR, signal 2 that is provided through surface
molecules such as CD28 or CD40, and signal 3 consisting of cytokines that influence cell
differentiation.

Signal 3 consist of inflammatory cytokines. The different cytokines can result in
different T cell differentiation®. For example, to differentiate into Th1, the
naive CD4 T cell needs to receive IL-12 and/or IL-18. Th1 cells are effective
against most viruses and produce IFNy. A Th2 cell needs IL-4 to differentiate,
these cells protect against many parasites and produce IL-4 and IL-13. Th17 cells
require TGF-B, IL-6 and IL-21 for their development, and protect against
extracellular bacteria and fungi, they are known for producing IL-17 and IL-22.
IL-6 and IL-21 are also important in the differentiation of Tfh which are
important in protective immunity by helping B cells to produce antibodies in the
secondary lymphoid organs, the Tfh can produce cytokines such as IL-10, IL-21

and IL-4 to enhance B cells responses.

P13Kinases (PI13K) play an important role in relating T-cell activation to cytokine
production’®. Any of the three T cell activation signals have the ability to

activate the PI3K signalling pathway. This pathway controls cell proliferation,
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metabolism and can prevent apoptosis. Cytokines received by a T cell, from for
example an infected cell activates the JAK/STAT pathway, where
phosphorylated STAT moves to the nucleus where it can stimulate mRNA
transcription for specific genes ( Figure 1). Interferons can use this pathway to
stimulate production of genes that makes cells more resistant to viral

infection™.

1.3 T cell functions

After activation, clonal expansion will occur to expand the number of Ag-specific
T cells. The cells will also differentiate into various effector and memory
phenotypes, depending on which signals they receive. Together this should
provide an effective Ag-specific immune response, consisting of a heterogeneous
pool of T cells. This means the Ag-specific CD4 and CD8 T cells can have

different functions and secrete different molecules.

CD4 T cells can have important roles at two different sites?® (Figure 2). In the
lymphoid organs they can activate CD8 T cell responses either through IL-2 or by
licensing DCs. Cytokines produced by CD4 T cell can also help B cells to form
germinal centre responses and maturation of the B cells response through class
switching and somatic hypermutation. At the site of infection, the CD4 T cells
produce cytokines to attract and/or activate a variety of other immune cells.

They are also capable of killing virus infected cells.

CD8 T cells at the site of infection have multiple functions?! (Figure 3). They can
directly kill infected cells. This is achieved using perforin, granzyme B and
granulysin to induce apoptosis. They are also able to produce cytokines, such as

IFNy and TNFa, to attract and activate a range of immune cells.
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Figure 2 - CD4 T cells functions at different sites.

A) CD4 T cells can use licensing or IL-2 to activate CD8 T cells. CD4 T cells can also assist B cells
in the lymphoid organs. B) The main function of the CD4 T cell at the site of infection is producing
cytokines to attract and activate a variety of immune cells.
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Figure 3 - Functions of CD8 T cells at the site of infection.

Cytotoxic CD8 T cells are known for inducing cell death of infected cells using perforin, granzyme
and granulysin. They can also produce cytokines to attract and activate different immune cells.

1.4 Multifunctional T cells

Multifunctional T cells are CD4 or CD8 T cells that produce a number of different
cytokines or effector molecules??24. In my studies, we defined multifunctional
cells as those that expressed at least three specific cytokines when activated:
IFNy, IL-2 and TNFa? 26(Figure 4). The CD4 T cells might also be able to produce
a range of other cytokines including IL-4, and IL-10. Multifunctional CD8 T cells

can secrete various cytokines and granzyme B and perforin.

IFNy can activate anti-viral responses, IL-2 induces T cell proliferation but also
survival, and TNFa stimulates incoming innate cells?’-3'. Due to this broad
cytokine response, the multifunctional T cells are seen as very effective?2-24 32,
33, Differences between multifunctional and non-multifunctional T cells can also
be observed once the infection has cleared and T cell memory has been

generated?.
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Figure 4 - A multifunctional T cell that has the ability to secrete IFNy, IL-2 and TNFa.

Cytokine producing Tmem have been shown to provide protection against
symptomatic influenza in humans3+37. A correlation has also been found between
multifunctional CD4 T memory cells (Tmem) and protection against tuberculosis
and leishmania in mice?® 24, Darrah et al. showed that the degree of protection a
vaccine provides against Leishmania major infection in mice is predicted by the
frequency of multifunctional CD4 T cells following vaccination?. Interestingly,
multifunctional effector T cells generated by all vaccines tested in this study

were unique in their capacity to produce high amounts of IFNy.

A tuberculosis subunit vaccine investigated by Lindenstrgm et al. induced robust
CD4 Tmem responses that were maintained at high levels for more than a year
post-vaccination, and protected against a challenge infection?4. Flow cytometry
analysis of CD4 Tmem demonstrated that the long-lived memory population
consisted almost exclusively of TNFa+ IL-2+ and IFNy+ TNFa+ IL-2+

multifunctional T cells?.

Multifunctional CD8 Tmem are associated with enhanced viral control32 33, 38,

Several studies in mice, macaques and humans show that multifunctional CD8 T
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cells led to decreased viral loads or provided superior protection against HIV

disease progression?? 32, 33, 38,

Almeida at al. investigated T cells of HIV+ humans and showed that CD8 T cells
that achieve optimal control of HIV-1 replication also display multifunctional
capacities??. Chen et al. used mice and macaque models to compare vaccines,
and concluded that the vaccine that supressed HIV most effectively produced a
stronger, broader, and more multifunctional T cell response38. Genesca et al.
also conducted a vaccine study in macaques, and found that the animals that do
control viral replication after live attenuated HIV infection have multifunctional
HIV-specific CD8 T cells with an increased survival potential32. Kwissa et al.
showed that the frequency of multifunctional CD8 and CD4 T cells after

challenge had an especially strong inverse correlation with the HIV viral loads?:.

Unfortunately, it remains unclear why these multifunctional T cells provide
enhanced protection compared to other populations. A broader cytokine
production could be key, but it could also be due to the larger amounts of
cytokines produced by multifunctional T cells or their increased life span, or
maybe a combination of some of these factors. Further research is needed to
determine the exact cause of the enhanced protective capabilities of

multifunctional T cells.

1.5 Memory T cells

Tmem are long lived cells that remain in the body to protect against a repeat
infection3*42, These cells can give a faster and stronger response then naive
cells. This enhanced responses by memory cells provide the mechanistic basis for

vaccination.

After T cell activation (see 1.2) the T cells, together with other immune cells
will try to clear the pathogen. Once they succeed, T cells will go into the
contraction phase; the majority of effector T cells will undergo apoptosis. The
remaining cells are Tmem342, In mice, the half life of CD4 Tmem is
approximately 50-100 days, whereas CD8 T cells will go into ultra-glide*. This
means the CD8 memory population will stay fairly stable. Human CD4 Tmem

have a half life of 8 to 12 years, and CD8 Tmem of 8 to 15 years*.
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Figure 5 —-The locations of Tcm, Tem and Trm.

Tcm circulate the blood and lymphoid organs, Tem circulate between lymphoid organs and other
tissues and Trm remain near the site of the initial infection.

Tmem are a heterogeneous cell population3?42. They consist of central memory
T cells (Tcm), effector memory T cells (Tem) and resident memory T cells (Trm)
(Figure 5). Tcm, that recirculate through the blood and secondary lymphoid
organs, proliferate upon reinfection to rapidly increase the pathogen-specific T
cell population, Tem constantly circulate between lymphoid organs and other
tissues, whereas Trm stay near the initial site of infection to ensure rapid

protection from pathogens invading the tissue.

Both CD4 and CD8 Tmem populations contain cells from these three subgroups.
They do however function differently. CD4 Tem produce cytokines to attract
and/or activate other immune cells?® 4. 42, For example, it has been shown that
during IAV infection, the IFNy producing Tem activate an early innate response
in the lung which reduces the infection®. IL-4 producing Tem can protect against
Heligmosoides polygyrus in the gut?¢. CD4 Tem are also able to kill infected
cells*” and provide help to B cells®. IAV-specific CD4 Tcms have been shown to
accelerate the B-cell antibody response in mice®. In humans these cells have

been correlated with cross protective immunity?’.

CD8 Tem kill infected cells using granzyme B and perforin, and attract other
immune cells through cytokine production3® 4!, It has been shown that IAV-

specific CD8 Tem in the lung can rapidly clear infected cells®®. CD8 Tcm, like
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CD4 Tcm, reside in secondary lymphoid organs and can rapidly proliferate to
increase the number of pathogen-specific T cells®'. These cells quickly move to
areas of viral infection, to control the infection even more rapidly. The CD8 Tcm
are known to have stem-cell-like characteristics; they can self renew and are
multipotent, for example they are able to increase the memory population with
both CD8 Tcms and Tems>2.

1.6 Influenza A virus

Influenza virus is an RNA virus with a large global impact. Each year, it causes
between 250,000 and 500,000 deaths worldwide, and 3,000,000 to 5,000,000
severe infections®3 >4, The WHO has estimated that around 20% of all children on

earth experience an infection each year.

There are three strains of Influenza; A, B and C>°. Influenza B and C have only
been found in humans, they mostly infect children and the elderly and generally
cause mild disease. These strains are less common and less variable than
Influenza A. Influenza A can circulate through other animals like birds, this is the

strain that causes pandemics.

The influenza A virus (IAV) is a rapidly mutating virus with highly variable surface
proteins; hemagglutinin (H) and neuraminidase (N)°°. Until now, 18 different H
and 11 different N subtypes have been found. IAV H1N1 and H3N2 are the most
common ones in transmission between humans. Due to this large variety of
surface proteins, it is hard to build up immunity against many strains. For
example, antibodies that were made during an IAV H1N1 infection will not be
able to recognise IAV H3N2 surface proteins and therefore cannot prevent

infection.

1.7 Influenza vaccines

Most vaccines rely on an antibody response for protection, which means
Influenza vaccines have to be remade every year to protect against the
dominant strains of that year>¢. The vaccines have to be produced before the
annual strain is in wide-circulation. This is why the strains are predicted using

mathematical modelling, unfortunately this only provides limited protection.
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Some years the vaccine can work efficiently, but if the prediction is off, it might
not protect well. Currently, two types of IAV-vaccines are available; trivalent
inactivated and live attenuated®’. The trivalent inactivated vaccine can
sometimes contain an adjuvant to ensure an adequate immune response. It is
administered intra muscularly in the arm. The live attenuated vaccine is an
intranasal spray that is given to children. Both are updated annually to ensure

they contain the strains that are predicted to circulate that year.

1.8 T cell response to IAV

Unlike Abs , cross-reactive T cells can reduce the consequences of a re-infection
with a different Influenza strain, by recognising conserved parts of the virus?® 3>
37, 48,58, 59 This causes IAV-specific Tmem to be able to be cross reactive and
respond quickly to different serotypes of 1AV despite the surface protein

mutations.

A vaccine based on T cell protection might be a solution for yearly vaccinations
that do not work optimally. It is not known yet how to create a vaccine that
results in efficient Influenza-specific memory T cells. First more knowledge
needs to be obtained about the protective T cells generated in infection, for
example, to learn about the types of T cells that a future vaccine should induce
for optimal protection. This has been a main aim of my research addressed via

the questions listed below in chapter 1.9.

1.9 Key questions

- What is the phenotype of IAV-specific T cells in different organs over time

post-infection?

- What is the cytokine production ability of IAV-specific T cells in different

organs over time post-infection?

- What causes the higher percentage of multifunctional T cells in the

memory pool than during active infection?
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- What is the effect on the IAV-specific Tmem cells of a second IAV

infection with a different strain?

1.10 Hypothesis

| have two main hypotheses. First based on what happens between the primary
response and the formation of Tmem. Second, what happens to the Tmem after

a second infection.

Formation of Tmem
| hypothesise that multifunctional Tmem are a distinct population, with distinct

cellular processes and fate that leads to a proportional increase in
multifunctional cells from the primary to the memory pool. This increased
percentage of multifunctional IAV-specific T cells at memory could be due to
increased survival of multifunctional Tmem, or, non-multifunctional T cells
could gain an increased cytokine producing ability and become multifunctional

over time.

Response of Tmem to second IAV infection
After a second IAV infection, | hypothesise that the proportion of multifunctional

cells will not alter. This will be because the multifunctional Tmem will

proliferate and respond at a similar pace as other Tmem.

1.11 Data obtained by others

The PI3kinase experiments were not performed by me, thus not a part of my PhD

project, so these results will not be discussed here.

The RNAseq data was also not obtained or analysed by me. | performed ATAC-
seq which unfortunately proofed to be unsuccessful. This led to the RNAseq
experiments performed by others after | had finished the lab work of my PhD. As

it is not part of my PhD this data will not be discussed here.



30

Chapter 2 Material and methods

2.1 Animals

2.1.1 Ethics statement

All mice were housed at the University of Glasgow and the animal research has
been carried out at the University of Glasgow under licence P2F28B003 until July
2019, from July 2019 onwards licence PE1AF6E8B has been used. All protocols
were conducted under the licenses issued by the U.K. Home Office under the
Animals (Scientific Procedures) Act of 1986 and approved by the University of

Glasgow Ethical Review Committee.

2.1.2 Mice

10 week old female C57BL/6 mice were purchased from Envigo (UK). They were
maintained at the University of Glasgow under standard animal husbandry
conditions. TRACE male and female mice were bred and maintained at the

University of Glasgow mice and have been described previously®°.

2.2 Infections

2.2.1 Influenza A infection of mice

Mice were only selected to be infected if they weighed at least 18 grams.
Following acclimatisation of a minimum of a week, the mice were briefly
anesthetised using inhaled isoflurane and infected with 150-250 plaque forming
units (PFU) of Influenza A virus (IAV) strain WSN in 20ul of PBS intranasally (i.n.).
IAV was prepared and titered in MDCK cells. Infected mice were weighed daily
between 4 and 12 days post-infection. In case a mouse had >15% weight loss, the
entire cage received soft diet, and when any animal lost more than 20% of its
initial weight it was removed from the study and euthanised. Group sizes were
based on previous experiments considering the known variability of the anti-viral
T cell response, animals that did not lose any weight following infection were

excluded as these animals may not have been successfully infected.
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2.2.2 Repeated IAV infection with X31

A number of mice have been (re)infected with 200 PFU X31 IAV, these mice were
euthanised 5 or 35 days after the X31 infection. The mice were weighed daily
from day 1 to 12 post-infection or until euthanised. None lost more than 20% of

their starting weight.

2.3 Preparation of the tissues

2.3.1 Intravenous labelling

In order to distinguish tissue-derived T cells from those present in the peripheral
blood we injected anti-CD45 antibody fluorescently labelled with Alexa Fluor 488
(BioLegend; 1 pg/mouse), or PE ThermoFisher 1 pg/mouse) in 200ul PBS, 3

minutes before being euthanised.

2.3.2 Euthanasia

All mice were euthanised using cervical dislocation of the neck.

2.3.3 Cell isolation
2.3.3.1 Lymphoid organs

Spleens and lymph nodes were mashed between two pieces of 45um nitex mesh
(Cadisch) in a small petri dish, washed in Hanks Balanced Salt solution (HBSS;
Gibco) and transferred to 15ml tubes. Spleens were resuspended and 1ml of RBC
lysis buffer (ThermoFisher) added for 2 minutes and then topped up with 8ml
HBSS to stop the RBC lysis reaction. MedLNs were then resuspended in 1ml of
complete (c)RPMI (RPMI with 10% foetal calf serum (FCS) (Gibco), 100ug/ml
penicillin-streptomycin (Sigma Aldrich) and 2mM L-glutamine (Sigma Aldrich))
and spleens in 5ml of HBSS for cell counting. Spleens were then resuspended in

complete media at 24x10° cells per ml.

2.3.3.2 Lung

Lungs were extracted into 1ml of HBSS (ThermoFisher Scientific) in 5ml bijous.

The tissues were chopped up and incubated in 2ml of HBSS containing
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1.34mg/ml collagenase D (Roche) and 100ug/ml DNase (Sigma Aldrich) on a
shaking incubator at 37°C, 160rpm for 40min. Subsequently they were mashed
through a 70um cell strainer (E & K Scientific) using the plunger of a Tml syringe
(BD Biosciences) into a small petri dish, washing with HBSS. Cells were then
transferred to a 15ml tube and pelleted by centrifugation at 400g for 5min at
4°C and then red blood cell (RBC) lysed using 1ml Red Blood Cell lysis buffer
(ThermoFisher), incubated at room temperature (RT) for 2 minutes. The samples
were then topped up with 8ml HBSS to stop the RBC lysis reaction before

washing in HBSS and resuspended in 2ml of cRPMI for cell counting.

2.3.3.3 Bone marrow

Femurs and tibias were cleaned of muscle and wiped with ethanol before
transferring them into 5ml bijous with HBSS. The ends of the were cut off and
the centre part was flushed through with sterile HBSS using a 26G needle. Cells
were then pelleted by centrifugation at 400xg for 5min at 4°C. Cells were RBC
lysed using 1ml RBC lysis buffer, incubated at RT for 2 minutes, then topped up
with 8ml HBSS to stop the lysis reaction before washing in HBSS.

2.3.4 Cell counting

Cells were counted by mixing 10ul of homogenised cell sample with 10ul of
0.04% Trypan blue. 10pl of this solution was loaded on to a haemocytometer
which held a glass cover slip attached by condensation. The number of cells
were counted within the four corners and central square of the
haemocytometer, if this number was <100 an additional 5 or 20 squares were
counted. The total number of cells in the sample was calculated using the

following formula:

n * % * 2 x v = number of cells in sample

n = number of cells counted

s = number of squares counted

v = volume of the sample (ml)

Cells from each sample were often split so that a portion could be used for co-
culture(s) with bone marrow-derived dendritic cells (bmDCs) and a portion could

be stained with MHC tetramers.
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2.4 bmDC-T cell co-culture

2.4.1 Generations of bmDCs

In each well of a 6 well plate, 2*10° cells were plated out in 3ml of cRPMI
containing 5% granulocyte macrophage colony-stimulating factor (GM-CSF;
prepared from X-63 supernatant) and cultured for at 37°C with 5% CO;¢'. Media
was supplemented on day 2 with 2ml of fresh cRPMI + 5% GM-CSF and completely
replaced with 3ml cRPMI+5% GM-CSF on day 5. Cells were harvested using 4mM
EDTA in PBS incubated for 10 minutes at 4°C on day 7 (for incubation with IAV
Ag) or 8 (for incubation with peptide). After the incubation the wells were

flushed using a strippette, and the cells collected and washed in a 50ml tube.

2.4.2 Co-culture
2.4.2.1 IAV Ag-bmDCS

Sonicated IAV Ag preparation
The IAV Ag was generated using MDCK cells. A confluent flask of MDCKs was

infected with IAV at an MOI of 0.001 diluted in PBS. The virus inoculum was
removed after 1 hour, the cells washed with PBS and then 12 ml of OPTI-MEM
(Gibco), supplemented with Pen/Strep and 1.0 pg/mL trypsin-TPCK, was added.
The T75 flask was incubated at 37°C and 5% CO2. The cells were regularly
checked for lysis and when 50% of the cells remained attached, the cells were
harvested and pelleted by centrifugation at 1500rpm for 5 minutes. The
supernatant was discarded and the cell pellet was resuspended in 500 pL glycine
buffer (0.1 M glycine and 0.9% NaCl, pH 9.75). The lysate was shaken for 20
minutes at 4°C, then sonicated four times for 10 seconds with a cooling period
on ice between each burst. The lysate was centrifuged at 2000 rpm for 20
minutes at 4°C. The supernatant was aliquoted into working volumes and stored
at -80°C. To normalise the IAV antigen between batches, the PFU per ml was
tested.

IAV Ag loaded bmDCs
After harvesting the bmDCs on day 7, the cells were re-plated at 3*10° cells in

3ml per well in a 6 well plate. The evening before the DCs were needed, IAV
antigen was added at an MOI of 0.3. The DCs were harvested the following day

and replated at 8*10° cells/ml per well.
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2.4.2.2 NP peptide loaded bmDCs

Once harvested, bmDCs were resuspended in 1ml of cRPMI and pulsed with
10pg/ml of NP311-325 and 10ug/ml of NP366-374 for 2 hours at 37°C. Peptide-
pulsed bmDCs were subsequently plated out at a concentration of 8*10° cells/ml

per well.

2.4.2.3 Co-culture of bmDCs and ex vivo cells

The co-cultures were carried out in 48 well plates. The entire lymph node
sample was used for the experiments, depending on the exact experiment the
lymph node sample was used fully in one well or split up in 2 or 3 portions for
different analysis methods. Lungs samples were resuspended in 500ul and 125ul
per well. Spleens were resuspended at 24x10° cells per ml and 125ul used per

well.

250pl of Golgiplug (BD Bioscience) at a concentration of 2ug/ml were added to

each well at the beginning of the experiment, unless stated otherwise.

2.5 Staining for flowcytometry

2.5.1 MHC Tetramer staining

The cells that were not used for co-culture with bmDCs were used for MHC class
| and class Il tetramer staining. PE-labelled IAb/NP311-325 and APC labelled
Db/NP368-374 were provided by the NIH tetramer core.

All samples were stained with 25ul tetramer solution. The MHC Il tetramer was
diluted 1/200, and the MHC | tetramer 1/100 in three parts complete RPMI to
two parts Fc block (homemade containing 24G2 supernatant and mouse serum)
and incubated for 2 hours at 37°C 5% CO2 in the dark with agitation every 20
minutes. If the CX3CR1 BV711 antibody (BioLegend) was used in the staining
panel, it was added in at this step at a 1/200 dilution.
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2.5.2 Extracellular staining

2.5.2.1 Extracellular staining after co-culture

40ul of a 1:1 mixture of FC block and FACS buffer (PBS, 2% FCS, 1mM EDTA) was
added to the cells and incubated at 4°C in the dark for 10 mins. Subsequently,
40ul of surface antibody mix (Table 3), made up at 2x the concentration in PBS,
was added and incubated for 20 minutes. Cells were subsequently washed twice
in PBS.

2.5.2.2 Extracellular staining with MHC tetramers

Extracellular antibodies were made up at 3.5x the recommended concentration
in 3:2 RPMI:Fc block. Following 2 hours of incubation with MHC tetramers,
surface antibodies (Table 3) were added directly to cells in 10ul RPMI/Fc Block
at a 3:2 ratio. Extracellular antibody staining for flow cytometry was conducted

for 20 minutes at 4°C. Cells were subsequently washed twice in PBS.

2.5.3 Viability staining

After two washes with PBS, 50l of viability dye v506 (Thermofisher, UK) was
added at 1/1000 in PBS for 20 minutes at 4°C in the dark. Cells were then
washed in FACS buffer for subsequent intracellular antibody staining. If
intracellular staining was not required cells were washed and resuspended in

FACS buffer or fixed with CytoFix&Perm (BD Bioscience) (see paragraph 2.5.4.1).

2.5.4 Intracellular staining
2.5.4.1 Fixation and permeabilization

After washing with FACS buffer, cells were fixed in Cytofix for 20 minutes and

washed twice in Cytoperm diluted 1 in 10 in dH20 (both BD Biosciences).

2.5.4.2 Cytokines and other intracellular antibodies

Intracellular antibodies (Table 3) were diluted in Cytoperm and added for 1 hour
at room temperature in the dark. These cells were then washed twice in
Cytoperm and resuspended in FACS buffer to be acquired on a Fortessa (BD

Biosciences).



Table 3 - List of antibodies used for flow cytomery staining
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Antibody Company Clone Identifier
Anti-CD45 Alexa ThermoFisher | 30F11 Cat No: 53-0451-82;
488 RRID: AB 2848416
Anti-CD45 PE ThermoFisher | 30F11 Cat No: 12-0451-82;
RRID: AB 465668
Anti-CX3CR1 BioLegend SAO011F11 | Cat N0:149031;
BV711 RRID: AB 2565939
Anti-CD4 APC- ThermoFisher | RM4-5 Cat No: 47-0042-82,
Alexa780 RRID: AB 1272183
anti-CD8 BUV805 | BD Bioscience | 53-6.7 Cat No: 612898;
RRID: AB 2870186
Anti-CD8 e450, ThermoFisher | 53-6.7 Cat No: 48-0081-82
RRID:AB 1272198
anti-CD44 BUV395 | BD Bioscience | IM7 Cat No: 740215;
RRID: AB 2739963
anti-CD44 PerCp- | ThermoFisher | IM7 Cat No: 45-0441-82
Cyh.5 RRID:AB 925746
anti-PD-1 PeCy7 BioLegend 29F.1A12 | Cat. No. 135215;
RRID: AB 10696422
anti-PD1 BV605 BioLegend 29F.1A12 | Cat. No. 135219;
RRID: AB 11125371
anti-ICOS PerCP- | BioLegend 7E.17G9 | Cat No. 117423;
Cyh.5 RRID: AB 2832418
anti-CD127 APC ThermoFisher | A7R34 Cat No: 17-1271-82;
RRID: AB 469435
Anti-CD103 PeCy7 | BioLegend 2E7 Cat. No. 121425;
RRID: AB 2563690
anti-CD69 PerCP- | ThermoFisher | H1.2F3 Cat No: 45-0691-82;
Cy5.5 RRID: AB 1210703
Anti-B220 eFluor- | ThermoFisher | RA3-6B2 | Cat No: 48-0452-82;
450 RRID: AB 1548761
Anti-F4/80 eFluor- | ThermoFisher | BM8 Cat No: 48-4801-82;
450 RRID: AB 1548747
Anti-MHC Il ThermoFisher | M5114 Cat No: 48-5321-82;
eFluor-450 RRID: AB 1272204
Anti-IFN-g PE ThermoFisher | XMGL1.2 Cat No: 12-7311-82;
RRID: AB 466193
Anti-IFN-g BV785 | BioLegend XMG1.2 Cat. No. 505837;
RRID: AB 11219004
Anti-TNF Alexa- ThermoFisher | MP6- Cat No: 53-7321-82;
Fluor-488 XT22 RRID: AB_469936
Anti-TNF BV605 BioLegend MP6- Cat. No. 506329;
XT22 RRID: AB_ 11123912
Anti-IL-2 APC ThermoFisher | JES6-5H4 | Cat No: 17-7021-82;
RRID: AB 469490
Anti-IL-2 BV711 BioLegend JES6-5H4 | Cat. No. 503837;
RRID: AB 2564225
Anti-Bcl2 PeCy7 BioLegend Blc/10C4 | Cat. No. 63351;

RRID; AB_2565246

36
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Anti-Ki67 PeCy7 BioLegend 16A8 Cat. No. 652426;
RRID:AB 2632693
Anti-Myc, rabbit Cell-Signalling | D84C12 Cat No: 5605;

Technology RRID: AB_1903938
Anti-rabbit H+L PE | Cell-Signalling | NA Cat No: 79408,
Technology RRID:AB 2799931

2.6 Analysis and statistics

2.6.1 FlowdJo

The flow cytometric data was analysed using FlowJo version 10. Analysis was
conducted on single, live lymphocytes that were negative for MHCIl and B220.
For most figures, either the % of cells positive for a certain marker, or the total
number of those cells in the organ, calculated with the initial cell count (see
2.3.4) was used. MFI was calculated by assessing the geometric mean of a

desired marker.

2.6.2 GraphPad Prism

Data are expressed as individual mice from at least two independent
experiments. Mean and standard error of mean (SEM) are also shown. Shapiro-
Wilk was used to test for normalcy. Significance was calculated using the tests
indicated in each figure legend. All statistical tests were carried out on
GraphPad Prism software, version 6.0 (GraphPad software, San Diego, CA, USA).
P values are determined as <0.05 = *, <0.01 = **, <0.001 = ***, <0.0001 = ****,
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3.1 Abstract

T cell protective immunity is associated with multifunctional memory cells that
produce several different cytokines. Currently, our understanding of when and
how these cells are generated is limited. We have used an influenza virus mouse
infection model to investigate whether the cytokine profile of memory T cells is
reflective of primary responding cells or skewed towards a distinct profile. We
found that, in comparison to primary cells, memory T cells tended to make
multiple cytokines simultaneously. Analysis of the timings of release of cytokine
by influenza virus-specific T cells, demonstrated that primary responding CD4 T
cells from lymphoid organs were unable to produce a sustained cytokine
response. In contrast CD8 T cells, memory CD4 T cells, and primary responding
CD4 T cells from the lung produced a sustained cytokine response throughout the
restimulation period. Moreover, memory CD4 T cells were more resistant than
primary responding CD4 T cells to inhibitors that suppress T cell receptor
signalling. Together, these data suggest that memory CD4 T cells display
superior cytokine responses compared to primary responding cells. These data
are key to our ability to identify the cues that drive the generation of protective

memory CD4 T cells following infection.

3.2 Introduction

Immunological memory provides superior immune protection from pathogens for
two reasons. First, there are more pathogen-specific cells present in the memory
as compared to the naive compartment. Second, memory cells are intrinsically
different from naive cells: they are located in peripheral organs as well as
secondary lymphoid organs; are more sensitive to activation signals; and provide

a more tailored response?': 62,

This tailored response is defined by the effector cytokines T cells express and is
one of the main mechanisms of T cell-mediated immune protection. The ability
to track antigen-specific T cells via their cytokine profile is essential to
understand their protective potential. This cytokine profile is shaped by
pathogen-triggered signals during the primary response®. These signals drive the
effector cytokine production, such as interferon (IFN)y, interleukin (IL)-4 or IL-

17, most effective at co-ordinating pathogen control®? ¢4,
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Multiple studies demonstrate that memory T cells can develop from
differentiated, effector cytokine producing cells®>-%8. However, there is also
evidence that the least differentiated cells are more likely to enter the memory
pool suggesting that these cells may dominate the memory pool®-7!. Such cells
may not, however, offer the best protection. The most effective memory T cells
are thought to be cells that produce high levels of a range of different cytokines,
termed poly or multifunctional T cells?2-24 32, While it is not yet clear why
multifunctional memory T cells offer the most effective protection, their ability
to produce cytokines, such as IFNy, that activate innate immune cells, and IL-2,
which aids T cell proliferation, means they both drive and sustain secondary

responses.

Understanding the relationship between primary responding and memory T cells
will aid in the design of vaccines that aim to drive protective immunological
memory. A major hurdle in characterising pathogen-specific T cells is in their
identification. Most studies use either monoclonal T cell receptor (TCR)
transgenic CD4 T cells or identify endogenous T cells specific to a single
epitope’?7¢, This narrow focus limits the research scope, especially as CD4 T

cells are thought to respond to a diverse range of pathogen epitopes’’: 78.

Here we address how the cytokine profile of endogenous polyclonal pathogen-
specific effector CD4 and CD8 T cells relates to that of subsequently generated
memory T cells. We find that, in comparison to primary effector T cells, memory
CD4 T cells have an increased tendency to be multifunctional, display a more
sustained cytokine response, and are less sensitive to inhibitors of TCR
signalling. Memory CD8 T cells are also more likely to be multifunctional than
primary responding cells. However, primary and memory CD8 T cells are similar
in the sustainability of the cytokine response and their sensitivity to TCR

signalling inhibitors.
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3.3 Results

3.3.1 Cytokine producing CD4 T cells decline most dramatically in
the lung

The primary immune response is usually followed by a contraction phase in
which most activated T cells undergo cell death”. Highly differentiated effector
cytokine producing T cells are thought to be more likely to undergo apoptosis
than less differentiated IL-2 producing cells’”*.Moreover, memory cells in
peripheral tissue are thought to be more differentiated than those in lymphoid
organs and the bone marrow has been proposed as a site of memory T cell

maintenance80-85,
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Figure 6 - IAV antigen causes some upregulation of MHC Il and costimulatory molecule
expression on bmDCs

Bone marrow derived DC were cultured overnight with sonicated IAV infected (red dotted line) or
uninfected MDCK cells (blue line). The levels of MHC Il, CD86 and CD40 were examined on
CD11c+ cells with Frequency Minus One (FMO)s shown in grey. Data are representative of 3
experiments.

To address these assumptions, we examined the ex vivo cytokine responses of
CD4 and CD8 T cells isolated from mice infected with influenza A virus (IAV) at
the peak of the primary responses, day 9, and at two memory timepoints, days
30 and 75. We identified IAV-specific T cells by their ability to produce cytokine
following ex vivo restimulation with bone marrow derived dendritic cells
(bmDCs) incubated overnight with IAV. Incubation of bmDCs with IAV (IAV+

bmDCs) caused minor upregulation of MHC Il and costimulatory molecules (Figure
6).

In all organs, we identified populations of IFNy, TNFa, and IL-2 IAV-specific T
cells (Figure 7 and Figure 8). Overall, the number of cytokine+ IAV-specific CD4
T cells declined from the peak response at day 9 and then numbers levelled out

(Figure 9A). The decline in numbers of cytokine producing CD4 T cells was most
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obvious in the lung for IFNy+ cells and least obvious in the bone marrow for
TNFa and IL-2+ cells, although this organ contained the smallest numbers of
cytokine+ cells. Similarly, IAV-specific CD8 T cells declined from day 9 to day 30,
although the small number of IL-2+ cells remained fairly constant. After the
contraction phase, the nhumbers of cytokine+ CD8 T cells largely remained
steady. For CD4 T cells, the memory cells were predominantly found in the
spleen and mediastinal lymph node, while CD8 cytokine+ T cells were mainly

found in the spleen.

The dramatic decrease of T cells in the lung could have been due to a large
population of 1AV-specific T cells within the lung vasculature at day 9. However,
by labelling these cells in vivo with fluorescently labelled anti-CD45 shortly
before the tissues were harvested®, we found that more IAV-specific cytokine+ T
cells were found in the blood at memory as compared to primary time points
(Figure 9B).
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Figure 8 - Identification of influenza virus-specific cytokine producing CD4 and CD8 T cells.

C57BL/6 mice were infected with 200-300PFU of influenza virus (WSN) intranasally. 9 days later,
the percentages of IFNy, TNFa, and IL-2 producing CD4 T cells (A, B) or CD8 T ceslls (C, D) were
analysed following a 6 hour co-culture of T cells isolated from the spleen, lymph nodes or lungs of
the infected mice with IAV+ bmDCs. Data are representative of three experiments with 4-6 samples
per timepoint. Cells are gated on live dump negative CD4 or CD8 T cells and the numbers show
the percentages of cytokine positive cells in the indicated gates.
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Figure 9 - Cytokine producing IAV-specific memory CD4 and CD8 T cell numbers stabilise in
lymphoid organs but continue to decline in the lung.

C57BL/6 mice were infected with IAV and 9, 30 or 75 days later the IAV-specific cytokine+ T cells
were examined by flow cytometry following 6 hours restimulation with IAV+ bmDCs. Mice were
injected with fluorescently labelled anti-CD45 shortly before tissues were harvested. In A, each
point represents the mean of 8-9 mice combined from two independent experiments; error bars are
SEM and numbers are the absolute numbers of indicated cell types present in each organ. In B,
the percentages of cytokine+ CD4 and CD8 T cells that bound to the injected anti-CD45+ and were
IFNy+ at days 9 and 30 are shown; each point represents one mouse and the line shows the mean
of the group. Data are combined from 3 experiments with 3-4 mice per group.

Together these data confirm that, as expected, cytokine+ T cells contract from
the peak of disease. However, our data suggests that cytokine+ memory T cells
in lymphoid organs are just as likely as those from peripheral tissues to make
effector cytokines. We did not observe preferential survival of memory CD4 or

CD8 T cells in the bone marrow and, given the small numbers of memory CD4 T

cells present in the bone marrow did not pursue these cells further.
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3.3.2 Memory T cells are more likely to be multifunctional than
primary responding T cells

Given that IL-2, particularly autocrine IL-2, is thought to support memory T cell
development’, we expected to see an increased proportion of IL-2 producing T
cells in the memory pool. We did not observe a dramatic shift towards IL-2+ IAV-
specific CD4 T cells within the memory pool (Figure 9). Rather, similar numbers
of IAV-specific cells identified by any one of the three cytokines suggested that
these may be the same cells that produce all three cytokines. To address this,
we examined the combined cytokine producing capacity of individual cells in

both the primary and memory response.

For CD4 T cells, we observed a consistent increase in the proportion of
multifunctional cytokine+ cells that produced IFNy, TNFa, and IL-2 in all three
organs examined (Figure 10). This shift was associated with a reduction in single
IFNy+ cells. At day 9, minimal IL-2 was made by CD8 T cells. However, memory
CD8 T cells are more likely to make IL-2 than primary responding cells'® 7187 We
confirmed this and found that, as with the CD4 T cell response, the memory CD8

T cell pool was more likely to contain multifunctional CD8 T cells.

The increase in multifunctional T cells in the memory pool observed in the lung
could have been due to the increased proportion of cells in circulation rather
than a shift in multifunctionality in cells within the lung itself. However, for
both CD4 and CD8 T cells we found similar proportions of multifunctional cells
within the i.v. injected CD45 positive and negative fractions 30 days post-
infection. This demonstrates that circulating and tissue resident populations
displayed similar multifunctional characteristics and supports the idea that
memory cells, regardless of location, shift towards increased multifunctionality

(Figure 10D and Figure 11).
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Figure 10 - Multifunctional CD4 and CD8 T cells increase in proportion from the primary to
the memory pool.

Mediastinal lymph nodes, spleens and lungs were taken from C57BL/6 mice 9, 30 and 75 days
post-infection with 1AV. The percentages of IFNy+ CD4 and CD8 T cells that also expressed IL-2
and/or TNF-a were determined following 6 hours stimulation with IAV+ bmDCs. In A, spleen cells
are gated on live CD4 or CD8 dump negative lymphocytes that are IFNy+; representative FACS
plots from 3 experiments with 3-5 mice per group. In B and C data are from two time course
experiment with a total of 8-9 mice/group/timepoint. In D, mice infected with 1AV 30 days previously
were injected i.v. with fluorescently labeled anti-CD45 3 minutes prior to euthanasia and lung cells
stimulated and examined as in A. and numbers show mean+SD of the triple+ population. Data in D
are from 3 experiments with a total of 10 mice. Samples were analysed by ANOVA followed by a
Tukey’s multiple comparison test: *: p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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Figure 11 - The proportion of IAV-specific T cells that are present in lung vasculature
increases from day 9 to day 30.

C57BL/6 mice were infected with IAV and 9 or 30 days later fluorescently labelled anti-CD45 was
injected i.v. 3 minutes before tissues were harvested and single cell suspensions from the lung co-
cultured with IAV+ bmDCs for 6 hours. Cells are gated as in SF2 and on CD4 or CD8 cells as
indicated and then through subsequent gates as shown on either CD45+/- cells to determine the
proportions of these cells that were IFNy+, and the proportions of IFNy+ cells that also expressed
IL-2 and TNF-a. The numbers on the FACS plots show the percentages of cells in the indicated
gates or quadrants. Data are from 3 experiments with 3-4 mice per group.
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3.3.3 The dynamics of T cell cytokine release reveals functional
maturation of CD4, but not CD8, T cells

To investigate the dynamics of cytokine production by T cells, we analysed the
kinetics of cytokine secretion during the ex vivo restimulation. T cells from mice
infected with IAV 9 or 30 days previously were activated with IAV+ bmDCs, and
Golgi Plug added at the start of the incubation, two or four hours later. Cells

were analysed two hours after the addition of Golgi Plug.

Primary responding and memory CD8 T cells produced sustained or increased
levels of cytokine, most notably IFNy, throughout the restimulation period.
However, primary responding CD4 T cells from lymphoid organs produced less
cytokine at 4-6 hours than at 2-4 hours post-stimulation (Figure 12: IFNy and
Figure 13: TNFa and IL-2). These data suggest that anti-viral CD4 T cells have a

less sustained cytokine response than CD8 T cells.

In contrast, lung primary responding CD4 T cells produced sustained levels of
cytokine suggesting that CD4 T cells from peripheral organs have altered
regulation of their cytokine responses compared to those from lymphoid organs
(Figure 12 and Figure 13). Interestingly, memory CD4 T cells, regardless of their
source, displayed sustained cytokine responses with similar percentages of cells
producing cytokine throughout the restimulation culture. These data suggest
that memory CD4 T cells are functionally more superior than primary responding
CD4 T cells.

An alternative explanation for this observation is that the primary responding
pool contains a subset of T cells that only produce cytokine between 2-4 hours
following restimulation but that this subset is missing from the memory pool. To
investigate this, we calculated the proportion of the number of CD4 T cells
producing IFNy at 2-4 hours out of the number of IFNy+ CD4 T cells found
throughout the whole restimulation period (i.e. Golgi plug present from O-
6hours). These percentages were similar between the primary and memory CD4
T cells regardless of which organ was examined (Figure 14). These data suggest
that there are similar proportions of the whole population responding at 2-

4hours in the primary and memory CD4 T cells.
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Figure 12 - Memory CD4 T cells demonstrate more sustained cytokine production than

primary responding cells.

Mediastinal lymph nodes, spleens and lungs were taken from C57BL/6 mice 9 and 30 days post-
infection with IAV and reactivated in vitro with IAV+ bmDCs for 2, 4 or 6 hours in the presence of
Golgi plug for the last 2 hours of culture. The percentages of IFNy+ CD4 (A) and CD8 T cells (B) or
IFNy+ CD4 and CDS8 T cells that also expressed IL-2 and/or TNFa (C) were examined at the
indicated time points. Error bars show SEM. Data are combined from 3 experiments/timepoint with
4 mice/timepoint. Samples were analysed using a Friedman’s paired test followed by a Dunn’s
multiple comparison test *: p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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Figure 13 - Memory CD4 T cells demonstrate more sustained cytokine production than
primary responding cells.

Mediastinal lymph nodes, spleens and lungs were taken from C57BL/6 mice 9 and 30 days post-
infection with IAV and reactivated in vitro with IAV+ bmDCs for 2, 4 or 6 hours in the presence of
Golgi plug for the last 2 hours of culture. The percentages of TNFa+ (A,B) and IL-2+ (C,D) CD4 (A,
C) and CD8 T cells (B, D) were examined at the indicated time points. Error bars show SEM. Data
are combined from 3 experiments per timepoint with 4 mice per timepoint in each experiment.
Samples were analysed using a Friedman’s paired test followed by a Dunn’s multiple comparison
test *: p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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Figure 14 - Similar proportions of CD4 T cells producing IFNy at 2-4 hours are present in the
primary responding and memory T cell pools.

Mediastinal lymph nodes, spleens and lungs were taken from C57BL/6 mice 9 and 30 days post-
infection with 1AV and reactivated in vitro with IAV+ bmDCs for 4 or 6 hours with Golgi plug present
either at 2-4 hours or the whole culture respectively. The numbers of IFNy+ CD4 T cells present
were calculated from the ex vivo counts and the flow cytometry data. The graph shows the
percentages of CD4 IFNy+ cells present at 2-4hours as compared to 0-6hours. Error bars show
SEM. Data are combined from 3 experiments per timepoint with 4 mice per timepoint in each
experiment. Samples were analysed using an unpaired t-test*: p<0.05.

By examining cytokine production across the restimulation culture, we were able
to determine whether triple, double and single cytokine producing T cells had
similar kinetics of cytokine production. This was the case for CD4 T cells, with
all populations present at the three time points examined (Figure 12C). A similar
pattern was found for CD8 T cells, although the percentages of multifunctional
cells in the primary response were very low. These data show that
multifunctional cells are indeed able to produce all three cytokines
simultaneously and that these cells have similar kinetics of cytokine release as

double and single cytokine producers at primary and memory time points.

3.3.4 PI3kinase inhibitors reveal altered cytokine responses by
primary responding and memory CD4 T cells

The different cytokine profiles of IAV-specific CD4 T cells between organs and
time points prompted us to investigate whether cytokine production was
regulated distinctly in these cells. PI3Kinases (PI3K) play a key role in relating T
cell activation to cytokine production 8. Immune cells uniquely express two of
the four isoforms of type | PI3K: PI3K-B, engaged by receptor tyrosine kinases,
such as those stimulated by T or B cell receptor ligation; and PI3K-y, usually

activated by G-protein coupled receptors such as chemokine receptors &. These
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differences in signalling pathways predict that inhibitors that target PI3K-B,

rather than PI3K-y, are more likely to reduce T cell cytokine responses.

To test the requirement for different PI3K isoforms for cytokine production, we
added PI3Kinase inhibitors that target either PI3K-y or PI3K-B to the
restimulation co-culture. Cytokine responses by primary responding and memory
IAV-specific CD4 and CD8 T cells from all organs were consistently reduced by
the PI3K-B inhibitor (Figure 15). In contrast, the PI3K-y inhibitor had little or no

effect on cytokine production.

To investigate whether the inhibitors affected the three different cytokines
distinctly and whether these were different between primary and memory cells,
we calculated the percentages of cytokine response for each organ from each
sample to that in the relevant DMSO control (Figure 16). For both CD4 and CD8 T
cells, IFNy tended to be least affected and TNF-a most likely to be reduced for
CD4 T cells and IL-2 most reduced for CD8 T cells. Memory CD4 T cells from the
spleen and lung were less sensitive to the inhibitors than primary T cells. This
pattern was much less apparent for memory CD8 T cells with only IL-2 responses
in the lung and mediastinal lymph node less affected in the memory as
compared to the primary response by the P3K-y and PI3K-B inhibitors

respectively.
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Figure 15 - PI3Kinase delta inhibitor reduces the proportion of cytokine producing T cells.

C57BL/6 mice were infected with IAV and 9 (A, C) or 30 (B, D) days later the percentages of IFNy,
TNFa, and IL-2 producing CD4 T cells (A, B) or CD8 T cells (C, D) were analysed following a 6
hour co-culture in the presence of the indicated PI3Kinase inhibitors of T cells isolated from the
spleen, lymph nodes or lungs of the infected mice with bmDCs cultured overnight with sonicated
influenza antigen. The data are combined from 3 independent experiments per time point with 4-5
samples per timepoint per experiment. Error bars are SEM and samples were analysed using
paired ANOVA with Dunnett’s multiple comparison test *: p<0.05; **p<0.01; ***p<0.0001;
*+n<0.0001.
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Figure 16 - Memory CD4 T cell cytokine production is less affected by PI3Kinase inhibitors
than primary responding CD4 T cells.
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T cells from the spleen, medLN and lung were isolated from C57BL/6 mice infected with 1AV either
9 or 30 days previously and reactivated with IAV+ bmDCs for 6 hours in the presence of Golgi plug
and the indicated PI3Kinase inhibitor. The percentages of cytokine+ CD4 (A) and CD8 (B) T cells in
each sample in comparison to that sample’s DMSO control was calculated. Data are combined
from 3 independent experiments at each timepoint with 4-5 samples per experiment per timepoint,
expect that some samples were removed from the primary responses due to lack of IL-2+ cells in
the DMSO control: one sample removed from the CD4 T cell lung analysis; one sample removed
from the CD8 medLN analysis; and two from the lung analysis. Comparisons between cytokines
within a timepoint were made using paired Friedman test with Dunn’s multiple comparison;
comparisons between timepoints were calculated using a Kruskal-Wallis with Dunn’s multiple
comparison test. *: p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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Figure 17 - Multifunctional memory CD4 T cells are less affected by PI3Kinase inhibitors
than primary responding cells.

57

T cells from the spleen, medLN and lung were isolated from C57BL/6 mice infected with 1AV either
9 or 30 days previously and reactivated with IAV+ bmDCs for 6 hours in the presence of Golgi plug
and the indicated PI3Kinase inhibitor. The percentages of IFNy+ CD4 (A) and CD8 (B) T cells that
also produced TNF-a and/or IL-2 were examined. Data are combined from 3 independent

experiments at each timepoint with 4-5 samples per experiment per timepoint. Samples were
analysed using an ANOVA with Bonferroni’s multiple comparison test comparing each inhibitor to
the DMSO control *: p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.

We also examined how the inhibitors affected the proportion of single, double

and triple cytokine producing T cells (Figure 17). As IFNy was least affected by

the inhibitors, it was not surprising that the proportion of IFNy single+ CD4 T

cells increased in the presence of the PI3K-B inhibitor. This pattern was

apparent in all organs in the primary response but only slightly altered in
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memory CD4 T cells from the mediastinal LN and not at all in memory CD4 T

cells from the spleen and the lung.

In contrast, the effects of the inhibitors were less clearly distinct between
primary and memory CD8 T cells. Triple cytokine producing cells were slightly
reduced by the PI3K-B inhibitor in spleen and lung in primary CD8 T cells and not
at all in memory CD8 T cells. Surprisingly the PI3K-y inhibitor reduced the triple
cytokine positive population in in the memory T cells isolated from the spleen
and mediastinal LN. Overall, these data again highlight the functional superiority
of CD4, but not CD8, T cell cytokine production in the memory as compared to

the primary pool.

3.4 Discussion

Our data demonstrate that memory cytokine producing IAV-specific CD4 T cells
have distinct characteristics from the population of activated CD4 T cells from
which they are generated. Memory CD4 T cells were much more likely to
demonstrate characteristics of multifunctional T cells, produced sustained
cytokine responses, and were less reliant on signals mediated by PI3Kinase-B to
produce cytokine. Interestingly, primary responding lung CD4 T cells did display
a sustained cytokine response, suggesting that these cells may be regulated

distinctly from those in lymphoid organs.

In contrast, while we confirm that CD8 memory T cells are more likely to
produce IL-2'8 71, 87 their sensitivity to PI3Kinase inhibitors was broadly similar
to primary responding cells. Moreover, primary and memory CD8 T cells
displayed similar kinetics in their cytokine secretion with a sustained or
increasing response evident throughout the six hour restimulation. Together,
these data show that, based on these parameters, memory CD4, but not CD8 T

cells display superior behaviours than primary responding cells.

In all organs, we found that T cells could produce effector cytokines, indicating
that effector memory T cells were as likely to be found in lymphoid as non-
lymphoid organs. The increased proportion of triple cytokine+ CD4 and CD8 T
cells suggests that these cells may preferentially survive. Alternatively, these

cells may mature into this phenotype following contraction, or have improved
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survival over time. This last hypothesis is supported by the continued increase in
the proportion of multifunctional cells from day 30 to day 75 in some organs. It
is experimentally difficult to discriminate between these possibilities. There are
no surface markers that discriminate between the cytokine+ populations and
neither cytokine secretion assays nor reporter mice can discriminate between

single, double and triple producers.

It is not clear why multifunctional T cells increase within the memory pool.
Potentially the production of IL-2 provides autocrine survival signals’4. However,
if autocrine IL-2 production was sufficient, we would expect an increased
predominance of IL-2 single or double producing cells. This was not the case
suggesting that other factors, potentially working with IL-2, promote memory T
cell generation and/or survival. Whether these factors are directly linked to the
co-production of these three cytokines or multifunctional cytokine production is
merely a marker, is currently unclear. One potential explanation is that the
repertoire of the memory pool is skewed towards specificities that are more
likely to be multifunctional. However, there is little evidence for a loss of
breadth within the IAV CD4 T cell response from the peak to day 60 post-

infection’®.

Previous studies have compared the cytokine profiles of activated and memory
CD4 T cells and found similar cytokine profiles between primary and memory
populations®® °!, In these cases, T cells in lymphoid organs were analysed and
only a single epitope examined. This limits the breadth of these analyses
potentially explaining differences with our data. Indeed, precursor frequency

and epitope specificity are likely to influence cytokine response’>.

We believe analysing a polyclonal antigen-specific population, rather than a
single epitope response, is an advantage. It is likely, however, that our assay
does not identify all responding IAV-specific T cells as some epitopes may not be
generated by the bmDCs®?2 and we are unable to identify IAV-specific T cells that
do not produce cytokine. Our data on CD8 T cells do, however, correlate with
findings from studies using immunodominant IAV epitopes'® 7' 87, A further
caveat to our study is that the longest time period of in vitro reactivation
examined was six hours. It will be important to examine longer reactivation

periods enabling a greater understanding of the difference between primary
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responding and memory T cells in terms of their ability to produce a sustained

cytokine response.

The reduced sensitivity of memory CD4 T cells to the PI3K inhibitors and their
more sustained cytokine response suggests that these cells are less reliant on
strong activation signals than primary responding cells. This may be a
consequence of increased expression of the key signalling molecule, Zap70%, or
altered association of signalling molecules within lipid rafts®. Previous studies
demonstrated reduced T cell activation and cytokine responses in either the
absence of PI3Ks or in the presence of inhibitors®>%°. However, in these studies,
the effect of the loss of PI3K signalling on cytokine production by CD4 T cells
could not be uncoupled from initial effects on T cell priming. In contrast, we
have directly demonstrated that inhibition of PI3K-B reduces TCR driven cytokine

responses.

Currently, PI3K inhibitors are being tested in clinical trials for chronic
inflammatory lung diseases including chronic obstructive pulmonary disease and
asthma'®, |AV-triggered exacerbations are a major cause of hospitalisation in
these patients'®'. As IFNy+ IAV-specific memory CD4 and CD8 T cells have been
associated with protection from disease following IAV infection in humans, it is
unlikely that PI3K inhibitors will interfere with protective T cell memory33: 37, 58,
84,102 |n contrast, primary virus-specific immune responses may be more likely
to be reduced by PI3K inhibitors and the cells most likely to be affected are
those most associated with immune protection, multifunctional cytokine
producing T cells. Choosing the most effective PI3K inhibitor that has the least
impact on T cell cytokine production is an important clinical consideration. The
PI13K-y inhibitor had only a limited effect on T cell cytokine responses suggesting

it offers a good compromise.

In summary, our data demonstrate that the memory T cell pool is not simply a
mirror image of the primary response. While the location of these two
populations is similar, memory CD4 and CD8 T cells have a greater capacity to
make broader cytokine responses. CD4 T cells were also altered in their
sensitivity to TCR signalling inhibitors and produced a more sustained cytokine

response, suggesting functional maturation as these cells develop into memory



Chapter 3 61

cells. These novel findings pave the way for an improved understanding of the

signals that regulate memory CD4 T cell generation.

3.5 Materials and Methods

3.5.1 Animals and infections

10 week old female C57BL/6 mice were purchased from Envigo (UK). They were
maintained at the University of Glasgow under standard animal husbandry
conditions in accordance with UK home office regulations (Project License
P2F28B003) and approved by the local ethics committee. Following one week of
acclimatisation, the mice were briefly anesthetised using inhaled isoflurane and
infected with 200-300 plaque forming units of IAV strain WSN in 20ul of PBS
intranasally (i.n.). IAV was prepared and titred in MDCK cells. Infected mice
were weighed daily. Any animals that lost more than 20% of their starting weight
were removed from the study and humanely euthanised. Group sizes were based
on previous experiments considering the known variability of the anti-viral T cell
response, animals that did not lose any weight following infection were

excluded.

3.5.2 Tissue preparation

Where indicated, mice were injected intravenously with 1ug of anti-CD45 (30-
F11) labelled with Alexa 488 (eBioscience) and euthanised by cervical dislocation
3 minutes later. Alternatively, mice were euthanised with a rising concentration
of carbon dioxide and perfused with PBS-5mM EDTA to remove blood cells from
the lungs. Spleen and mediastinal lymph nodes were processed by mechanical
disruption. Single cell suspensions of lungs were prepared by digestion with
1mg/ml collagenase and DNAse (Sigma) for 40 minutes at 37°C. At day 30, too
few cells were recovered from the medLN for the analysis of PI3Kinase inhibitor
sensitivity. Therefore, each of the organs from two mice that had lost similar
amounts of weight were combined to provide one day 30 sample. In the
PI3Kinase inhibitor experiments, T cells were isolated using Stemcell mouse T

cell isolation kits following the manufacturer’s recommendations.
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3.5.3 Influenza virus and control antigen

The IAV antigen was prepared using a similar protocol as descried '%. Briefly,
T75 flasks of 80% confluent MDCK cells were incubated for one hour at 37°C 5%
CO2 with or without an MOI of 0.001 IAV WSN. Virus or control inoculums were
removed and cells incubated for a further two days in 12ml of OPTI-MEM
supplemented with Pen/Strep and 1.0 pg/mL trypsin-TPCK. 48 hours later, the
cells were harvested, spun down, resuspended in 0.1M glycine buffer containing
0.9% NaCl, pH9.75 and shaken at 4°C for 20 minutes, incubated in a sonication
bath for 10 seconds intervals 4 times before centrifugation at 2000rpm for 20

minutes at 4°C. Supernatant was aliquoted and frozen at -80°C.

3.5.4 Bone marrow DCs

bmDCs were prepared as described ¢'. Briefly, bone marrow cells were flushed
from the tibias and femurs of female C57BL/6 mice and red blood cells removed.
Cells were cultured in complete RPMI (RPMI with 10% foetal calf serum,
100ug/ml penicillin-streptomycin and 2mM L-glutamine) at 37°C 5% COz in the
presence of GM-CSF (prepared from X-63 supernatant ') with media
supplemented on day 2 and replaced on day 5. On day 7, DCs were harvested,

incubated overnight with either control antigen or IAV antigen (MOI of 0.3).

3.5.5 Ex vivo restimulation

Single cell suspensions were co-cultured with bmDCs in complete RMPI at a ratio
of approximately 10 T cells to 1 DC in the presence of Golgi Plug (BD

Bioscience). Co-cultures were incubated at 37°C, 5% CO; for 6 hours unless
stated. PI3K inhibitors were used at: PI3K-8: 100nM; PI3K-y: 300nM. These
concentrations were selected as they are mid-range for the concentrations
known to affect T cell responses. All inhibitors were 300-1000-fold selective over

other PI3K family members.

3.5.6 Flow cytometry

Cells were harvested and following incubation with Fc block (homemade
containing 24G2 supernatant and mouse serum) surface stained with anti-CD4
APC-Alexa 780 (eBioscience; clone: RM4-5), anti-CD44 PerCP-Cy5.5 (eBioscience;
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clone: IM7), CD8 PeCy7 (eBioscience; clone: 53-6.7), and “dump” antibodies:
B220 (clone: RA3-6B2) and MHC Il (clone: M5114) both on eFluor-450
(eBioscience) for 20 minutes at 4°C. Cells were stained with a fixable viability
dye eFluor 506 (eBioscience) as per the manufacturer’s recommendations. Cells
were fixed with cytofix/cytoperm (BD Bioscience) for 20 minutes at 4°C and
stained in permwash buffer with anti-cytokine antibodies for one hour at room
temperature (anti-IFNy PE (clone: XMG1.2;), anti-TNF Alexa-Fluor-488 (clone:
MP6-XT22) anti-IL-2 APC (clone: JES6-5H4) all from eBioscience. Following
washing with permwash buffer, samples were acquired on a BD LSR or Fortessa
and analysed using FlowJo (version 10 Treestar). Data are presented as required
for MIFlowCyt.

3.5.7 Statistical analysis

Data were analysed using Prism version 7 software (GraphPad). Differences
between groups were analysed by paired or unpaired ANOVAs as indicated in
figure legends. In all figures * represents a p value of <0.05; **: p<0.01, ***:
p<0.001, ****: p<0.0001.
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4.1 Abstract

Cytokine production by memory T cells is a key mechanism of T cell mediated
protection. However, we have limited understanding of the persistence of
cytokine producing T cells during memory cell maintenance and secondary
responses. We interrogated antigen-specific CD4 T cells using a mouse influenza
A virus infection model. While CD4 T cells detected using MHCII tetramers
declined in lymphoid and non-lymphoid organs, we found similar numbers of
cytokine+ CD4 T cells at days 9 and 30 in the lymphoid organs. CD4 T cells with
the capacity to produce cytokines expressed higher levels of pro-survival
molecules, CD127 and Bcl2, than non-cytokine+ cells. Transcriptomic analysis
revealed a heterogenous population of memory CD4 T cells with three clusters of
cytokine+ cells. These clusters match flow cytometry data and reveal an
enhanced survival signature in cells capable of producing multiple cytokines.
Following re-infection, multifunctional T cells expressed low levels of the
proliferation marker, Ki67, while cells that only produce the anti-viral cytokine,
interferon y, were more likely to be Ki67+. Despite this, multifunctional memory
T cells formed a substantial fraction of the secondary memory pool. Together
these data indicate that survival rather than proliferation may dictate which

populations persist within the memory pool.
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4.2 Introduction

Immunological memory protects against repeated infection with a strong and
rapid pathogen-specific response with cytokine production often central to
protection?2-24. 29, 48, 58, 59, 84, 105 |mproving our understanding of T cell memory is
particularly important in the context of highly variable infections such as
Influenza A Virus (IAV). While neutralising antibodies can prevent IAV infection,
frequent mutations within viral surface proteins makes it difficult for strain-

specific antibodies to recognise altered viruses®>.

In contrast, CD4 and CD8 T cells recognise conserved IAV epitopes'®: 197, The
presence of cytokine producing IAV-specific CD4 and CD8 T cells in human
peripheral blood correlates with cross-strain protection against symptomatic
influenza disease3#37. Mouse studies have demonstrated protection by CD4 and
CD8 T cells, with the inflammatory T-helper (Th1) cytokine, interferon (IFN)y,
often essential?% 48 38,84 The cytokines TNFa and interleukin (IL-) 2 are also
implicated in protection to IAVZ?’> 28, These data support that the most effective

memory T cells are those with the capacity to produce cytokines.

Multifunctional T cells, capable of producing a nhumber of different cytokines,
have been associated with effective immune protection in human disease and
animal models?224 105 |t remains unclear, however, why these cells provide
enhanced protection compared to other populations. These data suggest that
vaccines that drive cytokine producing T cells would be the most protective.
However, while some studies found that cytokine producing T cells can become

memory cells, other have described limited persistence of these cells®> 198-110,

We previously showed that multifunctional CD4 and CD8 T cells expressing IFNy,
IL-2 and TNFa increase in predominance from the primary to the memory pool?.
These data supported the conclusion that rapid production of cytokines does not
limit long term immunity. Building on this, we have now tracked the
characteristics of the IAV-specific T cell pool at multiple time points post-
infection. Our data show that CD4 T cells with the capacity to produce cytokine
express higher levels of pro-survival molecules than cells that do not produce
cytokines. Multifunctional CD4 T cells, in particular, express a number of genes

associated with cell survival. Following a re-challenge infection, multifunctional



Chapter 4 68

T cells expressed low levels of Ki6é7, a marker of proliferation, compared to
other cytokine+ T cell populations. Despite this, the proportion of cytokine+
cells that were multifunctional did not alter following the re-infection. Together
these data demonstrate that the capacity to produce cytokine does not limit

persistence of CD4 T cells into the primary or secondary memory pool.

4.3 Results

4.3.1 MHC tetramers and cytokine expression enable analysis of
IAV-specific T cells

We used MHCI and MHCII tetramers (tet) containing immunodominant 1AV
nucleoprotein (NP) peptides (NP3sg-74 and NP311-325) to identify and characterise
responding T cells longitudinally following infection, Figure 18A-B; Figure 19.
These peptides were also used to activate cells from the same mice to examine
the anti-IAV T cell cytokine responses, Figure 1B, as optimal dual staining of MHC

tetramers and cytokines was not possible.

IAV infected animals were injected with fluorescently labelled anti-CD45 shortly
before euthanasia to label cells in the blood. The majority of lymphoid organ
MHC tet+ and cytokine+ CD4 and CD8 T cells and lung CD4 T cells were negative
for CD45iv, while around half of the lung IAV-specific CD8 T cells were within the
blood, Figure 18C and cells gated as in Figure 19B.
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Figure 18 - MHC tetramers and cytokine expression enable analysis of IAV-specific T cells.

C57BL/6 mice were infected i.n. with IAV on day 0 and injected i.v. with fluorescently labelled anti-
CD45 3 minutes prior to removal of organs (A). Single cell suspensions of spleens, mediastinal
draining lymph node (medLN), and lung were examined 9, 30 or 70 days post-lIAV infection. Cells
were either stained with IAP/NP311-325 or DP/NP3ss-374 tetramers or cells were restimulated for 6hours
with DCs presenting NP311-325 and NPazesg-374 peptides. Example flow cytometry plots of splenic IAV-
specific cells as gated in Figure 19A (B). Percentages of IAV-specific cells that bound to the i.v.
injected anti-CD45, cells gated as in Figure 19B (C). The phenotype of MHC tetramer+ CD4 and
CD8 T cells (D). Spleen cells from IAV-infected mice restimulated with DCs cultured with 0.05, 0.1,
1, 10 or 100mg/ml of NPs11-32s and NPazss-374 (E-F). The percentage of max cytokine production as
detected at 100mg/ml was calculated. In B-D, data are from two time course experiments with a
total of 7-8 mice/time point. In C-D, symbols show the mean of the group and error bars are SEM.
Statistical difference tested by ANOVA followed by a Dunnett’s multiple comparison test for
analyses between time points and by a Tukey’s test between organs. In E-F, data are from two
experiments with a total of 6-8 mice per timepoint. Significance between primary and memory
tested by ANOVA followed by a Sidak’s multiple comparison test. *: p<0.05, **:p<0.01,
***:n<0.001, ****:p<0.0001.
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Figure 19 - Example gating of IAV-specific CD4 and CD8 T cells identified by MHC tetramers.

C57BL/6 mice were infected i.n. with IAV on day 0 and injected i.v. with fluorescently labelled anti-
CD45 3 minutes prior to removal of organs for analysis. Single cell suspensions of spleen (A) and
lung (B) are shown at day 9 of infection. A, shows example gating used in most figures in which we
gate on CD45 i.v. negative tetramer+ or cytokine+ T cells. Example FACS plots of splenic CD45iv
negative MHC tetramer+ cells CD4 (C) and CD8 (D) (shown in red) in comparison to total CD45iv
negative T cells (grey).
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While PD1 decreased on all the IAV-specific T cells after day 9, T cells in the
lung expressed the highest levels at all timepoints, Figure 18D. Tissue resident
memory (Trm) associated markers, CD69 and CD103'"", increased on CD8 MHCI
tet+ cells in the lymphoid organs and lung CD45iv negative lung cells after day 9.

However, very few CD4 MHCII tet+ cells expressed these markers.

While at day 9 some CD4 MHCII tet+ cells in the lung expressed CX3CR1, only a
small minority of memory cells expressed this chemokine receptor. CX3CR1 was
expressed by CD8 MHCI tet+ cells, most prominently in the spleen and on lung

CD45iv+ cells suggesting that these are circulating effector memory cells''2.

In addition to phenotypic changes, cytokine+ memory CD4 T cells displayed
increased sensitivity to peptide compared to primary responding cells, Figure
18E. In contrast, primary and memory CD8 T cell cytokine production was

unaffected by peptide dose, Figure 18F.

4.3.2 While the number of I1AV-specific CD4 T cells detected by
MHC tetramer decline from day 9 to day 30, the numbers of
cytokine+ CD4 T cells in the secondary lymphoid organs are
stable

We examined the numbers of T cells detected by MHC tetramers or IFNy
production between days 9 and 30 post-infection. As MHC tetramers detect NP-
specific T cells regardless of their ability to produce cytokines, altered dynamics
between these and cytokine+ cells suggest differences between cells that can

and cannot produce cytokine.

The numbers of IAV-specific CD4 T cells detected by MHCII tet were reduced
between day 9 and 30 in all three organs, Figure 20A. In contrast, the nhumbers
of CD4 T cell detected by cytokine production did not decline in the spleen and
medLN, Figure 20A, Figure 21A. While the number of IFNy+, and TNF+ cells were
lower in the lung at day 30 than day 9, the numbers of IL-2+ cells were stable. In
contrast, the numbers of 1AV-specific CD8 T cells detected by either MHCI
tetramers, IFNy or TNF, remained stable in secondary lymphoid organs, although
in all cases these cells declined in the lung (Figure 20B, Figure 21B). While the
number of IL-2+ CD8 T cells were low, the cell numbers were unchanged in the

spleen and lung, but did drop in the medLN between day 9 and 30.
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These data suggest that CD4 T cells with the capacity to produce cytokine are
more likely to enter the memory pool than those that cannot produce cytokine.
To investigate this, we compared the phenotype and function of different
memory CD4 T cell populations taking advantage of a reporter mouse we
developed ©°. This reporter tool, TRACE, includes three transgenes to drive
permanent expression of EYFP in activated T cells. The first transgene is the
upstream 8.389kb of the /{2 promoter which drives expression of rtTA. This
promoter section was selected based on findings by Yiu et al. who characterised
the /(2 promoter, revealing DNase-1 hypersensitivity sites in this region following
TCR stimulation'3. Only in the presence of doxycycline, can rtTA drive
expression at the tet-ON promoter. This leads to the production of Cre
recombinase and subsequent removal of a stop codon at the ROSA locus.

Removal of this stop codon enables permanent EYFP expression, Figure 22.
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Figure 20 - Influenza virus-specific cytokine+ CD4 T cells are more likely to enter the
memory pool than non-cytokine+ cells.

C57BL/6 (A-B, G) or TRACE (C-F, H) mice were infected i.n. with IAV on day 0 and injected i.v.
with fluorescently labelled anti-CD45 (CD45iv) 3 minutes prior to removal of organs. Single cell
suspensions of spleens, mediastinal draining lymph node (medLN), and lung were examined 9 or
30 days post-lAV infection and either stained with MHCII/NP or MHCI/ NP tetramers, or activated
with 1AV-peptide loaded DCs (A-B) or IAV-Ag loaded DCs (C-H). Numbers of MHC tetramer or
IFNy+ CD4 (A) or CD8 T cells (B). Example FACS plots from the indicated organs of TRACE mice
(C) and the spleen (D) are gated on live CD4 dump negative, CD45i.v. negative cells (C) and on
EYFP+ cytokine negative: grey; IFNy, IL-2 and/or TNF+: red (D). In A-B and E-H, symbols
represent a mouse and the lines shows the means, error bars are SEM. In A-B & G, data are from
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two independent time course experiments with a total of 7-8 mice/time point, significance tested by
a Mann-Whitney. In E-F, & H, data are from three independent experiments with a total of 5-8 mice
and normalised by dividing the MFI on EYFP+ or cytokine+ cells by the MFI of naive CD44"° CD4 T
cells from cells from the same mouse and organ. In E-H, samples from some medLNs and lungs
were excluded as the numbers of cytokine+ cells collected were too low for analysis. Significance
tested via a Friedman paired analysis with Dunn’s multiple comparison test, *: p<0.05, **:p<0.01,
*%:n<0.0001.

A
spleen dLN lung spleen dLN lung
108+ 104+ 104+ 105+ 1037 Lpg— 104+
» ofo
- ® % .
o+ 105 103] S o B S o4l 2 102 0w 0] @
a9 = 5 & . a B
E= B 10 £ @ 2 - e &
S < 4 2 o 0 g E= 3] o g -3
Z A 104 —EEI— oo 1024 B é o 103 —.Fui— o 1014 o 1024 -
5 i = a = o o
g® o o o
10 10° 10212 102 100 10112
105+ 104+ 108, Xk 105 104+ 109 kkk
o e L
— @ 8 oo : = 8 "
E : og og o 1044 - S * 10°+ ggi
oL ® el - ] Lu o oo =
S Z 104 T 102 - & Z 1044 B 103 4 104
€= o og — o E - o
= x N B = &y e g ]
< o 103 Z ag& oo o .
zZa o0 : 8 o s — 10°4 %
o & o
10 10212 10 1031 = 1022 107
Day 9 30 9 30 9 30 Day 9 30 9 30 9 30

Figure 21 - IL-2 and TNF+ CD4 and CD8 T cells show minimal decline between day 9 and day
30 in secondary lymphoid organs.

C57BL/6 mice were infected i.n. with IAV on day 0 and injected i.v. with fluorescently labelled anti-
CD45 (CD45iv) 3 minutes prior to removal of organs. Single cell suspensions of spleens,
mediastinal draining lymph node (medLN), and lung were examined after 9 or 30 days and
activated with 1AV-peptide loaded DCs. Numbers of IL-2 or TNF+ CD4 (A) or CD8 T cells (B) were
calculated. Data are from two independent time course experiments with a total of 7-8 mice/time
point. The horizontal lines are the median. Significance tested by a Mann-Whitney, *: p<0.05,
***:p<0.001.
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Figure 22 - TRACE mice enable identification of CD4 T cells responding to IAV infection.

TRACE mice that are positive for all three transgenes and double transgenic mice expressing
STOP floxed EYFP (EYFPfl) and either tet-ON-Cre or the IL-2 promoter driving rtTA (IL-2p-rtTA)
were given doxycycline (Dox) diet for a total of twelve days starting two days prior to intranasal
infection with 1AV or instillation of 20ug of PolyIC intranasally as indicated. In A, cells are gated as
in Figure 19A on CD4 live lymphocytes that are negative for CD8, B220, MHCII and F4/80 in the
indicated organ 8 days after infection/polylC treatment and the numbers show the percentages of
EYFP+ cells within the gate. In B, mice with the indicated transgenes were given dox diet and the
numbers of EYFP+ CD4 T cells examined 8-12 days following treatment, data are combined from 3
independent experiments with 2-5 mice per experiment. In C, TRACE mice were treated/infected
as indicated and the numbers of EYFP+ CD4 T cells examined 8-12 days following infection, data
are combined from 4 independent experiments with 2-10 mice per experiment. Significance tested
by a Kruskal-Wallis test followed by a Dunn’s multiple comparison test: *: p<0.05, **:p<0.01,
*+*:n<0.001, ****:p<0.0001. D shows example staining from a day 8 IAV infected mouse, the cells
on the left were co-cultured with DCs that had not received IAV-Ag, the plot on the right shows cells
from the same mouse co-cultured with IAV-Ag+ DCs for 6 hours. Cells are gated on live single CD4
EYFP+ cells that are CD45iv negative.
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As the EYFP+ CD4 T cells likely respond to an array of IAV antigens, we used
bone marrow derived dendritic cells (DCs) cultured with a sonicated IAV antigen
(IAV Ag) preparation to restimulate the T cells ex vivo for cytokine analysis .
EYFP+ CD4 T cells only produced cytokine following culture with DCs incubated
with IAV Ag, demonstrating that cytokine production is antigen-specific, Figure
22D. By gating on CD4 T cells that produced either IFNy, IL-2 or TNFa following
the culture, we determined that between 49-69% of the cytokine+ cells were
EYFP+, Figure 23A-B. This suggests that TRACE mice enable us to examine over
half of the cytokine+ T cells that respond to IAV. Between 2-15% of the EYFP+
cells produced cytokine, a similar range as described to a model antigen inserted
into IAV'"4, Figure 23C-D. Importantly, the proportion of IFNy+ CD4 T cells that
also produce IL-2 and/or TNFa are similar when gating on total IFNy+ or EYFP+
IFNy+ cells, Figure 23E.
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Figure 23 - TRACE mice enable identification of cytokine+ and negative CD4 T cells.

TRACE mice were infected i.n. with IAV on day 0 and injected i.v. with fluorescently labelled anti-
CD45 3 minutes prior to removal of organs at day 14 post-infection. Single cell suspensions of
spleens, mediastinal draining lymph node (medLN), and lung were activated by DCs incubated with
IAV-Ag preparation or control DC. The percentages of CD45iv negative IFNy, IL-2 and TNF+ cells
that were EYFP were determined (A-B). Alternatively, the percentages of EYFP+ cells producing
IFNy, IL-2 or TNFa in response to control DC (no 1AV Ag) or IAV-Ag+ DCs were analysed (C-D)
and the percentages of total IFNy+ or EYFP+ IFNy+ CD4 T cells that also produced IL-2 and/or
TNFa were determined (E). Some lymph nodes and lungs are excluded as the number of cytokine+
cells within the FACS plot was less than 10. A shows representative FACS plots gated on live
CD45iv negative, CD4+cyokine+ and the numbers are the percentages of cells within the EYFP+
gate. C shows spleen cells gated on live CD454iv negative CD4+ EYFP+ cells and the numbers
are the percentages of these cells that are cytokine+. In B and D, data are combined from two
experiments with 4-6 mice, each point is a mouse and the horizontal line is the mean, errors are
SEM. In E, data are from the same experiments and error bars are SEM.
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The expression of the pro-survival molecules CD127 and Bcl2'"> was examined in
EYFP+ cytokine negative CD4 T cells and those expressing IFNy, IL-2 or TNFa 40
days post-infection, Figure 20C-F. In the secondary lymphoid organs, the
cytokine+ EYFP+ T cells expressed higher levels of both molecules compared to
cytokine negative cells. These differences were less clear in the lung, potentially
reflecting the reduced survival of cytokine+ and negative cells in this organ.
These data are consistent with the hypothesis that CD4 T cells with the capacity
to produce cytokines have an enhanced survival capacity compared to non-
cytokine+ T cells.

Additionally, we analysed CD4 IFNy+ cells that were also positive for IL-2, TNF,

all three cytokines, or only expressed IFNy. The numbers of triple cytokine+ CD4
T cells did not change in any of the organs between days 9 and 30, Figure 20G.

The numbers of all other populations declined significantly in at least one of the
organs. While triple cytokine+ cells in the spleen expressed high levels of CD127
and Bcl2, no differences in expression of these survival molecules were found in
lung cytokine+ CD4 T cells, Figure 20H. These data suggest that survival, at least
based on these two molecules alone, may not explain the differences in stability

of the cytokine+ cell populations between days 9 and 30.

4.3.3 Single IFNy+ CD4 and CD8 T cells are more likely to be in
cell cycle than multifunctional T cells

An alternative explanation for the stability of the numbers of triple cytokine+ T
cells could be increased proliferation in comparison to other cytokine+
populations. We gated on IFNy+ Ki67+ cells to examine whether these cells were
producing one or more cytokine, Figure 24. IFNy single+ CD4 and CD8 T cells
were more likely to be in cell cycle compared to triple+ cells at both day 9 and
30, Figure 25A-B. These data suggest that enhanced proliferation by
multifunctional T cells does not explain their increase predominance in the
memory pool 2> nor the lack of decline in the numbers of these cells between

day 9 and 30 post-infection, Figure 20G.
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Figure 24 - Detection of IFNy Ki67+ cells by flow cytometry.

C57BL/6 mice were infected i.n. with IAV on day 0 and injected i.v. with fluorescently labelled anti-
CD45 (CD45iv) 3 minutes prior to removal of organs. At day 9 post-infection, single cell
suspensions of spleens were co-cultured with IAV-Ag+ DCs for 6 hours. In A, cells are gated as in
Figure 19A and on CD4 or CD8 T cells that are IFNy+. In the bottom panel, cells are also gated on
the Ki67+ population shown in A. The numbers show the percentage within the indicated gates or
guadrants. Data are representative of the experiments shown in Figure 25.
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Figure 25 - Single IFNy+ CD4 and CD8 T cells are more likely to be in cell cycle 9 and 30
days after IAV infection than T cells producing multiple cytokines.

C57BL/6 mice were infected i.n. with IAV on day 0 and injected i.v. with fluorescently labelled anti-
CD45 3 minutes prior to removal of organs at the indicated time point. Single cell suspensions of
spleens, mediastinal draining lymph nodes (medLN), and lungs from IAV infected mice were
activated by IAV-Ag+ DCs for 6 hours. Data are from two independent time course experiments
with a total of 7-8 mice/time point. Each symbol represents a mouse and the horizontal line shows
the mean of the group and significance tested via paired Friedman analysis with Dunn’s multiple
comparison test *: p<0.05, ***:p<0.001.
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4.3.4 scRNAseq analysis reveals heterogeneity in cytokine+ and
cytokine negative memory CD4 T cells

To obtain a more detailed understanding of differences between the cytokine+
and negative memory T cell populations, we performed single-cell gene
transcription analysis. TRACE mice were infected with IAV and after 40 days the
mice were injected with anti-CD45 i.v. 3 minutes prior to tissue harvest. CD45 iv
negative spleen and lung CD4 T cells were isolated and activated with IAV-Ag+
DCs for 4 hours to drive cytokine mRNA expression. We sorted EYFP+ cells from
the spleens and lung and, to provide a base line level of gene expression, naive,
CD44' EYFP-negative CD4 T cells from the spleen, Figure 26. Cells from 4
infected TRACE mice were combined with oligo tagged antibodies used to

distinguish each animal and organ.

Initial clustering produced 19 different clusters, including 8 naive clusters, 10
memory clusters and one Treg cluster, Figure 28A. To focus on the differences
between the memory clusters, we reduced the complexity of the naive
population into a single population, Figure 29A; all clusters remained
transcriptionally distinct, Figure 28B; Table 4. Of the 10 memory clusters, 7
expressed little to no Ifng, Tnf or 112, Figure 28C. Cells from all memory clusters
were found in both the spleen and lung, with the spleen contributing most cells
in all but the Ifng+ cluster, Figure 27A & Figure 28D. Naive and Treg clusters
cells were almost entirely from the spleen, consistent with their origin from the

naive sort gate (Figure 26).
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Figure 26 - Example data from sorted EYFP negative naive and EYFP+ memory CD4 T cells.

TRACE mice were infected with IAV and injected with anti-CD45 3 minutes prior to removal of
spleens and lungs. Isolated CD4 T cells were activated for 4 hours by co-culture with IAV-Ag DCs
and the CD45iv negative CD4+CD44"EYFP+ cells (spleens and lung) and
CD4+CD44"°EYFPnegative (spleens) cells were FACS sorted. In A, FACS plots are gated on live
CD4+ single lymphocytes negative for CD45iv, B220 and MHCII and show cells prior to the sort
with sort gates shown. In B, cells are gated on the indicated cells post-sort. A-B are from a practice
sort prior to isolation of the cells for sScRNAseq transcriptomic analysis. In C, the expression of
Cd44 and Sell (which codes for CD62L) are shown overlaid on the UMAP described in Figure 27A.
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Figure 27 - Triple cytokine+ CD4 T cells have a pro-survival transcriptional signature.

TRACE mice were infected with 1AV and 40 days later injected with anti-CD45 3minutes prior to
removal of spleens and lungs. Isolated CD4 T cells were activated for 4 hours with IAV-Ag DCs
and the CD45iv negative CD4+CD44"EYFP+ cells (spleens and lung) and
CD4+CD44"°EYFPnegative (spleens) cells were FACS sorted and their transcriptomes examined
by scRNAseq. UMAP of one naive cluster, one Treg cluster, and 10 memory clusters. The radial
tracks around the UMAP reflect the numerical representation of each cluster, and the mouse/tissue
origin within each cluster on a logarithmic axis (A). DEGs in single, double, and triple cytokine+
clusters identified by comparison between the indicated populations and all other clusters (B). The
normalised MFI of Myc by single, double, and triple cytokine+ cells in CD4 and CD8 T cells from
C57BL/6 IAV infected mice examined at day 40 post-infection; expression was normalised by
dividing each sample’s MFI by the MFI on naive CD4+ cells in the same sample (C). Expression of
mMRNA for cell survival molecules from the scRNAseq analysis (D, legend as in A). Data in A, B, D,
are from one experiment with cells from 4 mice. In C, data are from 2 independent experiments
with each symbol representing one mouse and the horizontal line showing the mean of the groups;
significance tested by paired ANOVA with Tukey’s multiple comparison test, *: p<0.05.
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Figure 28 - scRNAseq reveals heterogeneity in the memory CD4 T cell pool.

TRACE mice were infected with IAV and injected with anti-CD45 3 minutes prior to removal of
spleens and lungs. Isolated CD4 T cells were activated for 4 hours by co-culture with IAV-Ag DCs
and the CD45iv negative CD4+CD44hiEYFP+ cells (spleens and lung) and
CD4+CD44loEYFPnegative (spleens) cells were FACS sorted and their transcriptomes examined
by scRNAseq. UMAP of eight naive clusters, one Treg cluster, and 10 memory clusters (A). DEGs
in main clusters identified by comparison between the indicated populations and all other clusters
(B). Where genes were differentially expressed in multiple clusters, the gene was visualised in the
cluster with the highest fold change; for a list of all DEGs see Table 4. Expression of Tnf, Ifng and

112 by each cluster (C). UMAP of analysed cells displaying cells from the spleen and lung
separately (D).

Table 4 - Gene expression and clustering

gene p_val avg_log2 | pct.1 pct.2 | p_val_ad | cluster
FC j

Sell 0 3,87402 0,961 |0,257 |0 Na/@ve

Lyé6c1 0 3,61567 0,745 |0,246 |0 Na/@ve

Oas2 0 3,21438 0,875 |0,248 |0 Na/@ve

Lef1 0 2,51805 |0,615 |0,168 |0 Na/@ve

Trib2 0 2,51644 | 0,911 |0,453 |0 Na/@ve
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Txk 0 2,51501 0,582 0,154 |0 Na/@ve
Pik3ip1 0 2,43825 | 0,444 | 0,11 0 Na/@ve
Ccr7 0 2,236 0,936 0,456 |0 Na/@ve
Itk 0 1,2734 0,979 10,887 |0 Na/@ve
Casp8 0 1,2728 0,9 0,691 |0 Na/@ve
Cd247 0 1,23632 0,973 |0,8 0 Na/@ve
Lgals9 0 1,07832 0,936 |0,745 |0 Na/@ve
Irf7 0 1,02978 0,997 |0,944 |0 Na/@ve
Tcf7 0 0,92314 | 0,955 |0,79 0 Na/@ve
Stat1 0 0,79564 |0,974 0,853 |0 Na/@ve
H2.K1 0 0,27426 | 1 1 0 Na/@ve
Selplg 1,03E-303 | 0,93678 | 0,92 0,732 | 4,23E-301 | Na/@ve
Bach2 1,87E-301 | 1,75276 | 0,555 | 0,245 |7,66E-299 | Na/@ve
Cd274 2,12E-275|1,20324 | 0,756 | 0,528 |8,67E-273 | Na/@ve
Birc3 1,14E-265 | 1,05295 | 0,795 | 0,609 |4,67E-263 | Na/@ve
Ddx58 8,70E-246 | 0,81424 | 0,911 | 0,768 | 3,56E-243 | Na/@ve
Ifngr1 7,89E-245 | 0,61394 | 0,969 | 0,8 3,23E-242 | Na/@ve
Socst 1,01E-204 | 1,20862 | 0,598 | 0,392 | 4,14E-202 | Na/@ve
Trbc2 1,70E-136 | 0,45314 | 0,995 | 0,975 | 6,95E-134 | Na/@ve
Btg1 7,78E-128 | 0,29747 | 0,999 |0,995 | 3,18E-125 | Na/@ve
Cblb 5,64E-122 | 0,68029 | 0,759 | 0,67 2,31E-119 | Na/@ve
Il4ra 3,31E-117 | 0,84125 | 0,647 | 0,505 |1,35E-114 | Na/@ve
Vps28 5,42E-111 | 0,61293 | 0,657 | 0,582 |2,22E-108 | Na/@ve
Myd88 6,76E-111 | 0,63704 | 0,626 | 0,552 |2,76E-108 | Na/@ve
Tmem173 5,51E-101 | 0,89193 | 0,445 | 0,328 |2,25E-98 | Na/@ve
Ltb 3,18E-96 | 0,7099 0,63 0,493 | 1,30E-93 | Na/@ve
Mcm4 1,83E-92 | 0,716 0,434 |0,366 |7,50E-90 | Na/@ve
Ifnar1 2,15E-86 | 0,63521 0,53 0,444 | 8,81E-84 | Na/@ve
Ccnd2 1,81E-83 | 0,65597 | 0,507 | 0,417 |7,40E-81 | Na/@ve
Cd3d 4,14E-77 | 0,4534 0,722 | 0,665 |1,69E-74 | Na/@ve
Cxcl10 3,96E-62 | 0,36305 |0,7 0,556 | 1,62E-59 | Na/@ve
Staté 2,60E-57 | 0,25438 |0,544 |0,569 |1,06E-54 | Na/@ve
Lamp1 3,70E-57 |0,38669 |0,607 |0,572 |1,51E-54 | Na/@ve
I\7r 9,82E-56 |0,46815 |0,678 |0,532 |4,02E-53 | Na/@ve
Foxp3 1,19E-229 | 6,97594 | 0,982 | 0,016 |4,88E-227 | Tregs

Lrrc32 7,42E-133 | 591779 | 0,755 | 0,016 | 3,04E-130 | Tregs

I12ra 1,52E-62 | 4,0743 0,618 | 0,063 |6,22E-60 | Tregs

Tnfrsf4 2,13E-50 |2,14855 |0,955 |0,5 8,73E-48 | Tregs

Tnfrsf18 1,50E-46 | 1,73955 |0,927 |0,647 |6,15E-44 | Tregs

Ctla4 7,33E-40 |2,29255 |0,8 0,29 3,00E-37 | Tregs

Tnfrsf9 3,51E-39 [2,91317 |0,673 | 0,223 | 1,44E-36 | Tregs

Cish 6,43E-26 | 1,37012 |0,9 0,591 | 2,63E-23 | Tregs

I12rb 2,70E-23 | 1,42294 |0,855 |0,427 |1,10E-20 | Tregs

Rgs1 7,59E-22 | 1,80577 0,736 |0,352 |3,11E-19 | Tregs

Cd2 9,88E-22 |0,95698 |0,991 |0,899 |4,04E-19 | Tregs
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Nt5e 9,22E-09 | 1,5422 0,436 |0,196 |3,77E-06 | Tregs
Xbp1 2,55E-06 | 0,967 0,564 |0,384 |0,001044 | Tregs
Socst 7,90E-06 | 0,66908 |0,718 |0,498 |0,003232 | Tregs
CD279.RMP1. | 4,73E-05 | 0,45087 |1 0,992 |0,019364 | Tregs
30.Pdcd1.AM

M2138.pAbO

Cxcr3 5,42E-227 | 2,03524 | 0,695 | 0,238 |2,22E-224 | Tem 1
Cd4 2,51E-148 | 1,06713 | 0,912 | 0,685 | 1,03E-145 | Tem 1
Cd5 2,21E-136 | 1,4752 0,726 | 0,403 |9,06E-134 | Tem 1
Gapdh 2,96E-112 | 0,6695 0,993 0,937 |1,21E-109 | Tem 1
I12rb 1,03E-90 | 0,80268 |0,714 |0,391 |4,21E-88 | Tem 1
Cd3g 1,82E-87 |0,98772 |0,809 | 0,59 7,44E-85 | Tem 1
Cdé 6,02E-86 | 1,13691 0,721 |0,459 |2,46E-83 |Tem 1
Cd28 1,73E-77 | 0,82999 |0,789 | 0,54 7,09E-75 | Tem 1
ltga4 5,43E-75 | 1,1751 0,583 0,343 |2,22E-72 | Tem 1
Tigit 2,55E-65 | 0,63047 |0,648 |0,374 |1,04E-62 | Tem 1
Cd3e 6,27E-64 | 0,76111 0,834 |0,686 |2,56E-61 |Tem1
Casp1 2,35E-62 | 1,24214 | 0,461 | 0,232 |9,63E-60 | Tem 1
Thy1 2,13E-59 | 0,73191 0,669 |0,417 |8,72E-57 | Tem 1
Stat4 1,10E-50 | 0,58931 0,89 0,757 | 4,48E-48 | Tem 1
Fth1 4,18E-47 | 0,58748 0,999 |0,998 |1,71E-44 | Tem 1
Pdcd1 2,13E-44 |1,07198 | 0,495 |0,287 |8,72E-42 | Tem 1
Tnfrsf4 1,90E-41 | 0,54207 |0,684 | 0,48 7,79E-39 | Tem 1
Tnfrsf18 9,78E-41 | 0,55717 0,802 |0,629 |4,00E-38 | Tem 1
Trac 2,38E-39 |0,52892 |0,945 |0,881 |9,73E-37 | Tem 1
Lat 8,74E-39 | 0,54732 |0,857 |0,728 |3,58E-36 | Tem 1
Cd9 1,43E-38 | 0,82177 0,532 |0,345 |5,84E-36 | Tem 1
Hif1a 1,19e-37 | 0,48918 |0,914 |0,821 |4,86E-35 | Tem 1
Fyn 7,75E-36 | 0,48561 0,797 | 0,63 3,17E-33 | Tem 1
S100a10 1,34E-35 | 0,70676 |0,669 |0,526 |5,49E-33 | Tem 1
Adora2a 6,31E-31 | 0,75337 |0,478 |0,305 |2,58E-28 |Tem 1
Cd27 1,60E-29 | 0,69076 |0,613 |0,471 |6,56E-27 | Tem 1
Ctla4 2,12E-27 | 0,3419 0,443 | 0,275 |8,68E-25 |Tem 1
I\7r 1,06E-24 | 0,55076 |0,708 |0,595 |4,32E-22 | Tem 1
Trbc2 1,61E-21 | 0,33755 0,993 |0,984 | 6,60E-19 | Tem 1
Dusp2 8,96E-21 |0,31999 |0,446 |0,301 |3,66E-18 |Tem 1
Bin2 2,53E-19 | 0,49418 | 0,568 | 0,436 |1,04E-16 |Tem 1
Lck 4,31E-19 | 0,3572 0,843 |0,753 |1,76E-16 |Tem 1
Fyb 2,62E-13 | 0,4901 0,435 |0,336 |1,07E-10 |Tem 1
Icos 4,94E-12 | 0,25554 0,533 | 0,418 |2,02E-09 | Tem 1
Ctsd 1,33E-08 | 0,37289 |0,456 |0,372 |5,45E-06 | Tem 1
Ikbkb 1,45E-06 | 0,35074 |0,469 |0,394 |0,000593 | Tem 1
Mapk1 3,88E-06 |0,27785 |0,504 |0,442 |0,001587 | Tem 1
CD279.RMP1. |0 2,71309 |1 0,992 |0 Tem 2
30.Pdcd1.AM

M2138.pAbO
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Pdcd1 9,73E-105 | 1,87617 | 0,816 | 0,291 | 3,98E-102 | Tem 2
Tigit 3,52E-85 | 1,8777 0,8 0,391 | 1,44E-82 | Tem 2
Cd9 4,27E-73 | 1,6737 0,753 |0,351 |1,75E-70 | Tem 2
I12rb 4,88E-57 |0,78253 0,818 |0,414 |2,00E-54 |Tem 2
Hif1a 5,85E-53 | 1,00181 0,974 |0,826 |2,39E-50 | Tem2
Bcl2ala 1,61E-42 | 0,36755 |0,761 | 0,433 |6,57E-40 | Tem 2
Cxcr4 6,36E-42 | 1,38331 0,453 | 0,15 2,60E-39 | Tem 2
CD278.Icos.A | 1,07E-37 | 0,59573 |1 1 4,39E-35 | Tem 2
MM2072.pAb

0

ltgb2 8,88E-37 |0,81625 |0,545 |0,246 |3,63E-34 | Tem 2
Dusp2 2,48E-36 |0,61528 |0,621 |0,306 |1,01E-33 |Tem2
Adora2a 2,16E-33 | 0,95955 | 0,624 |0,313 |8,83E-31 |Tem2
Cd44 5,62E-32 | 1,06273 | 0,411 |0,155 |2,30E-29 | Tem 2
Dusp1 9,29E-32 | 1,32707 |0,542 |0,252 |3,80E-29 |Tem2
Cdé 6,91E-29 | 0,53806 |0,768 | 0,48 2,83E-26 | Tem 2
Tnfrsf9 7,84E-28 | 1,02207 0,482 |0,217 |3,21E-25 | Tem2
Cd5 4,45E-26 |0,74823 |0,711 |0,431 |1,82E-23 | Tem2
Tnfsf8 6,32E-26 | 0,94255 |0,642 |0,383 |2,58E-23 | Tem 2
Tnfrsf4 1,50E-25 | 0,64532 |0,763 |0,494 |6,15E-23 | Tem 2
Ybx3 2,60E-23 | 0,51528 | 0,463 | 0,24 1,06E-20 | Tem 2
Fyn 6,20E-22 | 0,61543 | 0,866 |0,642 |2,54E-19 |Tem 2
Cxcr3 3,13E-18 |0,35619 |0,479 |0,288 |1,28E-15 | Tem 2
Cd28 1,02E-15 | 0,52261 0,771 | 0,563 |4,19E-13 | Tem 2
Trac 2,00E-13 | 0,57137 |0,958 |0,886 |8,20E-11 |Tem2
Rbpj 4,16E-12 | 0,43425 |0,437 |0,282 |1,70E-09 |Tem?2
Trbc1 3,46E-200 | 2,10417 |1 0,653 | 1,41E-197 | Tem 3
Cxcr3 2,89E-59 | 1,64899 | 0,685 |0,28 1,18E-56 | Tem 3
Cd3g 4,80E-45 |1,05052 |0,866 |0,607 |1,96E-42 |Tem 3
ltgad 1,64E-39 | 1,25224 | 0,673 |0,361 |6,72E-37 | Tem 3
Lat 7,55E-34 | 0,87767 |0,912 |0,737 |3,09E-31 | Tem 3
Cd4 6,68E-32 | 0,78121 0,884 |0,707 |2,73E-29 |Tem3
ltgb2 4,94E-24 | 1,39859 |0,443 |0,252 |2,02E-21 |Tem3
Thy1 9,49E-24 | 0,89618 | 0,688 |0,439 |3,88E-21 |Tem3
Gapdh 3,50E-23 |0,48934 0,983 |0,942 |1,43E-20 | Tem 3
Trac 1,19E-22 | 0,63751 0,952 |0,887 |4,85E-20 |Tem 3
Cd5 1,23E-22 |0,85699 |0,682 |0,434 |5,02E-20 | Tem 3
Cd28 1,13E-21 | 0,75944 | 0,776 | 0,563 |4,62E-19 | Tem 3
Cd9 5,42E-20 | 0,94872 |0,591 | 0,36 2,22E-17 | Tem 3
Lck 8,93E-20 | 0,56327 0,909 |0,759 |3,65E-17 |Tem3
Tigit 2,52E-18 | 0,44234 |0,639 |0,399 |[1,03E-15 |Tem3
Fyn 5,42E-17 |0,61958 |0,807 |0,645 |2,22E-14 |Tem3
Tnfrsf18 1,30E-16 |0,55536 0,832 |0,643 |5,31E-14 |Tem 3
Bcl2a1a 1,04E-15 | 0,37114 | 0,662 |0,439 |4,23E-13 | Tem 3
Casp1 3,29E-15 |0,89013 |0,449 |0,253 |1,35E-12 | Tem3
I12rb 6,71E-15 | 0,44305 |0,639 |0,423 |2,75E-12 |Tem 3
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Stat4 1,30E-13 | 0,51843 0,875 |0,77 5,31E-11 | Tem 3
Cdé 1,82E-13 | 0,64793 |0,673 |0,485 |7,42E-11 |Tem 3
Cd3e 2,90E-13 | 0,49711 0,835 |0,699 |1,19E-10 | Tem 3
Lgals1 3,50E-13 | 1,01556 | 0,44 0,261 | 1,43E-10 | Tem 3
S100a10 5,42E-13 | 0,68476 | 0,69 0,538 |2,22E-10 | Tem 3
Bin2 2,45E-10 | 0,64482 |0,594 |0,447 |1,00E-07 |Tem3
Pdcd1 1,47E-09 | 0,26142 | 0,46 0,308 |6,01E-07 | Tem 3
Dusp2 5,63E-09 |0,71658 | 0,457 |0,314 |2,30E-06 | Tem 3
Tnfrsf4 3,05E-07 |0,25138 |0,648 |0,5 0,000125 | Tem 3
Ctsd 4,02E-07 |0,42842 |0,523 |0,377 |0,000164 | Tem 3
Hif1a 1,28E-06 | 0,30881 0,915 |0,829 |0,000525 | Tem 3
I\7r 1,37E-06 | 0,48432 |0,707 | 0,605 |0,000559 |Tem 3
Cd52 3,17E-06 |0,39894 |0,764 |0,698 |0,001298 | Tem 3
Bax 5,61E-06 | 0,3268 0,645 |0,513 |0,002295 | Tem 3
Fyb 5,05E-05 |0,43463 |0,455 |0,344 |0,02065 |Tem3
Cd27 6,25E-05 | 0,43626 |0,599 |0,484 |0,025544 | Tem 3
Cxcl10 5,54E-158 | 2,41034 | 0,94 0,621 |2,27E-155 | Tem 4
Tnfsf8 1,37E-97 | 2,47201 0,789 0,38 5,62E-95 | Tem 4
Tnfrsf4 2,59E-70 |1,76826 |0,869 |0,493 | 1,06E-67 |Tem 4
Bcl2ala 1,58E-46 | 0,87025 |0,846 |0,434 |6,45E-44 | Tem 4
I12rb 5,66E-43 |0,71145 |0,815 |0,418 |2,31E-40 | Tem 4
Hif1a 7,47E-41 | 0,83653 |0,983 |0,828 |3,05E-38 | Tem 4
Tnfrsf9 7,42E-33 | 1,75862 | 0,52 0,218 | 3,03E-30 | Tem 4
Casp1 2,27E-31 | 0,99627 |0,577 |0,249 |9,30E-29 | Tem4
Pdcd1 7,86E-30 | 0,98441 0,634 0,302 |3,22E-27 |Tem4
Stat4 1,31E-29 | 0,82891 0,946 |0,768 |5,35E-27 | Tem 4
Tigit 2,02E-29 | 0,76111 0,728 0,397 |8,24E-27 | Tem 4
Tnfrsf18 6,10E-28 | 0,94317 |0,856 |0,644 |2,50E-25 |Tem 4
Cd5 1,44E-25 | 0,65023 |0,742 | 0,433 |5,90E-23 | Tem 4
Cish 4,46E-24 | 0,58214 |0,862 |0,586 |1,82E-21 |Tem 4
Maf 8,98E-24 | 0,92246 |0,436 |0,18 3,67E-21 | Tem 4
Jak2 9,49E-22 | 0,76468 |0,839 |0,596 |3,88E-19 |Tem4
Nfkb2 3,82E-19 | 0,52097 |0,85 |0,611 |1,56E-16 | Tem 4
Adora2a 1,68E-17 | 0,81699 | 0,57 0,318 | 6,86E-15 | Tem 4
Lgals1 1,71E-16 | 0,27101 0,46 0,262 | 6,97E-14 | Tem 4
Dusp1 6,18E-16 | 1,02543 | 0,487 |0,257 |2,53E-13 |Tem4
Cxcr3 6,88E-16 | 0,4855 0,513 0,288 |2,81E-13 |Tem4
Gapdh 4,78E-15 | 0,41785 | 0,99 0,942 |1,96E-12 | Tem 4
Tnfrsf1b 1,03E-14 | 0,58591 0,577 |0,346 |4,20E-12 |Tem 4
Nfkb1 3,06E-14 | 0,47684 0,896 |0,739 |1,25E-11 | Tem 4
ltgad 1,14E-13 | 0,40032 | 0,57 0,367 |4,66E-11 | Tem 4
lcos 1,19E-13 | 0,25779 | 0,631 | 0,426 |4,86E-11 | Tem 4
Ybx3 1,47E-13 | 0,48274 |0,433 |0,243 |6,02E-11 | Tem 4
Ctla4 2,67E-13 | 0,3887 0,497 0,289 |1,09E-10 |Tem 4
Tnfrsf25 2,74E-13 | 0,28899 | 0,56 0,375 |1,12E-10 | Tem 4
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Cdé 3,63E-13 | 0,46564 |0,705 |0,485 |1,48E-10 | Tem 4
Cd4 1,44E-12 | 0,42199 |0,883 |0,708 |5,88E-10 | Tem 4
CD279.RMP1. | 3,11E-10 | 0,30732 1 0,992 |1,27E-07 |Tem 4
30.Pdcd1.AM
M2138.pAbO
lcam1 3,60E-10 | 0,25529 |0,416 |0,267 |1,47E-07 | Tem 4
Cd52 1,03E-06 | 0,34485 0,829 |0,697 |0,000421 | Tem4
Stat3 2,81E-06 | 0,35566 | 0,93 0,875 |0,001151 | Tem 4
Rbpj 3,14E-06 | 0,59721 0,423 |0,284 |0,001284 | Tem4
CD278.lcos.A | 8,37E-196 | 1,97702 1 1 3,42E-193 | Tem 5
MM2072.pAb
0
Cxcr3 7,74E-19 | 0,89431 0,609 |0,289 |3,17E-16 | Tem5
Casp1 2,36E-18 | 0,65336 |0,542 |0,254 |9,65E-16 | Temb5
Cd28 2,65E-15 | 0,34569 | 0,833 |0,566 |1,08E-12 | Tem5
Ctla4 6,92E-15 | 0,39474 | 0,557 |0,29 2,83E-12 | Tem 5
Tigit 8,30E-15 | 0,25543 0,667 |0,403 |3,39E-12 | Tem5
Icos 1,05E-13 | 0,57397 |0,703 | 0,426 |4,28E-11 | Tem 5
CD279.RMP1. | 9,77E-13 | 0,35271 1 0,992 | 4,00E-10 | Tem5
30.Pdcd1.AM
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Cd5 1,07E-12 | 0,50873 0,703 |0,438 |4,39E-10 | Tem5
Cdé 4,26E-12 | 0,27006 |0,734 |0,487 |1,74E-09 | Tem 5
I118r1 5,90E-10 |0,87034 |0,453 |0,236 |2,41E-07 |Tem5
Trbc1 3,42E-05 |0,26329 (0,812 |0,664 |0,013967 | Tem5
S100a10 5,61E-05 |0,32978 |0,698 |0,54 0,022932 | Tem 5
Gzmk 5,74E-154 | 5,07516 | 0,965 | 0,056 |2,35E-151 | Eomes_hi
Eomes 5,88E-75 | 4,37997 0,655 |0,053 |2,40E-72 | Eomes_hi
Tigit 7,01E-35 | 1,83416 |0,876 |0,402 |2,87E-32 | Eomes_hi
Cer5 1,71E-30 | 2,90348 | 0,469 | 0,068 | 6,98E-28 | Eomes_hi
Cxcr4 7,30E-27 |2,27434 | 0,54 0,158 | 2,98E-24 | Eomes_hi
Lat 1,34E-25 | 1,27183 0,938 |0,742 |5,50E-23 | Eomes_hi
Pdcd1 1,63E-23 | 1,65057 |0,743 | 0,308 |6,68E-21 | Eomes_hi
Cxcr3 8,74E-22 | 1,4504 0,726 | 0,29 3,57E-19 | Eomes_hi
Fyn 2,79E-19 | 1,04536 |0,903 |0,648 | 1,14E-16 | Eomes_hi
Fyb 4,62E-17 | 1,39662 0,646 |0,345 |1,89E-14 | Eomes_hi
Ybx3 1,25E-16 | 1,6061 0,602 |0,245 |5,12E-14 | Eomes_hi
Stat3 2,04E-15 | 1,02684 |0,956 | 0,876 |8,36E-13 | Eomes_hi
Cdé 6,50E-15 | 1,09158 |0,805 |0,488 |2,66E-12 | Eomes_hi
Cd27 5,66E-14 | 1,20432 0,77 0,485 |2,32E-11 | Eomes_hi
Gapdh 4,23E-12 | 0,66588 | 0,991 0,943 |1,73E-09 | Eomes_hi
Cd5 4,36E-12 | 1,01398 | 0,761 0,439 |1,78E-09 | Eomes_hi
Cd9 1,02E-11 | 1,22673 0,611 0,366 | 4,17E-09 | Eomes_hi
Runx3 1,15E-09 | 1,14538 | 0,558 | 0,293 |4,72E-07 | Eomes_hi
Tnfrsf9 1,12E-08 | 0,9452 0,487 |0,225 | 4,60E-06 | Eomes_hi
Stat4 1,46E-08 | 0,704 0,912 |0,772 |5,97E-06 | Eomes_hi
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Adora2a 1,90E-08 | 1,01594 0,566 |0,324 |7,76E-06 | Eomes_hi
Gimap7 3,52E-08 | 0,89871 0,602 |0,332 |1,44E-05 | Eomes_hi
Dusp1 4,12E-08 | 1,21869 0,469 | 0,262 |1,69E-05 | Eomes_hi
I\2rb 2,25E-07 | 0,2999 0,664 | 0,429 |9,21E-05 | Eomes_hi
Bclé 2,86E-07 | 0,99612 0,522 |0,289 |0,000117 | Eomes_hi
Cd4 2,89E-07 | 0,5429 0,894 | 0,711 0,000118 | Eomes_hi
Cd28 7,46E-07 | 0,6682 0,779 |0,569 |0,000305 |Eomes_hi
CD279.RMP1. | 2,20E-06 | 0,50528 1 0,992 | 0,000898 | Eomes_hi
30.Pdcd1.AM

M2138.pAb0O

ltgb2 5,89E-06 | 0,86849 0,451 0,257 | 0,002407 | Eomes_hi
Bcl2a1a 7,13E-06 | 0,41924 |0,673 |0,445 |0,002915 | Eomes_hi
Fth1 1,15E-05 | 0,56337 1 0,998 | 0,00471 Eomes_hi
Ctsd 4 98E-05 | 0,663 0,575 |0,38 0,020387 | Eomes_hi
Cd3e 5,30E-05 | 0,57781 0,841 0,703 |0,021676 | Eomes_hi
Cd3g 5,91E-05 | 0,56006 0,779 |0,616 |0,024186 | Eomes_hi
Trbc1 7,14E-05 | 0,72725 0,796 | 0,666 |0,0292 Eomes_hi
Thy1 8,25E-05 | 0,3998 0,646 | 0,446 |0,03374 Eomes_hi
Ccl5 0 6,02391 0,997 [0,126 |0 Cytotoxic
Gzmk 3,67E-133 | 3,76249 0,496 | 0,049 | 1,50E-130 | Cytotoxic
Cer5 2,78E-103 | 3,62519 0,432 | 0,057 |1,14E-100 | Cytotoxic
Cxcré 1,70E-95 | 1,95159 0,635 | 0,147 |6,95E-93 | Cytotoxic
Lilrb4a 1,48E-90 | 2,07645 0,633 | 0,159 | 6,06E-88 | Cytotoxic
Ccr2 2,71E-86 | 3,10972 0,418 | 0,059 1,11E-83 | Cytotoxic
I12rb 5,98E-85 | 1,39463 0,882 |0,412 |2,45E-82 | Cytotoxic
Cdé 2,41E-76 | 1,49155 0,866 |0,476 |9,85E-74 | Cytotoxic
Maf 4,09E-72 | 2,14728 0,563 |0,172 |1,67E-69 | Cytotoxic
I118rap 5,35E-63 | 2,06613 0,496 |0,133 |2,19E-60 | Cytotoxic
Tigit 6,49E-63 | 1,19005 0,815 | 0,39 2,66E-60 | Cytotoxic
Fasl 1,70E-62 | 2,0444 0,483 |0,124 | 6,97E-60 | Cytotoxic
Bcl2a1a 1,34E-60 | 0,85519 0,853 |0,43 5,47E-58 | Cytotoxic
Ybx3 1,04E-47 | 1,48149 0,584 | 0,234 |4,25E-45 | Cytotoxic
Rgs1 5,12E-46 | 1,54375 0,668 |0,343 |2,10E-43 | Cytotoxic
Pdcd1 1,15E-45 | 1,32399 0,66 0,298 | 4,69E-43 | Cytotoxic
Bcl2l1 9,12E-44 | 1,52105 0,475 |0,157 |3,73E-41 | Cytotoxic
Stat3 1,20E-38 | 0,94617 |0,938 |0,874 |4,90E-36 | Cytotoxic
Cxcr3 1,87E-37 | 0,98974 | 0,614 |0,282 |7,67E-35 | Cytotoxic
Cd5 1,97E-33 | 0,91743 0,74 0,43 8,07E-31 | Cytotoxic
Cd4 1,02E-32 | 0,71537 | 0,92 0,704 | 4,19E-30 | Cytotoxic
Casp1 1,79E-31 | 1,15601 0,539 |0,248 |7,31E-29 | Cytotoxic
Cxcr4 2,77E-30 | 1,41369 0,408 |0,152 |1,13E-27 | Cytotoxic
Tnfrsf9 6,23E-26 |0,62914 |0,464 |0,218 |2,55E-23 | Cytotoxic
Lgals1 3,06E-25 | 1,123 0,512 |0,258 |1,25E-22 | Cytotoxic
Tnfrsf1b 6,14E-24 | 0,73587 | 0,611 0,342 | 2,51E-21 | Cytotoxic
Cd3e 4,10E-23 | 0,68995 0,866 |0,697 |1,67E-20 | Cytotoxic
Adora2a 1,43E-22 | 0,70391 0,574 |0,316 |5,86E-20 | Cytotoxic
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Fth1 2,09E-22 | 0,53619 1 0,998 | 8,56E-20 | Cytotoxic
Gapdh 1,54E-21 | 0,51777 |0,992 |0,942 |6,32E-19 | Cytotoxic
Cd3g 7,81E-21 | 0,63385 0,815 | 0,609 |3,20E-18 | Cytotoxic
Cd48 2,93E-20 | 0,96179 0,466 | 0,237 |1,20E-17 | Cytotoxic
Gimap7 9,99E-20 | 0,91803 0,563 | 0,326 |4,09E-17 | Cytotoxic
Icos 7,88E-19 | 0,67037 |0,654 |0,423 | 3,22E-16 | Cytotoxic
Ctla4 4 56E-18 | 0,82713 0,507 0,287 |1,86E-15 | Cytotoxic
I118r1 1,48E-15 | 0,99952 0,41 0,233 | 6,06E-13 | Cytotoxic
ltgb2 8,05E-15 | 0,74819 0,448 | 0,251 3,29E-12 | Cytotoxic
Cdz27 2,77E-14 | 0,85872 0,633 |0,482 |1,13E-11 | Cytotoxic
ltga4d 6,53E-14 | 0,61478 0,568 |0,365 |2,67E-11 | Cytotoxic
Tnfrsf18 7,66E-11 | 0,44222 0,796 | 0,644 | 3,13E-08 | Cytotoxic
Ifngr1 1,48E-09 | 0,25086 0,949 |0,886 |6,05E-07 | Cytotoxic
Runx3 4,75E-09 | 0,74535 0,432 |0,29 1,94E-06 | Cytotoxic
Cd28 7,11E-09 | 0,27334 | 0,721 0,565 |2,91E-06 | Cytotoxic
I\7r 2,40E-08 | 0,4376 0,633 | 0,608 |9,83E-06 | Cytotoxic
Fyb 3,00E-08 | 0,5112 0,493 |0,342 |1,23E-05 | Cytotoxic
Stat4 2,23E-07 | 0,3707 0,85 0,77 9,12E-05 | Cytotoxic
S100a10 6,14E-07 | 0,26994 | 0,676 |0,538 |0,000251 | Cytotoxic
Bin2 3,19E-06 | 0,31548 0,576 | 0,447 |0,001303 | Cytotoxic
Gimap5 3,26E-06 | 0,45865 0,517 0,386 |0,001333 | Cytotoxic
Dusp2 1,56E-05 | 0,3118 0,432 | 0,314 | 0,006395 | Cytotoxic
Ctsd 5,55E-05 | 0,43293 0,493 |0,378 |0,022679 | Cytotoxic
Cxcré 0 3,95041 0,875 | 0,121 0 Single +
I12rb 5,52E-214 | 1,93704 | 0,956 | 0,397 |2,26E-211 | Single +
Tnfrsf9 2,70E-190 | 2,44542 0,776 0,192 |1,10E-187 | Single +
Lilrb4a 6,95E-188 | 2,95169 0,686 |0,146 |2,84E-185 | Single +
Rgs1 1,77E-182 | 2,62957 | 0,818 |0,327 |7,23E-180 | Single +
Icos 1,06E-163 | 2,07772 0,864 | 0,404 |4,32E-161 | Single +
Bcl2a1a 2,28E-162 | 1,71501 0,912 | 0,417 |9,32E-160 | Single +
Pdcd1 6,56E-142 | 1,94154 | 0,785 | 0,282 |2,68E-139 | Single +
Lgals1 6,84E-135 | 2,43344 | 0,676 | 0,242 |2,80E-132 | Single +
Cer5 1,03E-129 | 2,61734 | 0,426 | 0,05 4,21E-127 | Single +
Tigit 4,12E-127 | 1,46873 0,869 |0,378 |1,68E-124 | Single +
Bcl2l1 5,69E-123 | 1,74783 0,603 |0,142 |2,33E-120 | Single +
Stat3 1,13E-107 | 1,1772 0,95 0,872 | 4,63E-105 | Single +
Ybx3 6,48E-100 | 1,77481 0,654 | 0,222 | 2,65E-97 | Single +
Cclb 4,86E-91 | 0,7284 0,526 |0,139 | 1,99E-88 | Single +
Tnfrsf1b 6,65E-91 | 1,46657 |0,754 | 0,327 |2,72E-88 | Single +
Ctla4 8,67E-82 | 2,26175 0,642 | 0,273 | 3,54E-79 | Single +
Rbpj 4,08E-76 | 1,76624 |0,616 |0,267 |1,67E-73 |Single +
Cdé 3,95E-75 | 1,23103 0,829 | 0,47 1,62E-72 | Single +
Gapdh 2,52E-71 | 0,85393 0,985 | 0,941 1,03E-68 | Single +
Adora2a 7,05E-67 | 1,16373 0,678 |0,304 |2,88E-64 | Single +
Fasl 1,11E-63 | 1,53521 0,425 |0,121 | 4,56E-61 | Single +
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Ifitm3 2,60E-60 |2,03433 |0,465 |0,195 |1,06E-57 | Single +
I112rb2 1,80E-59 | 1,26417 | 0,48 0,167 | 7,34E-57 | Single +
Cish 2,62E-59 | 0,86831 0,881 |0,576 |1,07E-56 | Single +
I118rap 2,28E-58 | 1,60964 | 0,426 |0,13 9,34E-56 | Single +
Fth1 4,92E-55 | 0,75004 |1 0,998 |2,01E-52 | Single +
Dusp2 3,36E-50 | 1,07148 |0,623 |0,299 |1,37E-47 | Single +
Maf 8,37E-48 | 1,43489 | 0,454 |0,171 | 3,42E-45 |Single +
Cd44 3,41E-41 | 1,39605 | 0,403 |0,15 1,39E-38 | Single +
Hif1a 7,34E-41 | 0,56197 | 0,965 |0,824 | 3,00E-38 | Single +
I118r1 2,64E-37 | 1,30617 |0,485 |0,224 |1,08E-34 |Single +
Tnfrsf4 3,03E-34 | 0,54264 |0,754 | 0,49 1,24E-31 | Single +
Tnfrsf18 1,23E-33 | 0,54225 0,871 |0,636 |5,01E-31 |Single +
Thy1 1,35E-31 | 0,5711 0,693 |0,433 |5,51E-29 | Single +
Casp1 7,37E-27 | 0,49701 0,447 | 0,248 | 3,02E-24 | Single +
Cd5 3,20E-26 |0,49889 |0,664 |0,429 |1,31E-23 | Single +
Cxcr3 2,12E-25 |0,34277 |0,476 |0,284 |8,66E-23 | Single +
ltgb2 4,29E-23 | 0,54648 | 0,441 |0,247 |1,76E-20 | Single +
Gimap5 4,79E-18 | 0,44074 |0,564 | 0,38 1,96E-15 | Single +
Xbp1 3,67E-15 | 0,35655 |0,539 |0,377 |1,50E-12 | Single +
Nfkb1 2,26E-14 | 0,34247 |0,875 |0,736 |9,26E-12 | Single +
Cd3g 3,58E-13 | 0,29164 | 0,765 |0,608 |1,47E-10 | Single +
Stat4 9,55E-12 | 0,29799 |0,886 |0,766 |3,91E-09 | Single +
Zap70 1,04E-10 | 0,42301 0,8 0,667 | 4,25E-08 | Single +
Cdé9 2,60E-192 | 2,41939 | 0,851 | 0,462 | 1,06E-189 | Double +
Bcl2ata 1,65E-168 | 1,98214 | 0,911 | 0,42 6,77E-166 | Double +
Nfkb1 5,88E-167 | 1,66626 | 0,946 |0,732 |2,41E-164 | Double +
lcam1 3,87E-149 | 2,77907 | 0,622 | 0,251 | 1,58E-146 | Double +
Fyn 3,04E-129 | 1,54962 | 0,893 | 0,637 | 1,24E-126 | Double +
Irf4 1,11E-124 | 3,27497 | 0,403 | 0,051 | 4,56E-122 | Double +
Thy1 1,29E-122 | 2,24697 | 0,791 | 0,429 |5,28E-120 | Double +
Myc 1,56E-100 | 2,57715 | 0,539 | 0,153 | 6,37E-98 | Double +
Cxcr5 2,92E-94 |2,59398 |0,452 | 0,089 |1,20E-91 | Double +
Btla 4,45E-94 |2,63945 |0,403 |0,076 | 1,82E-91 | Double +
Ptprc 5,01E-85 |0,89437 |0,95 0,973 | 2,05E-82 | Double +
Tnfrsf1b 7,46E-85 | 1,86216 | 0,64 0,337 | 3,05E-82 | Double +
Cish 3,22E-83 | 1,6117 0,793 0,584 | 1,32E-80 | Double +
Trac 9,60E-73 |1,01967 |0,952 |0,886 |3,92E-70 | Double +
Dusp1 6,09E-69 | 1,94287 | 0,525 |0,249 |2,49E-66 | Double +
Zap70 3,27E-67 | 1,06456 | 0,845 | 0,666 | 1,34E-64 | Double +
Dusp2 5,71E-64 | 1,85952 |0,616 |0,302 |2,34E-61 | Double +
Junb 3,92E-61 |1,23197 0,897 |0,751 | 1,60E-58 | Double +
Lck 9,64E-58 | 0,91746 |0,913 | 0,756 | 3,94E-55 | Double +
Adora2a 7,27E-54 | 1,6071 0,574 0,312 |2,97E-51 | Double +
Icos 5,11E-52 | 1,34214 | 0,694 | 0,417 |2,09E-49 | Double +
Nfkb2 1,36E-51 | 1,00732 |0,824 | 0,607 |5,57E-49 | Double +
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Tnfrsf4 9,58E-48 | 1,27188 | 0,707 | 0,494 |3,92E-45 | Double +
Cd28 2,28E-46 | 1,14578 | 0,764 | 0,561 |9,31E-44 | Double +
Tnfsf8 4,68E-39 |1,60389 |0,556 |0,385 |1,91E-36 | Double +
Cd5 6,87E-38 | 0,94258 | 0,721 |0,427 |2,81E-35 | Double +
Tigit 2,97E-33 | 1,11105 | 0,655 |0,394 |1,21E-30 | Double +
Mbp 1,61E-32 | 1,14235 |0,568 | 0,338 | 6,58E-30 | Double +
Foxof1 2,18E-32 | 1,23165 |0,442 | 0,204 |8,91E-30 | Double +
Btg1 6,94E-31 | 0,56756 | 0,996 |0,998 |2,84E-28 | Double +
Il4ra 1,16E-29 | 1,02621 0,748 | 0,57 4,76E-27 | Double +
I12rb 3,66E-27 |0,73676 |0,674 |0,418 | 1,50E-24 | Double +
Pcna 2,77E-23 | 0,86591 0,612 |0,433 |1,13E-20 | Double +
Tnfrsf18 4,12E-22 | 0,77993 |0,791 | 0,643 | 1,69E-19 | Double +
Bclé 5,18E-18 | 0,98155 | 0,446 |0,283 |2,12E-15 | Double +
Stat3 1,74E-16 | 0,45862 |0,928 |0,874 |7,12E-14 | Double +
Lat 3,99E-16 | 0,57861 0,826 |0,739 |[1,63E-13 | Double +
Stat5a 3,88E-15 |0,73608 | 0,603 |0,463 |1,59E-12 | Double +
Gapdh 1,84E-14 | 0,37812 |0,969 |0,942 |7,51E-12 | Double +
Staté 1,05E-08 | 0,45222 |0,674 |0,549 |4,31E-06 | Double +
Cdé 1,47E-08 | 0,3729 0,624 |0,485 |6,00E-06 | Double +
Cd2 3,11E-08 |0,37617 |0,911 |0,899 |1,27E-05 | Double +
Rbpj 3,33E-07 |0,48373 |0,401 |0,282 |0,000136 |Double +
Hif1a 2,20E-06 | 0,44161 0,878 |0,83 0,000901 | Double +
Hprt 6,87E-06 | 0,45999 |0,517 |0,434 |0,002811 | Double +
Stat4 1,19e-05 | 0,35217 0,822 |0,771 |0,004884 | Double +
ltga4 0,000114 | 0,4475 0,421 |0,371 |0,04683 Double +
5
Ifng 1,85E-255 | 6,1537 0,755 |0,145 |7,58E-253 | Triple +
Myc 2,67E-208 | 4,52495 |0,915 | 0,158 | 1,09E-205 | Triple +
Nfkb1 3,18E-192 | 2,52779 0,979 |0,739 | 1,30E-189 | Triple +
Slc7a5 3,73E-167 | 3,79185 | 0,888 |0,138 |1,53E-164 | Triple +
Tfrc 1,10E-147 | 3,95323 | 0,782 | 0,076 |4,51E-145 | Triple +
Tnf 6,62E-134 | 4,88174 | 0,729 |0,097 |2,71E-131 | Triple +
Bcl2l1 3,52E-131 | 3,39424 | 0,819 | 0,156 | 1,44E-128 | Triple +
112 1,97E-129 | 6,07456 | 0,495 | 0,024 | 8,04E-127 | Triple +
Bcl2ata 9,03E-124 | 2,38674 | 0,984 | 0,436 |3,69E-121 | Triple +
Irf8 4,65E-110 | 3,41852 | 0,755 |0,183 | 1,90E-107 | Triple +
Lap3 2,71E-103 | 3,336 0,622 | 0,043 |1,11E-100 | Triple +
Dusp2 6,30E-98 |2,74565 |0,899 |0,307 |2,58E-95 | Triple +
Tnfrsf4 4,10E-97 |2,59597 |0,926 |0,497 |1,68E-94 | Triple +
I12ra 3,74E-96 | 3,49871 0,633 | 0,057 |1,53E-93 | Triple +
Ybx3 1,66E-87 |2,77352 |0,798 |0,237 |6,80E-85 | Triple +
Tnfsf14 4,17E-81 | 3,74364 | 0,447 |0,022 |1,70E-78 | Triple +
Rbpj 2,43E-60 |2,28055 |0,771 |0,278 |9,95E-58 | Triple +
Tnfsf8 2,11E-55 | 2,49609 |0,745 |0,387 |8,64E-53 | Triple +
Cish 3,32E-50 |1,38824 |0,947 |0,587 |1,36E-47 | Triple +
I12rb 1,10E-47 | 1,43052 | 0,91 0,421 | 4,48E-45 | Triple +
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Tbx21 2,13E-41 | 2,32051 0,537 0,12 8,72E-39 | Triple +
Nfkb2 6,74E-41 | 1,25127 |0,926 |0,613 |2,76E-38 | Triple +
I115ra 9,04E-41 | 1,9367 0,441 | 0,077 |3,70E-38 | Triple +
Tnfrsf1b 7,55E-40 | 1,37424 | 0,819 |0,344 |3,09E-37 | Triple +
Cd44 1,10E-38 | 1,95434 | 0,585 |0,157 |4,49E-36 | Triple +
Zap70 3,52E-38 | 1,15101 0,931 | 0,67 1,44E-35 | Triple +
Slamf1 7,62E-36 |2,02288 |0,511 |0,122 | 3,12E-33 | Triple +
Mbp 3,19E-35 | 1,7928 0,638 |0,344 |1,31E-32 | Triple +
Stat5a 6,79E-34 | 1,55376 | 0,761 |0,465 |2,78E-31 | Triple +
Pdcd1 6,60E-33 | 0,28613 | 0,686 |0,305 |2,70E-30 | Triple +
Thy1 9,61E-32 | 1,4831 0,819 |0,441 |3,93E-29 | Triple +
Tnfrsf9 6,31E-31 | 1,72564 | 0,617 |0,22 2,58E-28 | Triple +
Gapdh 6,51E-29 | 0,87408 |0,995 0,943 |2,66E-26 | Triple +
Tnfrsf25 1,04E-27 | 1,56881 0,702 | 0,374 | 4,25E-25 | Triple +
Fyn 1,16E-25 | 0,92858 |0,936 | 0,645 |4,74E-23 | Triple +
Adora2a 4,00E-25 |0,83325 |0,691 |0,319 | 1,63E-22 | Triple +
Lta 5,96E-23 | 1,776 0,441 | 0,135 |2,44E-20 | Triple +
Hprt 3,15E-22 |0,56942 |0,761 |0,431 |1,29E-19 | Triple +
Cd5 2,17E-20 | 1,00241 0,777 0,436 | 8,86E-18 | Triple +
Trac 2,94E-20 | 0,70702 |0,979 |0,887 |1,20E-17 | Triple +
Cdé 1,02E-19 | 1,09636 |0,798 |0,486 |4,17E-17 | Triple +
Tigit 1,20E-19 |0,80325 |0,739 |0,401 |4,89E-17 | Triple +
Pcna 4,45E-19 | 0,65734 |0,755 |0,436 | 1,82E-16 | Triple +
lcam1 1,41E-15 | 1,21732 | 0,553 | 0,266 |5,78E-13 | Triple +
Lilrb4a 1,06E-14 | 1,41789 | 0,426 |0,174 |4,33E-12 | Triple +
Bax 1,28E-12 | 0,719 0,777 0,513 |5,25E-10 | Triple +
Lat 3,84E-12 | 0,56547 0,931 |0,74 1,57E-09 | Triple +
Icos 9,82E-12 | 0,85353 | 0,686 |0,427 |4,02E-09 | Triple +
Cxcr3 2,94E-10 | 0,39514 | 0,484 |0,292 |1,20E-07 | Triple +
Atféb 3,03E-10 |0,65944 |0,521 |0,302 |1,24E-07 | Triple +
Gimap5 4,83E-09 |0,56885 |0,601 |0,387 |1,98E-06 | Triple +
Jak2 1,44E-08 | 0,57471 0,803 |0,6 5,89E-06 | Triple +
Cdé9 3,09E-08 |0,81073 |0,681 |0,479 |1,27E-05 | Triple +
Junb 4,46E-08 | 0,43731 0,915 |0,756 |1,83E-05 | Triple +
Ccnd2 7,09E-07 | 0,32967 | 0,628 |0,461 |0,00029 | Triple +
Stat3 2,84E-06 | 0,44159 |0,968 |0,875 |0,001163 | Triple +
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Figure 29 - Triple cytokine+ CD4 T cells produce more cytokine on a per cell basis than
single cytokine+ T cells.

C57BL/6 mice were infected i.n. with IAV on day 9 or day 30 and injected i.v. with fluorescently
labelled anti-CD45 3 minutes prior to removal of organs for analysis. Single cell suspensions of
spleens, mediastinal draining lymph node (medLN), and lung were activated by DCs incubated with
IAV-Ag. CD45iv negative |IAV-specific CD4 T cells cytokine+ at day 9 (A) or day 30 (B) T cells were
detected by flow cytometry. Each symbol represents a mouse and the line shows the mean of the
group with SEM shown. Significant differences were assessed by Friedman’s multiple comparison
test followed by multiple comparisons with Dunn’s multiple comparison test; *: p<0.05, **:p<0.01,

***:p<0.001.
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Triple+ cells were uniquely enriched for /(2 and, while the single+ and double+
clusters clearly expressed Ifng +/- Tnf, these transcripts were only significantly
enriched (versus all other cells) within the triple+ cluster. Previous studies have
demonstrated that multifunctional T cells produce more IFNy on a per cell basis
than single IFNy+ T cells 2224, We also found that triple cytokine+ T cells express
the greatest amounts of IFNy by flow cytometry, Figure 29. Moreover, by gating
on total IL-2+ or TNF+ T cells, we found that triple cytokine+ CD4 T cells also

expressed more of these cytokines than single IL-2+ or TNF+ cells respectively.

4.3.5 Triple cytokine+ memory CD4 T cells express a pro-survival
gene signature

We focussed on the transcriptional signatures of the three cytokine producing
clusters: single+ (/fng) double+ (Ifng & Tnf), and triple+ (Ifng, Tnf & 1(2) cells,
Figure 27B. The single+ CD4 T cells expressed the highest levels of Icos and
Pdcd1 (PD1), which we confirmed at protein level, Figure 30. Genes uniquely
upregulated in the double+ cells included Cxcr5, Bclé, Irf4 and Foxo1, indicating
a Tfh-like phenotype 16118,
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Figure 30 - Single IFNy+ CD4 memory T cells express higher levels of PD1 and ICOS than
triple cytokine+ cells.

C57BL/6 mice were infected i.n. with IAV on day 0 and injected i.v. with fluorescently labelled anti-
CD45 3 minutes prior to removal of organs at day 40. Single cell suspensions of spleens and lung
were activated by DCs incubated with IAV-Ag. CD45iv negative cytokine+ CD4 T cells were
detected by flow cytometry to detect ICOS (A) and PD1 (B) expression. Data are from two separate
experiments. Each symbol represents a mouse and the horizontal line shows the mean of the
group. Significance tested via paired Friedman analysis with Dunn’s multiple comparison test *:
p<0.05, **:p<0.001, ****:p<0.0001.

We also observed genes commonly enriched across some or all cytokine+
clusters. Strikingly, the double and triple cytokine+ cells expressed high levels of
the transcription factor Myc; we confirmed increased Myc protein expression in
triple+ cells by flow cytometry, Figure 27C. The triple cytokine+ memory CD4 T
cells also expressed high levels of molecules associated with survival, Figure

27D. These included Bcl2 family members (Bcl2at1a and Bcl2(1(Bclx)), receptors
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for pro-survival cytokines (/(2ra, Il15ra) and costimulatory molecules (Thfrsf4
(OX40), Tnfsf8 (CD30L))>3, 119-124,

4.3.6 TCR clones are found in multiple memory T cell clusters but
are not shared between different animals

We used CDR3 sequencing to address whether clones were restricted to
particular memory T cell clusters. We found expanded clones within each of the
memory populations, with the relative absence of these in the naive and
regulatory populations, Figure 31A-B. Few expanded clones appeared cluster
specific, with most represented across multiple clusters, Figure 31C-D. These
data suggest that TCR CDR3 sequence does not dictate T cell fate. Finally,
analysis of expanded clonotypes derived from each animal demonstrated little

evidence of public T cell clones, Figure 31E.
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Figure 31 - TCR clones are found in multiple memory T cell clusters but are not shared
between different animals.

scRNAseq analysis described in Figure 31 was integrated with single cell TCR CDR3 analysis.
Large, medium and single clones identified by TCR CDR3 sequencing are displayed for each
cluster and the proportion of T cells with the indicated clonal expansions shown (A). Enriched
clones are overlaid on the scRNAseq UMAP for each animal and coloured by the magnitude of
expansion (B). To highlight the extent to which clones were shared across clusters, clones found
within each memory cluster were identified and displayed on the UMAP (C). To provide higher
resolution these data are presented as a chord diagram, highlighting the inter-cluster relationship of
individual clones (D). The limited overlap of identified clones between mice is displayed as a Venn
diagram (E).



Chapter 4 99

4.3.7 Single IFNy+ T cells dominate the proliferative response
during re-infection

Our data above and the relationship between T cell multifunctionality,
persistence into the memory pool, and protection from disease, suggest that
triple cytokine+ T cells should dominate a secondary response to IAV 22:25, 32, 33,
To test this, we re-infected IAV-memory mice with a distinct strain of IAV, X31.
In this model, T cell responses are associated with immune protection 2°, and re-

challenged mice lost less weight than primary infected animals, Figure 32A.

Re-infection led to an increase in the percentages of cytokine+ CD4 and CD8 T
cells that expressed Ki67, most notably in cells in the spleen and medLN, Figure
33A-B. The IFNy+ Ki67+ CD4 and CD8 T cells present in the re-infected animals
were most likely to be within the single IFNy+ population, especially in the
medLN and the lung, Figure 33C-D.

The low levels of Ki67 in triple cytokine+ cells may suggest that this population
would be less prevalent following re-infection and that single or double positive
T cells may become a more prominent population. This was not the case. The
percentages of IFNy+ cells that were also expressing IL-2 and/or TNFa were the
same before and at day 5, Figure 32B, and day 35 following re-infection, Figure
33E-F. These data are consistent with the hypothesis that multifunctional T cells

have an ability to survive within the memory pool.
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Figure 32 - Previous infection with IAV leads to a protective response following re-challenge
infection but no changes in the proportion of cytokine+ populations.

C57BL/6 mice were infected i.n. with WSN IAV on day -30 and then infected with X31 on day 0.
Controls were age-matched naive animals or naive mice infected with X31 IAV on day 0. Mice
were weighed and the difference in weight loss calculated by measuring the area and the curve
(A). On day 5 after the challenge infection, a separate cohort of mice were injected i.v. with
fluorescently labelled anti-CD45 3 minutes prior to removal of organs for analysis. Single cell
suspensions of spleens, mediastinal draining lymph node (medLN), and lung were activated by
bmDCs incubated with IAV-Ag. The proportions of IFNy+ CD4 and CD8 T cells expressing IL-2 and
TNFa were calculated (B). In A, naive animals are from one experiment (4 naive animals) and
infected animals combined from two experiments with a total of 12 primary infected animals and 9

re-infected animals. The areas under the curves were compared by ANOVA followed by a Tukey’s
multiple comparison test with ****:p<0.0001. In B, data are from two experiments with a total of 7-8

mice/group, error bars are SEM.
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Figure 33 - Triple cytokine+ T cells are less likely to be in cell cycle than single IFNy+ T cells

following challenge infection.

C57BL/6 mice were infected i.n. with IAV on day 0. On day 30, some of these animals and age-
matched naive mice were infected with X31 IAV i.n. 5 (A-D) or 35 days (E-F) later, these mice and
the remaining WSN-memory mice received anti-CD45 i.v. 3minutes prior to tissue harvest. Single
cell suspensions of spleens, mediastinal draining lymph node (medLN), and lung were activated for
6 hours with IAV-Ag+ DCs. CD45iv negative IAV-specific IFNy+ CD4 T cells or CD8 T cells were
analysed by flow to detect IFNy+ T cells that were Ki67+. In C-D, IFNy+ that were Ki67 in the re-
infected animals at day 5 post-infection were examined for production of IL-2 and TNF. Data are
from two independent experiments with a total of 7-8 mice. Symbols represent each mouse and the
horizontal line shows the mean of the group (A-D), in E-F error bars are SEM. In A-D significance
tested by Mann-Whitney. In E-F, significance tested via ANOVA and Dunn'’s; *: p<0.05, **:p<0.01,
***:n<0.001, ****:p<0.0001.

4.4 Discussion

Our data demonstrate that CD4 T cells with the capacity to produce multiple

different types of cytokines are found at stable numbers in secondary lymphoid

organs across primary and memory timepoints. Moreover, at gene and protein

level, these cells express molecules associated with cell survival. Cytokines are

often required for, or associated with, memory T cell mediated immune

protection?2-24. 29, 48,58, 59, 84,105 Therefore, the identification of factors and cell

types that promote cytokine+ cells could define how we could increase the size

and protective ability of the memory T cell pool following vaccination.
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Our data are consistent with the hypothesis that memory T cells with the
capacity to produce cytokines are more likely to survive into and within the
memory pool than those that cannot produce cytokines. This challenges findings
that showed poor survival of cytokine+ cells, and supports other studies that

have demonstrated stability of cytokine+ memory T cells®> 108-110,

The numbers of multifunctional cytokine+ CD4 T cell that produced IFNy, IL-2
and TNFa were particularly stable between day 9 and 30 post-infection. We
ruled out a role for proliferation in supporting the persistence of this population.
However, it is possible that the memory T cells are a dynamic and plastic
population, shifting between the cytokine+ and negative populations between
time points. Adoptive transfer of the different cytokine+ and negative
populations would be required to address whether cytokine producing capacity is
stable and test the hypothesis that cytokine+ cells do indeed display enhanced

survival compared to non-cytokine+ T cells.

A further caveat of our model is that detection of the cytokine producing cells
involves a short ex vivo reactivation stage. We therefore cannot know whether
the expression of these molecules is altered during the reactivation. Our
previous data did, however, demonstrate that the three cytokine+ populations
could be identified as early as two hours after re-activation, suggesting that
these three populations are reflective of in vivo CD4 T cells with distinct

phenotypes and functions?>.

We were surprised that the double and triple cytokine+ CD4 memory T cells did
not dominate the secondary response to IAV. These cells expressed high level of
transcripts for Myc, Slc7ab5 and the transferrin receptor, suggesting that they are
poised to proliferate following TCR activation'?®. We cannot exclude that
memory triple or double cytokine+ CD4 T cells differentiate into single IFNy+
during the re-infection. We think this is unlikely, however, given the stability of
proportions of triple/double/single cytokine+ cells at days 5 and 30 following IAV

re-infection.

We identified IAV-specific CD4 T cells using methods that restrict the population
to a single immunodominant epitope or to T cells responding to numerous IAV

epitopes. Our results are consistent between these methods suggesting that TCR
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specificity does not influence T cell survival. This conclusion is reinforced by
finding the same TCR clones in several of the memory clusters within the single-
cell RNAseq dataset. We suggest that environment is more likely, therefore, to

dictate cell fate, than signals through the TCR.

We have analysed IAV-specific CD4 and CD8 T cells in the same animals
highlighting some key differences. Most notably, cytokine+ CD8 T cells display a
very limited decline in lymphoid organs reflecting similar findings in LCMV
infected mice®. We did find consistent patterns of Ki67 expression in IAV-
specific CD4 and CD8 T cells. Single IFNy+ CD4 and CD8 T cells were more likely
to be Ki67+ at primary, memory and recall timepoints compared to triple or
double cytokine+ T cells. These data suggest that the link between proliferation
capacity and multi-functionality is common to both CD4 and CD8 T cells.
Understanding the molecular mechanisms that underlie this link could,
therefore, reveal pathways that can be manipulated to enhance both the CD4
and CD8 T cell responses in the context of infectious disease and cancer, or limit

such responses in autoimmune pathologies.

4.5 Materials and Methods

4.5.1 Animals and Study design

10 week old female C57BL/6 mice were purchased from Envigo (UK). TRACE
male and female and female C57BL/6 mice were maintained at the University of
Glasgow under specific pathogen free conditions in accordance with UK home
office regulations (Project Licenses P2F28B003 and PP1902420) and as approved

by the local ethics committee. TRACE mice have been described previously®°.

4.5.2 Infections

IAV was prepared and titered in MDCK cells. 10-14 week old mice were briefly
anesthetised using inhaled isoflurane and infected with 150-200 plaque forming
units of Influenza A/WSN/33 (H1N1) in 20ul of PBS intranasally (i.n.). These mice
are between 18-25g at the start of the experiment. Infected mice were
rechallenged with 200PFU of Influenza A/X31 (H3N2). Infected mice were

weighed daily for 14 days post-infection. Any animals that lost more than 20% of
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their starting weight were humanely euthanised. TRACE mice were given Dox+

chow (Envigo) for a total of 12 days starting two days prior to infection.

4.5.3 Tissue preparation

Mice were injected intravenously (i.v.) with 1ug anti-CD45 (30F11, either
labelled with Alexa 488 or PE, ThermoFisher) 3 minutes before being euthanized
by cervical dislocation. Spleen and mediastinal lymph nodes were processed by
mechanical disruption. Single cell suspensions of lungs were prepared by
digestion with 1mg/ml collagenase D (Sigma) and 30ug/ml DNAse (Sigma) for 40
minutes at 37°C in a shaking incubator followed by mechanical disruption. Red

blood cells were lysed from spleen and lungs using lysis buffer (ThermoFisher).

4.5.4 Ex vivo reactivation for intracellular cytokine staining

Bone marrow DCs were prepared as described from C567BL/6 mice?. After 7
days, DCs were harvested, incubated overnight with IAV antigen (MOI of 0.3)
prepared as described 2°. Alternatively, DCs were incubated with 10ug/ml NP
peptides (QVYSLIRPNENPAHK and ASNENMETM from JPT) for 2 hours prior to co-
cultures and with indicated doses in Figure 18E-F. Single cell suspensions of ex
vivo organs were co-cultured with DCs in complete RMPI at a ratio of
approximately 10 T cells to 1 DC in the presence of Golgi Plug (BD Bioscience).

Co-cultures were incubated at 37°C, 5% CO for 6 hours.

4.5.5 Flow cytometry staining

Single cell suspension were stained with PE or APC-labelled IAP/NP311-325 or APC
labelled DP/ NP3es-374 tetramers (NIH tetramer core) at 37°C, 5% CO; for 2 hours in
complete RPMI (RPMI with 10% foetal calf serum, 100ug/ml penicillin-
streptomycin and 2ZmM L-glutamine) containing Fc block (24G2). Anti-CX3CR1
BV711 (SAO11F11, BioLegend) was added with the MHC tetramers. Surface
antibodies were added and the cells incubated for a further 20minutes at 4°C.
Antibodies used were: anti-CD4 APC-Alexa647 (RM4-5, ThermoFisher), anti-CD8
BUV805 (53-6.7, BD Bioscience), anti-CD44 BUV395 (IM7, BD Bioscience), anti-PD-
1 PeCy7 (29F.1A12, BioLegend), anti-PD1 BV605 (29F.1A12, BioLegend), anti-
ICOS PerCP-Cy5.5 (7E.17G9, BioLegend), anti-CD127 APC (A7R34, ThermoFisher),
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CD103 PeCy7 (2E7, BioLegend), anti-CD69 PerCP-Cy5.5 (H1.2F3, ThermoFisher)
and ‘dump’ antibodies: B220 (RA3-6B2), F4/80 (BM8) and MHC Il (M5114) all on
eFluor-450, ThermoFisher. Cells were stained with a fixable viability dye eFluor
506 (ThermoFisher). For normalisation of CD127 and Bcl2 expression, the MFI of
the EYFP+ cells was divided by the MFI of naive (CD44lo) CD4 T cells in the same

animal in the same organ.

For intracellular staining, cells were fixed with cytofix/cytoperm (BD Bioscience)
for 20 minutes at 4°C and stained in permwash buffer with anti-cytokine
antibodies for one hour at room temperature anti-IFNy PE (XMG1.2,
ThermoFisher) or Brilliant violet 785 (XMG1.2, BioLegend), anti-TNF Alexa-Fluor-
488 (MP6-XT22, ThermoFisher) or Brilliant Violet 605 (MP6-XT22, BioLegend),
anti-I1L-2 APC (JES6-5H4, ThermoFisher) or Brilliant violet 711 (JES6-5H4,
BioLegend), Bcl2 PeCy7 (Blc/10C4, BioLegend), anti-Ki67 PeCy7 (16A8,
BioLegend) and cells washed with permwash buffer. To detect Myc, cells were
first stained with unlabelled anti-Myc (D84C12, Cell Signalling Technologies),
cells washed with permwash and then stained with PE-anti-rabbit (Cell signalling
Technologies). Stained cells were acquired on a BD LSR or Fortessa and analysed

using FlowJo.

4.5.6 BD Rhapsody single cell RNA-seq

CD4 T cells from spleens and lungs of 1AV infected TRACE mice were isolated by
CD4 negative selection following the manufacturer’s instructions (StemCell, CD4
Isolation Kit). The cells were activated with IAV-Ag-DCs for 4 hours and then
stained with anti-CD4 APC-Alexa647, anti-CD44-PerCP-Cy5.5 (IM7,
ThermoFisher), anti-MHCII-e450, anti-B220-e450, CD8-e450 (53-6.7,
ThermoFisher), F4/80-e450, and CD45 Sample Tags to enable multiplexing (BD
Bioscience,) and AbSeq antibodies to ICOS (AMM2072) and PD1 (AMM2138).
CD44"/EYFP+ and CD44°/EYFP negative cells from combined spleen or lung
samples were FACS sorted on an ARIA [IU and cells transferred into BD Rhapsody
Sample Buffer and loaded onto a scRNA-seq Rhapsody Cartridge (5000
EYFPnegative CD44% spleen cells; 5000 EYFP+CD44" spleen cells; and 1000
EYFP+CD44" lung cells. Manufacturer’s instructions (Mouse VDJ CDR3 library
preparation) were followed to prepare libraries for sequencing with the BD

Rhapsody Immune response mouse targeted panel, additional custom made
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primers (Table 5), sample Tags and VDJ CDR3. Pair-end sequencing was

performed by Novogene on an Illumina MiSeq PE250.

Table 5 - List of primers

Mouse ID | Organ BD Rhapsody | Tag sequence
sample Tag
number
1 Spleen 1 AAGAGTCGACTGCCATGTCCCCTCCGCGG
GTCCGTGCCCCCCAAG
2 Spleen 2 ACCGATTAGGTGCGAGGCGCTATAGTCGT
ACGTCGTTGCCGTGCC
3 Spleen 3 AGGAGGCCCCGCGTGAGAGTGATCAATC
CAGGATACATTCCCGTC
4 Spleen 4 TTAACCGAGGCGTGAGTTTGGAGCGTACC
GGCTTTGCGCAGGGCT
1 Lung 5 GGCAAGGTGTCACATTGGGCTACCGCGG
GAGGTCGACCAGATCCT
2 Lung 6 GCGGGCACAGCGGCTAGGGTGTTCCGGG
TGGACCATGGTTCAGGC
3 Lung 7 ACCGGAGGCGTGTGTACGTGCGTTTCGA
ATTCCTGTAAGCCCACC
4 Lung 8 TCGCTGCCGTGCTTCATTGTCGCCGTTCT
AACCTCCGATGTCTCG

4.5.7 Single cell RNA-seq analysis

Data were initially processed on SevenBridges and then analysed predominantly
using Seurat (V4.2.0)'?¢ and scRepertoire(V1.7.2) '?7. Briefly, to perform
dimensionality reduction: count data was normalised using scTransform prior to
principal component analysis, Uniform Manifold Approximation and Projection
(UMAP) dimensional reduction, Nearest-Neighbour graph construction and cluster
determination within the Seurat package, and dimensionality reduction
performed. Log normalising and scaling of the count data was conducted prior to
differential gene expression analysis. To test for differential gene expression,
the FindAllMarkers function was used (min.pct = 0.4 & minLogFC = 0.25,
model.use = MAST). Only genes with a Bonferroni corrected p value <0.05 were
considered statistically different. For TCR analysis, clonal expansion was
calculated based on the same TCR being detected once (Single Clone) or
multiple times within the same animal. All TCR analysis utilised stock or

customised code from the scRepertoire package. Further packages used for data
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analysis, organisation and visualisation included: workflowR'?, dplyr, ggplot2,
cowplot, ggVenn, circlize'?, plot1cell'*® and ComplexHeatmap'3'. All code used

can be found at https://github.com/JonathanNoonan/Westerhof.

4.5.8 Statistical analysis

All data other than scRNAseq were analysed using Prism version 9 software
(GraphPad). Differences between groups were analysed by unpaired ANOVAs, T-
tests or Mann-Whitney test as indicated in figure legends. In all figures *
represents a p value of <0.05; **: p<0.01, ***: p<0.001, ****: p<0.0001.
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Chapter5 Summary

My PhD project has examined the CD4 and CD8 T cell response to IAV using a
mouse model. | have characterised the T cells and their cytokine responses at
different stages following infection in lymphoid organs and the lung. Here | will
discuss the key findings, some limitations of the research and potential future

areas of research based on my findings.

My main finding is that the proportion of multifunctional T cells increases in the
memory as compared to the primary pool. | was able to make this advance
because | combined a number of techniques to examine IAV-specific CD4 and

CD8 T cells across primary, memory and re-infection time points.

5.1 Advanced detection methods to identify IAV-specific
CD4 and CD8 T cells

Different methods of detection were used to identify IAV-specific T cells. The
first method used was MHC | and MHC Il tetramers (tet) containing
immunodominant IAV nucleoprotein (NP) peptides (NP 368-374 and NP 311-325).
With this method we investigated a group of cells with less heterogenous TCRs
that are known to contain immunodominant T cells'3%'34, The advantage is that
we are not reliant on cytokine production to detect IAV-specific T cells. By
coupling MHC tetramer analysis with reactivation of T cells from the same mice
with these peptides, we can investigate the differences between IFNy, TNFa and
IL-2 producing T cells, and the T cells that do not produce these cytokines. We
also used this method to compare phenotypes of IAV-specific T cells in active

infection and memory without having to stain for cytokines.

The tetramer detection method combined with cytokine staining provided sub
optimal results, thus these were not combined. To compare, we split up a
sample and used the tetramer method on half of the cells. The other half were
restimulated using the same immunodominant NP peptides to stimulate cytokine

production.

A third method we used was restimulation of the T cells, again from the same

mice with bmDCs which have been treated with sonicated IAV-WSN. This meant
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that the bmDCs could present epitopes from all IAV proteins. The pros and cons

of these different methods are summarised in Table 6.

Table 6 - Pros and cons of the different methods used

Method Pro Con

NP-peptide Detect IAV NP-specific T Detected T cells have a

tetramer cells limited TCR repertoire
Detect cells regardless of Limited information on T cell
ability to make cytokine function

NP-peptide Compare cytokine Detected T cells have a

restimulation + production of IAV NP- limited TCR repertoire.

i.C. staining specific cells to more
heterogenous IAV-specific T | Only cells that produce
cells. cytokine are investigated

using i.c. staining.
Investigate differences
between cytokine and non- | Unable to combine directly
cytokine producing cells by | with MHC tetramer staining.
comparing to cells labelled
with the MHC tetramer.

WSN IAV Provides a broader, possibly | Only cells that produce
restimulation + more complete picture about | cytokine are investigated
i.c. staining the T cells because of the using i.c. staining.

higher TCR diversity.
Unable to combine with
tetramer staining.

5.2 Commonalities and differences in IAV-specific T cells
across lymphoid organs and the lung

Many researchers have studied T cell response to IAV leading to a number of
theories about how memory T cells form?2% 135 136, Tmem in peripheral tissues are
thought to be more differentiated and more likely to undergo apoptosis than T
cells in secondary lymphoid organs, and the bone marrow has been described as

a site of Tmem maintenance.

5.2.1 Cytokine production in lymphoid organs compared to the
site of infection

To investigate these hypotheses in the context of 1AV, we looked at the ex vivo
cytokine response of CD4 and CD8 T cells from mice post IAV infection. In all
organs that were investigated (spleen, medLN, lung and bone marrow), we

examined the populations of IFNy, TNFa, and IL-2 producing IAV-specific T cells.
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T cells in all organs were able to produce effector cytokines, which indicates

that effector T cells could be found in lymphoid and non-lymphoid organs. In the
primary response, lung T cells do appear to have more of an effector phenotype;
more single IFNy producing cells can be found in the lung, this evened out at the

memory timepoints.

When looking at each cytokine separately, the expected decrease in the number
of cytokine+ IAV-specific T cells after the contraction phase can be observed. In
this data two things stand out, the first being a difference between CD4 and CD8
T cells; the number of cytokine producing CD8 T cells seems more consistent, or
possibly even had an increasing trend in the secondary lymphoid organs between

day 30 and day 75 post-infection.

This is in line with research on virus-specific CD4 and CD8 T cells in mice, where
the number of virus-specific CD4 T cells continues to decline but the CD8 T cells

go into ultraglide and the numbers remain stable®3.

When comparing the data from different sites of interest, we can see a stronger
decline in the number of cytokine producing T cells in the lung than in the

lymphoid organs, this is true for both CD4 and CD8 T cells.

One could argue that the steeper decline in IAV-specific lung cells is possibly
caused by a larger number of IAV-specific T cells in the blood during active
infection, causing a higher number of cells present in the lung after harvesting
by also identifying cells that are present in the lung vasculature. We however
ruled out this variable, by injecting the mice with fluorescently labelled anti-
CD45 three minutes prior to euthanasia. This proved that this is not the cause of
the decline. Meaning that there must be a different cause for the differences in
cell survival between the lung and secondary lymphoid organs. This could be
because of the hypothesis that Tmem in peripheral tissues are more
differentiated than those in secondary lymphoid organs, increasing their chance

of apoptosis.

For example, Slutter et al. have found that IAV-specific CD8 T cells in the lung
are at greater risk of apoptosis than those in other organs, including the skin 37,

However, this result could be complicated by findings that show Trm cells can be
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prone to apoptosis following isolation from tissues'3® 139, It would be useful to
examine the cytokine producing T cells in animals treated with the molecule
that blocks the enzyme that can cause apoptosis of Trm during isolation to

determine whether our results are affected by this phenomenon.

5.2.2 Phenotypical comparison of memory T cells

| performed detailed analysis of MHCI and Il tetramer+ cells across time points
and organs. Performing this analysis in the same mice enables an important

comparison of CD4 and CD8 T cells responding to the same pathogen.

One of our key findings is that IAV-specific CD8 T cells were more likely to be
found in the blood than IAV-specific CD4 T cells 2¢. This suggests that IAV-
specific CD8 T cells patrol the circulation more. Which fits with the higher
expression of CX3CR1 on the CD8 T cells''2.

Another important difference is that Trm markers, such as CD69 and CD103,
appear to be present more often on lung CD8 than CD4 |IAV-specific T cells.
Across the time course, IAV-specific CD8 T cells gained expression of CD103 and
CD69. This may relate to differences between these cell types in their migration
patterns, as found in the skin'“, Or, as discussed by Kunzli and Masopust, CD69

and CD103 may not be useful markers for CD4 Trm cells'3>.

In contrast, the pattern of expression of PD1 was similar between CD4 and CD8 T
cells: a decline in expression in all organs across the time course. However, |AV-

specific CD4 and CD8 T cells in the lung always expressed the highest levels.

PD1 is a cell surface molecule that increases following T cell activation and acts
to inhibit TCR signals''. A possible explanation for the higher expression in the
lung is that it might be important to regulate the T cell responses more in a

delicate tissue such as the lungs, to prevent immune-mediated damage as much

as possible'42 143,

The higher levels of PD1 that can be found in lung T cells, combined with higher

percentages of IFNy single cytokine producing T cells during active infection,
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show a more effector-like phenotype for lung T cells than those in lymphoid

organs.

5.2.3 Tmem in the bone marrow

Radbruch and colleagues have argued that the bone marrow contains superior
Tmem?> 144, These bone marrow T cells supposedly have increased survival
compared to other T cells. We did not observe this as the cytokine producing
IAV-specific bone marrow CD4 and CD8 T cells followed the same trends as the
cells in the other organs that were investigated. We decided to not continue
studying the bone marrow, due to the low numbers of T cells present it was too
challenging to gather a statistically acceptable number of cells in further

experiments.

5.3 Multifunctional memory T cells

Cytokine producing Tmem provide protection against symptomatic influenza 34
37, Multifunctional T cells are thought to be very efficient cells due to their
broad cytokine response. We hypothesise that multifunctional Tmem are a
distinct population, with distinct cellular processes and fate. We think the IAV-
specific Tmems have a distinct cytokine producing capacity compared to the

IAV-specific T cells present at primary infection.

5.3.1 Cytokine production and T cell survival

It is thought that highly differentiated cytokine producing T cells are more likely
to undergo cell death than less differentiated cells, particularly those that can
produce IL-2. IL-2 has been shown to play an important role in Tmem
development?’> 74, Thus, it was expected to see a significant increase in the
proportion of IL-2 producing T cells at memory timepoint. This could not be
identified in our data where comparable numbers of IFNy, TNFa and IL-2
producing CD4 T cells were found. In other words, IL-2+ T cells did not become a
dominant population in the memory pool. A possible explanation for this is that
the three cytokines are all produced by the same cells. To further investigate
this, we studied the combined cytokine producing ability of individual cells over
time, to see if the cytokines are produced by separate cells or that T cells that

produce all three cytokines (multifunctional T cell) are present. This led me to
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examine the difference between cytokine producing cells that were either single
IFNy+, double (IFNy+ with TNFa or IL-2) or triple (IFNy+, IL-2+ and TNF+).

5.3.2 The timing of cytokine production by multifunctional T cells

By examining T cells at primary and memory timepoints, my research revealed
some important differences in IAV-specific T cell cytokine production. These
differences include the range of cytokines the T cells produced and the timing of

this cytokine production.

Not much research has been conducted to see if multifunctional T cells produce
their cytokines simultaneously or consecutively. We set up an experiment to
investigate the kinetics of cytokine production between 0 to 2, 2to 4 and 4to 6
hours of restimulation. The data shows that all cytokines were produced

simultaneously.

A study from 2011 by Han and colleagues' investigated the timing of cytokine
production in human T cells, stimulated with PMA + ionomycin. They concluded
that human CD3+ T cells were more likely to secrete IFNy, IL-2 and TNFa
sequentially rather than simultaneously, and found that simultaneous secretion
likely occurred at transitions between states. No association was found between
timing of initiation and the T cell subset. However, T cells that initiated
secretion within 4 hours post stimulation showed higher chances of producing

multiple cytokines, either simultaneously or sequentially.

However, in line with our data, Han et al. found simultaneous cytokine
production at 4 and 6 hours post re-activation'®. They did analyse the T cells for

a longer amount of time, enabling them to generate more nuanced data.

Assenmacher et al. also reported sequential cytokine production’#, but their
timepoints are at a scale based on days which is very from different our
experiment. They have no data on the cytokine production within the first 20

hours post activation.

We could have also investigated the cells with a longer time course, this would

have given us the ability to investigate the durability of the response of the



Chapter 5 115

different cytokines. We however chose to focus on the first 6 hours post
reactivation, as we want our data to stay as relevant as possible to the in vivo
setting. Keeping the cells ex vivo for prolonged amounts of time might cause
them to incorporate signals from the in vitro setting. Also, we are interested in

what the T cells can do rapidly following reactivation.

We found that CD8 T cells showed a sustained or even increasing response at 4
to 6 hours in cells taken from primary and memory time points. Primary
responding CD4 T cells from secondary lymphoid organs do not have a sustained
cytokine profile but rather show a decrease in production at the latest analysis

timepoint.

This might be because of a functional difference; CD4 T cells’ main function is to
attract other immune cells, whereas a key role for CD8 T cells is to drive
apoptosis of infected cells. This could mean it is more important for CD8 T cells

to have a sustained response to fulfil their function.

In the lung, CD4 T cells from the primary infection already showed this sustained
response, which suggests these lung T cells are differently regulated. It is
possible that functionally superior T cells are more likely to enter the lung
tissues as these cells are needed to control the virus. Another hypothesis is that
the T cells receive signal that can cause alterations when they enter the lung
tissue. One could study this by examining differential expression of genes that

are involved in efficient protein production in lung versus spleen CD4 T cells.

Interestingly, CD4 Tmem from the lymphoid organs do show a more sustained
response across the three in vitro time points. These results might indicate that
functionally superior CD4 T cells have preferential survival or access into the
memory pool, that CD4 T cells functionally mature when becoming memory cells
or that functionally superior T cells undergo more proliferation creating an

increasing percentage of these cells within the memory pool.
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5.3.3 Multifunctional T cell increase proportionally in the memory
pool compared to the primary T cell pool

Cytokine producing IAV-specific Tmems have distinct characteristics compared to
T cells during active IAV infection. We found that for both CD4 and CD8 T cells,
over time in all organs there was an increase of the percentage of cells that
produced all three of the examined cytokines; IFNy, TNFa and IL-2. These are
the multifunctional T cells. In memory, a higher percentage of multifunctional
CD4 T cells was found in the spleen, medLN and the lung compared to the CD4 T
cells present during the primary response. This shift was connected to a

decrease in singular IFNy producing cells.

CD8 T cells had much smaller proportions of multifunctional and singularly IL-2
producing cells than CD4 T cells. However, CD8 Tmem still contained more IL-2

producing cells than primary responding CD8 T cells.

The increased percentage of multifunctional IAV-specific CD4 and CD8 T cells at
a memory timepoint could be caused by preferential survival, increased
proliferation or non-multifunctional T cells gaining cytokine producing abilities
and thus becoming multifunctional over time. Unfortunately, there are
experimental limitations when trying to differentiate between these hypotheses.
Currently there are no known surface markers for cytokine producing cells that
could be used to isolate the different populations for an adoptive transfer
experiment. With reporter mice one is unable to differentiate between singular
and multifunctional cytokine producing populations. This means permeabilisation
is usually necessary to distinguish multifunctional T cells, making transfer of live

cells extremely challenging.

Some studies have used cytokine capture system that enables the identification
of cytokine+ T cells and their isolation by FACS. Human triple cytokine+
peripheral blood CD4 T cells reactive to Plasmodium falciparum or influenza
virus expressed higher levels of a number of chemokines and molecules involved
in cytokine or chemokine signalling'¥. This study suggested that IL-27 may

enhance the development and/or survival of triple cytokine+ T cells.
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The cytokine capture assay has also been used to examine the survival of
activated CD4 T cells into memory cells using adoptive transfer mouse models.
Using in vitro activated mouse CD4 T cells or in vivo activated LCMV-specific CD4
T cells, Lohning et al found that cytokine positive cells could become memory
cells, supporting the survival phenotype we have observed '%, In contrast, using
similar methods, Wu et al found that IFNy + CD4 T cells failed to become
memory CD4 T cells "9, These different results suggest additional research is
required to more fully understand the generation of cytokine positive and

negative memory CDA4.

Other techniques have been used to examine multifunctional T cells. Healy et
al. developed a technique to examine gene expression in fixed and
permeabilised cells . They examined human CMV-specific CD8 T cells and
identified that multifunctional cells expressed high levels of genes associated
with cell survival and proliferation and suggested a role for STAT5, which is
required for IL-2 receptor signalling in promoting multifunctional T cell survival.
| attempted to perform similar experiments on FACS sorted single IFNy+ and
triple cytokine+ IAV-specific mouse T cells. Unfortunately, the depth of
sequencing of the memory CD4 T cells was too low to generate results of
publishable quality but analysis for an undergraduate honour project suggested a
pro-survival signal in triple cytokine+ CD4 T cells corresponds with our later

findings 26.

An alternative method, as used in my publication 2¢ is to examine CD4 T cells
using single cell RNA sequencing. Here single and multifunctional cytokine+ cells
can be identified by transcript expression. Using this method, Meckiff et al.
found that human IAV-specific CD4 T cells were enriched for multifunctional

cells 149,

5.3.4 Multifunctional T cells are less likely to proliferate than
singular IFNy producers.

Thus far we have discussed differences in the timing of cytokine production, and
in the percentage of T cells that have the ability produce multiple cytokines. We

have three potential hypothesis that could explain these differences:
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- Functionally superior CD4 T cells might have preferential survival or

access into the memory pool

- T cells functionally mature when becoming memory cells and gain

cytokine producing abilities.

- Functionally superior T cells undergo more proliferation creating an

increasing percentage of these cells within the memory pool.

The next step is to determine whether there is evidence to support one or more
of these hypotheses. First, we investigated proliferation of multifunctional and
single cytokine producing T cells by looking at Ki67 expression at d9 and d30 post

IAV infection.

The Ki6é7+ IFNy+ T cells contained a higher proportion of single IFNy-producing
cells than multifunctional cells. This means | found that the increase in
multifunctional T cells and sustained cytokine production in memory was not due
to a high level of proliferation. Rather, work that led on from this thesis project
found that multifunctional CD4 T cell expressed higher levels of pro-survival
molecules?. This might indicate increased quiescence or survival for

multifunctional memory T cells.

A transfer study would be needed to discriminate between these hypotheses. It
is challenging to transfer live T cells based on cytokine expression, this however
could be accomplished by performing a cytokine capture assay to isolate
cytokine positive and negative T cells. Transferred cells could be tested for their

duration of survival and ability to protect the host.

5.4 1AV-specific T cells after infection and re-infection.

No matter the location, the importance of memory T cells is their functionality.
So they can prevent against or inhibit a re-infection. When it comes to IAV, the
cross-strain protection that IAV-specific T cells could potentially provide is

particularly interesting.
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A number of studies have examined whether CD4 or CD8 IAV-specific memory T
cells can protect against a re-infection. These studies have shown that these T
cells can successfully protect hosts by killing infected cells, and by recruiting

innate immune cells. They also found that protection requires IFNy production*>
48, 58, 84

However, not many studies have performed a detailed examination of the
memory CD4 or CD8 T cells themselves. Van Braeckel-Budimir found that the
proportion of lung IAV-specific CD8 T cells with a Trm phenotype increased
following subsequent rounds of re-activation and that these cells increased their

expression of pro-survival molecule Bcl2'°,

Soerens et al. examined repeated reactivation of CD8 T cells, and demonstrated
that memory T cells retained their ability to proliferate in response to antigen.
While they found that memory CD8 T cells could still express cytokine, they did
not compare the proliferative responses of different cytokine producing

populations'>!,

Summarised, the two papers above show that re-activated memory CD8 T cells
can return to the memory pool and that these cells remain functional. For CD4 T
cells, a number of studies have shown that different populations of memory CD4
T cells can respond to a secondary stimulation®® 76, 152-155_We chose to focus on
cytokine producing T cells because of the link between cytokine production and

protection from IAV in both animal models and humans33-37, 38, 156,

In our data, we found that the proportion of T cells that are multifunctional
remained very consistent after re-infection with a different IAV strain. When
comparing the T cells 5 days after a second IAV infection, to those 35 days post
re-infection, and those only receiving the initial IAV infection we see very similar
proportions of single cytokine producing, double cytokine producing and
multifunctional T cells. This is true for both CD4 and CD8 T cells.

We do not know yet what the mechanism is causing the proportion of
multifunctional T cells to remain so stable. We expected to see a further

increase but this what not the case. IFNy single producing T cells underwent
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more proliferation during the re-infection than multifunctional cells but the

percentage of single IFNy producers stayed stable too.

Detailed time course studies of the T cells following reinfection would be
needed to track the survival and proliferation of the different populations across
the expansion and contraction phases of the response. Including BrdU, which is
incorporated into the DNA of dividing cells in the flow panel alongside pro-
survival molecules such as Bcl2 and apoptotic indicators would strengthen our

ability to determine the fate of the different cytokine positive cells.

5.5 Reflection on hypothesis

Formation of Tmem
My initial hypothesis was that multifunctional Tmem are a distinct population,

with distinct cellular processes and fate that leads to a proportional increase in
multifunctional cells from the primary to the memory pool (Figure 34). This
increased percentage of multifunctional IAV-specific T cells at memory could be
due to increased survival of multifunctional Tmem, or, non-multifunctional T
cells could gain an increased cytokine producing ability and become

multifunctional over time. My data supports this hypothesis.

Response of Tmem to second IAV infection
My second hypothesis was that, after a second IAV infection, the proportion of

multifunctional cells will not alter as the multifunctional Tmem will proliferate
and respond at a similar pace to secondary infection as non-multifunctional T
cells. I did find sustained diversity in the secondary memory pool, with similar
proportions as the initial memory pool. However, this was not due to
proliferation, as multifunctional CD4 and CD8 T cells expressed lower levels of
Ki67 (Figure 34).
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cuncrionality
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Figure 34 — Memory T cells are functionally superior to primary T cells. Multifunctional CD4

T cells express more transcripts for pro-survival molecules and less markers of proliferation
than cytokine negative CD4 T cells.
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