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ABSTRACT

Type III interferons (IFNs) are one of the core IFNs that directly inhibit viral replication,
and their function specifically acts on mucosal epithelial cells and certain immune cells. We
recently showed that additional human, but not mouse, immune cell types express /FNLRI mRNA
(including T cells) and respond to IFN-A3 stimulation. T cells are critical members of our adaptive
immune system, where CD4+ T cells promote the effector functions of other immune cells, and
CD8+ T cells directly kill altered cells. CD4+ T cells can differentiate into distinct T helper (Th)
subtypes. We previously showed IFN-A3 inhibited Th2 cytokine induction in influenza vaccine-
stimulated peripheral blood mononuclear cells (PBMCs), but the inhibitory mechanisms were
unknown. Since Th2 cytokines are associated with allergic diseases and inflammation, such as
Th2-endotype allergic asthma, a better understanding of the interplay between type III [IFNs and T
cell polarization could aid in the development of future therapies. Little is known about the levels
of IFN-AR1 on CD8+ T cells and how CD8+ T cells respond to IFN-As with or without the presence
of T cell receptor (TCR) stimulation.

To reveal the distribution of IFN-AR1 on T cells, we screened several antibodies and
identified a candidate that can specifically and efficiently bind IFN-AR1. Using the newly
identified antibody, we detected unique IFN-AR component IFN-AR1 at protein levels on total
human CD4+ T cells and CD8+ T cells as well as different subsets. The percentage of CD8+ T
cells expressing IFN-AR1 on the surface (about 10%) was higher than CD4+ T cells (about 2%) at
the steady state (p < 0.05). The other component of IFN-AR, IL-10RB, was expressed on almost
100% of CD4+ and CD8+ T cells.

In the context of TCR stimulation, IFN-AR1 levels on human T cells were significantly
increased over 1-3 days within whole PBMC as well as purified CD4+ and CD8+ T cell cultures
in vitro. Through testing multiple TCR signalling inhibitors, we identified multiple signalling
intermediates that likely contribute to IFN-AR1 upregulation on T cells after TCR stimulation.

Lastly, we demonstrated that IFN-A3 downregulated IL-13 production in whole PBMCs
during TCR stimulation and also during longer-term naive CD4+ T cell Th2 polarization. For
CD8+ T cells, using RNA sequencing transcriptome analyses, we showed that without TCR

stimulation, IFN-A3 inhibited protein synthesis and activated antiviral genes. When comparing
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transcriptome changes after TCR stimulation, with or without IFN-A3, we found multiple pathways

altered upon IFN-A3 addition with some overlap to when IFN-A3 was added alone to CD8+ T cells.

Overall, this body of work has demonstrated that human T cells can directly respond to
IFN-A3, although the subset of T cell and activation state dramatically alter the magnitude of IFN-
A responsiveness due to the different surface levels of IFN-AR1. This means that although some T
cells (e.g. naive CD4+ T cells) are poor responders at rest, [IFN-A can directly influence Th2 and
CD8+ T cell responses during an infection or periods of chronic inflammation that we wouldn’t
have expected if we only studied T cells at steady state. Through the greater understanding of IFN-
A immunoregulatory pathways, IFN-A3 could be an ideal future immunotherapy going beyond just
promoting antiviral pathways and instead targeting specific immune cell types, including T cells,

with fewer side effects compared to other IFNs.

III



ACKNOWLEDGEMENTS

To begin with, I would like to express my sincere gratitude to my supervisor, Dr. Deanna
M. Santer, for her constant and influential support, guidance, encouragement, and patience
throughout the course of this research and thesis writing. It was my great pleasure to be a Santer
lab member, and I will always appreciate the experience I had. Dr. Santer’s profound knowledge
of immunology, dedication to research, and enthusiasm for resolving questions have been
invaluable inspirations to me. I was also trained to be more detail-oriented, as well as make plans
to track and ensure progress is made on time; those are the required virtues of being an independent
scientist, and I learned those from Dr. Santer. Thank you for being an awesome mentor and teacher,

allowing me to progress in both research and career development.

I extend my heartfelt gratitude to my advisory committee members, Dr. Thomas T.
Murooka and Dr. Neeloffer Mookherjee, for their constructive feedback and insightful comments
and suggestions, which have helped shape this research project into where it is. Dr. Murooka
opened the door of Immunology for me a few years ago; his guidance and support fostered my
interest in research and made me want to proceed with graduate studies. Dr. Mookherjee also
supported me a lot along the way; Dr. Hemshekhar Mahadevappa from the Mookherjee lab
provided vital support to aid my project in going further. All my committee members provided a
generous amount of support, helping me proceed to my next stage of graduate studies and my PhD

application.

I would also like to thank Dr. Heather Armstrong and Dr. Santer; together, they provided
us with a collaborative sister lab environment and guidance for our career success. I would also
like to thank Dr. Cedric Tremblay for his support and humour, which made my experiments shorter

and easier.

It was my great pleasure to be a Santer lab member and grow together with everyone here.
Olamide Ogungbola, as the “co-founder” of the lab, thank you, Lami, for providing me with
numberless help and support. Without you, my project would stop at stage one as I need you as a
phlebotomist to get blood and as a friend for life, LOL. You also helped me recruit donors with no
spare effort. I will always appreciate that, as well as so many other things. Ouyang Jing (Maggie),
I appreciate your support; your strong scientific background and experience inspired me so many

times. Testimony Olumade, I really enjoyed the interactions with you, and it is certainly impossible

IV



to finish my project without your help; you contributed to all the figures I have for RNA
sequencing. Thank you, Vi Diep Vu, for your help in maintaining a well-prepared lab space. Also,
to all current and previous lab members, including summer students, it was my great pleasure to

have gotten to know each of you and become friends with you all.

I would like to extend my gratitude to all the Armstrong lab members, including Richard
Miller, who also helped to be a phlebotomist, and Hana Olof, who cared for and donated blood for
my project so many times. [ would also like to thank all the Murooka lab current and past members:
Marina Costa Fujishima, Paul Lopez, Seun Ajibola, and Morgan Taverner. Thank you all for being

extremely supportive. We witnessed growth and lots of shining moments in each other’s lives.

I want to acknowledge all the faculty, staff, technicians, and students who made up this
prosperous department; you all made my last three years and two summers invaluable. It was my
great pleasure serving the graduate students in the department as a member of the student
representatives for two years; thank other representatives Fola Olayinka-Adefemi, Seun Ajibola,
Courtney Marshall, Padmanie Ramotar, and Heqing Ma; together we had lots of great memories.
Thank you, Angela Peloquin and Silvia Panameno; I cannot thank you enough for your support
along the way. Dr. Christine Zhang, thank you for your efforts in maintaining the vital equipment

and your helpful guidance!

To my family members: Wen Liu, Quanfeng Zheng, Xinrui Zheng, and Jashua Adams; my
partner, Xinhao Tang; our dogs Rourou, Peppie, Charlie, and Lucas; and our cats Pickles and Achu.
I could not have reached this stage without all of you standing by my side. To my dear friends: Yi

Cui, Yuwei Zhang, Shuo Feng, Bo Wang, Wenyu Chen, Jingmei Pei, Carrie, Trent, and Stefan.

I thank the funding agencies that supported my research: Rady Faculty of Health Sciences
Graduate Studentship, Research Manitoba, Natural Sciences and Engineering Research Council of
Canada (NSERC), and the University of Manitoba. As the department's vampire, I thank all the

blood donors; every single piece of data generated relied on your contributions!



DEDICATIONS
This dissertation is dedicated to my parents, my spouse, my sister, her spouse, and all of
our pets. You all supported my studies and have been my motivation, driving me further. I am

grateful for your encouragement, and I love you all.

I present this work in memory, enthusiasm, and dedication to my family and my cherished

friend.

VI



TABLE OF CONTENT

ABSTRACT ..ucuiiiiinicnisenssecssisssssecssissssssesssssssssssssssssssssessssssssssssssssssssssssssssssssassssssssssassssssassssssss 1T
ACKNOWLEDGEMENTS ...cuuiiniiiiniisnineissecssissesssesssissssssessssssssssessssssssssssssssssssssssssssssssssssssns v
DEDICATIONS .uccotieiiiicsnicsnnsnesssicsesssecssissssssessssssssssssssssssssssssssssssssssssssssssssssssssesssssssessssssssssssans VI
TABLE OF CONTENT ....ccouiiiinicntinnnsnicsnnssecssncsssssesssessassssssssssssssssssssssssssssssssssssassasssasssssssssns Vil
LIST OF FIGURES ...ucuuiitiiiininticinsuecsisesssesssissssssesssissssssessssssssssssssssssssssssssssssssessssssssssssssssses XI
LIST OF TABLES ....cucouiitiiiiinticinsinssicssnsesssicssssssssssssssssessssssssssssssssssssssssssssssssssssssssssssssass X111
LIST OF ABBREVIATIONS ...cuuiinininntinsensecsnncsnssncssissssssesssesssssssssssssssssessssssssssssssssssssssssas X1v
CHAPTER 1. INTRODUCTION ...ccueinuiisuicsensecssicsenssesssnssasssncssssssssssssssssssssssssssssssssssssssssssssssssss 1
1. T Cell INTrodUCTION «.ccecueeirueeiseecsenssaensencsssecsanssssesssesssseessnssssssssassssessssssssssssassssesssssssassssassssessaasss 1
1.1 General IMMUNOIOZY OVEIVIEW ....ceieruiiiivuricssnrecsssnissssnessssessssnssssssossssnosssssssssssssssssssssssssans 1
1.1.1 General ImmUunNolOZY OVEIVIEW ....ccceieevricssricssnricssnnecsssnesssnesssssosssssssssssssssssssssssssnses 1
1.1.2 TCR Signaling, Signal 1, 2 and 3 in T cell Activation. ..........ceeevercseecsecssnecsencsneenne 3
1.1.3 T Cell SUDSELS...ccuuiiineniiecnenseecsnnnsnesssesssaecssessnesssesssassssnssssesssassssssssasssssssssssssssssasasses 14
1.1.4 T Cell Activation Markers and Their Regulation and Functions........cc.cccceecueeennes 16
1.1.5 CD4+ T Cell Polarization Requirement, Th Subtypes, and Their Functions....... 17
1.1.6 The Role of CD8+ T cells in Health and DiSeases........ccceceeeruersseecsuecsnecsaenssncssenccnnes 21

1.2 IFN General INtroduction ........oeeoeeineensnennseensnenssnncsenssnecssessssecssnssssesssessssessssssssssssasssss 21
1.2.1 Discovery, History and Classification of IFNS ........ccceceervercsenssnensecssnecsnensseecseecsnnes 21
1.2.2 The Source and Antiviral Functions of Type III IFNs in Different Tissues ......... 22
1.2.3 The Effects of Type III IFNs on Other Microbial Infections ........ccccceevuereuecuennnee 22
1.2.4 The Detrimental Effects of Type III IFNs In Autoimmunity .......ccceeeeeruerssnecseecnnes 23
1.2.5 IFEN-A Receptor COMPONENLS.......cccevvererssrrcsssrecssssesssssesssssesssssosssssssssssosssssssssssssssssssans 23
1.2.6 Type III IFN Receptor Direct Signaling Through JAK-STAT ......cccevverruenruennnee 25

1.3 The Immune-Regulation Functions of Type IIT IFNS......cccccccervverervercrsnicscnercssnnecsnnenes 27
1.3.1 The Immune-regulation Functions of Type III IFNs on T cells......c.cccceevurrercurecnns 27
1.3.2 The Immune-regulation Functions of Type III IFNs on Other Immune Cells..... 28

1.4 Overall Dissertation Overview: Rationale, Hypothesis and Objectives........c.cccceeuueee. 29
1.4.1 RAtIONAlC....uuueenreiniiitininiennensnncnenseessseisnecssessnesssesssassssessssessssssssssssassssesssssssassssasasses 29
1.4.2 HYPOLRESIS ccceeeerierineiissnicssnninssnnesssnncsssncssasncssssssssssssssssesssssesssssosssssssssssssssssssssssssssssssans 29
1.4.3 ReSearch AIMS....uiceeiieiiieensieensenssencssensseecssessssesssessssssssessssessssssssssssassssssssssssassssasssses 29

1.5 SI@NITICANCE ceceeueriiinrriiiiiiiiirininticnsnicsssniesssnissssnsssssnssssssesssssssssssssssssosssssesssssssssssssssssssssssses 29



CHAPTER 2. MATERIALS AND METHODS.......uuiiiniininnennessnnsnessnsssnsssessscsssssassssssnes 30

2.1 Whole PBMCs Processing from the Human Healthy Donor ..........c.coeueeveenneeennecnnnnne 30
2.1.1 Ethics Statement ......cceeiieeiieecsinssensecssnncsensssesssncsssecssnssssssssassssesssnssssssssassssssssassssssss 30
2.1.2 Blood Donor ReCruitment.........ceeeieeiseecsenssnensecsssecsnsssansssessssecssnssssssssassssesssssssssses 30
2.1.3 Peripheral Blood Mononuclear Cells (PBMCs) Isolation........c.cccceevueecscneccscnrccsnnnes 30

2.2 Primary Cell StImulation.........cceeienniicisiicisnicssnicsssnissssnessssnesssssessssnossssscssssssssssssssssssssns 31
2.2.1 T Cell Enrichment and Purity ChecK.........cciiniiiniveiinseicssnncsseicssnescssssscssssccsannes 31
2.3.2 Cell Stimulation for IFN-AR Studies......c.ccceveereessrecsenssnnssenssnecsenssansssecsssecsanssnceses 34
2.3.3 PBMC:s Stimulation for the Effects of IFN-A3 on Th1 and Th2 Cytokine
Production STUAIES.......ccueiineiseeiseecssenssnnsenssnecssensssesssncssseessnssssssssassssesssasssassssasssssssssssssssss 35
2.3.4 Total CD8+ T cell StMUIAtION.....ccoveerveiririrensensstecsinssnnisecssnecsnssssesssecssseessnssssesse 35
2.3.5 Post-culture Cell and Supernatant ColleCtion ...........cceeecercscnercssnnrcssnencsssnecsnsecssnnes 36

2.3 PBMCs and CD8+ T cell surface IFN-AR1 quantification ........ccecceeervuercscnnrcscnnccssneccnns 36
2.3.1 Extracellular IFN-AR Staining .......cccceceeevverinsvnncsssencssnicssnncsssnncssssscsssssssssssssssssssssses 36
2.3.2 Compensation Control for FIow Cytometry ..........ccoeienceicssnrcssnencssneecssssscsssssssnnes 37

2.4 Examining the Effect of IFN-A3 on PBMCs and CD8+ T cell Stimulation at the

MRINA LEVEeL..ouuiiniiiiiiniiisiinniiteinticsiissninsnesssecsssssisseesseesssssssesssesssssssssssssssssassssesssssssasssss 39
2.4.1 RNA EXIIACHION ccecvuerreeisnesseecssnnssanssecsssncssnssssesssnsssseessasssassssassssesssssssassssassssssssassssssss 39
2.4.2 CDNA Preparation ......ceecceeccsceccssnnecsssnessssnesssssesssnosssssssssssssssssssssssssssssssssssssssssssssses 39
2.4.3 Real-time Reverse Transcription Polymerase Chain Reaction (RT-qPCR)......... 39
2.4.4 CD8+ T cell RNA Sequencing Sample Preparation, Validation, and Data
PrOCESSINE c.cciceuiieiiiiiiinnncninnicssanicssnnicsssnissssnesssssessssnosssssssssssosssssosssssossssssssssssssssssssssssssssssssssss 40

2.5 Cytokine secretion analyses using the enzyme-linked immunosorbent assay (ELISA)

................................................................................................................................................... 41
251 ELISA uuiiiiteintecnninneensseessecssnssssssssessssesssassssssssassssesssssssassssassssesssssssassssassssssssssssasssss 41
2.5.2 Intracellular flow staining evaluating the impact of IFN-A3 on naive CD4+ T cell
POIATIZALION....cuuiieieiiiinriiiiriininnicssnrisssstissssnesssssessssesssssosssssesssssossssssssnssssssssssssssssssssssssssssssnes 42

2.6 Statistical ANALYSES..cccvvieirvrreirsrrcssnncssnicssnnicsssnicsssresssssessssesssssossssrosssssessssssssssssssssssssssssssns 42

2.7 FiUre SENETratiON ....cccceeeeeercssrrcssrncssaricsssnecssssesssssessassesssssosssssosssssosssssssssssssssssssssssssssssssnns 43

2.8 Reagents, equipment, and other materials used in the experiments included in this

QISSEITALION. cuueeeuerreeiiteeinecstenisneistecstecsnssssessseesssecssnsssansssessssesssnssssssssassssessansssassssassssessansssaasns 43

CHAPTER 3. RESULTS . ..ucooiiitiniiinnnensnnnsnensnecssessssesssessssssssessssssssassssssssassssssssassssssssasssssssassss 54

3.1 Aim 1. To quantify IFN-AR at the protein level on human T cells at baseline and after

ACtivAtioN/POlATIZAtION. ...ecceueriinveriiisnrininiciseicisniessnnicsssnissssnesssssessssesssssosssssossssssssssssssssesssnes 54

VIII



3.1.1 Investigate the Protein Levels of IFN-AR1 and IL-10RB at the Baseline on the

Surface of CD4+ and CD8+ T cell Subsets. ......ueeuinrenennensnesecsuensnensnnsensnessncsseessessnesns 54
3.1.2 Investigate if Various TCR Stimulation Conditions Alter IFN-AR Levels on the
Surface of CD4+ and CD8+T Cell Subsets within PBMCs. ......ccceevueisecisnecsencsnecsenccnnes 59
3.1.3 Investigate if Various TCR Stimulation Conditions Alter IFN-AR Levels on the
Surface of Purified CD4+ T CellS....uuuuineenienennreniesninsnennnsnensnesnesnessaessssssnsssesnessessnessassans 76
3.1.4 Investigate the molecular mechanisms downstream of TCR signalling that
regulates IFN-AR1 on the human T cell surface. ........ccceeverervvrcscnrcssnrcssnnicssnnecssnnccsnnecns 81
3.2 Aim 2: Investigating the Regulatory Effect of IFN-A3 on Polarization and Cytokine
Production of CD4+ T Cell Lineages (Th1l, Th2). .....ciiniviiscsrrcsssencssnncsssnncssssssssssesnns 88
3.2.1 Investigate the Effect of IFN-A3 on Th1 and Th2 Cytokine Production in Whole
PBIVICS CONEEXL. cuceuueererreesuensnessnessesssessnessessaessnsssnsssessassssssasssasssssssssssssssssasssssssassassssssasssassans 88
3.2.2 Investigate the Effect of IFN-A3 on Th1 and Th2 Cytokine Production During
Naive CD4+ T Cell Polarization. .........ccueeverseenensnensensuensnessnessesssessssssesssessscssessasssssssssssesss 91
3.3 Aim 3: To Profile the Effect of IFN-A3 on the Transcriptome of CD8+ T cells at
Baseline and during TCR Stimulation. ........ecceiienviiiisninisncnsssnesssncsssnesssscssssscssssssssssssnns 97
3.3.1 To Investigate the Function of IFN-A3 on CD8+ T Cells without TCR Stimulation.
............................................................................................................................................... 97
3.3.2 To Study the Impact of IFN-A3 on CD8+ T Cells with TCR-Activation.............. 104
CHAPTER 4. DISCUSSION, CONCLUSIONS, AND LIMITATION ......cceeceesuerrnccsenccnnee 109
4.1 DISCUSSION c.uueeuerrereerrensnesnesuessnessnessesssessnsssessaessnsssessssssasssessasssssssasssessassssssassssssssssssssassaass 109
4.1.1 The Distributions of IFN-AR1 on Immune Cells.........ccevuervvervenuensuesseeruecsnesnenee 109
4.1.2 TCR Stimulation Upregulates Cell Surface IFN-AR1 ........cocceevvueeseriseenseccseecnnes 110
4.1.3 TCR Stimulation Upregulates Cell Surface IL-10RB Level on Day 3................. 112
4.1.4 The Mechanisms that TCR Stimulation Upregulate Cell Surface IFN-AR1 level
............................................................................................................................................. 112
4.1.5 The Potential Regulation Effect of Type III IFNs on CD4+ T cells and Potential
MECRANISIIS .ccuneeenreinieninieninsaennnseesnesaesnesaessssssnsssessaessssssessasssssssessssssasssessasssssssessasssnssaese 113
4.1.6 The Potential Regulation Effect of Type III IFNs on CD8+ T cells and Potential
MECRANISIIS .ccuveeinieinierinieninsaenneseestesnesnesaesssssnsssnssaessssssessssssssssessssssssssessasssssssesssessassaase 114
4.2 Limitations of the StUAY .....ceiiiiininiinisiiiisninnsninssnnissssnessssnssssiesssssessssscsssssssssssssssseses 116
CHAPTER 5. FUTURE DIRECTIONS OF THIS DISSERTATION PROJECT ............. 118
5.1 Confirming the Direct Effects of TCR Stimulation on IFN-AR levels on CD4+ and
CDS8+ T cells and the Underlying MechaniSms ........ccccceevveeecscnrcsssnncssnrcssnnncsssnncssssscsssesnns 118
5.2 Examining the IFN-A Responsiveness of TCR Stimulated T Cells...........cccceeruueennen. 118

IX



5.3 Accessing the Direct Impact of TCR-stimulation on Cell Surface IFN-AR Level on T
Cells over Longer Time Courses and on Other Cell Types with TCR, Such as NK T Cells
AN YO T CEllS ccunrrrinnriinnriiisnninssnninssnicssssncsssncssssisssssssssssesssssssssssesssssssssssossssssssssssssssssssssssssns 118

5.4 Examining the Effect of IFN-A3 on T reg, Th17, and Other Th Subset Polarization119

5.5 Examining the Effects of IFN-A3 on Unstimulated and TCR-stimulated CD8+T Cells
................................................................................................................................................. 119



LIST OF FIGURES

Figure 1. Simplified TCR structure and TCR signalling initiation. ..........cceeeeveriereeneniieneenennn. 6
Figure 2. JNK heterodimerizes with Fos to form AP-1 and assist /L2 gene transcription. ............ 8
Figure 3. Simplified schematics of PI3K-Akt signalling, store-operated calcium entry and NFAT
ACTIVALION. ...ttt ettt ettt ea ettt ettt b e s bbbt bt e a e s e s et e e b sbeebeeae e st et e s et e naennenae 10
Figure 4. Simplified NF-kB Signalling. .......ccccoceviiiiiiiiiiiiiieeeceeeeeee e 12
Figure 5. CD28 interaction with its ligand promotes NFAT and NF-kB signalling in T cells..... 14
Figure 6. General overview of Thl, Th2, and Th17 Subsets.........ccccceeeeeriierienciieiieeireeeeieeneen 18
Figure 7. The differential expression of /JFNLRI in mice and humans. .........c..ccccevvveviininiennnne. 25
Figure 8. IFN-A JAK-STAT S1ZNAIlING. ....ooviieiiiiiieiieiie ettt 26
Figure 9. Gating strategy sample for CD4+ and CD8+ T cells in whole PBMCs........................ 55
Figure 10. The baseline IL-10RB level is comparable on CD4+ and CD8+ T cells, similar on
memory subsets and Naive T CEILS. ....c..ivviiiiiiiieiiee e 56
Figure 11. At steady state, more IFN-AR1 is expressed on CD8+ T cells than CD4+ T cells and
more is also detected on memory than naive T cell Subsets. ........ccccoevieriienieniiienieeieeeeeee, 58
Figure 12. Cell viability of total PBMCs did not significantly decrease among different
stimulation conditions on Day 1 and Day 3..........cccciiiiiiiiiiiiiiiiieieeeeeese et 60
Figure 13. TCR stimulation increases IFN-AR1 levels on CD4+ T cells. ......coceevervenienieniennnnne. 61
Figure 14. TCR stimulation increases IL-10RB levels on the CD4+ T cell surface on day 3...... 64
Figure 15. TCR stimulation promotes IFN-AR1 levels on CD8+ T cells. ......cccceveveenieniiniennnne 67
Figure 16. TCR stimulation enhances IL-10RB levels on CD8+ T cells on day 3, but not on day
Lttt h e bbbt a e a e e bbbt ettt et st sreere 70
Figure 17. CD62L+ and CD62L- CD4+ T cells express comparable levels of IFN-AR1 and IL-
10RB on the cell surface at baseline and post-TCR stimulation. ............ccccceevieriiieniencieennennenne 71
Figure 18. More activated CD4+ T cells express significantly higher levels of IFN-AR1 and IL-
10RB in certain stimulation CONAItIONS.........c..ccueririririririeieeeeeerese ettt 72
Figure 19. Similar IFN-AR 1+, IL-10RB+%, and IFN-AR1 MFI, but a lower level of IFN-AR1+%
on less activated CD8+ T cells post-TCR stimulation.............cccueevieriieniieniienienieeiie e 73
Figure 20. Upon TCR stimulation, more activated CD8+ T cells express more IFN-AR1 and IL-
10RB than their counterpart, while IFN-AR1+% and IL-10RB+% remain comparable. ............. 74
Figure 21. TCR stimulation upregulates IFN-AR1, and to a lesser extent IL-10RB, on the surface
OF PUIITIEd CDAH T COILIS. oottt ettt ettt e iaeesbeessneesaesaneens 78
Figure 22. Higher IFN-AR1 levels, but not IL-10RB+%, were observed on CD71+ and CD69+
CD4+ T cell populations post TCR-StIMUIAtION. .......eeoueeriiiriieiiieiieeieeieeeee e 80
Figure 23. Selected TCR signalling inhibitors and their targets. .........c.ceeeevereenerieeneenienienenn 81
Figure 24. ZAP70 contributed to the upregulation of IFN-AR1 by TCR stimulation................... 84
Figure 25. PI3K played a role in the upregulation of IFN-AR1 by TCR stimulation. .................. 85
Figure 26. JNK did not contribute to the upregulation of IFN-AR1 by TCR stimulation............. 86
Figure 27. NFAT contributed to the upregulation of IFN-AR1 by TCR stimulation especially in
CDHA T CIIS. ettt ettt a e sttt ettt nae 87
Figure 28. B2M and RPL13A4 were the most stable reference genes across the stimulation
CONAILIONS EESLEA. .....eviiiiieiieiietet ettt st ettt sa e sae 88



Figure 29. IFN-A3 downregulated IL-13 at mRNA and protein levels in PBMCs upon anti-CD3

and anti-CD28 StIMUIATION. ........cc.iiiiiiiiiiiiiietcee et 90
Figure 30. IFN-A3 did not alter IFN-y at the mRNA and protein levels in TCR or PHA-
stimulated PBIMICS. ......oouiiiiiiiiiiiieeee ettt st sttt 91
Figure 31. IL-2 addition did not alter IFN-y production during Th1 polarization from naive
CDAA T CIIS. ettt st a e sttt saesne b 92
Figure 32. Plate-bound anti-CD3 with anti-CD28 promotes greater Th2 cytokine production
during naive CD4+ T cell polarization compared to soluble anti-CD3. ...........cccccoceviriieninnenee. 94
Figure 33. IFN-A3 decreased IFN-y production during ThO, but not Th1 polarization. ............... 95
Figure 34. IFN-A3 decreased IL-13 production during ThO and Th1 polarization........................ 96
Figure 35. IFN-A3 did not regulate /L2 and 7NF in PHA and TCR-stimulated PBMCs at mRNA
LEVELS. e b e sttt et a e eae 97
Figure 36. RNA sequencing sample purity check. ........c.ocoeiiiiiiiniiiiiiiieeeeee e, 98
Figure 37. Bioanalyzer gel image and RNA integrity analysis output example for one sample out
of twenty samples run for RINA SEQUENCING. .....cc.eerviiriieriieiieeieeiee e eiee e eniee e eseesveenseeseaeens 98
Figure 38. Screening of ISGs to ensure IFN-A3 stimulated purified CD8+ T cells...................... 99
Figure 39. Volcano plot of the differentially expressed genes from human purified CD8+ T cells
/= TEINER3 . ettt ettt ettt ettt na et 102
Figure 40. IFN-A3 upregulated anti-viral response and downregulated protein synthesis in CD8+
T CRIIS. ettt 103
Figure 41. Volcano plot of the differentially expressed genes from human purified TCR-
stimulated CD8+ T cells +/- IFN-A3. ..c.ooiiiiiiiiiiiiieeeeece et 106
Figure 42. IFN-A3 upregulated anti-viral response and downregulated protein synthesis in TCR-
stimulated CD8+ T CeIIS. .....oviiiiiiiii e 107
Figure 43. Graphic summary of the results of this dissertation. ............cceceevvervenieninicneenennens 116

XII



LIST OF TABLES

Table 1. CytoFLEX LX CONfIGUIAtION. ....cccuiiiiieiieiiieiieeie ettt ettt siae e saeeseesene e 33
Table 2. LSRFOrtessa CONfIGUIAtION. .........c.eeiiieriieiiieiiesieeiie ettt eiee e eiee e et e ssaeeseeseneens 37
Table 3. The list of markers used to identify various cell types in PBMCs. ........cccccceeviieniiennnnne 38
Table 4. RT-qPCR program used in transcription analysis of IFN-A3-treated PBMC:s. .............. 40
Table 5. Reagents, equipment, and other materials used in the experiments. ..........c.cceceveennennee. 43
Table 6. Recipe for making buffer, media, or other reagents used in experiments. ..................... 51
Table 7. IFN-AR1 MFI on total CD4+ and CD8+ T cells is positively correlated to CD71 MFI on
both Day 1 and Day 3. .....cc.ooiiiieeeee ettt ettt et e e abe e enbeeneaas 75
Table 8. IL-10RB MFI in total CD4+ and CD8+ T cells is positively correlated to CD71 MFI on
DAY Bttt ettt e et e ettt et it e e et e e e e bee e tbeeeateeenteeebeeeebeeens 76
Table 9. Top 15 up-and down-regulated genes in CD8+ T cells stimulated with IFN-A3 vs.
unstimulated control (by l0g2Fold change). ..........ccoooieriiiiiiiiiiiiieiecee e 101
Table 10. Top 15 up-and down-regulated genes in purified CD8+ T cells with TCR-stimulation
and IFN-A3 vs. TCR only (by log2Fold change). ..........cccceeviirriiiiiiiiiieiieieceeeee e 105

XIII



APCs
BALF
BATF
BCR
BSA
CCR7
CD
CDll1c
CD123
CD28
CD3
CDh4
CD45
CD45RA
CD45RO
CDs56
CD62L
CD69
CD71
cDNA
CFSE
CM
CRAC
CTLA-4
CXCRS
DAG
DAMPs
DAPI
DCs
DNA

LIST OF ABBREVIATIONS
Antigen-presenting cells
Bronchoalveolar lavage fluid
Basic Leucine Zipper ATF-Like Transcription Factor
B cell receptor
Bovine serum albumin
Chemokine receptor 7
Crohn’s disease
Cluster Differentiation eleven c
Cluster Differentiation one hundred and twenty-three
Cluster Differentiation twenty-eight
Cluster Differentiation three
Cluster Differentiation four
Cluster Differentiation forty-five
Cluster Differentiation forty-five RA
Cluster Differentiation forty-five RO
Cluster Differentiation fifty-six
Cluster Differentiation sixty-two Ligand
Cluster Differentiation sixty-nine
Cluster Differentiation seventy-one
Complementary DNA
Carboxyfluorescein succinimidyl ester
Central memory
Calcium release-activated calcium
Cytotoxic T-lymphocyte-associated protein 4
Chemokine, CXC Motif, Receptor 5
Diacylglycerol
Damage-associated molecular patterns
4',6-diamidino-2-phenylindole
Dendritic cells

Deoxyribonucleic Acid

X1V



EDTA
ELISA
EM
ERK
FBS
FDR
FMO
FSC
GATA-3
GSEA
HBV
HD
HEPES
HIV
HLA
HRP
IBD
ICOS
IF144
IFIT1
IFN
IFN-y
IFN-A
IFN-AR 1
IFNLRI
Ig

IKK

IL
IL-10RB
IL-12p40
IL-13

Ethylenediaminetetraacetic acid
Enzyme-linked immunosorbent assay
Effector memory

Extracellular signal-regulated kinase

Fetal bovine serum

False discovery rate

Fluorescence-minus one

Forward scatter

GATA Binding Protein 3

Gene Set Enrichment Analysis

Hepatitis B virus

Healthy donor
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
Human Immunodeficiency Virus

Human leukocyte antigen

Horseradish peroxidase

Inflammatory bowel disease

Inducible costimulator

IFI44 interferon induced protein 44
Interferon-induced protein with tetratricopeptide repeats 1
Interferon

Interferon-gamma

Interferon-lambda

IFN-lambda receptor 1 (protein)
IFN-lambda receptor subunit 1 (mRNA)
Immunoglobulin

Inhibitor of nuclear factor-kB (IkB) kinase
Interleukin

IL-10 receptor B subunit

Interleukin twelve p40 subunit

Interleukin thirteen

XV



IL-1B Interleukin-one f

IL-4 Interleukin four

ILC2 Type 2 innate lymphoid cells

IP3 Inositol triphosphate

IRFs Interferon regulatory factors

ISGs Interferon-stimulated genes

ISRE Interferon-stimulated response element
ITAMs Immunoreceptor tyrosine-based activation motifs
ITK IL-2-inducible T-cell kinase

JAK Janus kinase

JNK c-Jun N-terminal kinase

LAT Linker for activation of T cells

Lck Lymphocyte-specific protein tyrosine kinase
LFA-1 Leukocyte function-associated antigen 1
MAPK Mitogen-activated protein kinase

MFI Median fluorescent intensity

MHC I Major Histocompatibility Complex I

MHC II Major Histocompatibility Complex 11
MKKs Mitogen-activated protein kinase kinases
mL Millilitre

mM Millimolar

mRNA Messenger Ribonucleic Acid

mTORC mammalian target of rapamycin complex
NA Not applicable

NFAT Nuclear factor of activated T cells

NF-xB Nuclear factor kappa-light-chain-enhancer of activated B cells
ng Nanogram

NK Natural Killer

°C Celcius

PAMPs Pathogen-associated molecular patterns
PBMCs Human peripheral blood mononuclear cells

XVI



PBS
PCR
PD-L1
pDCs
PDK1
PFA
PHA-L
PI3K
PIP3
PKB
PLCy
PRRs
PTK
PTP
RORyt
RPMI 1640
RT
SSC
STAT
T reg
T-bet
Tem
TCR
Tem
TemrA
TGF-p
Th
Thl
Th17
Th2
TLR

Phosphate Buffered Saline

Polymerase Chain Reaction

Programmed death-ligand 1

Plasmacytoid DCs
phosphoinositide-dependent kinase 1
Paraformaldehyde

Phytohaemagglutinin-L

Phosphoinositide-3 kinase
Phosphatidylinositol (3,4,5)-trisphosphate
Protein kinase B

Phospholipase C gamma

Pattern recognition receptors

Protein tyrosine kinases

Protein tyrosine phosphatase

Retineic-acid receptor-related orphan nuclear receptor gamma
Roswell Park Memorial Institute 1640 media
Reverse Transcriptase

Side scatter

Signal transducer and activator of transcription
Regulatory T Cells

T-box expressed in T cells

Central memory T cell

T cell receptor

Effector memory T cell

Terminally differentiated effector memory cells re-expressing CD45RA
Transforming growth factor beta

T helper cell

T Helper one

T Helper seventeen

T Helper two

Toll-like receptor

XVII



TNF
TNF-a
ucC
ZAP-70

Hg

Tumor necrosis factor

Tumour necrosis factor alpha

Ulcerative colitis

Zeta chain of TCR-associated protein 70
Microgram

Microliter

XVII



CHAPTER 1. INTRODUCTION

1. T Cell Introduction
1.1 General Immunology Overview

1.1.1 General Immunology Overview

The immune system refers to the collections of cells, tissues, and molecules that mediate
reactions that provide resistance to infectious pathogens, non-infectious environmental molecules,
and tumours.! There are two groups of immunity, each with features allowing them to cope with
different scenarios: innate immunity and adaptive immunity (also known as acquired immunity).
Innate immunity serves as the initial defence and contains elements with little memory components,
including but not limited to chemical barriers (i.e. low pH in stomach acid) physical barriers (i.e.
skin and mucosa), immune cells capable of killing microbes through phagocytosis or restricting
the microbe spread via NETosis, complement proteins and cationic host defence peptides (i.e.
cathelicidin and defensin) that can form channels or pores in microbe membrane and cause leakage
in cell content. The majority of innate immune responses remain relatively constant throughout an
individual’s life, with a lack of specificity for each immunogen. Adaptive immunity, however,
develops over time, where the memory components are gradually established throughout life with
high levels of specificity to a given antigen. Innate and adaptive immune systems work together,
maintaining a homeostasis state in our body.!

There are two types of adaptive immunities: humoral immunity and cell-mediated
immunity. In a classic humoral immunity scenario, B cells produce and secrete specific antibodies.
The binding of these antibodies to their epitope on an antigen can restrict the spread of infections
and opsonize the antigen, triggering a more efficient antigen clearance via the effector functions
of other cells, such as phagocytosis by macrophages or degranulation by eosinophils. Meanwhile,
cell-mediated immunity occurs in one example when helper T cells (CD4+ T cells) get activated
by antigen and release cytokines (i.e. [FN-y) to promote phagocytosis capacity in macrophages.
Another key player in cell-mediated immunity is cytotoxic T cells (CD8+ T cells); CD8+ T cells
are known for their function in releasing perforins and granzymes to kill altered cells upon
activation. CD4+ T cells also play important roles in humoral immunity. Two signals are required
to trigger the antibody production in B cells. The “first signal” is generated when the B cell receptor

(BCR) binds the antigen with specificity, and the second signal comes from T helper cells. Upon
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encountering an antigen, B cells can internalize the antigen, process it, and eventually present it
on major histocompatibility complex II (MHC II) molecule to T cells. T cells then recognize the
antigen through TCR and upregulate CD40L on its surface, which serves as the ligand for CD40
on B cells. The binding of CD40 to CD40L provides the “second signal”’; together with the “first
signal,” B cells are activated and can initiate antibody production. In addition, the key element of
cell-mediated immunity, CD4+ T cells, are required for releasing cytokines such as IL-4 to aid in
specific types of B cell antibody production and, therefore, contribute to optimal humoral immune
responses.! Recruited from the bone marrow and delivered through blood, common lymphoid
progenitor cells give rise to T cells, natural killer (NK) cells and other innate lymphoid cells, B
cells and some forms of dendritic cells.>** B cells and T cells obtain their names after their
respective maturation locations (primary lymphoid organs); “B” for bone marrow and “T” for
thymus. However, it takes many stages for B and T cells to maturate. In the bone marrow, common
lymphoid progenitors that successfully express antigen receptors become immature B and T cells;
these immature B and T lymphocytes, in primary lymphoid organs, go through positive selection,
where B and T cells with receptors that have a weak affinity to antigen get survival signals,
followed by the negative selection where apoptosis signal is provided when that affinity is strong.
Specific to T cells, derived from pro-T cells, which are double negative for CD4 and CD8, they
then become CD4+CD8+ T cells. After the negative and positive selections, depending on their
weak-affinity TCR tropism for antigen presented on MHC I or MHC 11, they get signals to become
CD8+ or CD4+ single positive T cells, respectively. The mature B and T cells then enter the blood
circulation and eventually arrive in peripheral lymphoid organs such as the spleen, where they can
interact with each other and other immune cells.!> Antigen-presenting cells (APCs) refer to
immune cells that act as professional APCs (B cells, macrophages, and dendritic cells (DCs)), and
other non-professional APCs (e.g. endothelial cells, fibroblasts and lymph node stromal cells)
capable of processing and presenting exogenous and endogenous antigens on their MHC I and
MHC II on the cell surface.!®

Unlike T cells and B cells, innate immune cells like DCs and macrophages do not express
specific antigen receptors.” Instead, they express pattern recognition receptors (PRRs), which
allow them to recognize common molecular patterns shared by pathogens, apoptotic and damaged
cells, also known as pathogen-associated molecular patterns (PAMPs), or molecules released by

damaged cells (the damage-associated molecular patterns (DAMPs).’



T cell activation occurs when a conventional CD4+T cell recognizes a specific peptide
presented on the MHC II molecule of an APC. The CD4 coreceptors on their surface help stabilize
the TCR-antigen-MHC II interactions. The molecule presenting antigen to CD8+ T cells is MHC
I, and the CD8 coreceptor stabilizes this interaction. This MHC-antigen-TCR recognition event
triggers the activation of T cells, which later induces the proliferation and differentiation of that
clone of T cells with specificity to the antigen.! T cell activation has been intensively studied as a
crucial event in T cell functioning; the following sections will discuss more details about how

optimal activation occurs and the downstream molecular events.

1.1.2 TCR Signaling, Signal 1, 2 and 3 in T cell Activation.

T cells integrate extracellular and intracellular signals. As the core element of T cell
activation, TCR signalling involves cascades of many biochemical intermediates, active enzymes,
and transcription factors. The interaction of those players fine-tunes the fate of the cell after
activation. The downstream effect on the T cells depends on the strength of TCR stimulation,
engagement of co-stimulatory ligands, and the cytokine milieu, known as signal 1, signal 2, and
signal 3, respectively.®?

A T cell response initiates when the TCR binds a specific antigenic peptide presented on
APC (Signal 1), triggering the formation of a supramolecular cell-to-cell junction to stabilize the
TCR-antigen-APC complex called the immunological synapse, where TCR and coreceptor CD4
or CD8 are surrounded by leukocyte function-associated antigen 1 (LFA-1).1° T cells are
extremely sensitive to Signal 1. A study showed that even a single peptide presented on an MHC
molecule can induce detectable intracellular Ca?* flux in T cells.!!

Signal 2 is essential for optimal T cell activation, which is also known as a co-stimulatory
signal. Co-stimulatory signals regulate T cell activities, including proliferation, trafficking,
survival, cytokine production, and degranulation in CD8+ T cells. One of the most well-studied
Signal 2 receptors on T cells is CD28.!%2 In 1984, Gmiinder et al. found that CD28 synergistically
promotes T cell proliferation with phytohemagglutinin (PHA), and PHA is known for activating T
cells via TCR cross-linking.!* CD28 is essential as it keeps T cells from entering an anergy state
and maintains their responsiveness to antigens, CD80 and CD86 are two B7 family proteins
identified as ligands for CD28, and they are upregulated on the cell surface when DCs are activated
with DAMPs or PAMPs. Besides binding CD28 in promoting TCR activation, CD86 and CD80
can also bind cytotoxic T lymphocyte-associated antigen-4 (CTLA-4) on T cells with a higher
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affinity leading to an inhibition of T cell activation. Besides CD80/CD86-CD28 and CD80/CD86-
CTLA-4, there are other co-stimulatory receptor-ligand combinations. Inducible costimulator-
ligand (ICOS-L) on other cells can bind inducible costimulator (ICOS) on T cells, which is
essential for follicular helper T cell generation;!'* programmed death-ligand 1 (PD-L1) and PD-L2
exert inhibitory effects on T cell activation when bound to PD-1 on T cells. A combination of
Signal 1 and Signal 2 is required to release the activation and clonal expansion potential of T
cells.!?

Signal 3 often refers to cytokines that are important to T cell activation and cell functions.
These cytokines utilize their own specific receptors and can promote T cell activation in different
ways. IL-12 has been identified as one of the most important cytokines for CD8+ T cells. In vivo,
when antigen-induced naive CD8+ T cell activation is in combination with a CD28 co-stimulatory
signal, IL-12 significantly promotes cell proliferation; this upregulation effect of IL-12 is not seen
in memory T cells, indicating that memory T cells have a lower threshold of being activated.!®
Another study showed that for naive CD8+ T cells, IL-12 produced by activated dendritic cells is
capable of inducing a large increase in clonal expansion, especially when antigens are provided in
low concentration.!” It was also shown that IL-12 is required for the cytotoxic function
development of CD8+ T cells, as CD8+ T cells not treated with IL-12 showed ablated capacity in
lysing target cells.!”!® IFN-a is also considered a Signal 3 cytokine for CD8+ T cells. During
peptide-vaccine-induced CD8+ T cell activation, IFN-a promotes IFN-y production, proliferation,
and persistence of tumor-specific CD8+ T cells.!® In general, Signal 3 facilitates robust CD8+ T
cell cytotoxicity and plays an important role in CD8+ T cell persistence and proliferation; however,
this effect is dependent on the presence of Signal 1 and Signal 2.

Signal 3 for CD4+ T cells is less well defined, but IL-1 and tumour necrosis factor alpha
(TNF-o) promote migration to the paracortex of draining lymph nodes and clonal expansion of
antigen-specific CD4+ T cells in a mouse model.!” TL-1-primed CD4+ T cells have enhanced
persistence in that they are detected in lymph nodes till 16 months later.?’ Besides activation-
promoting functions, researchers have identified certain Signal 3 cytokines that can inhibit T-cell
activation. IL-2-pretreated naive murine and human CD4+, not CD8+ T cells, have significantly
reduced Con-A-induced activation and proliferation via inhibition of STAT5.?!

Signal 3- type cytokines are also crucial for naive CD4+ T cell polarization. DCs provide

Signal 1 and Signal 2 directly through interacting with T cells, while Signal 3 cytokines from DCs



or other cell types (e.g. NK cells, NK T cells) can polarize naive T helper cells into different
effector subtypes such as Th1 and Th2.?2 The diversified T helper cells polarized upon different
cytokine environments enable the generation of proper immune responses against different
antigens, and the specific functions of these effector CD4+ T cell subtypes will be discussed later

in this dissertation.

1.1.2.1 TCR Structure and Signalling Initiation

The TCR allows T cells to recognize specific antigenic peptides presented on MHC
molecules, and it serves as the core of T cell signalling. Two groups of T cells are distinguished by
TCR structure: the conventional off T cell and yo T cells. These two types of T cells have different
migration tropisms: the aff T cell migrates towards lymphoid organs, while the v T cells tend to
migrate to peripheral tissues. yd T cells also function in an MHC-independent manner.?* For both
afy and yd T cells, the TCR consists of six different polypeptides, which include the core-
heterodimer functioning in antigen recognition (off or yd) and the conventional CD3g, CD3y, two
of the CD39, and two of the TCR( chains. The cytoplasmic compartment of these chains contains
ten immunoreceptor tyrosine-based activation motifs (ITAMs); each TCR( chain is associated with
three ITAMs and one ITAM with each CD3 chain (Figure 1).2%2° Upon activation, the number of
ITAMs that get phosphorylated is related to the intensity of T cell signalling.2® The proteins with
SH3 domains can then bind to phosphorylated ITAMs and recruit other downstream signalling

proteins.?
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Figure 1. Simplified TCR structure and TCR signalling initiation.

(1) Upon specific peptide antigen recognition by the T-cell receptor (TCR), lymphocyte cell-
specific protein-tyrosine kinase (Lck) (2) phosphorylates the TCR at ITAM and zeta chain of
TCR-associated protein 70 (ZAP-70). (3) Phosphorylated ZAP-70 can also phosphorylate TCR
at ITAM. (4) Phosphorylated ZAP-70 can also activate linker for activation of T cells (LAT),
which is a crucial adaptor protein with docking sites for protein mediators such as IL-2-inducible
T-cell kinase (ITK), phospholipase C gamma 1 (PLC-y1), phosphoinositide-3 kinase (PI3K),
and GDP/GTP exchange factor upon being phosphorylated at different sites. ITK phosphorylates
PLC. The binding of these protein mediators can initiate the signalling of different downstream
pathways, as indicated in the figure. A CD8+ T cell was used as an example representing T cells.
CD45, as a regulatory mechanism, dephosphorylates Lck to deactivate it, preventing excessive
T cell activation. ITAM, immunoreceptor tyrosine-based activation motif; LAT, the linker for
activation of T cells. Created with BioRender.com.

Two protein tyrosine kinase (PTK) families are crucial for TCR signalling: Src and Syk
families. The Src and Syk kinases regulate various cell activities, including replication, survival,
differentiation, cytoskeleton rearrangement, and migration (Figure 1).272% As a kind of Src PTK,
Lck remains constitutively active at a low magnitude even in resting T cells; upon TCR-antigen-

MHC interaction, it gets activated to a higher level, which permits instant activation and is in



charge of propagating TCR signalling.?” The zeta-chain of TCR-associated protein 70 (ZAP-70) is
another essential PTK, a member of the Syk family.*°

TCR signalling initiates when the TCR interacts with a specific antigen presented on the
MHC molecule on APCs. As mentioned above, CD4 and CDS are known as co-receptors in this
signalling cascade, and they help stabilize the TCR-antigen-MHC complex. Right after antigenic
peptide recognition, Lck phosphorylates the intracellular domain of TCR at ITAMs and also
concurrently phosphorylates to activate ZAP-70;3! activated ZAP-70 gains enhanced catalytic
activity and further phosphorylates T cell receptors at ITAMs, which is required for downstream
IL-2 production.’?? Interestingly, Horkova et al. showed that CD4-bound Lck is required for
functional T helper cell development, while CD8-bound Lck is dispensable for anti-viral and anti-
tumor activities in cytotoxic T cells.’® The linker for activation T cells (LAT), a transmembrane
adaptor, opens up its docking sites for various adaptor proteins after its activation by ZAP-70 via
phosphorylation.** LAT is considered the master switch of TCR signalling, as LAT-deficient
variants of Jurkat cells (an immortalized human T cell line) showed a dramatic decrease in key T
cell activation events, such as calcium flux and nuclear factor of activated T cells (NFAT)
transcription, and in the expression of T cell activation marker CD69.3* When other adaptor
proteins (Grb2 family adaptor protein and SLP-76) are recruited and docked onto the LAT, it
triggers the assembly of a higher-order signalosome, and then mitogen-activated protein kinases
(MAPKS3) are activated.>* PLC-y is also a binding partner for LAT, which will be discussed in detail

below.

1.1.2.2 JNK Signalling

CD4+ T cells can produce high levels of IL-2, one of the essential cytokines that contribute
to T cell proliferation and survival.’>*¢ As shown in Figure 2, to transcribe IL2, several
transcription factors need to cooperate, including activator protein 1 (AP-1), nuclear factor kappa
B (NF-kB), NFAT, and NF-IL-2.3” The MAPK pathway plays a central role in activating these
transcription factors. MAPKs include three distinct types: p38, the extracellular signal-regulated
kinases (ERKs), and c-Jun NH,-terminal kinases (JNKs).!> MAP kinase kinases (MKKs), on the
other hand, phosphorylate MAPKs at threonine and tyrosine residues to activate them. MKK4 and
MKK?7 can phosphorylate JNK, and phosphorylated JNK can phosphorylate c-Jun.*®3° AP-1, as a
transcription factor activator protein, is one of the targets of JNK and plays an essential role in

regulating cell activation, proliferation, and polarization. AP-1 is also involved in forming NFAT
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and NF-IL-2.**! Upon phosphorylation, c-Jun binds the Fos protein to form AP-1.1> To achieve

an optimal level of JNK activation, synergic activation through both TCR and co-stimulatory

receptors is required (i.e. through CD28).4?
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Figure 2. JNK heterodimerizes with Fos to form AP-1 and assist /L2 gene transcription.

JNK, as a kind of MAPK, when phosphorylated by MKK4 or MKK?7, can heterodimerize with
Fos protein and form the AP-1 complex. AP-1 can translocate to the cell nucleus; together with
other nuclear transcription factors (such as NF-IL-2, NFAT, and NF-kB listed in the figure), AP-
1 promotes the transcription of IL2 gene ERK, extracellular-signal-regulated kinase; JNK, c-Jun
N-terminal kinase; NF, Nuclear factor; NFAT, Nuclear factor of activated T-cells; NF-xB,
Nuclear factor kappa-light-chain-enhancer of activated B cells; AP-1, Activator protein-1;
MKK, Mitogen-activated protein kinase kinases; MAPK, mitogen-activated protein kinase.
Created with BioRender.com.

1.1.2.3 PI3K, NFAT, and NF-xB Signalling

As an indispensable kinase, PI3K controls the trafficking, proliferation, activation, and
polarization of T cells.** Involved in cell-to-cell and cell-extracellular matrix interactions, integrins
are a group of proteins expressed on the cell surface, regulating cell migration and retention from
inflamed tissues; a necessary integrin that governs T cell migration is LFA-1.* CD62L, also known
as L-selectin, permits T cells to start rolling and slow down on high endothelial venules (HEVs)
when interacting with peripheral node addressins; CCR7 on T cell surface, on the other hand,

induces LFA-1 on T cells to help them leave endothelial system upon binding its ligand CCL21.%



Both lymphoid organ-homing chemokine receptors CCR7 and CD62L are downregulated upon
PI3K activation.** As shown in Figure 3, in a classic PI3K-Akt pathway, class I PI3K
phosphorylates PtdIns (4,5) P2 (PIP2) to generate phosphatidylinositol (3,4,5)-trisphosphate
(PIP3).** PIP3 enables the recruitment of Akt to the plasma membrane and phosphorylation of Akt
by phosphoinositide-dependent kinase 1 (PDK1) and mTOR complex 2 (mTORC2).
Phosphorylated (activated) Akt then phosphorylates its substrates, regulating cell growth and
survival through the mTORC1 complex.*

A Simplified schematic of PI3K-Akt signaling, store-
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Figure 3. Simplified schematics of PI3K-AKkt signalling, store-operated calcium entry and
NFAT activation.

(A) Starting from PIP2, activated PI3K generates PIP3 by phosphorylating PIP2, and PIP3
allows the recruitment and the phosphorylation of Akt by PDK1 and mTORC2. Akt then
regulates various cell activities through mTORCI1. Upon TCR stimulation, RTK phosphorylates
and activates PLC-y, which, in turn, hydrolyzes PIP2 into diacylglycerol (DAG) and inositol
triphosphate (IP3). IP3 can bind its receptor on either endoplasmic or sarcoplasmic reticulum,
which serves as a calcium channel, allowing calcium release to cytosol following gradient
difference. Decreased calcium concentration in the endoplasmic/sarcoplasmic reticulum triggers
the activation of STIM1 proteins, which translocate and bind calcium release-activated channels
on the plasma membrane, which permits more calcium entry into the cytosol. (B) Calcium binds
calmodulin, then interacts with calcineurin, and the complex acts as an NFAT activator via
dephosphorylation. The active form of NFAT enters the nucleus and interacts with AP-1, serving
as a function transcription factor to induce the transcription of various genes dependent on the
extracellular cytokine environment. RTK, Receptor tyrosine kinase; PLC, Phospholipase C;
DAG, Diacylglycerol; STIM1, Stromal interaction molecule 1; calcium-release activated
calcium (CRAC), Calcium release-activated channels; PIP2, Phosphatidylinositol 4,5-
bisphosphate; IP3, Inositol trisphosphate; IP3R, IP3 (inositol 1,4,5-trisphosphate) receptor;
mTORC, mammalian target of rapamycin complex; AP-1, Activator protein 1. Created with
BioRender.com.

NFAT is essential in many immune functions in almost all cell types studied, but it is best
studied in immune cells.*” The phosphorylation at a specific site of LATs allows the recruitment

and the activation of PLC-y1; it also localizes PLC-y1 to its substrate, phosphatidylinositol-4,5
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bisphosphate (PIP2), therefore vital for NFAT and Ca* signalling.*® The activated form of PLC-
v1 produces inositol-1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) through the hydrolysis
of plasma membrane-tethered PIP2.#7 IP3 then binds to its receptor IP3R, and IP3R serves as a
calcium channel in the sarcoplasmic or endoplasmic reticulum membrane; upon binding IP3, IP3R
allows Ca?" to be released following its gradient to the cytosol.*’** Then, STIMI1 on the
endoplasmic or sarcoplasmic reticulum is activated, and it translocates to the plasma membrane,
opening up CRAC channels on the plasma membrane, allowing more extracellular calcium to enter
the cell.*’ Following the increase in calcium concentration in cytosol, calmodulin binds calcium
and activates calcineurin, which functions in dephosphorylates NFAT; notice counter-intuitively,
the dephosphorylated form of NFAT is the active form. NFAT can then interact with transcription
factors such as AP-1 and SMAD-1 to promote the transcription of various genes, involving cell

polarization, proliferation, and other cell activities, such as /L4, IL2, TNFA, CXCR5, and CCR9.>%>!
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Figure 4. Simplified NF-kB signalling.

At steady state, NF-xB dimers (p50-p65 in the figure as an example; p65 is also known as
RELA) in cytosol remain inactive. Upon receiving stimuli through various cell receptors (i.e.
TCR, toll-like receptors (TLRs), OX40, CD27 and other cytokine receptors, etc.), the inhibitor
of nuclear factor-«B (IkB) kinase (IKK) complex gets activated and phosphorylated at the IKK[
subunit, which, in turn, phosphorylates the protein associated with NF-kB dimer, IkB. At the
steady state, IkB acts as an inhibitor, restricting NF-xB dimers from entering the cell nucleus
and binding the B site. IkB gets ubiquitinated after being phosphorylated by IKKf. Therefore,
its inhibitory effect on NF-xB dimers is removed, promoting the transcription of downstream
genes related to inflammation, cell survival, proliferation, etc., to occur. NF-xB, Nuclear factor
kappa-light-chain-enhancer of activated B cells; NEMO, NF-kB essential modulator.

Other than the PI3K, JNK, and NFAT pathways discussed, another signalling pathway
essential in T cells is the nuclear factor kappa-light-chain-enhancer of activated B Cells (NF-kB)
pathway (Figure 4). The NF-kB protein family consists of two subfamilies: NF-kB proteins and
the “Rel” proteins, and they share a conserved Rel homology domain (as the DNA binding domain;
they are crucial in cell signalling and have been extensively studied.>?> NF-kB proteins form hetero
or homodimers, such as p65-p50, and interact with inhibitory protein IkB. At the steady state, NF-

kB remains inactive and latent due to the suppression effect of IkB. IKK complex consists of three

12



subunits, kB kinase a (IKKa), IkB kinase § (IKKf), and NF-kB essential modulator (NEMO); in
terms of function, IKK complex is capable of activating NF-kB dimers.>®> Upon stimulation
signalling (i.e. TCR, TLR, and cytokines), IKKB in the IKK complex is phosphorylated and
activated, and that triggers the phosphorylation, ubiquitination, and degradation of inhibitory IxB
associated with NF-kB dimers.>® The removal of inhibitory IxB allows the translocation of NF-kB
to the nucleus and binds to the kB sequence on DNA, which induces the transcription of a series
of genes involved in inflammation, cytokine production, cell survival, development, and

proliferation.>?

1.1.2.4 CD28 Co-stimulatory Signalling

One of the most prominent effects of CD28 co-stimulation on T cells is the increase in IL-
2 production. IL-2 is crucial in various immune cell activities, such as differentiation of Th2 cells
and proliferation of CD4+ and CD8+ T cells.*® Studies have shown that CD28 signalling promotes
the transcription of /L2 genes and stabilizes cytokine mRNA, such as /L2, TNFA, and [FNG.>*>®
When CD28 on T cells binds to its ligand (i.e. CD80 or CD86), Src phosphorylates the YMNM
motif on the intracellular tail of CD28.%¢ That phosphorylation event recruits PI3K, and PI3K can
later phosphorylate PIP2 to produce PIP3. PIP3 is capable of recruiting PDK1 and Protein kinase
B (PKB)/Akt, and PDKI can phosphorylate and activate PKB/Akt.>® Upon phosphorylation,
PKB/Akt can inactivate Glycogen synthase kinase-3 beta (GSK3p), and GSK3p in its inactive
form can no longer phosphorylate and inactivate NFAT.>® Therefore, PKB/Akt promotes NFAT
signalling; it triggers PKB/Akt to release functional NF-kB protein by promoting IxB
phosphorylation and ubiquitination and enhances mTORC, both propagating NF-«B signalling and

effects (Figure 5).5¢
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Figure 5. CD28 interaction with its ligand promotes NFAT and NF-kB signalling in T cells.

Upon binding to its ligand, the phosphorylation of the YMNM motif by Src on the intracellular
tail of CD28 triggers the recruitment of PI3K, and PI3K can produce PIP3 from PIP2. PIP3 can
recruit PDK1 and PKB/Akt, and PDKI can phosphorylate and activate PKB/Akt. Upon being
phosphorylated, PKB/Akt can inactivate the NFAT repressor, Glycogen synthase kinase-3 beta
(GSK3pB). Besides, PKB/Akt promotes IkB phosphorylation and ubiquitin-dependent
degradation, which releases functional NF-«kB protein and enhances mTORC.

1.1.3 T Cell Subsets

The memory function of adaptive immunity allows a rapid and efficient response against
previously encountered antigens, which serves as the basis for vaccination. During a primary
encounter with an antigen, naive T cells, referring to those mature T cells that went through
negative and positive selections, are activated. Only a proportion of activated naive T cells will
differentiate into long-lived memory T cells; most of them polarize into antigen-specific effector
T cells, producing cytokines and undergoing apoptosis after antigen clearance.’’>® Using CD62L
and CD45RA, T cells can be categorized into central memory T cells (Tcm) (CCR7+CD45RA-),
effector memory cells (Tem) (CCR7-CD45RA-), effector memory T cells re-expressing CD45RA
(Temra) (CCR7-CD45RA+), and naive T cells (CCR7+CD45RA+).3%:60

The relationship between memory and effector T cells is still in debate, and several models

have been proposed. The first model that explains T cell differentiation and heterogeneity is the
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Linear Differentiation Model, where effector T cells are generated from naive T cells upon TCR

stimulation, followed by the generation of long-lived memory cells from these effector cells, or
the senescent T cell, which undergo apoptosis soon after antigen clearance.®! The second model,

the Bifurcative Differentiation Model, proposed that naive T cells go through asymmetric division

and produce two distinct daughter cells upon TCR stimulation.®! Tcwm is generated from the distal
daughter cell, and the proximal daughter cell can have another round of asymmetric division,
generating Tem and effector T cells.®! Just like in the Linear Differentiation Model, effector T cells
in the Bifurcative Differentiation Model also undergo apoptosis soon after the removal of
antigens.®! The third model is the Self-renewing effector model, which states that TCR stimulation
enables the naive T cells to develop into self-renewable effector T cells and Tem.8! The effector T
cells and Tewm can both give rise to Tem, which can eventually become effector T cells.®! All these
T cell subsets differ from each other by their surface receptor profile, which is related to their
function, distributions, and trafficking properties.®!-62

High proliferative potential and IL-2-producing ability differ Tcm from effector cytokine-
producing Tem.%® Tem-expressed lymphoid homing receptors CCR7 and CD62L restrict them to
secondary lymphoid tissues, but studies have also shown that they can perform tissue surveillance
in inflamed and non-inflamed tissue in humans.®* As antigen-experienced cells, Tcm can respond
to antigens and produce cytokines, but this feature is dependent on the cytokine signals they receive.
Pakpour et al. showed that the production of IFN-y in effector T cells does not rely on exogenous
IL-12, but Tewm requires 1L-12 to develop into Th1 cells and produce effector cytokines in mouse
models.® Although not committed to producing any effector cytokines, the rapid increase in the
number of Tcum allows T cell-dependent B cell activation; some Tcm may also migrate to tissues
aiding infection clearance.®® A population of Tcwm can give rise to follicular T helper cells, which
are crucial in aiding B cell antibody production in the germinal center, generating persisting
humoral responses.’” Tem secrete much less IL-2 compared to Tcem, but they can produce IFN-y,
TNF, IL-4, and IL-17. Distinguished by their cytokine production profile, Tcm are further grouped
into subtypes, such as Thl, Th2, and Th17 cells; details about these subtypes will be introduced
later. These Tem subtypes have distinct and transient chemokine receptor profiles expressed on the
cell surface, allowing them to migrate to various tissues dependent on the microenvironment.®

The important role of CD45 in T cell proliferation has been identified, where a possible

mechanism is that CD45 dephosphorylates and activates the Lck molecule.®® Two splicing variants
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of CD45, known as CD45RO and CD45RA, have been considered the basis for distinguishing
memory and naive T cell lineages.”” The CD45 gene consists of 3 variable exons, A, B, and C,
generating up to eight distinct isoforms.”” The high molecular weight isoform CD45RA is
expressed by naive T cells, and upon activation, T cells express less exon A and more low
molecular weight isoform CD45RO that lack all 3 variable exons.”” CD45RA is normally
considered a naive T cell marker; its positive correlation with mitosis has been shown, while
CD45RO-expressing cells are considered “memory.”’! CD45RO and CD45RA are both expressed
on Temra cells. Temra are related to immuno-senescence and the proportion of Temra increases
with aging. During HIV progression, the number of naive T cells and Tcwm reduces over time, while
CD8+ Temra are maintained at a high level with a longer life span.®®-’2 In human peripheral blood
mononuclear cells (PBMCs), Temra have the lowest proliferation potential compared to Tcm and

Tem.”?

1.1.4 T Cell Activation Markers and Their Regulation and Functions
CD71

Also known as the transferrin receptor, CD71 functions in uptaking transferrin-iron
complexes.” In 1989, Schuurmam et al. found that CD71 levels are low in resting immune cells
and levels increase upon stimulation.” It has also been shown that at 12 hours post-stimulation,
CD71 and Ki67 are positively correlated in both mouse and human T cells, and Ki67 is considered
a cell proliferation marker.’¢
CD62L

As described in the previous section, CD62L is a crucial integrin regulating T-cell
trafficking; a study also showed it is essential for activated CD8+ T cells to reach infected organs
to clear viral infections.”” TCR signalling reduces the level of CD62L on the T cell surface,
therefore, CD62L had been considered an activation marker of T cells, with a higher level of
CD62L representing a “less” activated T cell.”® Chao et al. showed that the CD62L level on mouse
T cells post-stimulation with anti-CD3 follows a triphasic pattern: It falls drastically within the
first 4 hours and quickly goes back up; the level of CD62L reaches its peak on Day 2, about two
times higher than the Day 0 baseline, and then decreases overtime again to reach about the same
level as the Day 0 baseline level on Day 3.7 CD62L functions in initiating the T cell adherence to

HEVs via binding to its ligand, vascular addressin on HEV.%
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CD69

Upon T cell activation, CD69 expression is detected within an hour and decreases after 4-6 hours.?!
A conserved cis-element in the promoter region regulates the expression of CD69.3? In both airway
and contact hypersensitivity mouse models, a higher level of Th2 and Th17 cytokines was detected
in bronchoalveolar space and lung tissues and more eosinophilic infiltration at pulmonary sites for
CD69-knock-out (KO) mice.3 There are two putative ligands for CD69: Gal-1 and
S100A8/S100A9 complex; the former ligand relates to a higher chance of auto-immune
neuroinflammation,® and the latter is required for the differentiation of regulatory T (Treg) cells,
which is a crucial CD4+ T cell subtype functioning in restricting inflammation and maintaining
immune tolerance.?>%¢ CD69+ Treg cells have been shown to express more inhibitory markers on
the cell surface (e.g. ICOS and CTLA-4) and secrete elevated levels of anti-inflammation IL-10
compared to CD69- T reg cells.®” The egress of lymphocytes, including T cells, from secondary
lymph organs to peripheral tissues can be enhanced by the sphingosine-1-phosphate receptor (S1P1)
on T cells.®® It has been shown that CD69 expression downregulates T cell egress from the thymus
via inducing the internalization and degradation of S1P1.8° The absence of T cell egress from
lymph nodes to peripheral tissues in CD69 KO mice confirms the function of CD69 in T cell egress
modulation.”! Upon activation, the expression of CD69 on the T cell surface is transient, and its
levels decrease after rounds of T cell proliferation.”? SIP1 is then re-expressed on the T cell surface,

and the egress of T cells from secondary lymph organs to peripheral tissue is restored.”®?*-%4

1.1.5 CD4+ T Cell Polarization Requirement, Th Subtypes, and Their Functions

In order to respond to different immunological challenges, TCR-stimulated naive CD4+ T
helper (Th) cells have the potential to polarize into different Th effector cell subsets depending on
the stimulation and cytokine environment. In 1986, Mosmann et al. identified Th1 and Th2 cells
from effector CD4+ T cells, distinguished by their cytokine production profile.”> In a classic
paradigm, IL-12 and IFN-y induce the polarization of Th1 cells, which produce IFN-y, IL-2 and
TNF-a as their signature.”® Th2 cells are known to produce IL-13, IL-4, and IL-5. Later,
researchers identified another Th subset, named Th17 cells, after their unique ability to produce
IL-17, IL-21 and IL-22.%¢ (Figure 6) Interestingly, Th17 cells have high flexibility, allowing them
to be converted to the Thl phenotype; the originally discovered Thl and the Th17-derived Thl

cells are named the classic and non-classic Thl cells, respectively.”” There are other Th cell types,
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such as Th9, Th22, and follicular T helper cells. Only the classic Thl cells and Th2 cells will be

introduced for this dissertation.

Created with BioRender.com
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Figure 6. General overview of Th1, Th2, and Th17 subsets.

Upon receiving different extracellular cytokine stimuli, naive CD4+ T cells have the potential
to polarize into different Th subsets, such as Th1, Th2, and Th17 cells. IL-12, IFN-y, IL-18, IFN-
a, IL-23, and IL-27 have been shown to induce or promote Th1 polarization, which leads to IFN-
v, IL-2, and TNF-a production. T-bet is the master transcription factor of Thl cells. Thl cells
are known to function in targeting intracellular pathogens through the production of IFN-y,
which activates immune effector cells such as macrophages. IL-4 and IL-25 favour the
polarization of Th2 cells, with GATA Binding Protein 3 (GATA-3) being the master transcription
factor governing the production of IL-13, IL-4, and IL-5 by Th2 cells. Th2 cell cytokines,
especially IL-4, are important in targeting helminth infections by activating eosinophils. Th2
cytokines also contribute to antibody production in B cells and allergies such as Th2-high
endotype asthma. Th17 cells are induced by IL-6, transforming growth factor beta (TGF-f), and
IL-21, with ROR-yt being their master transcription factor, allowing the production of IL-17A,
IL-17F, IL-21, and IL-22. Th17 cytokines, especially IL-17, provide host protection against
several pulmonary infections (i.e. Klebsiella pneumoniae). The pathogenic role of IL-17 in
psoriasis, inflammatory bowel diseases, and rheumatoid arthritis had also been identified.”®.
Created with BioRender.com.

1.1.5.1 The Role of Thi Cells in Health and Diseases
Thl or type I immunity is well-known for its role in targeting intracellular pathogens. Upon

PRR recognition, DCs can migrate to secondary lymph organs and present the antigen on MHCII
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molecules to CD4+ T cells. DCs are also a source of IL-12, one of the essential cytokines in
inducing Thl polarization by activating STAT4.°®¢ However, IL-12 receptor (IL-12R) is not
expressed on naive CD4+ T cells at the steady state; cell surface IL-12R level can be upregulated
by either TCR stimulation or IL-2.” Besides IL-12, other cytokines can contribute to Thl
polarization, including IL-18, IFN-y, IFN-q, IL-23, and IL-27.10%-101.102° A stronger stimulation
favours Th1 polarization, whereas a weaker TCR stimulation favours Th2 polarization.!%%-1%4 TL-
12RP2 is essential in heterodimerizing with IL-12RB1 to form a high-affinity IL-12R structure.!®®
When polarizing mouse naive CD4+ T cells using artificial APCs as stimulation sources, APC pre-
treated with a higher dose of activation-inducing agent induced a higher level of IL-12Rp2 on the
T cell surface.!% That upregulation of IL-12R allows T cells to receive IL-12 signalling with
increased sensitivity and polarize into Thl cells.!?” Co-stimulatory signals also play an important
role in Thl polarization. It has been shown that anti-CD28 is required for IFN-y release after

antigen stimulation.!%

The master transcription factor driving Thl differentiation is T-box
transcription factor TBX21 (T-bet), which governs the production of Th1 cytokines, such as IFN-
y. IFN-y is crucial in activating and enhancing immune cell functions. It is known macrophages'
phagocytic and microbicidal functions, Thl cell cytokine production functions, and B cell class-
switching to IgG-production can all be enhanced by IFN-y.° IFN-y also promotes the NK cell-
mediated killing of tumour cells.!” The role of Thl cells is not always protective; they can also
contribute to pathogenesis, especially autoimmunity. Pro-inflammatory cytokines produced by
Thl cells, including TNF-a and IFN-y, lead to cartilage destruction and bone erosion in rheumatoid
arthritis.''” A higher level of IL-18 and IL-12 was observed in patients with Crohn’s disease (CD),
and anti-IL-12 helped reduce IFN-y production through reduction of the number of Thl cells

helping patient outcomes.!!!

1.1.5.2 The Role of Th2 Cells in Health and Diseases

Th2 cells are crucial for humoral immunity against pathogens but also promote asthma and
other allergic diseases. DCs provide co-stimulatory signals, such as OX40L. The binding of
OX40L with OX40 on T cells is important for optimal Th2 polarization.!'> However, DCs are
unable to produce IL-4, and IL-4 is essential for Th2 priming. Studies have shown that activated
basophils migrate to lymph nodes and produce IL-4, aiding Th2 polarization.!!? Epithelial cells
can recognize DAMPs and PAMPs with their PRRs, and this recognition induces the production
of alarmins such as thymic stromal lymphopoietin (TSLP), IL-33, and IL-25. Differentiated Th2
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cells upregulate the receptors for these alarmins, and the binding of these alarmins to their receptors
is required for developing full Th2 functions in vivo.'"”!'* During helminth infections, IgE
production and the activation of mast cells rely on IL-4; IL-13 contributes to worm expulsion and
mucus production.'’> Chen et al. also showed that Th2-mediated IL-4R signalling is vital in
reducing proinflammatory IL-17 responses and promoting anti-inflammatory IL-10 production,
allowing wound healing during helminth infections.!'® The master transcription factor for Th2
cells is GATA-3.!'"7 GATA-3 promotes Th2 responses through three routes simultaneously,
including induction of Th2 feature cytokine production, selectively enhancing the growth of Th2
cells, and down-regulation of Th1-inducing factors.!!® IL-2 has been known as one of the essential
cytokines required for Th2 responses. It has been shown in vivo in mouse models that the
neutralization of IL-2 inhibits the production of IL-4.!!® During a Th2 response, IL-2 binds to its
receptor, IL-2R, inducing the recruitment, phosphorylation, and homodimerization of STATS, and
STATS5 contributes to Th2 cytokine production.!®” T-cell receptor activation and other co-
stimulatory stimuli (e.g. OX40 and CD28), contribute to Th2 responses by recruiting interferon
regulatory factors 4 (IRF4) and Basic Leucine Zipper ATF-Like Transcription Factor (BATF).!?
IRF4 and BATF promote GATA3 transcription.!” GATA-3 helps stabilize Th2 chromosome
conformation; NLRP3, BATF, IRFS5, and dimerized STATS permit optimal Th2 cytokine
production.!®” Often beginning in childhood, type 2-high asthma is associated with Th2 responses.
Th2 cytokines, such as IL-4, IL-5, and IL-13, lead to abundant infiltration of eosinophils in airways,
mucus overproduction, and allergen-specific IgE production.!?® Blocking IL-13 and IL-4
simultaneously by addressing neutralizing antibodies protected the mice from airway

hypersensitivity responses.'?!

In a form of IBD called ulcerative colitis (UC), increased /L5, IL13, and IL33 mRNA
transcripts are found in inflamed colonic biopsies compared to healthy control biopsies.!'?? IL-5
can promote eosinophil infiltration to inflamed sites in the intestine in UC patients.!?* Another
study showed significantly higher IL-13 levels produced by lamina propria mononuclear cells in
UC patients compared to CD patients and healthy controls.!?* Therefore, overactive Th2 responses

can have detrimental effects in both the lung and gut.
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1.1.6 The Role of CD8+ T cells in Health and Diseases

At steady state, naive CD8+ T cells have a minimal cytotoxic effect against altered cells.
During infection or abnormal cell growth (e.g. cancer), antigenic peptides are synthesized in the
cell cytosol, and they can be presented on MHC I molecules on the cell surface.! Alternatively,
antigens (i.e. cancer cells, pathogens) can be ingested, processed and presented by APCs such as
DCs and macrophages to be presented through cross-presentation pathways on MHC I molecules.!
The coreceptor CD8 is also required for the activation of CD8+ T cells. The activation of CD8+ T
cells triggers the degranulation of effector enzymes, including perforin and granzymes.'?* Perforin
functions in forming pores in the plasma membrane of the target cells, and granzymes can enter
the target cells either through those pores or through the mannose-6-phosphate receptor.!?® The
most abundant and well-studied granzyme is granzyme B. Granzyme B cleaves after aspartic
residues, and it induces cell death via cleavage of caspase 3 and triggers caspase-induced cell death;
an alternative way of granzyme B killing is through mitochondria permeabilization.!?> Activated
CD8+ T cells can also kill target cells via Fas ligand/Fas ligand receptor interactions. This
recognition triggers an increased level of Fas ligand-receptor to be expressed on the cell surface

and also caspase 8 activation, eventually inducing cell death in target cells.!?’

Aside from being
killer T cells, activated CD8+ T cells can also produce cytokines such as IFN-y, which can activate

various immune cells and promote the clearance of infections or tumours.

1.2 TIFN General Introduction
1.2.1 Discovery, History and Classification of IFNs

As a group of immune proteins, interferons (IFNs) play an essential role in host defence
against viruses and other pathogens. Like other cytokines, IFNs act as signalling messengers and
are vital in maintaining homeostasis and clearing infections. Distinguished by the distinct receptor
they use, the current classification of human interferons includes three families: Type I interferons
(IFN-a, IFN-B, IFN-¢, IFN-k and IFN-w), type I interferons (IFN-y), and type Il interferons (IFN-
L1-4).128 46 years later after the discovery of type I IFNs, type III IFNs (also known as IFN-
lambdas (As)) were first identified as redundant IFNs produced to supplement the function of type
I IFNSs at epithelial tissues and mucosal sites.!?%!3% All humans express IFN-A1-3, and mice only
express IFN-A2 and IFN-A3.131:132.133 Human IFNL4 was considered a non-functional pseudogene,

while later researchers found that a significant proportion of humans have a certain frameshift

21



mutation in their gene due to a single nucleotide polymorphism (SNP), which allows their /FNL4

gene to function,!3%13%:136

1.2.2 The Source and Antiviral Functions of Type 11l IFNs in Different Tissues

The major sources of type III IFNs are epithelial cells and dendritic cells, which are induced
after PRRs and recognition of PAMPs and DAMPs.'*” In one of the pathways that induce type III
IFN production, PRRs, which include TLRs and retinoic acid-inducible gene I-like receptors,
recognize PAMPs, which leads to the activation of PRRs. This is followed by the recruitment and
activation of adaptor proteins (e.g. MyD88), allowing the activation of a number of proteins, such
as interferon regulatory factor (IRF) 3/7 and NF-kB.!*® Eventually, IRF3/7 enters the nucleus and

activates IFN-A expression upon binding the enhancer or promoter region of IFN genes.!8

IFN-As exhibit potent antiviral activities. In human cornea explants and mouse corneas,
IFN-A treatment enhanced interferon-stimulated genes (ISGs) and inhibited Zika virus and herpes
simplex virus-1 dissemination.!?® TFN-As reduced the blood-brain-barrier permeability and

inhibited West Nile virus infections of the brain.!#°

Published data from our group showed that
IFN-A3 pretreatment significantly reduced the percentage of HIV-infected CD4+ T cells compared
to media alone.'*! During gastrointestinal viral infections with rotavirus and norovirus, IFN-As are
the main type of IFN produced in epithelial cells.!*>!37 IFN-As also protect mice from respiratory
infections such as influenza A virus.!*” Our group showed that IFN-A accelerates SARS-CoV-2
viral clearance, especially in those individuals with high viral load if given within 7 days of
symptom onset.'** Phillips et al. showed that pegylated (peg)-IFN-A enhanced NK cell functions,
IFN-y production by hepatitis B virus (HBV)-specific CD4+ T cells, and the cytotoxic functions
of HBV-specific CD8+ T cells in livers.!** Last but not least, HIV-induced syncytium formation

in macrophages and the spread of HIV-1 infection were also inhibited by IFN-\s,!4141

1.2.3 The Effects of Type III IFNs on Other Microbial Infections

Besides their well-known function in antiviral immunity, [FN-As also play a role in
controlling bacterial and fungal infections. The induction of IFN-As had been shown during
Listeria monocytogenes and Salmonella typhimurium infections in the gastrointestinal tract,
Staphylococcus aureus and Pseudomonas aeruginosa infections in the lung, and Borrelia
burgdorferi infections. '#6-14° [FN-A-pretreated T84 cells (a colon carcinoma cell line) also have

greatly reduced epithelial barrier disruption, measured by trans-epithelial electrical resistance in
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vitro, post-Salmonella inoculation compared to non-IFN-As-pretreated cells.!>® While IFN-As act
against multiple types of infections, there are cases where IFN-As can contribute to pathogenesis.
Ifnlrl KO mice had less severe Staphylococcus aureus infections in the airway and lung when
treated with IL-1B compared to wild-type mice. They also had reduced neutrophil elastase and
caspase-1.!°! In addition, for Klebsiella pneumoniae infections, IFN-A promoted respiratory tract
epithelial permeability and bacterial transmigration, leading to worsened bacteremia; meanwhile,

Ifnlrl KO mice were protected from those exacerbations.!>?

In the context of fungal infections,
IFN-As are crucial in inducing TNF production, reactive oxygen species, and extracellular traps in

neutrophils upon Aspergillus fumigatus infections leading to invasive aspergillosis.!>?

1.2.4 The Detrimental Effects of Type Il IFNs In Autoimmunity

Although not as well studied, IFN-As can also contribute to autoimmunity. In a specific
type of rheumatoid disease, systematic lupus erythematosus (SLE), IFN-As have been associated
with autoimmune CD11¢c+T-bet+CD21- B cell subsets; IFN-As also speed up the process of plasma
cell differentiation, rendering the disease more severe.!>* One of the key hallmarks of SLE is
autoantibodies against cell nucleus materials; a positive correlation has been shown between IFN-
Ml levels and nucleosome-specific autoantibodies levels in the serum of SLE patients.!>> In
addition, Goel et al. showed that IFN-As promote immune cell recruitment by keratinocytes, and

knocking out Ifnlrl decreased renal IgG level and lupus severity in a murine model.!>®

1.2.5 IFN-1 Receptor Components

IFN-AR1 and IL-10RB are the two components that make up the type III IFN receptor.
IFN-As bind to IFN-AR1 with a higher affinity than to the very low-affinity subunit IL-10RB.!3!1:157
Unlike ubiquitously expressed type I IFN receptor components IFN-aR1/IFN-aR2 and IL-10RB,
IFN-AR1 was previously only demonstrated to be expressed on specific cell types, such as
epithelial cells, including keratinocytes and gastrointestinal tract epithelial cells but not on the
majority of immune cells.!*®!% The highest levels of IFN-AR1 were observed in the
gastrointestinal tract and lungs, with the lowest levels seen in the brain.!® A potential mechanism
proposed back then to explain the disparity between IFN-A receptor levels and responsiveness is
the release of soluble IFN-AR1 (sIFN-AR1) by immune cells; Witte et al. showed that this short-
splicing variant of IFN-AR1 has a moderate affinity for IFN-AI ligands, can compete for binding
of IFN-A1 to membrane-bound IFN-AR1, and, therefore, inhibits IFN-AR signalling.!®! Santer et
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al. confirmed this mechanism by showing that sSIFN-AR1 significantly inhibited ISG induction by
at least 54%. Intriguingly, SIFN-AR1 achieved this inhibitory effect while promoting IFN-A ligand
binding to monocytes.'*!

IL-10 family cytokines, which includes structurally similar IL-10, IL-19, IL-20, IL-22, IL-
24, 1L-26, 1IL-29 (IFN-A1), IL-28A (IFN-A2), and IL-28B (IFN-A3), play essential roles in
protecting epithelial tissues from infections and inflammation.'®> Among these, IL-10, IL-19, IL-
22, 1L-26, IFN-A1, IFN-A2, and IFN-A3 all use the IL-10RB component as their low-affinity second
receptor subunit.!®? Tt has been shown that IL-10 can reduce the signalling of IFN-A1 and
downstream IL-6 induction in human PBMCs, with a proposed mechanism that IL-10 can compete
for IL-10RB receptor component binding with IFN-A1.! Meanwhile, IL-22 promoted IFN-A
signalling and rotavirus clearance in mice by up-regulating STATI phosphorylation.!®*!3¢ This
indicates that the interaction between IL-10 family cytokines is more complicated than the sharing
of receptor components.

The majority of IFN-AR studies have used mice models due to the availability of ifnlri KO
mice that concretely show that IFN-A signalling is essential for mucosal antiviral immune
responses.'%-1¢7 Qur group and others have now shown that while most epithelial cells in both
mice and humans express IFN-AR1, we now know that immune cells between the species vary
dramatically in their responsiveness to type IIT IFNs. 41168171 (summarized in Figure 7). In the
mouse immune system, only specific DCs and CD11b+ neutrophils directly respond to IFN-As or
express the high-affinity IFN-AR component Ifnlr1;!31-137:172.173 Tn humans, plasmacytoid dendritic
cells (pDCs) express the highest levels of /FNLR1, followed by myeloid DCs and B cells, with
lower levels in macrophages and CD8+ T cells and undetectable levels in monocytes, NK cells,
and surprisingly neutrophils (Figure 7).!41174175 The IFN-AR distribution disparity between
humans and mice may lead to missing key immunoregulation mechanisms in mouse models.
Therefore, it is essential to broaden our knowledge of IFN-AR1 signalling and expression
regulation in humans. Also of note is that all studies to date have based their findings on mRNA

levels due to the lack of good antibodies to IFN-AR1.

24



Mouse vs. human IFN-AR1 expression
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Figure 7. The differential expression of /FNLR1 in mice and humans.

The differential expression of /JFNLRI mRNA in mice (left) and humans (right). The up-and-
down position of a given cell type in the figure indicates the /FNLRI levels on that cell type
relative to other cell types shown. Dendritic cells (DCs); mDCs (myeloid DCs); pDCs
(plasmacytoid DCs). Activation of B cells refers to B cell receptor stimulation, activation of
CD4+ T cells refers to T cell receptor stimulation and stimulated neutrophils refers to toll-like
receptor stimulation, all in vitro.

1.2.6 Type Il IFN Receptor Direct Signaling Through JAK-STAT

Type II IFN signalling initiates upon IFN-As binding their receptor (Figure 8). When IFN-
A binds IFN-AR], it leads to the conformation change of the extracellular receptor component,
followed by the recruitment of IL-10RB. The dimerization of IFN-AR permits the activation of
kinases, including tyrosine kinase 2 (TYK2), associated with IL-10RB, and Janus kinase 1 (JAK1),
associated with IFN-AR1. 138157 Activated TYK2 and JAK2 phosphorylates the intracellular IFN-
AR, followed by the recruitment and phosphorylation of signal transducer and activator of
transcription 1 (STAT1) and STAT2.!3%176 A previous study showed that the TYK?2 deficient cell
line had a minimal impairment of IFN-A-induced viral control, indicating TYK?2 is not required for

functional IFN-A signalling in certain cell types.!”” Phosphorylated STAT1 and STAT2 then
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heterodimerize and bind IRF9 as the [FN-stimulated gene factor 3 (ISGF3) complex. ISGF3 then
enters the cell nucleus and binds IFN sensitive response element (ISRE) in the promoter region of

ISGs, activating the transcription of many ISGs.!
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Figure 8. IFN-A JAK-STAT signalling.

Upon binding IFN-AR 1, IFN-A induces the recruitment of IL-10RB and the dimerization of IFN-
AR. TYK2 and JAK1, associated with IL-10RB and IFN-AR1, respectively, get phosphorylated
and activated, allowing the autophosphorylation of TYK2 and JAK1. STAT1 and STAT2 are
then recruited and phosphorylated, which leads to the heterodimerization and the binding of
IRF9, forming the ISGF3 complex. The ISGF3 complex then translocate into the cell nucleus
and binds to a specific DNA sequence (ISRE) in the ISG promoter, leading to the induction of
hundreds of ISGs. Interferon regulatory factors (IRF), interferon-stimulated gene (ISG), signal
transducer and activator of transcription (STAT), Janus kinase (JAK), tyrosine kinase 2 (TYK2).
Created with BioRender.com.

1.2.6.2 Type Il IFN Signalling Through MAPK
A combination of IFN-A1, 2 and 3 induced the phosphorylation of p38 and ERK, but not

JNK in a colonic cell line, but other signaling pathways downstream of IFN-AR1 are not as well
studied.!*” The essential role of MAPK in IFN-A-induced antiviral functions against respiratory

syncytial virus has been shown by inhibition of p38 and JNK.!”® Meanwhile, in Raji cells (a Burkitt
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lymphoma cell line), IFN-A stimulated p38 and JNK, not ERK phosphorylation.!” JNK and ERK
phosphorylation upon IFN-A1 and IFN-A2 stimulation were also confirmed using HT-29 (a
colorectal adenocarcinoma cell line) and primary intestinal epithelial cells.'® Lastly, IFN-As do
not trigger canonical STAT phosphorylation in fibroblasts.!8! Instead, IFN-A1 induces MxA
production in an ERK-dependent manner.!7%!3! These observations indicate that there is a disparity

between IFN-A signalling pathways among IFN-A-responsive subsets of cells.

1.3 The Immune-Regulation Functions of Type III IFNs
1.3.1 The Immune-regulation Functions of Type Il IFNs on T cells

Although less studied thus far, we are learning there are unique immune-modulation
functions of type III IFNs on T cells. One of the contexts in which IFN-A is being studied as an
immune regulator is in Th2-high airway hypersensitivities. Airway hypersensitivity murine
models are used to study hypersensitivities in the respiratory tract, such as asthma. A series of
allergens, such as dust mites, air pollutants, and other chemicals, can be recognized by PRRs and
induce cytokine production in airway epithelial cells. Some epithelial cell-derived cytokines, such
as TSLP, IL-25, and IL-33, can induce Th2 cytokine production by basophils, type 2 innate
lymphoid cells (ILC2s), and Th2 cells.!®? Jordan et al. showed that IFN-A dampened IL-13
secretion during (1) mitogen stimulation, (2) mixed lymphocyte reaction, and (3) the activation of
naive T cells through IFN-A-pretreated myeloid DCs (mDCs).!'*? Koltsida ef al. showed that IFN-
A2 overexpression by an adenovirus reduced the infiltration counts of eosinophils, neutrophils, and
lymphocytes in bronchoalveolar lavage fluid (BALF) in the ovalbumin (OVA)-induced airway
hypersensitivity mice model; Th2 and Th17 cytokine production, such as IL-13, IL-5, IL-10, and
IL-17 were down-regulated in mesenteric lymph nodes of mice that had IFN-A2 overexpression.
Interestingly, IFN-y levels in this model were upregulated, indicating that IFN-A2 may be able to
modulate the balance between Thl and Th2 responses in mice. This was achieved through an
indirect CD11c+ DCs- and IFN-y-dependent mechanism, partially due to mouse T cells not
expressing IFN-AR1 on their surfaces.!* Li et al. showed a similar inhibitory effect of IFN-A1 on
Th2 cytokines in the OVA-induced airway hypersensitivity model, and they found that this
inhibition and the reduction in disease severity is associated with an increasing number of Treg
cells and declined levels of serum IgE.!*° Lastly, Won et al. showed that IFN-A2/3 downregulated
Th2-inducing cytokines from airway epithelial cells in a house dust mite-induced mice

hypersensitivity model, such as TSLP and IL-33 in the BALF.!#¢!%7 Other studies showed that
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IFN-A3 protects mice from OV A-induced hypersensitivity through an NK cell-dependent manner,
indicated by the abolition of protection when NK cells were depleted.!®® A similar inhibition effect
of IFN-A3 on Th2 cytokines was seen in papain (a plant-derived protease)-induced hypersensitivity
mice model.!® Taken together, IFN-As clearly regulate Th2 responses in the mouse lung, no matter

the allergic asthma model attempted to date.

The functions of IFN-As to regulate Th2 responses have been more intensively studied in
mice; however, due to the differential IFN-AR1 distribution between mice and humans, it is
necessary to investigate the immune-modulation functions in the human system. In humans, DCs
treated with IFN-A significantly promote the proliferation of CD25+Foxp3+ CD4+ Treg cells.!*
Our group has previously shown that IFN-A3-pretreated PBMCs from healthy donors had
significantly lower levels of Th2 cytokines production (IL-4, IL-5, IL-9, and IL-13) during 5-day
HINI1 antigen stimulation compared to non-IFN-A3-pretreated PBMCs. °! More studies are
needed to determine how IFN-As directly regulate human T cell subsets instead of the potentially

indirect actions mentioned above.

1.3.2 The Immune-regulation Functions of Type IIl IFNs on Other Immune Cells

Besides T cells, IFN-As can regulate other immune cells. IFN-A1 increases the number of
T-bet+ B cells upon BCR and TLR7/8 stimulation; it also promotes human plasmablast differential
and IgM production via enhancing the mTORC pathway in naive B cells.!**!2 TFN-A3-treated
memory B cells have significantly decreased proliferation capacity upon HIN1 antigen stimulation
compared to non-IFN-A3-treated memory B cells.!”! TLR and BCR-induced B cell proliferation,
IL-10 and IL-6 production, and TLR7/8-induced IgG and IgM production are also augmented by
IFN-As.!”3 The production of IL-12B, IL-23A, and IL-27A is increased in macrophages by IFN-A
treatment.!** At the early onset of collagen-induced arthritis in a murine model, IFN-A2 dampened
the neutrophil infiltration into the joint.!®> Lastly, [FN-As greatly restrict intestinal inflammation
in a murine colitis model by inhibiting the production of reactive oxygen species in TNF and
lipopolysaccharide-stimulated neutrophils.'®® Altogether, type III IFNs have multiple mechanisms
to dampen or promote specific types of immune responses, but the limiting factor is the expression

of the IFN-AR1 subunit for which cells are directly affected.
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1.4 Overall Dissertation Overview: Rationale, Hypothesis and Objectives

1.4.1 Rationale

The protein level of the IFN-A receptor on the surface of different immune cell types had
never been directly studied; in addition, data from us and others have shown that the distribution
of the IFN-A receptor is different between mice and humans. Therefore, it is important to
investigate the regulation of IFN-AR1 on the human T cell surface. IFN-As dampen Th2 cytokine
production, especially in mouse models. However, this regulation depends on the type of
stimulation the T cell receives and is not fully understood. For some Th2-high hypersensitivities,
there is an urgent need to identify potential therapeutic intervention supplementing currently
available treatment, and IFN-A can, therefore, be a good candidate. Before we fully go into
evaluating the therapeutic potential of IFN-As, we need to have a further understanding of how the
regulation of IFN-A occurs in finer detail. Furthermore, it is still unclear how IFN-A influences

CD8+ T cell activation and functions.

1.4.2 Hypothesis

TCR stimulation specifically upregulates the unique, high-affinity IFN-A receptor
component (IFN-AR1) level on the human CD4+ and CD8+ T cell surface via a CD3-dependent
manner, which promotes IFN-A3 downregulation of Th2 polarization and enhancement of CD8+

T cell functions.

1.4.3 Research Aims

This dissertation has three main aims:

1. To quantify IFN-AR at the protein level on human T cells at baseline and after
activation/polarization.

2. To investigate the regulatory effect of IFN-A3 on polarization and cytokine production of
CD4+ T cell lineages (Thl, Th2).

3. To profile the effect of IFN-A3 on the transcriptome of CD8+ T cells at baseline and during
TCR stimulation.

1.5 Significance
This is the first study to examine IFN-AR1 at the protein level on human T cell subsets and

how the receptor is regulated by TCR activation on the T cell surface. We also are learning about

29



the regulatory effects of IFN-A3 on Th2 immune responses and the universal impact of IFN-A3’s
effect on human CD8+ T cells (genes/pathways). This fundamental knowledge can help us further
understand IFN-A biology and establish a base for evaluating IFN-A3 as a potential therapeutic
candidate for Th2-high hypersensitivities or inflammation. The initial studies of IFN-A effects on
CD8+ T cells serve as a starting point to understand if [FN-As could be used to, for example, boost

specific CD8+ T cell activation pathways.

CHAPTER 2. MATERIALS AND METHODS
2.1 Whole PBMCs Processing from the Human Healthy Donor

2.1.1 Ethics Statement
Human ethics protocols for blood collection were approved by the University of Manitoba

Biomedical Research Ethics Board (No. HS25252). All blood donors gave written informed
consents in accordance with the Declaration of Helsinki. The demographic information (including
the age and the sex of the blood donor) was collected with consent during the blood collection and
handled according to expectations around the Personal Health Information Act at the University

of Manitoba.

2.1.2 Blood Donor Recruitment

Healthy donors (HD) were recruited from people aged between 18 and 65 who claimed no
major medical concerns. A detailed checklist was provided to donors before blood donation to
evaluate the eligibility of participation in the study, which includes inquiries regarding whether
the donor has chronic conditions (i.e. diabetes, cancer, inflammatory bowel diseases, celiac,
rheumatoid arthritis), whether the donor has a fear of needles or is prone to fainting, whether the
donor is taking any long-term medications, and whether the donor is having or had any type of
infections, including SARS-CoV-2 in the last a couple of weeks. The donors are eligible for the
study if they deny all the questions above.

2.1.3 Peripheral Blood Mononuclear Cells (PBMCs) Isolation

Fresh blood was drawn from healthy donors using a Safety-Lok Blood Collection Set (BD
Vacutainer) and stored at room temperature in a sodium heparin tube blood collection tube (BD
Vacutainer) until it was processed (within 1 hour). PBMCs were then isolated using Lymphoprep
(Stemcell Technologies) gradient centrifugation (acceleration 5, deceleration 0, 800 g, 22 °C, 23

mins). Pasteur pipettes were then used to pool lymphocyte layers from different tubes, followed
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by a wash with DPBS (Gibco) and centrifugation (acceleration 9, deceleration 9, 500 g, 22 °C, 15
mins). Pellets were resuspended with DPBS and centrifuged (acceleration 9, deceleration 8, 180 g,
10 °C, 11 mins). After aspiration, cells were resuspended in complete RPMI 1640 media and
counted using a Hemacytometer and Trypan Blue Stain (0.4%) (Gibco). The cell suspension was

kept at 4°C and ready for downstream experiments.

2.2 Primary Cell Stimulation
2.2.1 T Cell Enrichment and Purity Check

2.2.1.1 T Cell Enrichment (negative selection)

For naive CD4+ T cell enrichment, PBMCs from 2.2.3 were incubated with EasySep
Human Naive CD4+T Cell Isolation Kit (Stemcell Technologies) for negative selection, following
the manufacturer’s protocol. Briefly, PBMCs (maximum 100 million) in complete RPMI 1640
media were spun at 400 g, 7 mins, at 4°C, then resuspended in Stemcell buffer [1 mM
Ethylenediaminetetraacetic acid (EDTA) (Thermo Scientific) in 2% FBS (Corning) in DPBS
(Gibco)] at 50 million cells/mL. Cells were then transferred to a 5-mL Polystyrene round-bottom
tube (sterile) (Falcon) and incubated with Biotinylated anti-CD45RO antibody and Isolation
cocktail (both provided in the kit) at 50 uL/ 1 mL of the sample at room temperature for 5 mins.
After vortexing, RapidSpheres™ (Beads) (provided in the kit) was added to the cell suspension at
50 uL / I mL of sample and incubated at room temperature for 5 mins. Stemcell buffer was then
added to top up the cell suspension final volume to 2.5 mL, and the 5-mL Polystyrene round-
bottom tube with cell suspension was then placed into an EasySep™ Magnet (Stemcell
technologies) and incubated at room temperature for 5 mins. The cell suspension was then poured
in one motion without touching the tube to a new 5-mL Polystyrene round-bottom tube and
incubated in EasySep™ Magnet at room temperature for a second 5 mins. The cell suspension was
then poured in one motion without touching the tube into a sterile 15-ml Conical centrifuge tube
(Thermo Fisher, cat# 339650), topped up with 3 mL of complete RPMI 1640 media and
centrifuged at 400 g, 7 mins, at 4°C. The pellet was resuspended in 1 mL of complete RPMI 1640
media and then counted using a Hemacytometer and Trypan Blue Stain (0.4%) (Gibco, cat #
15250-061). The cell suspension was kept at 4°C until being cultured. The total number of naive
CD4+ T cells obtained ranged from 1.75 to 4.525 million.
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For total CD4+ T cells and total CD8+ T cells enrichment, PBMCs from 2.2.3 were
incubated with EasySep Human CD4+ T Cell Enrichment Kit (Stemcell Technologies) and
EasySep Human CD8+ T Cell Enrichment Kit (Stemcell Technologies) for negative selection,
following the manufacturer’s protocol. The protocols are similar to EasySep Human Naive CD4+T
Cell Isolation Kit (Stemcell Technologies) protocol but with incubation using respective
antibodies/cocktail type and the amount indicated in the manufacturer's instructions. The total
number of CD4+ T cells and CD8+ T cells obtained ranged from 29.45 to 32 million, and from
11.1 to 16.55 million, respectively.

2.2.1.2 Enriched T Cell Purity Check

The purity of putative naive CD4+ T cells was evaluated using flow cytometry, where after
Naive CD4+ T cell isolation, at least 0.2 million cells were distributed into each of three 1.2 mL
microtiter tubes (Fisherbrand), designated to be “unstained control,” “all stained,” and “CD45RA
FMO” tube. Cells were washed with DPBS (Gibco) and then resuspended in Flow buffer (for the
“unstained control”) or staining cocktails (for the “all stained” and the “CD45RA FMO” tube),
followed by a 25-min incubation at 4°C in tin foil in the fridge. The staining cocktail for the
“CD45RA FMO” tube contains the following antibodies: PE-Cy7 anti-CD4 (Invitrogen), FITC
anti-CD8 (BioLegend), APC-Cy7 anti-CD19 (BioLegend), and AF700 anti-CD3 (BioLegend).
The staining cocktail for the “all stained” tube contains all antibodies used for the “CD45RA FMO”
tube and BV421 anti-CD45RA (BioLegend). All antibodies were diluted in Flow buffer (recipe
included in Table 6). After the incubation and washing, the Fixation buffer was added to fix cells
for 15 minutes at room temperature in the dark. Cells were then topped up by 600 uL of Flow
buffer and spun at 400 g. 7 mins at 4 °C, and then resuspended in 350 uL Flow buffer. Flow
cytometry data was obtained from CytoFLEX LX (Beckman Coulter) with configuration listed in
Table 1. FlowJo software (v10, BD Biosciences) was used for data analysis and graph generation.
Only putative naive CD4+ T cells, with a purity > 94% (the percentage of CD3-positive, CDS8-
negative, CD4-positive, and CD45RA-positive cells in single cell gate), were used for downstream

experiments.

For the total CD8+ T cell purity check, similar protocols were conducted as above, but only
the “unstained control” and “all stained” tubes were used. The staining cocktail for total CD8+ T

cell purity checks for the “all stained” tube contains the following antibodies: PE-Cy7 anti-CD4
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(Invitrogen), FITC anti-CD8 (BioLegend), APC-Cy7 anti-CD19 (BioLegend), and BV421 anti-
CD3 (BioLegend).

Table 1. CytoFLEX LX configuration.

Laser Mirror/filter Detection range Fluorochrome
Violet (405nm) 450/50 BP 425-475 Pacific blue, 4',6-diamidino-2-
phenylindole (DAPI), V450,
BV421, eFluor450

525/40 BP 505-565 AmCyan, V500, BV510
610/20 BP 600-620 BV605
660/20 BP 650-670 BV650
763/42 BP 742-784 BV785 (*BV711 available by
request)
Blue (488nm) 525/40 BP 505-545 FITC, Alexa488, CFSE, GFP
610/20 BP 600-620 PE-Texas red, PE-CF594,

propidium iodide

690/50 BP 665-715 PerCP / PerCP-Cy5.5
Yellow/green 585/42 BP 564-606 PE, dsRed, PI
(561nm) 610/20 BP 600-620 mCherry, ECD, PE-Texas red, PI,
PE-CF59%4
675/30 BP 660-690 PE-CyS5, PerCP
710/50 BP 685-735 PE-Cys5.5, PerCP-Cy5.5
763/42 BP 742-784 PE-Cy7, PE-Alexa750
Red (638nm) 660/20 BP 650-670 APC, Alexa647, Cy5
712/25 BP 700-724 Alexa700
763/42 BP 742-784 APC-cy7, APC-H7, APC-eFluor780

This table was adapted from the “Equipment Additional Detail” section of the Flow Cytometry
Core Facility Website at the Rady Faculty of Health Sciences, University of Manitoba.
(https://umanitoba.ca/health-sciences/research/flow-cytometry/equipment#cytoflex-1x)
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2.2.1.3 Thl, Th2 cell polarization with IFN-A3 treatment

Anti-CD3 (BioLegend) was diluted in DPBS (Gibco) to 2 pg/mL and then added to wells
in U-bottom non-treated 96-well tissue culture plate (Avantor (VWR)). The 96-well plate was then
transferred to a cell incubator at 37°C and let sit for 2 hours. After 2 hours and right before cell
seeding, anti-CD3 (BioLegend) in DPBS was aspirated, washed with 1XxXDPBS once, and aspirated.
Naive CD4+ T cells from Naive CD4+ T cell isolation (negative selection) were seeded to anti-
CD3 (BioLegend) coated wells with ThO [1.5 pg/mL anti-CD28 (BioLegend) only], Thl [1.5
pg/mL anti-CD28 (BioLegend), 5 ng/mL IL-12 (BioLegend), and 5 pg/mL anti-IL-4 (BioLegend)],
and Th2 [0.5 pg/mL anti-CD28, 20 ng/mL IL-4 (BioLegend), 5 pg/mL anti-IFN-y (BioLegend),
and 50 IU IL-2 (BioLegend)] polarization cocktails. IFN-A3 was added to wells where applicable
at 100 ng/mL. On day 3, the plate was centrifuged at 300 g, 20°C for 7 mins, cell supernatants
were collected and stored in the -80 freezer for future Enzyme-linked immunosorbent assay
(ELISA) analyses; Thl, Th2, ThO cytokines and IFN-A3 were replenished by adding to the wells
at 2x concentration in RPMI 1640 complete media for Th1, Th2, and ThO with or without IFN-A3
conditions; on Day 6, Th2 cytokines and IFN-A3 were replenished again. The cells were transferred
from a 96-well Tissue Culture Plate (Avantor (VWR)) to a 48-well Tissue Culture Plate (Avantor
(VWR)). The cells treated with ThO and Th1 polarization conditions were incubated at 37°C with
5% COz in a cell incubator and collected on Day 6 for flow staining and downstream analysis and

on Day 9 for the Th2 polarization condition.

2.3.2 Cell Stimulation for IFN-AR Studies

For IFN-AR quantification of PBMC with stimulation, anti-CD3 (BioLegend) was diluted
t0 0.03 or 0.3 ng/mL using 1xDPBS (Gibco) and then added to a 24-well plate (Thermo Scientific).
The 24-well plate was then transferred to a cell incubator at 37°C and let sit for 2 hours. After 2
hours and right before cell seeding, anti-CD3 in DPBS was aspirated, washed by adding 600 uL
I1xDPBS, and aspirated. Cells were seeded to the wells right after the aspiration so the anit-CD3
coating would not dry out. Anti-CD28 (BioLegend) and PHA-L (Invitrogen) were diluted using
complete RPMI 1640 media (recipe listed in Table 6) and added to wells at a final concentration
of 1.5 pg/mL and 1 pg/mL where applicable. Cells were cultured in complete RPMI 1640 media
incubated at 37°C and supplemented with 5% CO; in a cell incubator and collected after 24 and
72 hours.
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For experiments with drug treatment of PBMCs, PBMCs from healthy donors were pre-
incubated for 1.5 hours at 37 °C in a cell incubator with different inhibitors, including PI3K
inhibitor Duvelisib (Selleck chem/ Cedarlane), JNK inhibitor sp600125 (Stemcell Tech), ZAP70
inhibitor ZAP 180013 (Biotechne, Tocris Bioscience), and calcineurin inhibitor FK506 (Cedarlane)
in a 24-well plate (Thermo Scientific). Then, PBMCs were transferred to wells pre-coated with 0.3
pg/mL anti-CD3 as introduced above and incubated at 37 °C in a cell incubator supplemented with

5% CO» for 20 hours.

For CD4+ T cell IFN-AR quantification with stimulation, a protocol similar to the above
was conducted, but anti-CD3 (BioLegend) was diluted to 1 or 3 pg/mL to coat the plate for
stimulating enriched total CD4+ T cells. Cells were cultured in complete RPMI 1640 media

incubated at 37°C and supplemented with 5% CO: in a cell incubator and collected after 36 hours.

2.3.3 PBM(Cs Stimulation for the Effects of IFN-A3 on Thl and Th2 Cytokine Production Studies
To investigate the effects of IFN-A3 on PBMC cytokine production, PBMCs were
stimulated as stated in 2.3.2, but the concentration for anti-CD3 well coating was 1.5 pg/mL and
anti-CD28 was 4.47 pug/mL in media. UofA IFN-A3 (provided by Dr. Wakarchuk, University of
Alberta), which had been tested by others in the Santer lab and found to be as potent as
commercially available IFN-A3 (R&D Systems), was added to wells at 100 ng/mL where
applicable. Cells were incubated at 37°C and supplemented with 5% CO: in a cell incubator and

collected after 48 hours.

2.3.4 Total CD8+ T cell Stimulation

To examine the impact of IFN-A3 on CD8+ T cells with and without TCR stimulation
cultured with IFN-A3 (100 ng/mL) (from Dr. Wakarchuk, University of Alberta) in complete RPMI
1640 media (Gibco) (recipe included in Table 6). For the TCR stimulation condition, 24-well
plates (Thermo Scientific) were precoated with anti-human CD3 (BioLegend) at 3 pg/mL for 2
hours at 37°C, similar to 2.3.2, then washed with 1xDPBS (Gibco) right before adding cells to the
plate; anti-human CD28 (BioLegend) was added to cell suspension at 1.5 pg/mL. Cells were

incubated at 37°C and supplemented with 5% CO: in a cell incubator and collected after 20 hours.
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2.3.5 Post-culture Cell and Supernatant Collection

When collecting cells, cell suspensions were thoroughly mixed by pipetting up and down
and then were collected and centrifuged at 400 g, 4°C for 7 minutes. The supernatant was collected
and stored in a -80°C freezer for downstream protein quantification using ELISA. Cell pellets were
then resuspended in 1xDPBS (Gibco) and centrifuged at 400 g, 4°C for 7 minutes again to reduce
the RPMI 1640 media residues. TRIzol (Ambion by Life Technologies) was then used to resuspend
the cell pellets, and the cell suspension was stored in a -80°C freezer until used for the production

of cDNA.

2.3 PBMCs and CD8+ T cell surface IFN-AR1 quantification

2.3.1 Extracellular IFN-AR Staining

1.5 million cells (PBMCs) or 1 million cells (enriched CD4+ T cells) isolated from healthy
donor blood were distributed into a 1.2 mL microtiter tube (Fisherbrand) for Day 0 baseline
staining. Stimulated cells collected on Day 1 and Day 3 (PBMCs), or Day 1.5 (enriched CD4+ T
cells) were stained using a 96-well micro-test plate (Sarstedt AG&Co).

Cell viability was quantified using Zombie AQUA Dye (BioLegend) with 1 in 1000
dilution in 1xDPBS, stained for 20 mins, and covered with tin foil at 4°C. Samples were then
washed with Flow buffer (recipe indicated in Table 6) and blocked using TruStain FcX
(BioLegend) diluted in Flow buffer (recipe listed in Table 6) for 10 mins at room temperature to
reduce the antibody unspecific binding. Without washing off the block, 2 pug/mL biotinylated
mADbOS8-hIFN-ARI or flow buffer (for FMO samples) was added to the cells and incubated for 45
min at 4 °C, 0.33 mg/mL Cells were then washed with Flow buffer twice. After that, streptavidin—
PE (SA-PE) (eBioscience) was added to detect biotin-labelled IFN-AR1 antibody, together with
other staining antibodies: BUV496 anti-CD19 (BD Horizon), BUV395 anti-CD4 (BD Horizon),
AF700 anti-CD3 (BioLegend), BUV737 anti-CD8 (BD Biosciences), BUV496 anti-CD14
(eBioscience), Super Bright 780 anti-CD56 (eBioscience), PE anti-CD210b (IL-10RB)
(BioLegend), APC anti-CD71 (eBioscience), Alexa Fluor 488 anti-CD62L (BioLegend), Brilliant
Violet 421 anti-CD45RA (BioLegend) (all listed in Table 5) and Brilliant Stain Buffer Plus (BD
Horizon) to identify different cell populations (listed in Table 3) and incubated for 40 mins after
wash, covered with foil at 4 °C. After 2-time washing with Flow buffer, Flow fixation buffer (2%
paraformaldehyde (made from 8% paraformaldehyde (PFA), diluted in 1xDPBS, Electron
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Microscopy Sciences)) (recipe included in Table 6) was added to fix cells for 15 mins at room
temperature in the dark, followed by another washing step and resuspension of cells using 350 uLL
Flow buffer Samples were covered with foil and stored at 4 °C until being analyzed on
LSRFortessa (BD Biosciences) with the configuration listed in Table 2. FlowJo software (v10,
BD Biosciences) was used for data analysis and graph generation, and Table 3 guides how each

cell type and subset studied were identified.

2.3.2 Compensation Control for Flow Cytometry

For compensation control, briefly, 100 uL of Flow buffer was added to a 5 mL polystyrene
round-bottom tube for each compensation control, followed by adding antibodies listed in Table
5 when the respective colour is used in the panel. After careful vortex, one full drop of the BD
Compensation Beads Negative Control (BD) and one full drop of the BD Compensation Beads
Anti-Mouse Ig, k beads (BD) were added to each tube, followed by a spin at 160 g for 1 min at
room temperature. Each compensation control tube was then vortexed for 5 seconds and incubated
at room temperature for 25 minutes, covered by tin foil to avoid exposure to direct light. After the
incubation, each compensation control tube was topped up using 3 mL of Flow buffer, followed
by a spin at 250 g for 10 minutes at room temperature. After spin, the liquid phase in each
compensation control was removed by decanting once in a single motion; then, the leftover was
resuspended with 350 uL Flow buffer. The compensation control tubes were stored in a 4°C fridge

covered by tin foil until being analyzed and were discarded two weeks after being made.

Table 2. LSRFortessa configuration.

Laser Mirror/filter Detection range Fluorochrome
Blue 505LP, 530/30 515-545 FITC, GFP, Alexa488
50mW 488nm 685LP, 710/50 685-735 PerCP-Cy5.5
solid state
Red 670/14 663-667 APC, Alexa647, Cy5
40mW 633nm 690LP, 730/45 708-752 Alexa700
solid state 50LP, 780/60 750-810 APC-Cy7, APC-H7
Violet 450/50 425-475 Pacific blue, DAPI, V450, BV421
50mW 405nm 505LP, 525/50 505-550 AmCyan, CFP, V500, BV510
solid state 600LP, 610/20 600-620, BrilliantViolet605
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630LP, 670/30 655-685 BrilliantViolet650

690LP, 710/50 685-735 BrilliantViolet711

750LP, 780/60 750-810 BrilliantViolet786

Yellow 545LP, 586/16 578-594 PE
Green50mW 600LP, 610/20 600-620 PE-Texas Red

561nm solid state | 635LP, 670/30 655-685 PE-Cy5
750LP, 780/60 750-810 PE-Cy7
Uv 379/28 365-393 BUV395
20mW 355nm 450LP, 515/30 500-530 BUV496
solid state 690LP, 740/35 723-757 BUV737

This table was adapted from the “Equipment Additional Detail” section of the Flow Cytometry
Core Facility Website at the Rady Faculty of Health Sciences, University of Manitoba.
(https://umanitoba.ca/health-sciences/research/flow-cytometry/equipment#fortessa)

Table 3. The list of markers used to identify various cell types in PBMCs.

Cell types/subtypes Markers

CD56-high NK cells CD14-CD19-CD56"e"CD3-

CD56-mid NK cells CD14-CD19-CD56™4CD3-

NK T cells CD14-CD19-CD56+CD3+

Total CD4+ T cells CD14-CD19-CD56-CD3+CD8-CD4+

Central memory CD4+ T cells CD14-CD19-CD56-CD3+CD8-
CD4+CD62L+CD45RA-

Effector memory CD4+ T cells CD14-CD19-CD56-CD3+CD8-CD4+CD62L-
CD45RA-

Effector memory with CD45RA | CD14-CD19-CD56-CD3+CD8-CD4+CD62L-

phenotype CD4+ T cells CD45RA+

Naive CD4+ T cells CD14-CD19-CD56-CD3+CD8-CD4+
CD62L+CD45RA+

Total CD8+ T cells CD14-CD19-CD56-CD3+CD8+CD4-

Central memory CD8+ T cells CD14-CD19-CD56-CD3+CD8+CD4-
CD62L+CD45RA-
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Effector memory CD8+ T cells CD14-CD19-CD56-CD3+CD8+CD4-CD62L-
CD45RA-

Effector memory with CD45RA | CD14-CD19-CD56-CD3+CD8+CD4-CD62L-

phenotype CD8+ T cells CD45RA+

Naive CD8+ T cells CD14-CD19-CD56-CD3+CD8+CD4-
CD62L+CD45RA+

2.4 Examining the Effect of IFN-A3 on PBMCs and CD8+ T cell Stimulation at the mRNA

Level.

2.4.1 RNA Extraction

RNA extraction was performed using cell pellets collected and a Direct-zol RNA
MicroPrep kit (Zymo Research), following the manufacturer’s instructions. Briefly, an equal
volume of Ethyl Alcohol Anhydrous (LES Alcools) was used to dilute cell lysate in TRIzol
(Ambion by Life Technologies). The diluted lysate was then transferred to a Zymo-Spin™ IC
Column (provided in the kit) in a Collection Tube (provided in the kit) and centrifuged. The
samples were then treated with DNase I (provided in the kit) for 15 mins at room temperature,
followed by prewash using Direct-zol™ RNA PreWash (provided in the kit) and wash using RNA
Wash Buffer (provided in the kit) respectively. RNA was then eluted with UltraPure Distilled
Water (Invitrogen) into 1.7 mL Microtubes (Axygen). RNase AWAY (Molecular BioProduct) was
used to clean the countertop and equipment. RNA concentration and purity (A260/280 ratio) were

measured on a NanoDrop Lite Spectrophotometer (Thermo Fisher Scientific).

2.4.2 cDNA Preparation

The extracted RNA was then used to prepare a cDNA mix using UltraPure Distilled Water
(Invitrogen) and SuperScript IV VILO Master Mix (Invitrogen). cDNA was prepared using an
S1000 Thermal Cycler (BIO-RAD), using the following program: Step 1: 25°C for 10 mins; Step
2: 50°C for 10 mins; Step 3: 85°C for 5 mins. The cDNA obtained was stored in a -20°C freezer

until being used for downstream analyses.

2.4.3 Real-time Reverse Transcription Polymerase Chain Reaction (RT-qPCR)
All data was obtained using the QuantStudio™ 3 Real-Time PCR System (Applied
Biosystems) or Roche LightCycler (Roche Diagnostics GmbH). For the QuantStudio 3 system,

ROX passive reference dye was embedded in the program before or after data acquisition to
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normalize differences within each run. Primers used in RT-qPCR including /L3, TNF, IFNG, IL2,
GZMB, IFITI1, IFI44, mIFNLRI, sIFNLRI, and IL4. Primers (details included in Table 5),
UltraPure distilled water (Invitrogen), and the PowerSYBR Green PCR Master Mix (Applied
Biosystems) were used to make the master mix. The master mix for samples was loaded using a
repeater pipette (E3, Eppendorf) into either a 0.1 mL 96-well plate (Applied Biosystems) if using
QuantStudio 3 or LightCycler 480 Multiwell Plate 96 (Roche Diagnostics) if using Roche
LightCycler System, under an AirClean 600 PCR Workstation (AirClean Systems). After loading
all samples, a piece of MicroAmp Optical Adhesive Film (Applied Biosystems) was used to seal
the plate, followed by centrifugation (1000 rpm, 1 min, 10 °C) using the program described in
Table 4. A comparison of reference genes was conducted by calculating the standard deviation of
Cq of each reference gene candidate using PRISM 10 and GeNorm (https://genorm.cmgg.be/). The
data was processed using QuantStudio™ Design & Analysis Software for the QuantStudio3

system or LightCycler® 96 SW 1.1 for the Roche LightCycler.

Table 4. RT-qPCR program used in transcription analysis of IFN-A3-treated PBMCs.

Program Cycle Step Acquisition mode
Preincubation 1 95°C for 600s None
Power SYBR 40 95°C for 15s None
60°C for 60s Single
Melting 1 95°C for 10s None
60°C for 60s None
97°C for 1s Continuous

2.4.4 CD8+ T cell RNA Sequencing Sample Preparation, Validation, and Data Processing

RNA concentration was determined with the NanoDrop 1000 spectrophotometer
(NanoDrop Technologies), and RNA quality was assessed with the Agilent Bioanalyzer 2100
(Agilent Technologies). All samples passed Novogene's quality control (QC) test for both RNA
sample quality and sequencing quality. Bulk RNA sequencing data was analyzed using R (version
4.3.2). Gene set enrichment analysis (GSEA) was done on ranked differential gene expression data

to identify overrepresented pathways using GSEA (version 4.3.2). Visualization of
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overrepresented pathways was done using Cytoscape (version 3.10). Data cleaning and processing

were done with the help of Dayhoff Technologies and Testimony Olumade in the Santer lab.

2.5 Cytokine secretion analyses using the enzyme-linked immunosorbent assay (ELISA)

2.5.1 ELISA

ELISA kits used to detect cytokine in cell supernatant following manufacturer’s
instructions, including ELISA MAX Deluxe Set Human IFN-y kit (BioLegend), Human IFN
Gamma Uncoated ELISA Kit (Invitrogen), Human IL-13 Uncoated ELISA Kit (Invitrogen),
Human TNF alpha Uncoated ELISA Kit (Invitrogen), and DuoSet Human Granzyme B (R&D
Systems). All shaking in this ELISA section used a Microplate Genie Digital Shaker (Scientific
Industries) at 600 rpm. EIA/RIA No Lid 96 Well Easy Wash Plate (Costar) was coated with the
coating antibody diluted in the coating buffer (provided in the kit) or Ix DPBS on a plate shaker
at 4°C overnight. After washing three times using ELISA wash buffer (recipe included in Table 6)
and decanted, plates were loaded with a blocking agent, either ELISA diluent [1% BSA (Sigma)
in DPBS (Gibco)] or 1x reagent diluent (provided in the kit), decanted and followed by another
three times of washing. Samples were diluted on a non-treated, 96 wells-U, sterilized Tissue
Culture Plate (Avantor (VWR)) using ELISA diluent (provided in ELISA kit or 1%BSA in DPBS
depending on specific kit) and then loaded to the blocked 96-well plate with standards in duplicate,
followed by 2-hour incubation with shaking at room temperature. After 2 hours of incubation and
three times washing with ELISA wash buffer, Detection antibodies (provided in the kit) were
loaded onto the plate and incubated for 1.5 hours at room temperature with shaking after decanting.
Then, the plate was washed and decanted, loaded with Streptavidin-HRP (provided in each kit)
and incubated for 30 mins covered by tin foil at room temperature with shaking. After three times
washing, a substrate solution (provided by each kit) was loaded onto the plate after washing and
aspirating the plate, followed by 30-min incubation covered by tin foil at room temperature with
shaking. Stop solution (R&D Systems) systems were added to terminate the reaction. Optic reading
was obtained from Spectra MAX 190 Spectrophotometer (Molecular Devices), with a wavelength
correction done using the reading at 570 nm minus the reading at 450 nm. Data analysis was done

using a standard curve and calculation by SoftMax Pro Software (Molecular devices).
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2.5.2 Intracellular flow staining evaluating the impact of IFN-13 on naive CD4+ T cell
polarization.

Cells collected from Th1 and Th2 cell polarization with IFN-A3 treatment were transferred
to 1.2 mL microtiter tubes, then topped up by adding 700 uL DPBS and spin at 350 g, 4°C, for 7
mins. They were then resuspended using 1x Intracellular staining stimulation master mix (recipe
included in Table 6) and incubated for 5 hours at 37°C in a cell incubator with 5% CO,. Cell
viability was evaluated using Zombie AQUA Dye (BioLegend), stained for 20 mins, and covered
with tin foil at 4°C. Samples were then washed with the Flow buffer (recipe included in Table 6)
and blocked using ChromPure Human IgG (Jackson Immuno Research Laboratories INC) diluted
in Flow buffer to 150 pg/mL for 30 mins at room temperature to reduce the antibody unspecific
binding. After washing, the Flow fixation buffer (recipe included in Table 6) was added to fix
cells for 15 mins at room temperature in the dark, followed by washing using the flow buffer. Perm
wash buffer [Intracellular Staining Perm Wash Buffer (10x) (BioLegend) diluted in MilliQ water
to make 1x] was then used to permeabilize the cells, followed by resuspending cells in either Thl
[AF488 anti-IFN-y (BioLegend)] or Th2 [PE anti-IL-13 (BioLegend), APC anti-IL-4 (Invitrogen)
and AF488 anti-IFN-y (BioLegend)] cytokine staining cocktail diluted in the Perm wash buffer,
incubate for 40 mins in tin foil at 4 °C in the fridge. Samples were analyzed on LSRFortessa (BD
Biosciences). FlowJo software (v10, BD Biosciences) was used for data analysis and graph

generation.

2.6 Statistical Analyses

All analyses were performed using PRISM 10.2.2. For all comparisons, the normality of
each group was first determined by the Shapiro-Wilk test, D’ Agostino & Pearson test, Anderson-
Darling test, and Kolmogorov-Smirnov test determined whether each data set follows (Gaussian)
normality, and then one-way ANOVA was used to compare groups. If a group of data passes all
four tests, it is considered normal, which follows the Gaussian distribution (parametric); if not,
then it is considered not following the Gaussian distribution and is non-parametric. Then, if two
groups are compared, a t-test is performed, and the normal results are used to select the
“experiment design” section of the t-test (parametric or non-parametric). If more than two groups
are compared in the same panel and if all data follows the Gaussian distribution, then one-way or
two-way-ANOV A was used; non-parametric tests were used otherwise. For one-way and two-way

analysis, if there is a significant difference observed between groups, the multiple comparisons
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were made using Tukey’s multiple comparisons test or Dunnett’s multiple comparison test,

respectively.

For correlation studies, data groups were first tested for normality using the Anderson-
Darling, D’ Agostino & Pearson, Shapiro-Wilk, and Kolmogorov-Smirnov tests. If the data set
passes all four tests mentioned above, it is considered to follow a Gaussian distribution; otherwise,
it is considered not to follow a Gaussian distribution. Then, all data set comparisons were
computed using Pearson correlation coefficients (when following a Gaussian distribution) or non-

parametric Spearman correlation (when not following a Gaussian distribution).

2.7 Figure generation

Wherever indicated, figures were generated using BioRender.com. The flow dot plots were
generated through FlowJo™ v10.8 Software (BD Life Sciences). X-Y plots or bar graphs were
generated using GraphPad Prism version 10.0.0 (GraphPad Software).
2.8 Reagents, equipment, and other materials used in the experiments included in this

dissertation.
Table 5. Reagents, equipment, and other materials used in the experiments.

REAGENT or RESOURCE SOURCE IDENTIFIER
Blood drawing supply

Safety-Lok Blood Collection Set BD Vacutainer cat# 367281
Sodium heparin tube blood collection tube BD Vacutainer cat# 367874

Reagents / other materials

Lymphoprep™ Density gradient medium Stemcell Technologies | cat# 07851/07861
DPBS(1X) (Dulbecco's Phosphate-Buffered Gibco cat# 14190-144
Saline) without calcium & magnesium

Trypan Blue Stain (0.4%) Gibco cat # 15250-061
Ethylenediaminetetraacetic acid (EDTA), 0.5 thermo scientific cat# J15694-AE

M Solution, Molecular Biology Grade, Ultra-

pure
Dimethyl Sulfoxide (DMSO) Sigma Life Science D2650-100ML
Phytohemagglutinin-L (PHA-L) Solution Invitrogen cat# 00-4977-93
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Dynabeads Human T-Activator CD3/CD28 Gibco cat# 11161D

ImmunoCult Human CD3/CD28 T cell Stemcell Technologies | cat# 10971

Activator

Duvelisib (IPI-145) Selleck chem/ cat# S7028
Cedarlane

sp600125 Stemcell Tech cat# 72642

ZAP 180013, 10 mg, Tocris Bioscience Biotechne, Tocris cat# 6821/10
Bioscience

FK506, 5x10 mg Cedarlane cat# INH-FK5-5

TRIzol Reagent Ambion by life cat# 15596026
technologies

Ethyl Alcohol Anhydrous LES Alcools cat# POOGEAAN

(OR PO16EA95)

RNase AWAY Molecular BioProduct | cat# 7002

UltraPure Distilled Water Invitrogen cat# 10977

SuperScript IV VILO Master Mix Invitrogen cat# 11756050

PowerSYBR Green PCR Master Mix Applied Biosystems cat# 4367659

Paraformaldehyde 8% Aqueous solution, EM

Electron Microscopy

cat# 157-8-100

Grade Sciences

Brilliant Stain Buffer Plus BD Horizon cat# 566385
Zombie AQUA Dye BioLegend cat# 77143
Zombie NIR Dye BioLegend cat# 77184
Human TruStain FcX BioLegend cat# 422302

ChromPure Human IgG, whole molecule

Jackson Immuno
Research Laboratories

INC

cat# 009-000-003

Cell Stimulation Cocktail (500X) Invitrogen cat# 00-4970-93
(eBioscience)

Intracellular Staining Perm Wash Buffer (10x) | BioLegend cat# 421002

Brefeldin A solution (1000X) BioLegend cat# 420601
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BD CompBeads Negative Control BD cat# 51-90-
9001291

BD CompBeads Anti-Mouse Ig, k BD cat# 51-90-
9001229

Recombinant Human IFN-beta R&D SYSTEMS cat# 8499-IF-
010/CF

UofA IFN-A3 (2023) provided by Dr. NA

Wakarchuk, University
of Alberta

Recombinant Human IL-28B/IFN-lambda 3 Bio-Techne 5259-1L-025/CF
Protein

Ultra-LEAF Purified anti-human IL-4 (clone BioLegend cat# 500838
8D4-8)

Ultra-LEAF Purified anti-human IFN-y (clone | BioLegend cat# 506532
4S.B3)

Ultra-LEAF Purified anti-human CD28 (clone | BioLegend cat# 302934
CD28.2)

Ultra-LEAF Purified anti-human CD3 (clone BioLegend cat# 300331
HIT3a)

Recombinant Human IL-2 carrier-free BioLegend cat# 589104
Recombinant human IL-12 (p70) carrier-free BioLegend cat# 573002
Recombinant human IL-4 carrier-free BioLegend cat# 574002
Recombinant Human IL-2 carrier-free BioLegend cat# 589104
EasySep™ Magnet Stemcell technologies cat# 18000
Substrate Reagent Pack R&D Systems DY999B
Stop Solution (15 x 6 mL) R&D Systems DY 994
Kits

EasySep Human CD4+ T Cell Enrichment Kit | Stemcell technologies cat# 19052
EasySep Human CD8+ T Cell Enrichment Kit | Stemcell technologies cat# 19013
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EasySep Human Naive CD4+T Cell Isolation Stemcell technologies cat# 19555

Kit

Direct-zol RNA MicroPrep 50 preps ZYMO Research cat# R2060
ELISA MAX Deluxe Set Human IFN-y BioLegend cat# 430104
Human IFN Gamma Uncoated ELISA Kit Invitrogen cat# 88-7316-88
Human IL-13 Uncoated ELISA Kit Invitrogen cat# 88-7439-88
Human TNF alpha Uncoated ELISA Kit Invitrogen cat# 88-7346-88

DuoSet Human Granzyme B (5 plate)

R&D Systems

cat#t DY2906-05

Agilent RNA 6000 Nano Kit (kindly provided | Agilent Technologies cat# 5067-1511

by Dr. Neeloffer Mookherjee)

Primers

Primer: HPRT IDT (Integrated DNA ref# 308728418

Primer 1: 5°- Technologies)

CCCCAAAATGGTTAAGGTTGC-3’

Primer 2: 5°-

AACAAAGTCTGGCCTGTATCC-3°

Primer: hRPL13A R IDT (Integrated DNA ref# 304888491

Primer: 5’-TTG AGG ACC TCT GTG TAT Technologies)

TTG TCA A-3°

Primer: hRPL13A F IDT (Integrated DNA ref# 304888490

Primer: 5’-CCT GGA GGA GAA GAG GAA Technologies)

AGA GA-3°

Primer: hIF144 F IDT (Integrated DNA ref# 304888496

Primer: 5’-CCA CCG AGA TGT CAG AAA Technologies)

GAG-¥

Primer: hIF144 R IDT (Integrated DNA ref# 304888497

Primer: 5’-TGG TAC ATG TGG CTT TGC Technologies)

TC-3°

Primer: hIFIT1 F IDT (Integrated DNA ref# 304888492
Technologies)
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Primer: 5’-AGA AGC AGG CAATCA CAG
AAAA-3

Primer: hIFIT1 R IDT (Integrated DNA ref# 304888493
Primer: 5’-CTG AAA CCG ACC ATA GTG Technologies)

GAAAT-3’

Primer: hSDHA (Geigges) R IDT (Integrated DNA ref# 304888512
Primer: 5’-CTC CAT GTT CCC CAG AGC Technologies)

AG-3’

Primer: hSDHA (Geigges) F IDT (Integrated DNA ref# 304888511
Primer: 5’-CTC CAT GTT CCC CAG AGC Technologies)

AG-3’

Primer: hHPRT1 F IDT (Integrated DNA ref# 304888488
Primer: 5’-TGA CAC TGG CAA AAC AAT Technologies)

GCA-3°

Primer: hHPRT1 R IDT (Integrated DNA ref# 304888498
Primer: 5’-TGA CAC TGG CAA AAC AAT Technologies)

GCA-3°

Primer: hGUSB F IDT (Integrated DNA ref# 304888505
Primer: 5°’-AAG TCC TTC ACC AGC AGC G- | Technologies)

3’

Primer: hGUSB R IDT (Integrated DNA ref# 304888506
Primer: 5°’-CCA CGG TGT CAA CAA GCA T- | Technologies)

3’

Hs IL13 1 SG (IL13) QIAGEN cat# QT00000511
Hs B2M 1 SG (B2M) QIAGEN cat# QT00088935
Hs IL2 1 SG (IL2) QIAGEN cat# QT00015435
Hs IFNG 1 SG (IFNG) QIAGEN cat# QT00000525
Hs TNF 1 SG (TNF) QIAGEN cat# QT00029162
Primer: mIFNLR1 743 F IDT (Integrated DNA ref# 304888498
CACGGGCCCTGGACTTTTCT Technologies)
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Primer: m/s IFNLR1 R IDT (Integrated DNA ref# 304888499
CTGCAAGGTCCTTCTTCCATCTT Technologies)

Flow cytometry antibodies used in actual staining

BUV395 Mouse Anti-human CD4 antibody BD Horizon cat# 563550
clone SK3

AF700 anti-human CD3 antibody clone BioLegend cat# 300424
UCHTI

BUV737 anti-human CD8 antibody clone SK1 | BD Biosciences cat# 564629

BUV496 anti-human CD19 antibody clone eBioscience cat# 364-0198-41

SJ25C1 (Invitrogen)

BUV496 anti-human CD14 antibody clone eBioscience cat# 364-0149-41

61D3 (Invitrogen)

Anti-Hu CD56 (NCAM) Super Bright 780 eBioscience cat# 78-0566-41

antibody clone TULY 56 (Invitrogen)

PE anti-human CD210b (IL-10RB) Antibody BioLegend cat# 396803

clone S17009F

Anti-human CD71 APC antibody clone OKT9 | eBioscience cat# 01-0719-42
(Invitrogen)

Alexa Fluor 488 anti-human CD62L antibody | BioLegend cat# 304816

clone dreg-56

Brilliant Violet 421 anti-human CD45RA BioLegend cat# 304130

antibody clone HI100

Brilliant Violet 421 anti-human CD69 antibody | BioLegend cat# 310929

clone FN50

Alexa Fluor 488 anti-human IFN-y clone 4S.B3 | BioLegend cat# 502517

PE Anti-human IL-13 antibody clone JES10- BioLegend cat# 501903

5A2

APC Anti-human IL-4 antibody clone 8D4-8 eBioscience cat# 17-7049-41
(Invitrogen)
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APC/Cy7 anti-human CD19 antibody clone BioLegend cat# 302218
HIB19

FITC anti-human CDS antibody clone SK1 BioLegend cat# 344704
Anti-human CD4-PE/Cy7 antibody clone RPA- | Invitrogen cat# 25-0049-41
T4 (eBioscience)

PE-SA (Streptavidin) clone NA eBioscience cat# 12-4317-87

Flow cytometry antibodies/reagents used in compensation control

BV510 anti-human CD4 clone SK3 BioLegend cat# 344633
APC anti-human CD307e (FcRL5) clone BioLegend cat# 340305
509Ff6
BUV395 Mouse Anti-Human CD4 clone SK3 | BD Horizon cat# 563550
BUV496 Mouse Anti-Human CD19 clone BD Horizon cat# 612938
SJ25Cl1
BV421 anti-human CD24 clone ML5 BioLegend cat# 311100
PE anti-human CD45RB clone MEM-55 BioLegend cat# 310204
AF488 anti-human CD1l1c¢ clone Bul5 BioLegend cat# 337236
BV786 Mouse anti-Human CD27 clone L128 BD Horizon cat# 563327
BUV737 Mouse anti-Human CD38 clone HB7 | BD Horizon cat# 612824
PE/Cy7 anti-human CD21 clone Bu32 BioLegend cat# 354912
AF700 anti-human CD45 clone 2D1 BioLegend cat# 368514
APC/Cy7 anti-human CD3 clone UCHT1 BioLegend cat# 300426
BD CompBeads Negative Control BD cat# 51-90-
9001291
BD CompBeads Anti-Mouse Ig, k BD cat# 51-90-
9001229
Machine and equipment
AirClean 600 PCR Workstation AirClean Systems NA
Spectra MAX 190 Plate Reader (for ELISA) Molecular Devices NA
QuantStudio™ 3 Real-Time PCR System Applied Biosystems cat# A28567
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LightCycler® 96 System Roche Diagnostics NA
GmbH
NanoDrop Lite Spectrophotometer Thermo Fisher SN# 2983
Scientific
S1000 Thermal Cycler BIO-RAD SN# SC007001
2100 Bioanalyzer Instrument Agilent Technologies NA
CytoFLEX LX Digital Flow Cytometry Beckman Coulter NA
Analyzer
LSRFortessa Flow Cytometry Analyzer BD NA

Microplate Genie Digital Shaker

Scientific Industries

SN# M4A-1015

Consumables

Nunc™ Cell-Culture Treated Multidishes, 24-

Thermo Scientific

cat# 142475

well plate

5 mL Polystyrene Round-bottom tube (sterile) | Falcon (Fisher cat# 352054
Scientific)

5 mL polystyrene round-bottom tube (non- Falcon (Fisher cat# 14-959-5

sterile) Scientific)

Tissue Culture Plate 96 wells, Round Bottom Fisherbrand cat# FB012932

(treated)

Tissue Culture Plate, Non-treated, 48 well, Avantor (VWR) cat# 734-2780

sterilized

Tissue Culture Plate, Non-treated, 96 wells U, | Avantor (VWR) cat# 10861-564

sterilized

Tissue Culture Plate, Nunclon Delta Surface,

24-well

Thermo Scientific

cat# 142475

Biosphere SafeSeal Tube 0.5 mL Sarstedt AG&Co cat# 72.704.200
Microtest plate 96-well, C (¢ = conical) Sarstedt AG&Co cat# 82.1583.001
15 ml Conical Centrifuge Tube, Bulk, Pack of | Thermo Fisher cat# 339650

50

Microtiter tube

Fisherbrand

cat# 02-681-376
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LightCycler 480 Multiwell Plate 96, white

Roche Diagnostics

GmbH

cat# 4729692001

MicroAmp Fast 96-well Reaction Plate (0.1
mL)

Applied Biosystems cat# 4346907

MicroAmp Optical Adhesive Film

Applied Biosystems cat# 4311971

Software

LightCycler® 96 SW 1.1

Roche Diagnostics

GmbH

NA

QuantStudio™ Design & Analysis Software

Applied Biosystems NA

and analysis)

GraphPad Prism version 10.0.0 GraphPad Software NA
FlowJo™ v10.8 Software BD Life Sciences NA
SoftMax Pro Software (ELISA data acquisition | Molecular Devices SN# N02712

ref#, reference number; cat#, catalog number; NA, not applicable.

Table 6. Recipe for making buffer, media, or other reagents used in experiments.

Reagents

Source

Cat#

Complete RPMI 1640 media (supplemented with 10% FBS, 1% 2-4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), 1%Penstrep, 1% Glutamax)

RPMI Medium (1X) [-] L-Glutamine Gibco cat# 21870-076
Fetal Bovine Serum Corning cat# 35-077-CF
Pen Strep (Penicillin Streptomycin) Gibco cat# 15140-122
HEPES (1M) Buffer Solution Gibco cat# 15630-080
GlutaMAX (100X) Gibco cat# 35050-06

Complete OpTmizer CTS T-Cell Expansion medi

a (supplemented with % Pen Strep)

OpTmizer CTS T-Cell Expansion Basal Medium

Gibco

cat# A10221-01

Pen Strep (Penicillin Streptomycin)

Gibco

cat# 15140-122

and 1x Glutamax)

Complete ImmunoCult-XF T Cell Expansion Medium (supplemented with 1% Pen Strep,

Pen Strep (Penicillin Streptomycin)

Gibco

cat# 15140-122
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GlutaMAX (100X)

Gibco

cat# 35050-06

ELISA blocking reagent/diluent (1%BSA in PBS)

Bovine Serum Albumin

Sigma

catf# A9647-100G

DPBS(1X) (Dulbecco's Phosphate-Buffered Saline)

without calcium & magnesium

Gibco

cat# 14190-144

ELISA wash buffer (0.05% Tween in 1% PBS)

Sodium Phosphate Monobasic Monohydrate (500 g)
NaH>PO4-H,O

Fisher Scientific

cat# S369-500

Sodium Phosphate Dibasic Anhydrous (1kg)
Na;HPO4

Fisher Scientific

cat#t BP-332-1

Sodium Chloride (3 kg) NaCl Fisher Chemical [cat# S271-3

Polysorbate 20 (Tween® 20) Fisher cat# BP337-500
BioReagents

Flow buffer (2% FBS in 1x DPBS)

Fetal Bovine Serum Corning cat# 35-077-CF

DPBS(1X) (Dulbecco's Phosphate-Buffered Saline)

without calcium & magnesium

Gibco

cat# 14190-144

Flow fixation buffer (2%PFA diluted with 1xDPBS)

DPBS(1X) (Dulbecco's Phosphate-Buffered Saline)

without calcium & magnesium

Gibco

cat# 14190-144

Paraformaldehyde 8% Aqueous solution, EM Grade

Electron
Microscopy

Sciences

cat# 157-8-100

above to 1x)

Intracellular staining stimulation cocktail (diluted with Complete RPMI 1640 media listed

Cell Stimulation Cocktail (500X) [nvitrogen cat# 00-4970-93
(eBioscience)
Brefeldin A solution (1000X) BioLegend cat# 420601

Intracellular staining permeabilization wash buffer (Diluted in MilliQ water to 1x)

Intracellular Staining Perm Wash Buffer (10x)

BioLegend

cat# 421002
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Stemcell buffer (1 mM EDTA & 2%FBS in 1xDPBS)

DPBS(1X) (Dulbecco's Phosphate-Buffered Saline)Gibco cat# 14190-144
without calcium & magnesium

Fetal Bovine Serum Corning cat# 35-077-CF
Ethylenediaminetetraacetic acid (EDTA), 0.5 M|Thermo cat# J15694-AE
Solution, Molecular Biology Grade, Ultra-pure Scientific
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CHAPTER 3. RESULTS

3.1 Aim 1. To quantify IFN-AR at the protein level on human T cells at baseline and after

activation/polarization.

3.1.1 Investigate the Protein Levels of IFN-AR1 and IL-10RB at the Baseline on the Surface of
CD4+ and CD8+ T cell Subsets.

Hypothesis: Human CD8+ T cells express a higher level of IFN-ARI but a similar level of IL-10RB
on the cell surface than CD4+ T cells at the steady state.

Previously, all IFN-AR1 studies relied on mRNA level detection or indirect quantification,
such as histidine-tagged IFN-A measurement.!” To directly study IFN-AR 1, we needed an antibody
that can detect IFN-AR1 on the cell surface, which is the unique and high-affinity component of
IFN-AR. Through collaboration with a company (PBL Assay Science) and two other labs, we
recently identified and published two monoclonal antibodies specific for human IFN-AR1 derived
from the same parental clone (HLR9 and HLR14) that our lab optimized for flow cytometry
analyses. Both clones bound IFN-AR1 on various cell lines that are known to express IFN-ARI,
including in Huh7.5 (hepatoma cell line), A549 (lung epithelial carcinoma cell line), Caco-2 (colon
epithelial carcinoma), and Daudi cells (B cell lymphoblast, Burkitt’s lymphoma cell line), with 40%
to 80% positivity.!”” Using a biotinylated version of HLR14 for multi-colour flow cytometry, I
performed the experiments with Olamide Ogungbola with Figure 4 in the publication, which shows
for the first time the distribution of IFN-AR1 on total human CD4+ T cells, CD8+ T cells, B cells,
and pDCs within PBMCs from 5 donors.!®” In the rest of my unpublished data, I used biotinylated
HLRO anti-IFN-AR1 to enable larger multi-colour flow cytometry panels to characterize IFN-AR1

levels on human T cell subsets at baseline and after activation.***
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Figure 9. Gating strategy sample for CD4+ and CD8+ T cells in whole PBMCs.

Gating strategy for central memory (Tcm) (CM), effector memory (Tem) (EM), effector memory
with CD45 RA phenotype (Temra) (EMRA), naive (Naive), and total CD4+ T cells (A) and
CD8+ T (B) cells are shown. Numbers in the flow dot plot represent the percentage of cells
(events) of the respective gate of the parental population. The gating strategy is a representative

of five experiments.
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Figure 10. The baseline IL-10RB level is comparable on CD4+ and CD8+ T cells, similar on
memory subsets and naive T cells.

(A-E) Multi-colour flow cytometry of healthy donor whole PBMCs. (A) IL-10RB+% with
sample PE FMO and IL-10RB PE sample staining dot plot and compiled bar graph; (B) IL-
10RB median fluorescent intensity (MFI) on total CD4+ and CD8+ T cells. IL-10RB+% and
IL-10RB MFI of FMO were subtracted to normalize IL-10RB+% and IL-10RB MFI. Paired t-
test; IL-10RB+% and MFI of IL-10RB in (C) CD4+ T cell and CD8+ T cell (D) subsets.
Comparisons in (C) and (D) via one-way ANOVA and Tukey’s multiple comparison post-test
to compare groups. ns, p > 0.05; *, p < 0.05. Central memory (Tcm) (CM), effector memory
(Tem) (EM), effector memory with CD45 RA phenotype (Temra) (EMRA), naive (Naive). CD4
T, CD4+ T cells; CD8 T, CD8+ T cells. Each dot colour in the column graphs represents cells
from a different healthy donor. Data are mean = SEM, n=5.
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Now, with the ability to quantify IFN-AR1 surface levels, the first goal of my project was
to fully characterize IFN-AR1 levels on CD4+ and CD8+ T cells, including multiple subsets, at
steady state. Santer ef al. showed that at the mRNA level, /JFNLR1 expression is higher on CD8+
T cells compared to CD4+ T cells and barely detected in NK cells, monocytes, and neutrophils;
ILI0RB mRNA was detected in all abovementioned immune cell types.'*! We isolated PBMCs
from 5 healthy donors, stained the cells and analyzed IFN-AR levels on different cell types. Using
gating strategies shown in Figure 9, we examined the level of IFN-AR on total CD4+ and CD8+
T cells and subsets of T cells, including Tem, Tem, Temra, and naive T cells. I chose to look at
these subsets because they play a distinct role in generating immune responses and have different
functions. IL-10RB was detected on almost 100% of CD4+ and CD8&+ T cells. However, no
difference in IL-10RB+% was observed between total CD4+ and CD8+ T cell populations (Figure
10A and 10B). For CD4+ T cells, the highest IL-10RB levels were seen on Tcwm cells, followed by
naive cells (p < 0.05) and then Tewm cells (p < 0.05). Temra expressed the lowest levels of IL-10RB
(» < 0.01) compared to other cell types (Figure 10C). For CD8+ T cells, all four subsets had
comparable IL-10RB levels (MFI and percentage). (Figure 10D). We also checked cell viability
using Zombie AQUA dye, and we found that more than 94% of the cells were alive (Figure 10E).

Next, I quantified IFN-AR1 and found a significantly greater percentage of IFN-AR1+
CD8+ T cells in all healthy donors compared to matched CD4+ T cells (p < 0.05) (Figure 11A).
This was consistent when also measuring IFN-AR1 MFI (Figure 11B). The lowest proportion of
CD4+ T cells expressed the IFN-AR1 on the cell surface compared to all other subsets was seen in
naive CD4+ T cells (Figure 11C), with less than 2% of IFN-AR1+ and CD8+ T cells with less
than 5% IFN-AR1+ (Figure 11D). While Temra CD4+ T cells had the highest IFN-AR1+%
detectable among CD4+ T cells (average around 4.5%), Tem CD8+ T cells had the highest IFN-
AR1+% detectable among CD8+ T cells (average 22%) (Figure 11C and 11D).
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Figure 11. At steady state, more IFN-AR1 is expressed on CD8+ T cells than CD4+ T cells
and more is also detected on memory than naive T cell subsets.

(A) IFN-AR1+% with sample PE FMO and IFN-AR1 sample staining dot plot and compiled bar
graph; (B) IFN-AR1 median fluorescent intensity (MFI) in total CD4+ and CD8+ T cells. IFN-
AR1+% and IFN-AR1 MFI of FMO were subtracted from respective actual staining to calculate
actual IFN-AR1+% and IFN-AR1 MFI. Paired t-test. IFN-AR1+% and MFI of IFN-AR1 in (C)
CD4+ T cell and (D) CD8+ T cell subsets. Comparisons in (C and E) one-way ANOVA and
Tukey’s multiple comparison test. ns, p > 0.05; *, p < 0.05; **, p <0.01. Central memory (Tcwm)
(CM), effector memory (Tem) (EM), effector memory with CD45 RA phenotype (Temra)
(EMRA), naive (Naive). CD4T, CD4+ T cells; CD8 T, CD8+ T cells. Each dot colour in the
column graphs represents cells from a different healthy donor. Data are mean + SEM, n=5.
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3.1.2 Investigate if Various TCR Stimulation Conditions Alter IFN-AR Levels on the Surface of
CD4+ and CD8+T Cell Subsets within PBMCs.

Hypothesis: TCR stimulation by anti-CD3 and anti-CD28 upregulates the level of IFN-ARI but
does not alter IL-10RB level on human CD4+ and CD8+ T cell surface within PBMCs.

Published data from our group previously showed that upon TCR stimulation, /FNLR]
mRNA increased in human CD4+T cells sorted from PBMCs stimulated with anti-CD3 and anti-
CD28.14! CD8+ T cell data was not included in the publication. We wanted to investigate whether
a similar change applies at the protein level and whether the magnitude of IFN-AR1 upregulation
is related to the upregulation magnitude of an activation marker of TCR stimulation. To address
that, we used different anti-CD3 and anti-CD28 concentration combinations. There was not a
significant difference in IFN-AR1+% and IFN-AR1 MFI when PBMCs were stimulated with anti-
CD3 at 0.3pug/mL and 1 pug/mL (data not shown), so we used a lower anti-CD3 concentration (0.03
png/mL) to elucidate the relationship between the percentage of T cells expressing IFN-AR1 and
IFN-ART1 levels. To mimic the stimulation that T cells are receiving, we used plate-bound anti-
CD3 as it resembles the TCR stimulation by crosslinking the CD3 component of TCR. Meanwhile,
we added anti-CD28 into cell culture media as in vivo, the co-stimulatory signal is not known as a
stagnant interaction. Known as transferrin receptor, CD71 level is detectable on T cells as early as
6-8 hours post-stimulation; previous studies have shown its levels remain high till 72-hour post-
stimulation.”® We selected CD71 as a T cell activation marker for our studies to evaluate the

magnitude of TCR stimulation.
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Figure 12. Cell viability of total PBMCs did not significantly decrease among different
stimulation conditions on Day 1 and Day 3.

(A) Schematic design of the experimental setup. Briefly, whole PBMCs from healthy donors
were cultured with or without anti-CD3 and anti-CD28 at different concentrations and were
harvested after 24 and 72 hours for IFN-AR analyses. The levels of IFN-AR at the steady state
were analyzed by flows staining on Day 0. (B) Percentage of live cells (cells negative for Zombie
AQUA staining) in single-cell flow gate for whole PBMCs on Day 1 (left) and Day 3 (right)
post-culturing. Each colour of dots in the column graph represents a different healthy donor.
Numbers listed under the graph indicate the concentration of the respective antibody or PHA,
unit pg/mL. Comparisons were made between the respective condition average and Day 1
control without anti-CD3, anti-CD28, and PHA (second column from the left in (B)). all
comparisons not marked with a star(s) “*” indicate no significant differences via two-way
ANOVA and Tukey’s multiple comparison test. Data are mean = SEM, n=4. Panel (A) was
created with BioRender.com.
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Figure 13. TCR stimulation increases IFN-AR1 levels on CD4+ T cells.

(A) CD71 MFI on CD4+ T cell population under TCR stimulation conditions with or without
different concentrations of anti-CD3 (coated on the 24-well plate) and anti-CD28 (in cell culture
media suspension) on Day 1. (B) Gating strategy example for IFN-AR1+ CD8+ T cell PE FMO
and IFN-AR1 staining on Day 1 across different stimulation conditions. (C) IFN-AR1+% and
(D) IFN-AR1 MFI on CD4+ T cells on Day 1. For panels (A-D), the numbers listed under the
graph indicate the concentration of the respective antibody or PHA, unit pg/mL. All anti-CD3
were used to pre-coat the wells, anti-CD28 and PHA were added to cell suspensions. For (A),
(C-D), comparisons were made between the respective condition average and Day 1 control
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(without anti-CD3, anti-CD28, and PHA (second column from the left in (A-B, and D). (E) IFN-
AR1+% and (F) IFN-AR1 MFI for selected TCR stimulation conditions on CD4+ T cells from
Day 0 (baseline) to Day 3; in these two panels, all anti-CD3 used to coat wells was 0.3 pg/mL,
anti-CD28 was 1.5 pg/mL in cell suspension, PHA was 1 pg/mL in cell suspension if applicable.
All comparisons in (F-G) were made between the respective conditions and RPMI media control
(no anti-CD3, anti-CD28, and PHA) at the given time point (Day). For (A-B, E-G), IFN-AR1+%
and IFN-AR1 MFI of FMO were used to normalize IFN-AR1+% and IFN-AR1 MFI, respectively.

Each colour of dots in the column graph represents a different healthy donor. Comparisons in
panels (A), (C-F) all used two-way ANOVA and Dunnett’s multiple comparison test. *, p < 0.05;
** p <0.01; *** p < 0.005; **** p < 0.001; all comparisons not marked with a star(s) “*”
indicate no significant differences. Data are mean + SEM, n=4.

Using the experiment design shown in Figure 12A, we examined the cell viability using
Zombie AQUA staining with flow cytometry. We confirmed that more than 90% of total PBMCs
were viable under all stimulation conditions tested on Day 1 and Day 3 (anti-CD3 +/- anti-CD28
or PHA). On Day 1, the viability of PBMCs remained above 96% in all stimulated and
unstimulated conditions, but in the PHA-stimulated condition, which is around 90.8% (Figure
12B). On Day 3, the viability across conditions slightly dropped, but cells in all conditions still
had viability above 82%. (Figure 12B) Without any stimulation, CD71 levels (MFI) on CD4+ T
cells on Day 0 and Day 1 were at about 12. I tested two concentrations of anti-CD3 coating of the
plate, 0.03 and 0.3 pg/mL. Anti-CD3 alone did not significantly increase CD71 MFI, but anti-CD3
+ anti-CD28 stimulation significantly increased the CD71 MFI on CD4+ T cells in whole PBMCs
from, on average, 20 to about 280 on day 1 (p < 0.005), confirming the maximum stimulation
condition within my experiments (Figure 13A). Anti-CD28 alone did not significantly upregulate
CD71 and IFN-AR1 levels on CD4+ T cells, indicating that the T cell co-stimulatory signal itself
is not sufficient. (Figure 13A and 13B). PHA increased CD71 MFI by 8.4-fold compared to the

unstimulated condition (Figure 13A).

Next, I compared all the stimulation conditions for the specific upregulation of IFN-AR1.
Compared to the unstimulated control (2% IFN-AR1+), anti-CD3 at both concentrations caused an
upregulation of IFN-AR1 to 11.7 to 27.3%, and the max IFN-AR1 upregulation was seen with anti-
CD3 and anti-CD28 at the highest concentration tested (27.35) (p < 0.01) (Figure 13B-C). That
trend aligns with the CD71 expression pattern on the CD4+ T cell surface (Figure 13A). When
quantifying MFI, anti-CD3 alone or with anti-CD28, or PHA significantly upregulated IFN-AR1
levels (Figure 13D). In terms of the time course, the percentage of CD4+ T cells that express IFN-
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AR1 dramatically increased within the first 24-hour stimulation, reaching ~30% level, followed by
another minor increase on day 3 when cells were treated with both anti-CD3 and anti-CD28. A
similar trend was observed when only anti-CD3 was provided (Figure 13E). Anti-CD3 alone
induced a stronger increase in CD71 MFI, IFN-AR1 MFI, and IFN-AR1% in the CD4+ T cell
population compared to anti-CD28 alone, indicating CD3 signalling, in this context, plays a more

crucial role in upregulating IFN-AR1 compared to CD28 signalling (Figure 13A, 13B, and 13E).

63



>

» IL-10RB
4
107 0.25 0.26 0.57 0.96 0.61 1.36 0.79 PE
l i o} 0 04 0 0 4 o FMO
-4
[a]
(8]

o 97.5 97.8 946 90.8 91.7 88.5 87.3 IL-10RB
101 -
< o o e o & | @ | staining
[ )
ot o' ot o om0 o100 o100 00
Anti-CD3 0 0 0.03 0.3 0.03 0.3 0
Anti-CD28 0 15 0 0 1.5 15 0
PHA 0 0 0 0 0 0 1
B Cc
100 — 2000 -
L] . . .
S 80 | |5 M ‘e c3 1600
+ O - O .
P+~ 60— £+ 1200
+ . L +
s ¢ oz
28 40 g 800
ST A
g 20 =g 4004
0 0
Anti-CD3 0 0 0 00303 00303 0 Anti-CD3 0 0 0 0.03 0.3 0.03 03 0
PHA 0 0 0 0 0 0 0 1 PHA 0 0 0 0 0 0 0 1
Day 0 1 Day 0 1
D *k E dekde
100 — 5000 — dekedede
. -% <2 4000 —e— RPMI media (control)
[} c®
+ o —_ © i-
E ,: 60 - ; - 3000 - anti-CD3 only
s o3 —— anti-CD3 and anti-CD28
49 40+ @9 2000
Ry ez -+ PHA
5 20 - =2 £ 1000
0 0

0

0 1 3 1 3
Time (Days) Time (Days)

Figure 14. TCR stimulation increases IL-10RB levels on the CD4+ T cell surface on day 3.

(A) Gating strategy example for IL-10RB+ CD8+ T cell PE FMO and IL-10RB staining on Day
1 across different stimulation conditions. (B) IL-10RB+% and (C) IL-10RB MFI on CD4+ T
cells on Day 1. For panels (A-C), the numbers listed under the graph indicate the concentration
of the respective antibody or PHA, unit pg/mL. All anti-CD3 were used to pre-coat the wells,
and anti-CD28 and PHA were added to cell suspensions. For (B-C), comparisons were made
between the respective condition average and Day 1 control (without anti-CD3, anti-CD28, and
PHA (second column from the left in (A-B, and D). (D) IL-10RB+% and (E) IL-10RB MFI for
selected TCR stimulation conditions on CD4+ T cells from Day 0 (baseline) to Day 3; in these
two panels, all anti-CD3 used to coat wells was 0.3 pg/mL, anti-CD28 was 1.5 pg/mL in cell
suspension, PHA was 1 pg/mL in cell suspension if applicable. All comparisons in (D-E) were
made between the respective conditions and RPMI media control (no anti-CD3, anti-CD28, and
PHA) at the given time point (Day). For (B-E), IL-10RB+% and IL-10RB MFI of FMO were
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used to normalize IL-10RB+% and IL-10RB MFI, respectively. Each colour of dots in the
column graph represents a different healthy donor. Comparisons in panels (A, and C-F) all used
two-way ANOVA and Dunnett’s multiple comparison test. **, p <0.01; *** p <0.005; ****
p <0.001; all comparisons not marked with a star(s) “*” indicate no significant differences. Data
are mean =+ SEM, n=4.

The impact of TCR stimulation on IL-10RB on CD4+ T cells was less prominent than on
IFN-AR1. With a sample flow cytometry gating dot plot shown (Figure 14A), IL-10RB+% on
CD4+ T cells remained high and slightly decreased in one donor, with at least 80% of CD4+ T
cells under all stimulation conditions expressing IL-10RB on the cell surface for all donors (Figure
14B). IL-10RB MFI also remained relatively stable across different TCR stimulation with different
anti-CD3 concentrations, all of which stayed in the range of 1200 + 200 on Day 1. (Figure 14C)
IL-10RB+% on Day 1 decreased to below 80% when cells were treated with anti-CD3 alone, anti-
CD3 with anti-CD28, and PHA, from over 98% on Day 0, but on Day 3 the IL-10RB+% increased
back to over 95%, except PHA-treated cells, which remain below 80%. (Figure 14D) Interestingly,
even though IL-10RB MFI on CD4+ T cells remained at a comparable level on Day 1, anti-CD3
alone or anti-CD3 together with anti-CD28 significantly increased the IL-10RB MFI on CD4+ T
cells on Day 3 compared to the unstimulated or PHA-treated cells. (Figure 14E). Notice that PHA,
which serves as a potent T cell stimulation agent, did not up-regulate IL-10RB MFI of CD4+ T
cells or IL-10RB+% CD4+ T cells compared to unstimulated control on Day 1 and Day 3 like anti-
CD3 and anti-CD28 did (Figure 14D and 14E); however, up-regulation was seen for [FN-AR1
(Figure 13E and 13F).

For CD8&+ T cells within PBMCs, CD71 MFI in cells treated with anti-CD28 alone or
unstimulated were around 33. (Figure 15A) When stimulated with 0.3 pg/mL anti-CD3 alone,
CD71 MFI increased to 204, with an even higher CD71 MFI when anti-CD28 was provided at the
same time (453) (Figure 15A) PHA increased CD71 MFI to 159. (Figure 15A) Anti-CD3 alone
at 0.03 and 0.3 pg/mL increased IFN-AR1+% from ~4% to 18.8% and 33.3%, respectively.
(Figure 15B and 15C) Compared to anti-CD3 (0.3 pg/mL) alone (33.3%), CD8+ T cells in PHA-
treated PBMCs had a comparable IFN-AR1+% (31.2%). (Figure 15B and 15C) Although anti-
CD28 alone did not alter IFN-AR1+% in CD8+ T cells, however, when added with 0.3 pg/mL anti-
CD3, it promoted IFN-AR1+% CD8+ T cells from 33.3% to 38.3%. (p < 0.005) (Figure 15B and
15C). IFN-AR1 MFI showed a similar trend, that the combination of anti-CD3 with higher
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concentration induced a higher increase in IFN-AR1 MFI (Figure 15D). Notice the donor shown
in pink colour had a relatively lower magnitude up-regulation of CD71 MFI, IFN-AR1+% across
different stimulation conditions (Figure 15A and 15C); meanwhile, this donor had a 300% higher
IFN-AR1 MFI when stimulated with 0.3 pg/mL plate-bound anti-CD3 and 1.5 pg/mL anti-CD28
compared to the unstimulated control (Figure 15D). In CD8+ T cells from Day 1 to Day 3, IFN-
AR1 MFI and IFN-AR1+% increase, with a more significant magnitude seen in MFI, indicating
CD8+ T cells expressing more IFN-AR1 on the cell surface on average compared to baseline
(Figure 15E and 15F). Adding anti-CD3 and anti-CD28 led to the highest IFN-AR1 level among
all stimulation conditions on day 3 (Figure 15F). Notice in CD4+ and CD8+ T cells, anti-CD3
and anti-CD28 together upregulated CD71 and IFN-ARI to a higher level than anti-CD3 only,
confirming the role of co-stimulatory signal in regulating IFN-AR1 levels in both CD4+ and CD8+
T cells.
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Figure 15. TCR stimulation promotes IFN-AR1 levels on CD8+ T cells.

(A) CD71 MFI on CD8+ T cell population under TCR stimulation conditions with or without
different concentrations of anti-CD3 (coated on the 24-well plate) and anti-CD28 (in cell culture
media suspension) on Day 1. (B) Gating strategy example for IFN-AR1+ CD8+ T cell PE FMO
and IFN-AR1 staining on Day 1 across different stimulation conditions. (C) IFN-AR1+% and (D)
IFN-AR1 MFI on CD8+ T cells on Day 1. For panels (A-D), the numbers listed under the graph
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indicate the concentration of the respective antibody or PHA, unit pg/mL. All anti-CD3 were
used to pre-coat the wells, anti-CD28 and PHA were added to cell suspensions. For (A, and C-
D), comparisons were made between the respective condition average and Day 1 control
(without anti-CD3, anti-CD28, and PHA (second column from the left in (A-B, and D). (E) IFN-
AR1+% and (F) IFN-AR1 MFI for selected TCR stimulation conditions on CD8+ T cells from
Day 0 (baseline) to Day 3; in these two panels, all anti-CD3 used to coat wells was 0.3 pg/mL,
anti-CD28 was 1.5 pg/mL in cell suspension, PHA was 1 pg/mL in cell suspension if applicable.
All comparisons in (F-G) were made between the respective conditions and RPMI media control
(no anti-CD3, anti-CD28, and PHA) at the given time point (Day). For (A-B, E-F, and G), IFN-
AR1+% and IFN-AR1 MFI of FMO were used to normalize IFN-AR1+% and IFN-AR1 MFI,

respectively. Each colour of dots in the column graph represents a different healthy donor.
Comparisons in panels (A, and C-F) all used two-way ANOVA and Dunnett’s multiple
comparison test. *, p <0.05; **, p <0.01; *** p <0.005; **** < 0.001; all comparisons not
marked with a star(s) “*” indicate no significant differences. Data are mean + SEM, n=4.

Similar to CD4+ T cells, anti-CD3 and anti-CD28 treated CD8+ T cells in PBMCs had a
slightly reduced IL-10RB+%, from around 97% to 75% (Figure 16A and 16B). However, the
MFI of IL-10RB remains unaltered across different stimulation conditions (Figure 16C). IL-
10RB+% remained relatively constant from Day 0 to Day 3 when cells were treated with anti-CD3
alone, anti-CD28 alone, both, or PHA (Figure 16D). Meanwhile, IL-10RB MFI increased from
day 0 to day 3, with a more prominent increase post-one-day stimulation with anti-CD3-only
treatment, indicating it is likely that TCR stimulation selectively enhanced the surface level of IL-

10RB on a group of CD8+ T cells (Figure 16E).

To further elucidate the relevance between T cell activation and IFN-AR on the cell surface,
we compared the IFN-AR1+% and IFN-AR1 MFI between cell populations distinguished by the
activation marker expression on the cell surface. Known that the TCR signalling reduces the level
of CD62L on the T cell surface, CD62L had been considered an activation marker of T cells, with
a higher level of CD62L representing a “less” activated T cell.”® We added CD62L as an activation
marker and checked CD71+, CD71-, CD62+, and CD62L- separately. Across all stimulation
conditions tested, there was no significant difference in IFN-AR1+%, IFN-AR1 MFI, IL-10RB+%,
and IL-10RB MFI on CD4+ T cell populations between CD62L+ and CD62L- CD4+ T cells.
(Figure 17A and 17B). When using CD71 as the activation marker and examining the CD71-
positive and negative populations, the CD71-positive population CD4+ T cells had a higher IFN-
AR1+% than their CD71- counterpart when stimulated with 0.03 pg/mL of anti-CD3 and 1.5
pg/mL anti-CD28 (Figure 18A). The same difference was seen in MFI when anti-CD3 (0.03
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pg/mL) and anti-CD28 (1.5 pg/mL) were provided, where MFI was about 200 units higher, which
is 100% higher than that in CD71- cells (p < 0.05) (Figure 18A). When stimulated with anti-CD3
alone (0.03 pg/mL) or anti-CD3 (0.3 pg/mL) and anti-CD28 (1.5 pg/mL), CD71-positive CD4+
T cells also had significantly higher IFN-AR1 MFI than CD71+ negative CD4+ T cells on Day 1
(p <0.05) (Figure 18A). CD71+ CD4+ T cells did not differ from the CD71- population in terms
of IL-10RB+% (Figure 18B). However, IL-10RB MFI was significantly higher in CD71+ CD4+
T cells within PBMCs when cells were treated with anti-CD28 alone, anti-CD3 (0.03 pg/mL) with
anti-CD28, and untreated. (p < 0.05) (Figure 18B). We did not observe a disparity between the
IFN-AR1 or IL-10RB level between CD62L+ and CD62L- populations or between CD71+ and
CD71- populations in CD4+ T cells when treated with PHA (Figure 18A and 18B).

In CD8+ T cells, we observed higher levels of IFN-AR1 in CD62L- cells than in CD62L+
cells when cells were treated with anti-CD3 only (0.03 pg/mL) and when anti-CD3 (0.03 pg/mL)
was added together with anti-CD28 (Figure 19A). There were no differences between the CD62L+
and CD62L- populations in terms of [IFN-AR1+%, IL-10+%, and IL-10RB MFI (Figure 19A and
19B). Notice the levels of CD62L get downregulated on the cell surface during T cell activation.
CD71+ CD8+ T cells expressed 1.8-fold higher IFN-AR+% than CD71- CD8+ T cells when cells
were stimulated with anti-CD3 (0.03 pg/mL), with or without anti-CD28 (Figure 20A). When
examining IFN-AR1 MFI, CD71+ also had a higher level compared to their counterpart in all
stimulation conditions provided with anti-CD3 (p < 0.005), with the biggest absolute MFI
difference of 300 observed post-TCR stimulation with anti-CD3 (0.03 pg/mL) and anti-CD28
(Figure 20A). No difference was seen in IL-10RB levels comparing positive and negative

populations of CD71 or CD62L on Day 1 across different stimulations. (Figure 20B).
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Figure 16. TCR stimulation enhances IL-10RB levels on CD8+ T cells on day 3, but not on
day 1.

(A) Gating strategy example for [L-10RB+ CD8+ T cell PE FMO and IL-10RB staining on Day
1 across different stimulation conditions. (B) IL-10RB+% and (C) IL-10RB MFI on CD8+ T
cells on Day 1. For panels (A-C), the numbers listed under the graph indicate the concentration
of the respective antibody or PHA, unit pg/mL. All anti-CD3 were used to pre-coat the wells,
anti-CD28 and PHA were added to cell suspensions. For (B-C), comparisons were made between
the respective condition average and Day 1 control (without anti-CD3, anti-CD28, and PHA
(second column from the left in (A-B, and D). (D) IL-10RB+% and (E) IL-10RB MFI for
selected TCR stimulation conditions on CD8+ T cells from Day 0 (baseline) to Day 3; in these
two panels, all anti-CD3 used to coat wells was 0.3 pg/mL, anti-CD28 was 1.5 pg/mL in cell
suspension, PHA was 1 pg/mL in cell suspension if applicable. All comparisons in (D-E) were
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made between the respective conditions and RPMI media control (no anti-CD3, anti-CD28, and
PHA) at the given time point (Day). For (B-E), IL-10RB+% and IL-10RB MFI of FMO were
used to normalize IL-10RB+% and IL-10RB MFI, respectively. Each colour of dots in the
column graph represents a different healthy donor. Comparisons in (A, and C-F) all used two-
way ANOVA and Dunnett’s multiple comparison test. *, p <0.05; **, p <0.01; **** p <0.001;
all comparisons not marked with a star(s) “*” indicate no significant differences. Data are mean

+ SEM, n=4.
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Figure 17. CD62L+ and CD62L- CD4+ T cells express comparable levels of IFN-AR1 and
IL-10RB on the cell surface at baseline and post-TCR stimulation.

(A) IFN-AR1+% and IFN-AR1 MFI on CD62+ and CD62L- CD4+ T cells after 24-hour TCR
stimulation. (B) IL-10RB+% and IL-10RB MFI on CD62L+ and CD62L- CD4+ T cells after 1-
day TCR stimulation. Each colour of dots in the column graph represents a different healthy
donor. The table below the x-axis indicates the concentration of anti-CD3, anti-CD28, or PHA,
unit pg/mL. IFN-AR1+% and IFN-AR1 MFI of FMO were used to normalize IFN-AR1+% and
IFN-AR1 MFI. Two-way ANOVA and Dunnett’s multiple comparison tests were used to
compare the indicated IFN-AR components between CD62L+ and CD62- CD4+ T cell
populations at different stimulation contexts. *, p < 0.05; **, p < 0.01; *** p < 0.005; **** p
< 0.001; all comparisons not marked with a star(s) “*” indicate no significant differences. Data
are mean + SEM, n=4.
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Figure 18. More activated CD4+ T cells express significantly higher levels of IFN-AR1 and
IL-10RB in certain stimulation conditions.

(A) IFN-AR1+% and IFN-AR1 MFI on CD71+ and CD71- CD4+ T cells after 24-hour TCR
stimulation. (B) IL-10RB+% and IL-10RB MFI on CD71+ and CD71- CD4+ T cells after 1-day
TCR stimulation. Each colour of dots in the column graph represents a different healthy donor.
The table below the x-axis indicates the concentration of anti-CD3, anti-CD28, or PHA, unit
pg/mL. IFN-AR1+% and IFN-AR1 MFI of FMO were subtracted from respective actual staining
to calculate actual IFN-AR1+% and IFN-AR1 MFI. Two-way ANOVA and Dunnett’s multiple
comparison test were used to compare the indicated IFN-AR components between CD71+ and
CD71- CD4+ T cell populations at different stimulation contexts. *, p < 0.05; *** p < 0.005;
waxx p < 0.001; all comparisons not marked with a star(s) “*” indicate no significant
differences. Data are mean + SEM, n=4.
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AR1+% on less activated CD8+ T cells post-TCR stimulation.

(A) IFN-AR1+% and IFN-AR1 MFI on CD62L+ and CD62L- CD8+ T cells after 24-hour TCR
stimulation. (B) IL-10RB+% and IL-10RB MFI on CD62L+ and CD62L- CD8+ T cells after 1-
day TCR stimulation. Each colour of dots in the column graph represents a different healthy
donor. The table below the x-axis indicates the concentration of anti-CD3, anti-CD28, or PHA,
unit pg/mL. IFN-AR1+% and IFN-AR1 MFI of FMO were subtracted from respective actual
staining to calculate actual IFN-AR1+% and IFN-AR1 MFI. Two-way ANOVA was used to
compare the indicated IFN-AR components between CD62L+ and CD62L- CD8+ T cell
populations at different stimulation contexts. *, p < 0.05; all comparisons not marked with a

star(s) “*” indicate no significant differences. Data are mean £ SEM, n=4.
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Figure 20. Upon TCR stimulation, more activated CD8+ T cells express more IFN-AR1 and
IL-10RB than their counterpart, while IFN-AR1+% and IL-10RB+% remain comparable.

(A) IFN-AR1+% and IFN-AR1 MFI on CD71+ and CD71- CD4+ T cells after 24-hour TCR
stimulation. (B) IL-10RB+% and IL-10RB MFI on CD71+ and CD71- CD4+ T cells after 1-day
TCR stimulation. Each colour of dots in the column graph represents a different healthy donor.
The table below the x-axis indicates the concentration of anti-CD3, anti-CD28, or PHA, unit
pg/mL. IFN-AR1+% and IFN-AR1 MFI of FMO were subtracted from respective actual staining
to calculate actual IFN-AR1+% and IFN-AR1 MFI. Two-way ANOVA and Dunnett’s multiple
comparison test were used to compare the indicated IFN-AR components between CD71+ and
CD71- CD4+ T cell populations at different stimulation contexts. *, p < 0.05; **, p < 0.01; ***,
p < 0.005; **** p <0.001; all comparisons not marked with a star(s) “*” indicate no significant
differences. Data are mean + SEM, n=4.
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Table 7. IFN-AR1 MFI on total CD4+ and CD8+ T cells is positively correlated to CD71
MFTI on both Day 1 and Day 3.

Data set from GroupA GroupB Correlation | Correlation
p-value Pearsonr
CD71 MFI in total IFN-AR1 MFl in total Rk 0.7440
CD4+ T cells CD4+ T cells <0.0001 :
Day 1
CD71 MFI in total IFN-AR1 MFl in total Rk 0.8741
CD8+ T cells CD8+ T cells <0.0001 :
CD71 MFI in total IFN-AR1 MFl in total Rk 0.7436
CD4+ T cells CD4+ T cells <0.0001 :
Day 3
CD71 MFI in total IFN-AR1 MFl in total Rk 0.7160
CD8+ T cells CD8+ Tcells <0.0001 :

All correlation statistical analysis was done between “Group A” and “Group B” in the table on
PRISM 10. Data set comparison computation used either Pearson correlation coefficients (when
following a Gaussian distribution) or non-parametric Spearman correlation (when not following
a Gaussian distribution). ns, p > 0.05; **** p < 0.0001.

We showed that in PBMCs, TCR stimulation upregulates the levels of IFN-AR1 on CD4+
and CD8+ T cells, and this upregulation is dependent on CD3. To show the correlation directly,
we conducted correlation analysis, and it is observed that on both day 1 and day 3, CD71 MFI
positively correlates with IFN-AR1 MFTI levels on CD4+ and CD8+ T cells, with Pearson »>0.716
and p < 0.0001 (Table 7) The strongest correlation was seen between CD71 MFI and IFN-AR1
MFI on CD8+ T cells, with Pearson » = 0.8741 and p < 0.0001 (Table 7).

When examining the correlation between CD71 MFI and IL-10RB MFI on T cells, we
observed that there was not a strong correlation between those two subjects; however, there was a
strong correlation between CD71 MFI and IL-10RB MFI on Day 3 for both CD4+ and CD8+ T
cells (p < 0.0001, » > 0.7082) (Table 8). In general, the correlation analysis results support our
hypothesis that the strength of TCR stimulation regulates IFN-AR1 levels on the T cell surface at
both time points, but only the later time point for IL-10RB.
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Table 8. IL-10RB MFI in total CD4+ and CD8+ T cells is positively correlated to CD71
MFI on Day 3.

Data set from GroupA GroupB Correlation | Correlation
p-value Pearsonr
CD71MFl in total IL-10RB MFl in total ns 0.3384
Dav 1 CD4+ Tcells CD4+Tcells 0.0909 '
ay
CD71MFl in total IL-10RB MFl in total ns 0.3266
CD8+ Tcells CD8+ T cells 0.1034 '
CD71 MFl in total IL-10RB MFlin total ek 0.7082
CD4+ Tcells CD4+Tcells <0.0001 '
Day 3
CD71 MFl in total IL-10RB MFlin total ek 0.7451
CD8+ Tcells CD8+ T cells <0.0001 '

All correlation statistical analysis was done between “Group A” and “Group B” in the table on
PRISM 10. Data set comparison computation used either Pearson correlation coefficients (when
following a Gaussian distribution) or non-parametric Spearman correlation (when not following
a Gaussian distribution). ns, p > 0.05; **** p < 0.0001.

3.1.3 Investigate if Various TCR Stimulation Conditions Alter IFN-AR Levels on the Surface of
Purified CD4+ T cells.

Hypothesis: TCR stimulation by anti-CD3 and anti-CD28 upregulates the level of IFN-ARI but
does not alter the level of IL-10RB on purified human CD4+ T cells.

As PBMCs contain many immune cell types, such as monocytes and B cells, even though
the stimulant we used are relatively T-cell specific, we want to know if the stimulation directly
upregulates the IFN-AR1 levels on T cells, without requiring intermediate cells. To rule out the
impact of other cell types in this process, I first isolated CD4+ T cells by negative selection from
PBMCs. Then, I stimulated them with various stimuli to quantify IFN-AR1 levels on the cell
surface. To match the level of TCR stimulation, we increased the concentration of anti-CD3 used

to precoat the cell culture plate compared to whole PBMC stimulation.

The Zombie AQUA staining showed that over 93% of cells were viable (Figure 21A), and
the purity of CD4+ T cells cultured was 94.9%. We also added CD69 as a second activation marker
besides CD71 to evaluate the magnitude of TCR stimulation. The highest level (MFI) of CD71
was observed when purified CD4+ T cells were treated with anti-CD3 (3 pg/mL) and anti-CD28
(1.5 pg/mL) (Figure 21B and 21C) We noticed the CD71 MFI and CD69 MFI levels across
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different stimulation conditions vary, and CD71 and CD69 MFI does not share a same pattern
(Figure 21B and 21C). Similar to CD4+ and CD8+ T cells within PBMCs, IFN-AR1+% and IFN-
AR1 MFTI on purified CD4+ T cells increased when stimulated with anti-CD3 and anti-CD28, and
a bigger increase was observed in cells treated with a higher concentration of anti-CD3 (3 pug/mL)
compared to cells treated with less concentrated anti-CD3 (1 pg/mL) (Figure 21D and 21E). Anti-
CD28 alone did not alter the IFN-AR1+% or IFN-AR1 MFI on CD4+ T cells, but it contributes to
an increase of IFN-AR1 levels on cells when added together with anti-CD3(Figure 21D and 21E).
It confirmed that the T cell co-stimulatory signal alone was not sufficient in inducing the
upregulation of IFN-AR1 on the cell surface. IL-10RB+% across stimulation conditions was not
altered by anti-CD3 and anti-CD28 stimulation (Figure 21F), but IL-10RB MFTI increased in TCR-
stimulated CD4+ T cells, which has a pattern similar to IFN-AR1+%, where the highest IL-10RB

MFTI also seen in cells treated with more concentrated anti-CD3 (Figure 21G).

Similar to PBMCs, we observed that CD71+ and CD69+ CD4+ T cells express more IFN-
AR1 on the cell surface (both IFN-AR1+% and IFN-AR1 MFI) compared to their respective
activation marker-negative counterparts (Figure 22A and 22B). Besides, IL-10RB+% CD4+ T
cells were not altered on Day 1.5 upon TCR stimulation, but the MFI of IL-10RB got upregulated,
with a magnitude associated with the extent that CD71 or CD69 got upregulated (Figure 22C and
22D). Admitting lack of repeat as a limitation, the preliminary data showed that TCR stimulation
using anti-CD3 and anti-CD28 directly upregulates IFN-AR 1+%, IFN-AR1 MFI, and IL-10RB MFI
in purified human CD4+ T cells.
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Figure 21. TCR stimulation upregulates IFN-AR1, and to a lesser extent IL-10RB, on the
surface of purified CD4+ T cells.

(A) cell viabilities are shown in the percentage of Zombie AQUA negative staining cells in live
cells. (B) CD71 MFI and (C) CD69 MFI on CD4+ T cell population under TCR stimulation
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conditions with or without different concentrations of anti-CD3 (coated on the 96-well plate)
and anti-CD28 (in cell culture media suspension) on Day 1.5. (D) The percentage of IFN-AR1+
CD8+ T cells and (E) IFN-AR1 on Day 1.5. (F) The percentage of IL-10RB+ CD8+ T cells and
(G) IL-10RB on Day 1.5. For panels (A-G), the numbers listed under or in bracket “()” on the
right of the graph indicate the concentration of the respective antibody or PHA, unit pg/mL. For
(C-H), comparisons were made between the respective condition average and Day 1.5 control
without anti-CD3, anti-CD28, and PHA (second column from the left in the respective panel).
Statistical analyses could not be completed when only one donor recruited to date.
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Figure 22. Higher IFN-AR1 levels, but not IL-10RB+%, were observed on CD71+ and
CD69+ CD4+ T cell populations post TCR-stimulation.

(A) IFN-AR14+% and (B) IFN-AR1 MFI on CD71+ and CD71- CD4+ T cells after 1.5-day TCR
stimulation. (C) IFN-AR1+% and (D) IFN-AR1 MFI on CD62L+ and CDCD62L- CD4+ T cells
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after 1.5-day TCR stimulation. (E) IL-10RB+% and (F) IL-10RB MFI on CD62L+ and CD62L-
CD8+ T cells after 1-day TCR stimulation. Each colour of dots in the column graph represents
a different healthy donor. The table below the x-axis indicates the concentration of anti-CD3,
anti-CD28, or PHA, unit pg/mL. IFN-AR1+% and IFN-AR1 MFI of FMO were subtracted from
respective actual staining to calculate actual IFN-AR1+% and IFN-AR1 MFI. Statistical analyses
could not be completed when only one donor recruited to date.

3.1.4 Investigate the molecular mechanisms downstream of TCR signalling that regulates IFN-
ARI on the human T cell surface.

Hypothesis: ZAP70, PI3K, and calcineurin contribute to the upregulation of IFN-AR1 levels and
IFN-AR1+% on the human T cell surface by TCR stimulation.

Next, I aimed to uncover the cell signalling events required for the upregulation of IFN-
AR1 by TCR stimulation to occur. To reveal that, we used several TCR inhibitors known to target
signalling pathways downstream of the TCR. ZAP180013, sp600125, Duvelisib, and FK506 are
known to inhibit ZAP70, JNK, PI3K, and calcineurin, respectively. 829! A summary of these four
inhibitors and their targets is included in Figure 23.

Lichtman, and Shiv Pillai. Basic Immunology:
Functions and Disorders of the Immune
System (2020)

Created with BioRender.com
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Adapted from Abul K. Abbas, Andrew H.
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Figure 23. Selected TCR signalling inhibitors and their targets.

ZAP180013, FK506, sp600125, and Duvelisib were used to inhibit ZAP70, calcineurin, INK,
and PI3-Kinase downstream of TCR stimulation.
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ZAP70 inhibitor ZAP180013 stock was stored in dimethyl sulfoxide (DMSO) and then
diluted using complete RPMI 1640 media to its designated concentrations. Therefore, we used
DMSO diluted in complete RPMI 1640 media with a dilution factor matching ZAP70 to treat anti-
CD3 (0.3 pg/mL)-stimulated PBMCs as our control. Figure 24A showed that ZAP180013, at 0.2
and 2 uM, did not influence the viability of PBMCs. Adding ZAP-70 inhibitor ZAP180013 at 0.2
and 2 pM reduced CD71 MFI from ~170 to 100 and 60 (Figure 24B), respectively, indicating a
lower magnitude of activation. The same trend was seen in CD8+ T cells (Figure 24C). IFN-AR1+%
CD4+ T cell decreased from 13% to 10% (Figure 24B). For CD4+ T cells, adding ZAP180013 at
2 uM, the percentage of IFN-AR 1-positive cells and MFI of IFN-AR1 both reduced by 3% and 150,
respectively (Figure 24D and 24F). For CD8+ T cells, 2 uM ZAP180013 decreased IFN-AR1+%
by 6% and 150, respectively (Figure 24E and 24G).

Duvelisib, a PI3K inhibitor, did not significantly influence cell survival; viable cell
percentages in PBMCs treated with 0.03 and 0.3 puM Duvelisib were above 94% post-culturing
(Figure 25A). Similar to ZAP180013, Duvelisib downregulated CD71 MFI in both CD4+ (by
71%) and CD8+ T cells (by 84%) (at 0.3 uM) (Figure 25B and 25C). In both CD4+ and CD8+ T
cells, the more concentrated Duvelisib inhibited the levels of IFN-AR1 on the cell surface

compared to the DMSO-treated anti-CD3-stimulated PBMCs (Figure 25D-G).

sp600125 treatment did not induce a reduction in cell viability in anti-CD3-treated PBMCs
(Figure 26A). It inhibited the CD71 level on the T cell surface during TCR stimulation (Figures
26B-C) without strongly influencing the percentage of CD4+ and CD8+ T cells expressing IFN-
AR1 on the cell surface (Figures 26D-E). Simultaneously, IFN-AR1 MFI was downregulated by
sp600125 for a mild magnitude, indicating JNK might be dispensable for the TCR-regulated IFN-
AR1 (Figures 26D-G).

NFAT was examined last. As discussed in the Introduction section, calcineurin serves as
the crucial phosphatase that dephosphorylates and activates NFAT. FK506 functions through
binding FK506-binding protein; the complex formed can inhibit calcineurin activity and, therefore,
inhibit NFAT activities.??> No FK506-induced cell death was observed at 0.1uM and 1 uM (Figure
27A). FK506 inhibited CD71 levels on CD4+ (65.5%) and CD8+ T cell (69.9%) surfaces (Figure
27B-C). The magnitude it downregulates IFN-AR1 is different in CD4+ and CD8+ T cells; the
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upregulation of IFN-AR1 levels on CD8+ T cells was more resistant to NFAT blockade by FK506
(Figure 27D-G).

Based on those observations, we concluded that ZAP70, PI3K, and NFAT contribute to the
TCR stimulation-induced upregulation of IFN-AR1 on the T cell surface. We admit the limited

number of donors for this experiment, and repeats will be needed to confirm the trend we observed.
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Figure 24. ZAP70 contributed to the upregulation of IFN-AR1 by TCR stimulation.

(A) Cell viability checks are shown in the percentage of live cells, using Zombie AQUA staining
and flow cytometry. CD71 MFI in (B) CD4+ and (C) CD8+ T cells. (D) The percentage of IFN-
AR1+ CD4+ T cells and (F) IFN-AR1 MFI on CD4+ T cells. (E) The percentage of IFN-AR1+
CD4+ T cells and (G) IFN-AR1 MFI on CD4+ T cells. For all conditions except the unstimulated
conditions, whole PBMCs were cultured in wells pre-coated with 0.3 pg/mL anti-CD3 for 20
hours. For (A-G), comparisons were made between the respective condition and DMSO control
(noted “DMSQO”), which matches the DMSO (carrier for stock ZAP180013 stock) concentration
to 2uM ZAP180013. Statistical analyses could not be completed when only one donor recruited
to date.
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Figure 25. PI3K played a role in the upregulation of IFN-AR1 by TCR stimulation.

(A) Cell viability checks are shown in the percentage of live cells, using Zombie AQUA staining
and flow cytometry. CD71 MFI in (B) CD4+ and (C) CD8+ T cells. (D) The percentage of IFN-
AR1+ CD4+ T cells and (F) IFN-AR1 MFI on CD4+ T cells. (E) The percentage of IFN-AR1+
CD4+ T cells and (G) IFN-AR1 MFI on CD4+ T cells. For all conditions except the unstimulated
conditions, whole PBMCs were cultured in wells pre-coated with 0.3 pg/mL anti-CD3 for 20
hours. For (A-G), comparisons were made between the respective condition and DMSO control
(noted “DMSQ”), which matches the DMSO (carrier for stock Duvelisib) concentration to 0.3
uM Duvelisib. Statistical analyses could not be completed when only two donors recruited to

date.
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Figure 26. JNK did not contribute to the upregulation of IFN-AR1 by TCR stimulation.

(A) Cell viability checks are shown in the percentage of live cells, using Zombie AQUA staining
and flow cytometry. CD71 MFI in (B) CD4+ and (C) CD8+ T cells. (D) The percentage of IFN-
AR1+ CD4+ T cells and (F) IFN-AR1 MFI on CD4+ T cells. (E) The percentage of IFN-AR1+
CD4+ T cells and (G) IFN-AR1 MFI on CD4+ T cells. For all conditions except the unstimulated
conditions, whole PBMCs were cultured in wells pre-coated with 0.3 pg/mL anti-CD3 for 20
hours. For (A-G), comparisons were made between the respective condition and DMSO control
(noted “DMSQ”), which matches the DMSO (carrier for sp600125 stock) concentration to the
higher drug dose. Statistical analyses could not be completed when only two donors recruited to

date.
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Figure 27. NFAT contributed to the upregulation of IFN-AR1 by TCR stimulation
especially in CD4+ T cells.

(A) Cell viability checks are shown in the percentage of live cells, using Zombie AQUA staining
and flow cytometry. CD71 MFI in (B) CD4+ and (C) CD8+ T cells. (D) The percentage of IFN-
AR1+ CD4+ T cells and (F) IFN-AR1 MFI on CD4+ T cells. (E) The percentage of IFN-AR1+
CD4+ T cells and (G) IFN-AR1 MFI on CD4+ T cells. For all conditions except the unstimulated
conditions, whole PBMCs were cultured in wells pre-coated with 0.3 pg/mL anti-CD3 for 20
hours. For (A-G), comparisons were made between the respective condition and DMSO (carrier
for FK506) control (noted “DMSO”), which matches the DMSO concentration to the higher
drug dose. Statistical analyses could not be completed when only one donor recruited to date.
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3.2 Aim 2: Investigating the Regulatory Effect of IFN-A3 on Polarization and Cytokine
Production of CD4+ T Cell Lineages (Th1, Th2).

3.2.1 Investigate the Effect of IFN-A3 on Thl and Th2 Cytokine Production in Whole PBMCs
Context.

Hypothesis: IFN-13 directly downregulates Th2 cytokine production (IL-13) but upregulates Thl
cytokine production (IFN-y) in human PBMCs stimulated with anti-CD3 and anti-CD28.

Previously, it has been shown that IFN-As can indirectly downregulate Th2 cytokines in
various mouse airway hypersensitivity models through DCs, NK cells, T regs, and epithelial cells
while upregulating Thl cytokine production.!®3-18%-203 However, the distribution of IFN-AR1 on
immune cells is different between mice and humans; specifically, data have shown mice T cells
do not express detectable IFN-AR1 on the surface.'®®!® It is not known whether IFN-A3 can
directly regulate Th2 cytokines in humans during Thl and Th2 polarization with anti-CD3 and
anti-CD28 stimulation. I have shown in Aim 1 that at steady state, less than 1% of naive CD4+ T
cells express IFN-AR1 on the cell surface. TCR stimulation, which is a crucial prerequisite of
CD4+ T cell polarization, increases the levels of IFN-AR1 by 20-fold. This upregulation in IFN-
AR1 level provided CD4+ T cells with the potential to respond more potently to IFN-A3 in humans.
We hypothesize that IFN-A3 can directly inhibit human Th2 cytokine while promote Th1 cytokine

production when purified CD4+ T cells are stimulated in vitro.
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Figure 28. B2M and RPL13A4 were the most stable reference genes across the stimulation
conditions tested.

Reference gene GAPDH, HPRTI, SDHA, B2M, and RPLI34 were compared using cDNA
prepared from CD4+ T cell RNA post-stimulation using Dynabeads, Stemcell ImmunoCult
activator, or anti-CD3 with anti-CD28. (A) Cq value from qPCR results for various reference
gene candidates. (B) Standard deviation was calculated for each reference gene across different
stimulation conditions.
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Using enriched CD4+ T cells kindly provided by Dr. Thomas Murooka (University of
Manitoba), we started by testing different reference gene candidates for use in RT-qPCR assays
(GAPDH. HPRTI, SDHA, B2M, and RPLI3A4). Among the five tested, B2M had the lowest
standard deviation and fluctuation in unstimulated or stimulated CD4+ T cells. (Figure 28A and
28B) We also used GeNorm (https://genorm.cmgg.be/) to compare these reference gene candidates

and confirmed that B2M was the most stable reference gene among them.

Next, we examined whether IFN-A3 regulates Th1 and Th2 cytokine at mRNA and protein
levels in whole PBMCs. We measure /L/3 transcripts and IL-13 in cell supernatant to represent
Th2 cytokines; as a typical Th2 cytokine, IL-13 contributes to airway mucus overproduction and
hyperresponsiveness.?** Using qPCR and ELISA, we showed that in the absence of TCR
stimulation, IFN-A3 does not alter CD4+ T cell IL/3 transcripts or production levels (data not
shown and Figure 29C). When treated with IFN-A3, PHA-stimulated PBMCs had a 30%
decreased level of /L13 transcripts compared to stimulation-only control and a lower level of IL-
13 secretion in supernatant (Figure 29A and 29D). The inhibitory effects of IFN-A3 on PBMCs
IL-13 at both mRNA and protein levels were seen in anti-CD3 and anti-CD28 stimulation context

with significance (p < 0.05) (Figure 29B and 29E).

Next, we tested if IFN-A3 regulates Thl cell cytokine levels in whole PBMCs +/- TCR
stimulation. Upon PHA or anti-CD3 and anti-CD28 stimulation, [FN-A3 did not alter the level of
IFNG transcript and IFN-y secretion (Figure 30A-B, 30D-E). In unstimulated PBMC, we did not
observe a detectable level of IFN-y in cell supernatant, and /JFNG mRNA was low (data not shown
and Figure 31C). To conclude, we observed that in whole PBMCs, IFN-A3 can downregulate IL-
13 at both the mRNA and protein levels in the context of anti-CD3 and anti-CD28 stimulation;
however, IFN-A3 did not alter the level of IFN-y secretion and /FNG transcripts.
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Figure 29. IFN-A3 downregulated IL-13 at mRNA and protein levels in PBMCs upon
anti-CD3 and anti-CD28 stimulation.

Fold induction of /L13 from healthy donor whole PBMCs when stimulated with (A) PHA and
(B) anti-CD3 and anti-CD28 (“TCR stim”) (relative to unstimulated PBMCs without IFN-A3
treatment, without PHA, without anti-CD3 and anti-CD28 stimulation, (“unstim”) normalized
to reference gene B2M). (C-E) IL-13 secretion in the cell culture supernatant from healthy donor
whole PBMCs. (C) PBMCs unstimulated control +/- IFN-A3 without TCR anti-CD3 and anti-
CD28 stimulation, (D) stimulated with PHA, (E) stimulated with plate-bound anti-CD3 (1.5
png/mL) with anti-CD28 (4.47 pg/mL, soluble) in media (noted as “TCR stim”) +/- IFN-A3 (100
ng/mL) for 48 hours. Paired t-test. All comparisons not marked with a star(s) “*” indicate no
significant differences; *, p < 0.05.
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Figure 30. IFN-A3 did not alter IFN-y at the mRNA and protein levels in TCR or PHA-
stimulated PBMCs.

Fold induction of /FNG from healthy donor whole PBMCs when stimulated with (A) PHA and
(B) anti-CD3 and anti-CD28 (“TCR stim”) (relative to unstimulated PBMCs without IFN-A3
treatment, without PHA, without anti-CD3 and anti-CD28 stimulation, (“unstim”) normalized
to reference gene B2M). (C-E) IFN-y secretion in the cell culture supernatant from healthy donor
whole PBMCs. (C) PBMCs unstimulated control +/- IFN-A3 without TCR anti-CD3 and anti-
CD28 stimulation, (D) stimulated with PHA, (E) stimulated with plate-bound anti-CD3 (1.5
png/mL) with anti-CD28 (4.47 pg/mL, soluble) in media (noted as “TCR stim”) +/- IFN-A3 (100
ng/mL) for 48 hours. Paired t-test. All comparisons not marked with a star(s) “*” indicate no
significant differences. n=3 or 4 or 6.

3.2.2 Investigate the Effect of IFN-A3 on Thl and Th2 Cytokine Production During Naive CD4+
T Cell Polarization.

Hypothesis: IFN-13 downregulates Th2 cytokine (IL-13, IL-4) but upregulates Thil Cytokine
(IFN-y) production during naive CD4+ T cell polarization.

Now that we know that IFN-A3 can downregulate IL-13 at both mRNA and protein levels

in the whole PBMC context, we wonder if this regulation is directly imposed on T cells. To address
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that, we used purified naive CD4+ T cells and studied the effect of IFN-A3 on those cells upon
ThO, Th1, and Th2 polarization conditions.

No IL-2 +|L-2

IL-13

IL-4

IFN-y

Figure 31. IL-2 addition did not alter IFN-y production during Th1 polarization from
naive CD4+ T cells.

Cells were treated with plate-bound anti-CD3 (2.5 pg/mL) and anti-CD28 (1.5 pg/mL) and
supplemented with IL-12 (5 ng/mL) and anti-IL-4 (5 pg/mL) for 6 days. Cells collected were
stained and analyzed by flow cytometry. Statistical analyses could not be completed when only
one donor recruited to date.

First, we needed to confirm our Thl cell polarization protocols were effective. It is known
that IL-2 contributes to CD4+ T cell proliferation and contributes to Th2 cell polarization;'®” Two
Thl polarization conditions were tested to investigate whether IL-2 promotes Thl polarization.
Comparing naive CD4+ T cells (purity 92.7% by Zombie AQUA dye and flow cytometry, data
not shown) polarized with Th1 polarizing cocktail (1.5 pg/mL anti-CD28, 5 ng/mL IL-12 and 5
pg/mL anti-IL-4), the addition of IL-2 did not alter IFN-y+IL-13-% or IFN-y+IL-4-% cells.
(Figure 31)

Several protocols have been published to optimize the Th2 polarization condition. Some
of them used soluble anti-CD3 to crosslink TCR and provide stimulation signalling, while others
used immobilized anti-CD3 bound to cell culture plates.?>2!® We examined whether the form of
anti-CD3 (plate bound vs. soluble in cell suspension) differs in Th2 cell polarization induction.

The side scatter (SSC) vs. forward scatter (FSC) plot shows naive CD4+ T cells treated with plate-
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bound anti-CD3 with Th2 polarizing cocktail (0.5 pg/mL anti-CD28, 20 ng/mL IL-4, 5 ng/mL
anti-IFN-y, and 50 IU IL-2) had bigger size and more granular content, indicated by FSC and SSC,
respectively (Figure 32A). IL-13+% in naive CD4+ T cells treated with plate-bound anti-CD3 and
soluble anti-CD3 were 10.9% and 0.74%, respectively (Figure 32B). IL-4+% was also much
higher in immobilized anti-CD3-treated cells than in soluble anti-CD3-treated cells (Figure 32B).
In terms of IL-13 and IL-4 production, intracellular flow staining showed plate-bound anti-CD3
induced 8-fold and 13-fold more IL-13+% and IL-4+% cells, compared to cells that had the same
treatment with soluble anti-CD3. (Figure 32B) Anti-CD3 and anti-CD28 with Th2 polarizing
environment induced more IL-13+% and IL-4+% than the Stemcell activator (an antibody cocktail
containing anti-CD3 and anti-CD28) (Figure 32C). Anti-CD28 at 0.5 pg/mL and 1.5 pg/mL did
not show a difference in inducing IL-13 and IL-4 production in the Th2-polarizing cocktail.
Therefore, we selected plate-bound anti-CD3 and soluble anti-CD28 for the remaining

experiments.

All naive CD4+ T cell magnetic negative isolations led to purities of naive CD4+ T cells
of greater than 93%. I established the following gating strategy to quantify IFN-y+ CD4+ T cells
(Thl), including IFN-y and zombie AQUA, to detect IFN-y+ cells (Figure 33A). A viability check
on day 6 showed that about 80% of cells were alive across different polarization conditions and
IFN-A3 treatment (Figure 33B and 33C). In the ThO condition, our preliminary data showed that
IFN-A3 decreased the percentage of cells that produced detectable IFN-y and IFN-y MFL. In the
Thl polarizing condition, IFN-A3 did not induce a change in IFN-y MFI or IFN-y-positive cell
percentage. (Figure 33D and 33E)

The gating strategy sample is shown in Figure 34A. Next, I tested how IFN-A3 regulates
Th2 polarizing conditions, although at first, the same time point as Th1 (day 6) only led to 3.54%
IL-4+ cells (Figure 34B-D), and both IL-4 and IL-13 levels went up at day 9, so I increased the
differentiation time to 9 days. In contrast to Thl, 9 days of Th2 differentiation led to a drop in
viability to around 60% (Figure 34B). The addition of IFN-A3 downregulated IL-13 in both
percentages of cells expressing IL-13 and IL-13 MFI (Figure 34C-D). We also observed a
decrease in another Th2 cytokine, IL-4, in IFN-A3 treated cells (Figure 34C-D). In conclusion,
IFN-A3 downregulated the production of Th2 cytokines represented by IL-13 and IL-4 and did not
alter the levels of Thl cytokines such as IFN-y.
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We are also curious if IFN-A3 regulates other CD4+ T cell cytokines in addition to typical
Thl and Th2 cytokines during TCR stimulation. Our qPCR data showed that IFN-A3 did not alter
IL2 and TNF transcript levels in the whole PBMC context when unstimulated, stimulated with
PHA, or with anti-CD3 and anti-CD28 (Figure 35A-D).
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Figure 32. Plate-bound anti-CD3 with anti-CD28 promotes greater Th2 cytokine
production during naive CD4+ T cell polarization compared to soluble anti-CD3.

(A) side-scatter area vs. forward-scatter area of all cell gate of (B) IL-13, IL-4, and IFN-y
production when naive CD4+ T cells were polarized with plate-bound anti-CD3 and anti-CD3
in cell suspension (both at 2 pg/mL). IL-13, IL-4, and IFN-y production when (C) plate-bound
anti-CD3 and anti-CD28 and Stemcell activator (D) anti-CD28 with indicated concentration
(noted on top of the panel) in media suspension were provided during Th2 polarization in naive
CD4+ T cells. (A-D), all conditions were supplemented with anti-IFN-y (5 pg/mL) and IL-4 (10
ng/mL). Cytokines and antibodies were added on day 0 and replenished on Day 3 and cells were
incubated and collected for flow staining on Day 6. Statistical analyses could not be completed
when only one donor recruited to date.
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Figure 33. IFN-A3 decreased IFN-y production during Th0, but not Th1 polarization.

IFN-y production in naive CD4+ T cells treated with ThO (2 pg/mL anti-CD3 precoated on
wells, 1.5 pg/mL anti-CD28) or Th1 polarization condition (2 pg/mL anti-CD3 precoated, 1.5
pg/mL anti-CD28, 5 ng/mL IL-12, and 5 pg/mL anti-IL-4. IFN-A3 was added to a final
concentration of 100 ng/mL where applicable. For both ThO and Th1 conditions, cells were
incubated for 6 days with cytokines, antibodies, and IFN-A3 added on day 0 and added again
on day 3, and cells were incubated and collected for flow staining on Day 6. (A) Gating
strategy for IFN-y-positive cells. Cell viability is evaluated by the percentage of cells alive in
ThO (B) and Th1 (C) polarization conditions, with or without IFN-A3. (D) The percentage of
respective cells that are [FN-y-positive in respective conditions and (E) IFN-y MFI in
respective conditions. Statistical analyses could not be completed when only one donor
recruited to date.
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Figure 34. IFN-A3 decreased IL-13 production during Th0 and Th1 polarization.

IL-13 production in naive CD4+ T cells treated with Th2 polarization condition (2 pg/mL anti-
CD3 0.5 pg/mL anti-CD28, 20 ng/mL IL-4, 5 ng/mL anti-IFN-y, and 50 IU IL-2) on Day 9.
IFN-A3 was added to a final concentration of 100 ng/mL where applicable. For Th2 polarization
conditions, cells were incubated for 6 days with cytokines, antibodies. Cytokines, antibodies,
and IFN-A3 added on day 0, and added to media again on day 3. (A) Gating strategy for
quantifying IL-13-positive cells (representative of two experiments). (B) Cell viability is
evaluated by the percentage of cells alive in Th2 polarization conditions, with or without IFN-
A3. (C) The percentage of respective cells that are IL-13-positive in respective conditions and
(D) IL-13 MFT in respective conditions. Statistical analyses could not be completed when only

two donors recruited to date.
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Figure 35. IFN-A3 did not regulate /L2 and TNF in PHA and TCR-stimulated PBMCs at
mRNA levels.

(A, C) fold induction of /L2; and (B, D) fold induction of TNF from healthy donor whole
PBMCs. (A-D) all relative to unstimulated PBMCs without IFN-A3 treatment, without PHA,
without anti-CD3 and anti-CD28 stimulation (“unstim”). B2M was used as the reference gene
in the fold induction calculation. (A-B) stimulated with PHA, and (C-D) plate-bound anti-CD3
(1.5 pg/mL) with anti-CD28 (4.47 pg/mL) in media (noted as “TCR stim”) with or without IFN-
A3 (100 ng/mL) for 48 hours. Paired t-test (A-D). t-test. All comparisons not marked with a
star(s) “*” indicate no significant differences. n=3.

3.3 Aim 3: To Profile the Effect of IFN-A3 on the Transcriptome of CD8+ T cells at Baseline
and during TCR Stimulation.

3.3.1 To Investigate the Function of IFN-13 on CD8+ T Cells without TCR Stimulation.
Hypothesis: Without TCR stimulation, IFN-A3 alone improves antiviral functions through
upregulation of ISGs in human CD8+ T cells.

We investigated the direct effect of IFN-A3 on purified CD8+ T cells. Coto-Llerena et al.
showed that at low plate-bound anti-CD3 concentration (0.1 pg/mL), IFN-A4 upregulated IFN-y
production by CD8+ T cells, and this upregulation is not observed in the absence of anti-CD3 or
when anti-CD3 is provided at a higher dose.!®! Other than that study, little is known about the
effect of IFN-As on human CD8+ T cells. To reveal the overall impact of IFN-A3 on CD8+ T cells,
we treated purified CD8+ T cells from healthy donors with or without IFN-A3 and with or without
anti-CD3 and anti-CD28 stimulation for 20 hours, isolated RNA, and performed RNA sequencing
on these samples. To reduce the bias introduced by the sex and age of donors, the demographic of
5 donors recruited for this study included males and females with an age range from 20 to 56.
Using flow cytometry and the indicated gating strategy (Figure 36A), we showed that the putative
CD8+ T cell we isolated from PBMCs had a purity higher than 92.7% before being cultured
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(Figure 36B). With the help of Dr. Hemshekhar Mahadevappa (from Dr. Neeloffer Mookherjee’s
Lab), we also measured the RNA Integrity Number (RIN) for randomly selected four of our
samples using a Bioanalyzer, which represents the degradation states of the RNA sample; the RIN

for samples we obtained were from 8.4 to 9.1. All of the samples tested on Bioanalyzer had the

key 18S and 28S RNA fragments (Figure 37).
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Figure 36. RNA sequencing sample purity check.

(A) Gating strategy example for CD8+ T cell purity check. The gating strategy is a representative
of five different experiments. (B) The percentage of cells that are CD3+, CD19-, CD4-, and
CD8+ in single cell gate for each donor. HD07, HD33, HD36, HD09, and HD37 were different

donors.
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Figure 37. Bioanalyzer gel image and RNA integrity analysis output example for one sample
out of twenty samples run for RNA sequencing.

(A) A Bioanalyzer gel image showing RNA samples and the ladder. (B) A representative
electropherogram of the RNA sample.
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It is known that type I and type IIT IFNs induce ISGs in cells!3¢2!!, therefore, we confirmed
the function of IFN-A3 by measuring the fold-induction of two ISGs, /FIT] and [FI44, using RT-
qPCR. Our data showed that IFN-A3 promoted the fold change in /FIT1 regardless of the presence
or absence of anti-CD3 and anti-CD28 (Figure 37A-B). IFN-A3 also enhanced /F744 fold change
under unstimulated and TCR-stimulated conditions (Figure 37C-D).
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Figure 38. Screening of ISGs to ensure IFN-A3 stimulated purified CD8+ T cells.

(A-B) Fold induction of /FITI +/- TCR stimulation +/- IFN-A3. (C-D) Fold induction of /FI44
+/- TCR stimulation +/- IFN-A3. (A-D) All relative to purified CD8+ T cells without IFN-A3
treatment without anti-CD3 and anti-CD28 stimulation (“unstim”). B2M was used as the
reference gene in the fold induction calculation. All TCR-stimulation represents that CD8+ T

cells were stimulated with plate-bound anti-CD3 (3 pg/mL) and anti-CD28 (4.47 pg/mL) in
media (noted as “TCR stim”) +/-IFN-A3 (100 ng/mL) for 20 hours. (A-B) n=5. (C-D) n=4.

Using samples analyzed above, we next sent our samples for RNA sequencing analysis to
have an unbiased approach to hopefully uncover more than antiviral ISGs regulated by IFN-A3 in
CD8+ T cells. Our RNA sequencing data showed that compared to the unstimulated control,
purified CD8+ T cells exposed to IFN-A3 treatment had, in total, 366 genes upregulated, and 274
genes downregulated (p < 0.05). The higher expression of genes involved in cell signalling (i.e.
AKTI, NFKBI, CAMKK?2, MAP3K?7), anti-viral response (i.e. [FI44, IRF9, IRF7, MxI), cell
survival (i.e. AREL1-218), cell proliferation and migration (i.e. CEMIP). The reduced expression
of genes was related to processes such as gene silencing (i.e. EHMT?2), cell metabolism (i.e.
MTHFR), RNA degradation (i.e. ERMARD), and transcription initiation (i.e. KAT6B) (Table 9)
(Figure 39). We also compared the /FIT1 fold change from [FN-A3-treated sample using B2M as
reference gene over no IFN-A3 treated sample from RT-qPCR, and the output of RNA sequencing;
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when treated with IFN-A3 without TCR stimulation, /FI71 fold change from RT-qPCR and RNA
sequencing was 6.6 (Figure 38A) and 5.98, respectively.

Then, we investigated further at the pathway level how IFN-A3 influenced CD8+ T cells.
Gene Set Enrichment Analysis (GSEA) helps determine how a set of genes related to a certain
pathway is regulated as a group and normalized by the number of genes in that group. In GSEA
pathway analysis, as expected, the pathways upregulated by IFN-A3 include response to viruses
and symbionts and IFN-o and IFN-y responses. IFN-y also activates the TYK2-JAK-STAT
pathways for their signalling.?!> We also observed that the positive regulation of canonical and
non-canonical NF-kB signalling was upregulated in IFN-A3-treated CD8+ T cells. Among 39
genes that got upregulated by IFN-A3 in the absence of TCR stimulation in purified CD8+ T cells
that are involved in NF-kB signalling, there were some genes functioning in translation regulation
(EIF24K2, SPHK1), NF-kB signalling induction (/FI35, TLR7, TRIM56), phosphorylation of p65
unit of NFkB (LGALSY), acetylation of p65 unit of NFkB (NMI). Some of the downregulated
pathways in IFN-A3-treated CD8+ T cells were related to protein synthesis and translation
elongation, which indicates a slower overall protein synthesis in these cells compared to non-IFN-
A3-treated cells. (Figure 40A) After grouping the regulated pathways, we saw the most up-
regulated group of pathways in IFN-A3-treated cells being the antiviral response and effector
function responses; there were some other up-regulated pathways but to a lesser magnitude, such
as TNF production, cell-mediated antiviral immunity, and T cell protein tyrosine phosphatase (PTP)
(Figure 40B). In contrast to Lck, which is an Src family PTK initiating TCR signalling by
phosphorylating their substrates, PTP acts as one of the most important regulation mechanisms of
TCR signalling via dephosphorylation. The effects of PTP are dependent on the dephosphorylation
site and context. Therefore, further functional assays (i.e. CD8+ T cell cytotoxicity assay) are

required to confirm the exact regulation mechanism that IFN-A3 upregulated.
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Table 9. Top 15 up-and down-regulated genes in CD8+ T cells stimulated with IFN-A3 vs.
unstimulated control (by log2Fold change).

Upregulated genes
- . log, (Fold
Gene name Gene description p-value p-adj ch;nge)
AREL1-218 | apoptosis resistant E3 ubiquitin protein ligase 1 4.24E-09 | 1.76E-06 24.5869
NSD1-222 nuclear receptor binding SET domain protein 1 1.95E-10 | 1.21E-07 23.3924
CHAMP1 chromosome alignment maintaining 2.27E-08 | 7.76E-06 | 23.3744
phosphoprotein 1
SH3BP2 SH3 domain binding protein 2 2.40E-08 | 8.07E-06 23.3339
OBSCN obscurin, cyFoskeIet'aI calmodulin and titin- 3.03E-08 | 9.66E-06 231647
interacting RhoGEF
TMEM104 transmembrane protein 104 5.97E-08 | 1.73E-05 22.6625
TOM1L2 |target of myb1 like 2 membrane trafficking protein| 7.60E-08 | 2.11E-05 22.4826
CEMIP cell migration inducing hyaluronidase 1 7.93E-08 | 2.18E-05 22.4526
IGLV1-44 Immunoglobulin Lambda Variable 1-44 7.99E-08 | 2.19E-05 22.4471
SWI/SNF related, matrix associated, actin
SMARCA2 | dependent regulator of chromatin, subfamilya, | 1.73E-11 | 1.33E-08 22.3391
member 2
ADAR/IF14 adenosine deaminase RNA specific 9.29E-08 | 2.52E-05 22.3311
EHMT?2 euchromatic histone lysine methyltransferase 2 | 3.83E-12 | 3.30E-09 22.3151
HNRNPK heterogeneous nuclear ribonucleoprotein K 4.80E-09 | 1.95E-06 22.1880
YES1 YES proto-oncogene 1, Src family tyrosine kinase | 1.24E-11 | 9.88E-09 22.1698
NOLC1 nucleolar and coiled-body phosphoprotein 1 3.87E-12 | 3.30E-09 22.1543
Down-regulated genes
Gene name Gene description p-value p-adj log2 (Fold
change)
EHMT?2 euchromatic histone lysine methyltransferase 2 | 7.86E-15 | 1.08E-11 [-25.38777355
RGPD6 RANBP2-like and GRIP domain containing 8 1.84E-11 | 1.40E-08 |-25.02940483
RSBN1 round spermatid basic protein 1 3.61E-09 | 1.51E-06 |-24.67451297
SNAPCA small nuclear RNA activa;ing complex polypeptide 336621 | 1.356-17 12441463944
VPS13C vacuolar protein sorting 13 homolog C 7.32E-09 | 2.87E-06 [-24.18382589
MTHFR methylenetetrahydrofolate reductase 8.34E-09 | 3.24E-06 |-24.09223927
RAD21 RAD21 cohesin complex component 1.67E-30 | 1.27E-26 |-23.97624142
TMEM106B transmembrane protein 106B 7.83E-17 | 1.67E-13 [-23.95882964
ERMARD ER membrane associated RNA degradation 1.40E-08 | 5.20E-06 [-23.72428923
NAT10 N-acetyltransferase 10 8.82E-09 | 3.37E-06 -23.6920
MPP7 membrane palmitoylated protein 7 1.48E-08 | 5.41E-06 [-23.68410513
EFTUD2 elongation factor Tu GTP binding domain 1.66E-45 | 1.14E-40 |-23.6691448
containing 2
PLEKHG4 pleckstrin homology and RhoGEF domain 3.53E-10 | 1.99E-07 |-23.52780181
containing G4
KAT6B lysine acetyltransferase 6B 2.74E-10 | 1.63E-07 [-23.51948797
SFI1 SFI1 centrin binding protein 4.60E-15 | 7.15E-12 |-23.51874703

The top 50 (significant p < 0.05) genes from RNA-Seq analysis is shown, along with fold change
(purified CD8+ T cells with IFN-A3 (100 ng/mL) treatment over no [FN-A3 treatment) for 20
hours, p-value for differential expression, and ¢ (false discovery rate value) based on the
Benjamini-Hochberg method for multiple p-value correction).
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Figure 39. Volcano plot of the differentially expressed genes from human purified CD8+
T cells +/- IFN-A3.

Volcano plot comparing transcriptome of enriched human CD8+ T cell with or without IFN-A3
(100 ng/mL) after 20-hour cell culture. Red dots and green dots represent genes with a higher
and lower fold change detected in IFN-A3-treated CD8+ T cells compared to samples that were
not treated with IFN-A3, respectively. p < 0.05.
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Figure 40. IFN-A3 upregulated anti-viral response and downregulated protein synthesis in

CDS8+ T cells.

(A) GSEA showing the KEGG and Hallmark pathways that are enriched or depleted in enriched
CD8+ T cell treated with IFN-A3 (100 ng/mL) compared to no IFN-A3 treatment and cultured
for 20 hours (p < 0.05, NES > 1 or < -1, the false discovery rate (FDR) < 0.05. The color of bar
in blue and red indicates the given pathway is less active or more active in IFN-A3 treated
samples compared to samples were not treated with IFN-A3, respectively. (B) Pathway analysis
visualized using Cytoscape showing pathways grouped by their relevance to cell activities. The
color of nodes in blue and red indicate the given pathway is less active or more active in IFN-

103



A3 treated samples compared to samples were not treated with IFN-A3, respectively. The size of
the nodes reflects the magnitude of pathway activity levels difference between IFN-A3-treated
samples compared to samples that were not treated with IFN-A3. The blue thin lines (edges)
connecting different circles indicate the crosstalk between pathways.

3.3.2 To Study the Impact of IFN-A3 on CD8+ T Cells with TCR-Activation.
Hypothesis: IFN-13 enhances TCR activation but downregulates overall protein synthesis-
related genes in CD8+ T cells.

When comparing the TCR-stimulated CD8+ T cells, IFN-A3 treatment upregulated 288
genes and down-regulated 177 genes (p < 0.05). Some of the upregulated genes are related to
transcription activation, gene silencing, DNA repair and cell-cycle progression (i.e. KAT6B),
positive regulation of transcription (i.e. SMARCA?2), fatty acid metabolism (i.e. ACACB), NFAT
signalling (i.e. CAMKK?2, NFATC3), MAPK signalling (i.e. MAP4K1, MKNKI1, MAPKAPI). As
expected, IFN-A3 also induced upregulation in ISGs (i.e. IFI44, IFIT1, MX1) (Table 10, Figure
41).

When examining the pathways upregulated by IFN-A3 in TCR-stimulated CD8+ T cells,
GSEA showed that besides expected defence responses to virus and symbiont, and IFN-y response,
the positive regulation of canonical and non-canonical NF-kB signal transduction was observed
again. However, there were more genes (146 genes) related to NF-«B signalling enhanced by IFN-
A3 in the context of TCR stimulation than no TCR stimulation. Some of the core genes include
IFITS, LGALSY, TRIM25, BST2, and TNFSF'10. Interestingly, another pathway promoted by IFN-
A3 was the positive regulation of IL-10 production (Figure 42A), with core enriched genes such
as LGALSO9, ISG15, CD274, and HSPD]. In grouped pathways, we observed that the majority of
pathways that were upregulated by IFN-A3 were involved in antiviral immunity. Protein synthesis
at the mRNA level was also decreased (Figure 42B). It is possible that additional TCR-related
pathways would have been altered by IFN-A3 if we had tittered down the potency of TCR
stimulation. Overall, it is clear IFN-A3 directly influenced the CD8+ T cell transcriptome, although

the majority of genes examined in more detail thus far are clearly related to antiviral immunity.
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Table 10. Top 15 up-and down-regulated genes in purified CD8+ T cells with TCR-
stimulation and IFN-A3 vs. TCR only (by log2Fold change).

Upregulated genes

log, Fold

Gene name Gene description p-value p-adj change

obscurin, cytoskeletal calmodulin and titin-
interacting RhoGEF

ARFGAP1 |ADP ribosylation factor GTPase activating protein 1| 8.73E-18 | 2.42E-14 | 35.92501

OBSCN 8.71E-24 | 5.95E-20 | 42.05124

0OAS2 2'-5'-oligoadenylate synthetase 2 1.64E-17 | 4.00E-14 35.6159
FCHSD2 FCH and double SH3 domains 2 1.94E-21 | 1.02E-17 | 34.86546
NELL2 neural EGFL like 2 1.60E-15 | 2.60E-12 | 33.32781
TMEM104 transmembrane protein 104 6.71E-14 | 7.51E-11 31.33915
NLRX1 NLR family member X1 3.58E-13 | 3.60E-10 | 30.42005
TBC1D1 TBC1 domain family member 1 7.09E-13 [ 6.54E-10 30.0172
CTNNB1 catenin beta 1 5.89E-12 | 4.57E-09 | 28.80249
TOM1L2 |[target of mybl like 2 membrane trafficking protein| 2.75E-11 | 1.82E-08 27.9124
BCOR BCL6 corepressor 4.97E-13 | 4.85E-10 26.38442
ARHGEF1 Rho guanine nucleotide exchange factor 1 7.83E-10 | 3.96E-07 | 25.71403
IFIT2 interferon induced protein with tetratricopeptide 539E-16 | 1.02E-12 2527636
repeats 2
TAP2 transporter 2, ATP br:]nednlqnseiassette subfamily B 174610 | 1.03E-07 25 24575

HNRNPDL | heterogeneous nuclear ribonucleoprotein D like | 1.91E-10 | 1.12E-07 | 24.95188
Down-regulated genes

— . log, Fold
G d t -val -ad 2
Gene name ene description p-value p-adj change
TCF12 transcription factor 12 2.40E-18 | 8.21E-15 -36.5406
WWOX WW domain containing oxidoreductase 1.31E-16 | 2.80E-13 -34.6155
CPEB2 cytoplasmic p°'yai‘:2¥::3“ elementbinding | o¢ 15 | 397612 | -33.0777

ARMCX3 armadillo repeat containing X-linked 3 1.07E-14 | 1.33E-11 -32.3785
SWI/SNF related, matrix associated, actin
SMARCA4 | dependent regulator of chromatin, subfamily a, 2.93E-13 | 3.12E-10 -30.5417
member 4
STRADA STE20-related kinase adaptor alpha 2.14E-12 | 1.83E-09 -29.3878
chromosome alignment maintaining

CHAMP1 . 3.97E-11 2.53E-08 -27.6297
phosphoprotein 1
DCAF11 DDB1 and CUL4 associated factor 11 457E-17 | 1.04E-13 -25.3443
OSBPL8 oxysterol binding protein like 8 8.85E-12 | 6.38E-09 -24.3439
RING1 ring finger protein 1 1.29E-11 | 8.89E-09 -24.3069
NOP2 NOP2 nucleolar protein 5.90E-13 | 5.60E-10 -24.2063
SPTAN1 spectrin alpha, non-erythrocytic 1 2.13E-28 | 4.85E-24 -24.1652
B3GALT4 beta-1,3-galactosyltransferase 4 1.62E-16 | 3.35E-13 -23.6693
GPR68 G protein-coupled receptor 68 1.55E-18 | 5.56E-15 -23.5057
MAP9 microtubule associated protein 9 3.57E-13 | 3.60E-10 -23.4905

The top 50 (significant p < 0.05) genes from RNA-Seq analysis is shown, along with fold change
(purified CD8+ T cells stimulated with plate-bound anti-CD3 (3 pg/mL) and anti-CD28 (1.5
pg/mL) in media with IFN-A3 (100 ng/mL) treatment over no IFN-A3 treatment) for 20 hours, raw
p-value for differential expression, and ¢ (false discovery rate value) based on the Benjamini-
Hochberg method for multiple p-value correction).
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Figure 41. Volcano plot of the differentially expressed genes from human purified TCR-
stimulated CD8+ T cells +/- IFN-A3.

Volcano plot comparing transcriptome of enriched human CD8+ T cell with or without IFN-A3
(100 ng/mL) after 20-hour cell culture with plate-bound anti-CD3 (3 pg/mL) and anti-CD28 in
media (1.5 pg/mL) (“TCR stimulation”). Red dots and green dots represent genes with a higher
and lower fold changes detected in IFN-A3-treated TCR-stimulated CD8+ T cells compared to
samples treated with TCR-stimulation but not treated with IFN-A3, respectively. p < 0.05.
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Figure 42. IFN-A3 upregulated anti-viral response and downregulated protein synthesis
in TCR-stimulated CD8+ T cells.

(A) GSEA showing the KEGG and Hallmark pathways selected enriched or depleted in enriched
CD8+ T cell treated with plate-bound anti-CD3 (3 pg/mL) and anti-CD28 in media (1.5 pg/mL)
(“TCR stimulation”), and with IFN-A3 (100 ng/mL) compared to no IFN-A3 treatment and
cultured for 20 hours (p < 0.05, NES > 1 or <-1, FDR < 0.05. The color of bar in red indicates
the given pathway is more active in IFN-A3 treated and TCR-stimulated samples compared to
samples were not treated with IFN-A3 but with TCR stimulation, respectively. (B) Pathway
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analysis visualized using Cytoscape and grouped by their relevance to cell activities. The nodes
in blue and red indicate the given pathway is less active or more active in [FN-A3 treated samples
compared to samples were not treated with IFN-A3 that are both treated with TCR stimulation,
respectively. The size of nodes reflect the magnitude of pathway activity between IFN-A3-treated
samples compared to samples that were not treated with IFN-A3. The blue thin lines (edges)
connecting different circles indicate the crosstalk between pathways.
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CHAPTER 4. DISCUSSION, CONCLUSIONS, AND LIMITATION
4.1 Discussion

4.1.1 The Distributions of IFN-ARI on Immune Cells

The quantification of IFN-AR1 at the cell surface is essential for investigating the biology
of type III IFNs, yet the study of this receptor has heavily relied on mRNA-levels until recently.
The newly identified IFN-AR1 antibodies our group published were able to differentiate [IFN-AR1

197

protein levels first in various cell lines,””’ but my thesis project went deeper into understanding

how IFN-AR1 levels differ within T cell subsets at baseline and after different activation.

For the first time, using the newly identified antibody, we examined the protein level of
IFN-AR1 on various subsets of CD4+ and CD8+ T cells. We showed that within whole PBMCs,
CD4+ T cells express lower IFN-AR1 (IFN-AR1+% and IFN-AR1 MFI) on the cell surface
compared to CD8+ T cells.

In CD4+ and CD8+ T cells, we observed that IFN-AR1 levels were the lowest on naive cell
surface, compared to Tcm, Tem, and Temra subsets at steady state. In CD8+ T cells, over 20% of
Tem cells had IFN-AR1 on the surface, followed by Tcm and Temra cells that were IFN-AR1+.
Meanwhile, only a small proportion of naive T cells express IFN-AR1 on the cell surface. IFN-AR1
MFTI was also the lowest on naive CD4+ T cells compared to memory populations. Naive CD4+ T
cells were the population with the lowest IFN-AR1 expression (MFI and IFN-AR1+%) compared
to Tem, Tcm, and Temra CD4+ T cell populations. Consistent with our observation at protein levels,
Schmiedel et al. also showed that the /FNLRI mRNA level in memory CD4+ T cells is higher
compared to  naive  cells.?!? (data  available  from  v23.proteinatlas.org,

https://www.proteinatlas.org/ENSG00000185436-IFNLR 1/immune+cell)

A critical difference between memory and naive T cells is less concentrated antigens can
activate those memory T cells; in other words, naive T cells exhibit a higher activation threshold
but lower effector cytokine productivity than memory T cells.?!* In addition, memory T cells, such
as Tcwm (at a lower extent), Tem, and Temra T cells, can quickly produce effector molecules upon
re-stimulations, while naive T cells do not readily produce effector cytokines or realize effector
functions.?!>21¢ At the gene level, researchers have shown that memory and naive T cells have
distinct gene expression signatures: memory T cells have increased levels of transcripts involving

cell migration, adhesion, intracellular signalling, and cell survival genes, whereas naive T cells
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have more transcripts involving in inhibitory cytokine (i.e. TGF-B) sensing.?!72!8 At the epigenetic
level, it has been shown that memory T cells and naive T cells have distinct chromatin accessibility
landscapes, which partially explains the function disparity in memory and naive T cells.?!” The
differential expression of /FNLRI across different cell types is related to the methylation of the
IFNLRI gene.?*® Specifically, histone deacetylase inhibition enhances IFNLRI expression by
providing the transcription activators with higher accessibility at the IFNLRI promoter.??!
Potentially in memory and naive T cells, the chromatin methylation state and accessibility of
IFNLRI promoter difference in these two populations may play a role in the distinct IFN-AR1

levels we observed.

We observed that almost all CD4+ and CD8+ T cells express IL-10RB on the cell surface.
However, the high level of IL-10RB does not directly provide T cells with the capacity to respond
to [L-22, IL-26, and IFN-As readily, which all include IL-10RB as a part of their receptor; this is
because each of these cytokines needs to bind to its unique a receptor component, which is IL-
22R, IL-20R1, and IFN-AR1, for signalling initiation.???->** In addition, TYK?2 associated with the
IL-10RB component of IFN-AR is not essential for type III IFN signalling in some cell types, as
IFN-A showed a comparable inhibition effect on vesicular stomatitis virus infections in wild-type
and TYK2 KO HAPI1 cells (a chronic myeloid leukemia cell line).!”” These facts further illustrate
the complexity of IFN-AR biology.

4.1.2 TCR Stimulation Upregulates Cell Surface IFN-AR1

CD8+ T cells, even though they had higher levels of IFN-AR1 at the steady state, had an
even higher increase in IFN-AR1+% upon TCR stimulation. Our observation at the protein level
aligned with the previous mRNA data published by our group, which showed that /FNLRI
transcript levels in CD4+ T cells increase upon stimulation using anti-CD3 and anti-CD28.!4! In
addition, we showed a significantly positive association between cell surface IFN-AR1 levels (MFI)
and activation marker CD71 MFI. Importantly, our data demonstrates that TCR stimulation of
purified T cells also leads to IFN-AR1 upregulation, which indicates other cells are not required.
The maximal effect in this preliminary data was only half though, so more experiments are needed

to determine if any other cell types could promote IFN-AR1 expression indirectly.

The timing or length of activation could also influence IFN-AR1 levels. We observed IFN-

AR1 levels increasing as early as twenty hours post-stimulation, although we have not checked
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earlier time points yet. It is possible that the increase of IFN-AR1 on the T cell surface in a very
short period of time would not require de novo protein synthesis. A putative mechanism is that
IFN-AR1 is already made and stored in intracellular vesicles, and TCR stimulation promotes the

transportation of IFN-AR to the plasma membrane, so this remains to be tested.

We also examined the IFN-AR1 levels 72-hour post-stimulation. Compared to Day 1, even
though the IFN-AR1+% in CD4+ and CD8+ T cells within PBMCs did not further increase, IFN-
AR1 MFI went up when cells were stimulated with anti-CD3 alone, anti-CD3 with anti-CD28, and
PHA. That observation leads to another question: whether the IFN-AR1 level (MFI) can further
increase after 3-day TCR stimulation, and how long time it can remain at this high level. The
endocytosis machinery of IFN-aR may provide us with some enlightenment. At a steady state
when the IFN ligands are absent, IFN-aR 1, which is the low-affinity receptor component for IFN-
aR, remains in equilibrium on the plasma membrane between endocytosis, which internalizes IFN-
aR1 and sorting back, which transports IFN-aR1 back to the cell surface. Upon ligand binding,
the IFN-a-IFN-aR complex gets endocytosed, IFN-aR1 gets ubiquitinated and shuttled to the
lysosome for degradation, while IFN-aR2, the high-affinity component of IFN-aR, gets
transported back to the plasma membrane and ready for the next round of ligand-binding signalling
initiation.??> This receptor degradation-recycling machinery relies on the binding of ligands to the
receptor. It is not known if IFN-AR1 is recycled or degraded upon ligand interaction, but this is an
area of research in our lab. At the mRNA level, the published data from our group showed that in
CD4+ T cells within PBMCs, IFN-A3 induced higher fold induction of ISGs after 3-day stimulation
with anti-CD3 and anti-CD28 for 3 days, compared to the non-TCR stimulation control, indicating
the increase in responsiveness of CD4+ T cells post TCR-stimulation. Now that we have seen the
upregulation of IFN-AR1 at the protein level on the T cell surface, the next step is to investigate if
the T cells with higher IFN-AR1 on their surface, are more responsive to IFN-As stimulation,

compared to the cells that did not undergo TCR stimulation.

Anti-CD28 itself did not alter the IFN-AR1 levels (MFI) or % IFN-AR1 + CD4+ or CD8+
T cells. Instead, anti-CD28 enhanced IFN-AR1+%, and IFN-AR1 MFI significantly on CD4+ T
and CD8+ T cells, when anti-CD3 was provided at 0.3 pg/mL simultaneously, indicating that anti-
CD28 can amplify the effect of anti-CD3 stimulation on IFN-AR1 upregulation. Still, it is not
essential for the IFN-AR1 upregulation. Downstream of CD28 signalling involves the
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phosphorylation of mTOR and IxB, and both contribute to the activation of NF-kB.® It is also
known that anti-CD28 promotes NFAT signalling through the inhibition of NFAT repressor.>¢

4.1.3 TCR Stimulation Upregulates Cell Surface IL-10RB Level on Day 3

Our observations revealed that TCR stimulation with anti-CD3 and anti-CD28 did not alter
the percentage of IL-10RB+ CD4+ and CD8+ T cells. However, IL-10RB MFI in CD4+ and CD8+
T cells increased by 2-fold on day 3 compared to day 1, whereas there was not a significant
upregulation in IL-10RB MFI on day 1 compared to day O in all three cell TCR-stimulation
conditions. This significant increase in IL-10RB expression (MFT) on the cell surface is prominent,
considering the IL-10RB MFI at steady state was already at a very high level. As discussed above,
the IL-10RB subunit serves as the low-affinity receptor component for IL-22, IL-26, and IFN-
As.%8222224 However, the increase in its level likely provides T cells with a lower threshold for
receptor-ligand binding dynamic and a higher sensitivity to those cytokines. In addition, IL-10RB
is essential for IL-10 signalling.??® Given the well-known anti-inflammatory properties of IL-10,%?’
it is likely that these T cells stimulated with TCR also have a higher sensitivity to IL-10, which

helps to control the immune response and reduce the chance of causing excessive damage.

In terms of different stimulation methods, we observed that PHA did not upregulate the
MEFT of IL-10RB on the cell surface as anti-CD3, even though the flow cytometry showed that
CD71 MFI was upregulated by PHA stimulation. PHA-induced T cell stimulation differs from
TCR stimulation in that it is independent of the redox status of the cell.??® Previous studies also
showed that PHA differs from mitogen and anti-CD3 cell stimulation by calcium mobilization,
where PHA cell stimulation does not rely on the intracellular calcium channel.??® This indicates
that the Ca?" flux induced by TCR stimulation using anti-CD3 and CD28 is likely playing an
important role in regulating the cell surface IFN-AR1.

4.1.4 The Mechanisms that TCR Stimulation Upregulate Cell Surface IFN-ARI level

To determine which TCR signalling pathway(s) were required for the upregulation of IFN-
AR1, we used several pathway-specific inhibitors. ZAP70 is required for TCR signalling as it helps
phosphorylate ITAMs in the endoplasmic tail of the TCR.%*? Using ZAP180013, we preliminarily
showed that ZAP70 is essential for [IFN-AR1 upregulation by TCR stimulation. As ZAP70 serves
as the core element of antigen-specific T cell activation, it is likely that antigen-specific T cell

stimulation is one of the key mechanisms regulating IFN-AR1 on the cell surface. Next, we used
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duvelisib (PI3K inhibitor), sp600125 (JNK inhibitor), and FK506 (calcineurin inhibitor) to further
evaluate the dependence of IFN-ARI regulation on specific TCR stimulation downstream
pathways. Calcineurin is an essential phosphatase that activates NFAT via dephosphorylation. As
the treatment with respective inhibitors downregulated the MFI of activation marker CD71 as well
as IFN-AR1+% and IFN-AR1 MFI on CD4+ and CD8&8+ T cells, we showed that PI3K and NFAT
pathways were all involved in the TCR-mediated IFN-AR1 increase on both CD4+ and CD8+ T
cell surface. Our data showed that anti-CD28 stimulation also contributes to IFN-AR1 increase on
the T cell surface. Anti-CD28 also induces the PI3K pathway, which confirms the importance of
the PI3K pathway in IFN-AR1 regulation. According to our preliminary data, JNK was not
essential for TCR-dependent IFN-AR1 regulation, but all experiments must be repeated with 3

more healthy donors before statistical analyses are completed.

4.1.5 The Potential Regulation Effect of Type IIl IFNs on CD4+ T cells and Potential Mechanisms

Several studies have shown that IFN-As can regulate Th2 responses in mice, specifically,
down-regulate Th2 cytokines in mice in the gastrointestinal tract and respiratory tract,!84-187.203.229
We did not observe a regulation effect of IFN-A3 on IFN-y+% cells in Th1 polarization; however,
consistent with previous studies in mice, IFN-A3 downregulated the IL-13+% and IL-4+% cells
during Th2 polarization, although additional donors must be tested. During the differentiation of
Th2 cells, the Th2 locus, which contains both /L 13 and /L4 genes, goes through epigenetic changes,
followed by the binding of GATA-3 and STAT6 to promote the expression of /13 and IL4.!1°
IFN-A3 may regulate GATA3 expression in T cells and reduce the induction of Th2 cytokines. We
also showed that in human whole PBMCs and Th2 cell polarizing conditions, IFN-A3
downregulated the production of IL-13 but decreased IL-4 production very mildly. Our
observation was consistent with a previous study; IFN-A1 preferentially decreased /L/3 mRNA,
IL-13 protein secretion, and the number of IL-13%+ CD4+ T cells, but did not consistently
downregulate those parameters for IL-4. IL-13 was originally considered to have overlapping
functions with IL-4; later studies showed that IL-13 is essential in controlling certain diseases
where IL-4 is not, such as N. brasiliensis.>** In humans and mice, IL-13 and IL-4 genes are found
adjacent to each other, and it is proposed that a gene duplication generated them during
evolution.?! The differential regulation effects of IFN-A3 we observed indicate the complexity of

this regulation mechanism.
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[lustrated previously in the Introduction section, IFN-As are also capable of regulating Th2
responses in mouse via DCs-dependent indirect mechanism.!'®* My results showed that Th2 cell
cytokine production, such as IL-13, can be directly downregulated by IFN-A3 during human naive
CD4+ T cell polarization and whole PBMCs stimulation. That indicates a potential of using IFN-
A3 as a future therapeutic to dampen excessive Th2 cytokines in treating Th2-high endotype asthma.
However, further study is required to confirm the effect of IFN-A3 in the human system in the
airway in vivo, although we know from antiviral clinical trials that [IFN-A treatment in vivo is safe
for both short and long-term treatments.!43:144232 Whether IFN-A therapy would have side effects
in a person suffering from Th2-high endotype asthma is not known. IFN-A3 also showed its
functioning in indirectly regulating type 2 immune responses via downregulating Th2-promoting
epithelial cytokines TSLP and IL-33, implicated in more severe Th2-high asthma.!?® Studies are
building at least in mice that IFN-As can interact with several types of immune cells to reduce Th2-
high airway hypersensitivity from different angles, but much more work is needed to understand
the immunoregulatory pathways in humans including fully characterizing other Th types

promoting immunopathology including Th17 cells.

4.1.6 The Potential Regulation Effect of Type IIl IFNs on CD8+ T cells and Potential Mechanisms

Previous studies showed that the immune-regulation effect of IFN-a is dependent on the
temporal relationship between the IFN-a and TCR signalling. IFN-a and promotes T cell activation
when IFN-a coincides or is provided slightly later than TCR signalling; meanwhile, IFN-o showed
anti-proliferation and pro-apoptosis functions when IFN-a signalling occurs much before TCR
stimulation.??> That observation indicates a fine-tuned regulation mechanism in the immune
system: any given cell can integrate extracellular signals spatially and temporally, and those
together determine the fate of that cell. Type III IFNs and type I IFNs have a lot in common in
their downstream pathway; therefore, the regulatory effect of type III [IFNs may also be dependent
on the temporal factor. When profiling the macro effects of IFN-A3 on CD8+ T cells with and
without TCR stimulation, we treated the cells with IFN-A3 to coincide with anti-CD3 and anti-
CD28. So, pre-treating CD8+ T cells with IFN-A3 or adding IFN-A3 post-TCR stimulation and
then testing for CD8+ T cells’ cytokine production and surface activation markers are what I would
have done next to elucidate the temporal factor on the regulation effect of IFN-A3 on CD8+ T cells.

In addition, I would consider using less concentrated anti-CD3 and anti-CD28 to stimulate CD8+
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T cells to study the potential function of IFN-A3 as Signal 3 at conditions with less potent TCR

stimulation.

The MAPK pathway is crucial in regulating T-cell activities. Previous studies showed that
MAPK pathways are also essential for IFN-A signalling in the various cell lines from epithelial

cells and immune cells. 37179180 Ag

MAPK signalling is also essential in TCR signalling in CD4+
and CD8+ T cells, IFN-A likely promotes T cell antiviral functions by enhancing MAPK signalling.
Our RNA sequencing result showed IFN-A3 upregulated NF-kB signalling pathways in CD8+ T
cells, which has not been studied in great detail in the past. Further investigation is required to
show if this upregulation of NF-kB pathway pose an effect on specific human CD8+ T cell

functions.

As expected, IFN-A3 stimulation of purified human CD8+ T cells led to a significant
upregulation of antiviral ISGs. Our RNA sequencing data revealed that IFN-A3 induced
upregulation of MAPK-related genes like MAP3K7 and MAP4K1, as well as the NF-kB pathway
in CD8+ T cells in the contexts with and without TCR stimulation. It is likely that in CD8+T cells
specifically, IFN-A3 signalling downstream elements crosstalk with CD8+ internal cell signalling
at the steady state and during TCR stimulation, with MAPK and NF-«xB being two of the crucial
transfer hubs. We also observed that in TCR-stimulated CD8+ T cells, IFN-A3 upregulated IL-10
production pathways. Two populations of CD8+ T cells were identified in the context of
coronavirus-induced acute viral encephalitis: IL-10+CD8+ T cells and IL-10-CD8+ T cells. 23
The IL-10+CD8+ T cell, strikingly, with increased levels of activation marker (CD69, KLRG-1,
and CD127) and a higher expression of inflammatory cytokines production profile (IL-1 and
perforin) compared to their IL-10- counterpart, also release a higher level of IL-10, offering
protective functions. They also showed that the IL-10 production in these hyperactivated IL-
10+CD8+ T cells relies on ERK1/2 and p38 MAPK pathways.?** As has been shown before, IFN-
A3 upregulates the phosphorylation of ERK, JNK, and p38; IFN-A3 can likely help generate this
IL-10+ CD8+ T cell phenotype.'¥*13! In the future, we could use ELISA and flow cytometry to
analyze IFN-A3-treated CD8+T cells to see the impact of IFN-A3 on IL-10 production in these

cells.
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Figure 43. Graphic summary of the results of this dissertation.

4.2 Limitations of the Study

Most experiments in this study were conducted using primary human cells in vitro; studies
using animal models would be difficult as murine T cells do not express IFN-AR1. In addition,
PBMCs represent circulating immune cells, so comparing my results with T cells at different tissue
sites could reveal differential patterns of regulation, whether in the steady state or during an
infection or other chronic conditions. For the PBMC study, we used CD71 as an activation marker;
other conventional T cell activation markers could be used to confirm the trend we observed, such
as OX40 and HLA-DR. Some experiments included in this dissertation were only conducted on 1
or 2 donors. Therefore, more donors are required to be analyzed to confirm the trends and
association observed from the preliminary data and complete my statistical analyses. In this project,

we examined the levels and the percentage of IFN-AR1 and IL-10RB on human T cells up to day
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3 under the condition of TCR stimulation. At the same time, Th1 and Th2 polarization took 6 and
9 days, respectively. It is likely the IFN-AR expression on the T cell surface changes after 6 and 9
days of TCR stimulation with respective Th1 and Th2 polarization cocktails; therefore, we need
to fully measure IFN-AR1 and IL-10RB over the course and during different polarization
conditions. It is also essential to test in a future study if the upregulation of IFN-AR1 on the T cell
surface by TCR stimulation also enhances the responsiveness of these cells to IFN-A3. When
profiling the universal effect of IFN-A3 on CD8+ T cells with or without TCR stimulation, other
factors may be considered, such as the type and the strength of TCR stimulation, the age, and sexes
of donors with variability noted among our RNA sequencing analysis with 5 donors in total. Any
RNA sequencing results should be confirmed at the protein level for top pathway hits for the
influence of IFN-A3 on CD8+ T cells. In some cases, the influence of cytokines is dependent on
the phosphorylation state of downstream signalling proteins rather than their abundance; the

phosphorylation profile can further help identify the effect of IFN-A3 on CD8+ T cells.
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CHAPTER 5. FUTURE DIRECTIONS OF THIS DISSERTATION PROJECT

5.1 Confirming the Direct Effects of TCR Stimulation on IFN-AR levels on CD4+ and CD8+
T cells and the Underlying Mechanisms

Our data suggested that anti-CD3 and anti-CD28 directly promoted the IFN-AR1 levels on
purified CD4+ T cells without the presence of other cell types; using TCR signalling inhibitors,
our study also showed that JNK, PI3K, and NFAT pathways downstream of TCR signalling
contribute to the upregulation of IFN-AR1 observed on the cell surface. However, more repeats are
required to confirm the involvement of those pathways in IFN-AR1 regulation. When repeating,
we can add different inhibitors at the same time to investigate the synergetic effects of those
pathways on IFN-AR1 regulation. To get an even deeper understanding of these pathways, we
could check the phosphorylation profile of different TCR stimulation and examine more molecular

intermediates, such as ZAP70, LAT, ERK, and NFAT.

5.2 Examining the IFN-A Responsiveness of TCR Stimulated T Cells

We predict that the levels of IFN-AR1 on the cell surface should correlate with the
responsiveness of IFN-A of that cell. But we have not confirmed this yet in this project. Now that
we have the newly identified IFN-AR1 flow antibody, we would culture enriched CD4+ and CD8+
T cells in duplicate with or without anti-CD3 and anti-CD28 for 1.5 days. After stimulation, we
would stimulate the cells with or without IFN-A for 30 minutes and quantify phosphorylated
STATI1 as an indicator of IFN-A signalling within IFN-AR+ cells using flow cytometry.
Additionally, a longer stimulation could be done to look at ISG fold induction via RT-qPCR.

5.3 Accessing the Direct Impact of TCR-stimulation on Cell Surface IFN-AR Level on T
Cells over Longer Time Courses and on Other Cell Types with TCR, Such as NK T Cells
and yo T Cells

We showed that on both IFN-AR+% and IFN-AR MFI was increased by TCR stimulation
on day 3, and for the next step, we can examine the IFN-AR on the cell surface under conditions
with longer TCR stimulation. The effect of Th1 and Th2 polarizing cytokines on IFN-AR1 and IL-
10RB can also be studied using flow cytometry after polarizing CD4+ T cells. This study shows
that IFN-AR1 regulation by TCR stimulation is dependent on CD3 signalling. Whether TCR
stimulation affects IFN-LR1 levels on yo T cells has not been tested, although at baseline IFNLR1

mRNA is detectable in yd T cells 2125 (data available from v23.proteinatlas.org,
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https://www.proteinatlas.org/ENSG00000185436-IFNLR 1/immune+cell) This would also be
possible through the study of NK T Cells.

5.4 Examining the Effect of IFN-A3 on T reg, Th17, and Other Th Subset Polarization

First, my Thl and Th2 polarizations need to be expanded to more donors. Next, I think
with so little known about IFN-A3 interactions with human T cells, it would be important to study
if IFN-As regulate the polarization of naive CD4+ T cells to induced regulatory T cells (iT reg) and
Th17 cells. IFN-B, which is a type I IFN, is widely accepted as a treatment for multiple sclerosis
(MS). Kavrochorianou et al. showed the protective role of IFN-f signalling by revealing that IFN-
B promotes the IL-10- and IFN-y-producing CD4+ T cells, dampening Th17 responses in the acute
phase of MS in mice.?*® We have already finished optimizing the polarization conditions for human

Th17 cells, and the next step is to repeat the culture assays +/- IFN-A3 addition.

5.5 Examining the Effects of IFN-A3 on Unstimulated and TCR-stimulated CD8+T Cells
Using RNA sequencing analyses, we showed that IFN-A3 modulated multiple pathways,
although the majority were related to antiviral activity. As mRNA levels do not always correlate
with protein levels, we want to confirm various results using flow cytometry and/or Western blot.
We also want to expand our CD8+ T cell assays to include functional readouts such as proliferation

and degranulation and ensure the timing and potency of TCR stimulation is now considered.
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